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Abstract

Accurate segregation of duplicated chromosomes (mitosis) relies on forma-

tion and correct dynamics of a robust mitotic spindle. This fundamental sub-

cellular structure, present in all eukaryotic cells, is composed of microtubules

(MTs), protein polymers generated from αβ-Tubulin dimers and organized in

space and time. Although the last twenty years has resulted in a comprehen-

sive list of proteins essential for organizing mitotic MTs, so called MT associated

proteins, or MAPs, and although drugs have been developed that target some of

these proteins, the complexity of spindle formation makes it difficult to know

how function emerges from component parts. This is especially important given

that abnormal mitosis is a hallmark of human pathogenesis, including cancer

and neurodegenerative diseases.

To understand how faulty or missing gene products contribute to abnormal

spindle formation, we must understand the physical properties of individual

proteins, both in isolation and together with other proteins, how they are regu-

lated in space and time and how cells activate alternative pathways to compen-

sate for their loss. This requires a multi-scale understanding that encompasses

a multi-disciplinary approach.

The Drosophila embryo is an excellent model system for studying mitotic

spindle formation and, in this thesis, I investigate a conserved MAP, End Binding

protein 1 (EB1), which binds autonomously to growing MT plus ends in order to

recruit a suite of MT effectors, regulating MT dynamics. Although end binding

proteins have been extensively studied, their functions in different stages of mi-

tosis are less understood.
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In this work, I aimed to investigate the roles of end binding proteins in early

Drosophila embryos. To begin with I attempted to generate tools with which

to disrupt EB protein function, focusing on interfering antibodies. Next, I used

quantitative, comparative mass spectrometry and proteomics to identify pro-

teins that interact with EB1 strongly during metaphase. A simple interpreta-

tion of my findings suggests that EB1 interacts with the Dynein/Dynactin com-

plex, HOOK, JVL-SPNF-IK2 complex and PIGS to anchor microtubule ends to

the centrosomes and to regulate invagination furrows, mitotic spindle orienta-

tion and chromosome segregation. In addition, my results suggest that EB1 in-

teracts with the Rod-ZW10-Zwilch and spindly complex to mediate the interac-

tions with Dynein/Dynactin to silence the spindle assembly checkpoint, leading

to the onset of anaphase. Finally, I have identified novel EB1 binding proteins

and generated new transgenic flies to investigate their functional relationships

with EB1. This study indicates that EB1 interacts with DNApol-ε complex and

with Cornetto (CORN). Although their relationships to EB1 and potential func-

tion during mitosis remain unknown, their dynamic localisation suggest both

may play crucial roles in organising mitotic MTs. My work therefore suggests

that EB1 plays crucial roles at the metaphase-anaphase transition, at both kine-

tochores and the embryo cortex, furthering our understanding of this crucial

spindle-regulating protein.
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Chapter 1: Introduction

1.1 The Cell Cycle

To continue to grow and divide, a cell performs an orderly series of events,

the most fundamental of which are the duplication of its contents, including

proteins, organelles and chromosomes and then their division, usually into two

identical daughter cells. The process of equal segregation of duplicated chro-

mosomes is termed mitosis. During mitosis, cells generate a structure termed

the bipolar mitotic spindle – an array of organised, yet highly dynamic protein

fibres that, in most animal cells, nucleate from two centrosomes and extends to

the chromosomes (Berrueta et al. 1998; McIntosh 2016). These fibres, polymers

of two related conserved proteins,α- and β-tubulins, generate a mitotic spindle

capable of accurate chromosome segregation. These MTs gradually align the

sister chromatids at the centre of the spindle through specially stabilised MT

bundles, termed kinetochore MTs. Once all chromosomes are aligned, the co-

hesion between the sisters is lost and the MT cytoskeleton dramatically changes

its dynamics, including the depolymerisation of kinetochore MTs. In this way,

the individual chromosomes are segregated to the spindle poles. Subsequent

coordinated cytokinesis then generates two daughter cells (Figure 1.1).

Cells rely on the spatial and temporal regulation of MT dynamics through the

activity of a variety of MT associated proteins (MAPs) (Walczak and Heald 2008).

Errors in spindle assembly can lead to chromosome missegregation and hence

result in aneuploidy, a hallmark of cancer cells and the cause of some birth de-

fects (Holland and Cleveland 2012; Vitre and Cleveland 2012). Therefore, a bet-

1
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ter understanding of spindle assembly pathways is essential, particularly in de-

veloping novel anti-mitotic drugs.

Figure 1.1: Overview of the mitotic spindle and the cell cycle. (A) Anatomy of
the metaphase mitotic spindle. The minus ends of MTs are focused at the spin-
dle poles (each spindle pole is formed by a centrosome). The dynamic plus ends
of MTs radiate out from the centrosomes towards the metaphase/equatorial
plate, where MT from each centrosome overlap, resulting in an antiparallel ar-
ray. This spindle midzone, where interpolar MTs overlap, plays an essential role
in elongation of the anaphase spindle. MTs that bind to chromosomes and me-
diate their movement are called kinetochore fibers (also called k-fibers). A typi-
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cal k-fiber is composed of a bundle of MTs (≈18 in human cells; McEwn et al.
2001). Astral MTs emanate from the centrosomes towards the cell cortex, and
they are important for cleavage furrow induction and spindle positioning. (B)
Schematic representation of the major stages of mitosis, showing MT reorgan-
isation and chromosome translocation. Mitosis begins with prophase, during
which the replicated chromosomes condense (become visible as sister chro-
matids) and the mitotic spindle begins to form by the movement of centrosomes
to opposite sides of the cell. At prometaphase, the nuclear envelope breaks
down (in those organisms performing ‘open’ mitoses), chromosomes are cap-
tured by k-fibers and maneuvered to the spindle equator. Metaphase is marked
by the alignment of chromosomes at the equatorial plate, the sister chromatids
of each duplicated chromosome are attached to opposite centrosomes (referred
to as amphitelic or bi-oriented attachment). The transition to anaphase is trig-
gered only after all sister chromatids are correctly bi-oriented on the spindle.
During anaphase the cohesion between sister chromatids is lost and they are
pulled apart to opposite spindle poles. Chromosome separation is driven by
k-fiber shortening and spindle elongation. Finally, at telophase (not shown),
the spindle disassembles, the nuclear envelope reforms around each new set of
daughter chromosomes, the chromosomes decondense, and the cell begins to
assemble the machinery to divide the daughter cells. Reproduced with permis-
sion, Ammarah Tariq.

1.2 Overview of Microtubules

Microtubules (MTs) (Figure 1.2(e)) form a large part of the cytoskeletal struc-

ture in all eukaryotic cells (Chaaban and Brouhard 2017; Hevia and Fanarraga

2020; Oakley 2000). They are composed of polymers of two related proteins

– α and β-tubulins, which are incorporated into MTs as heterodimers (Figure

1.2(c)). Longitudinal interactions between heterodimers generate protofilaments

(Figure 1.2(d)), which then associate laterally, forming hollow cylinders with an

approximate outer diameter of 25 nm and an inner diameter of 17 nm. They

can be many µm in length (Akhmanova and Steinmetz 2008; Desai and Mitchi-

son 1997). MTs with different numbers of protofilaments have been found in a

large variety of species, from as few as 4 protofilaments, in Prosthecobacter, to

as many as 40 protofilaments, in mantidfly sperm (Akhmanova and Steinmetz

2008; Chaaban and Brouhard 2017). Nevertheless, the protofilament number of

MTs found in cells is generally uniform, with 13 protofilaments per MT. Accord-
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ing to the straight-protofilament hypothesis (Amos and Schlieper 2005; Kollman

et al. 2010), MTs in cells are formed predominantly with 13 protofilaments, be-

cause only this number allows them to generate a straight axis along the MT,

which is important for motor protein processivity and for the periodic recruit-

ment of MT Associated Proteins (MAPs). In contrast, MTs formed by different

numbers of protofilaments are supertwisted (Chaaban and Brouhard 2017).

(a)
α-
tubulin

(b)
β-
tubulin

(c) Het-
erodimer

(d) Protofilament (e) Microtubule (f) Lateral
view

Figure 1.2: A general structure of a MT and its building blocks. α-tubulin (Fig-
ure 1.2(a)) and β-tubulin (Figure 1.2(b)) are globular proteins with a diameter
of approximately 4 nm. These two proteins in eukaryotes exist as a heterodimer
(Figure 1.2(c)) with a length of about 8 nm. In this dimer, the head of α-tublin is
non covalently bonded to the tail of β-tubulin. The heterodimer polymerises to
form a protofilament (Figure 1.2(d)) in which the head ofβ-tubulin of one dimer
interacts with the tail of α-tubulin of an adjacent heterodimer by non-covalent
bonds. α and β-tubulins of one protofilament non covalently bind to respective
α and β proteins of adjecent protofilaments to form a MT (Figure 1.2(e)) which
has an approximate outer diameter of 25 nm, several µm in length and an inner
diameter of approximately 17 nm (Figure 1.2(f)).
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Due to the nature of the dynamic incorporation of the tubulin dimers into

MTs, MTs themselves are polar, with α subunit exposed at the minus end and

β-tubulin at the plus end (Figure 1.2(e)). Thus a MT has what is termed a “plus”

end and a “minus” end. In cells, the minus end is less dynamic because it is

anchored at the MT organising centre (MTOC) which is usually located next to

the nucleus of a cell. In contrast, the plus end of MTs are usually highly dynamic,

emanating away from the nucleus. As such, the MT network in cells is used

to provide positional information, moving and relating subcellular organelles

and materials between the centre of the cell and the cell periphery, or cortex

(Akhmanova and Steinmetz 2008).

1.3 Tubulin superfamily

The term “tubulin” was originally used to describe the main protein for MTs

of sperm flagella (For review see Oakley 2000) and was initially isolated by affin-

ity for colchicine – a drug which had been shown to disrupt mitosis (For review

see Desai and Mitchison 1997). Further studies revealed that flagellar MTs and

those from other sources were composed of two major proteins designated as

α-tubulin (Figure 1.2(a)) and β-tubulin ( Figure 1.2(b)). These two globular pro-

teins are 50% similar at the amino acid sequence (For review see Bigman and

Levy 2020; Desai and Mitchison 1997). Each tubulin is made of 444–450 amino

acids with molecular weight of approximately 55 kD as determined by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Oakley 2000)

and they are firmly bound together by non-covalent bonds to form the het-

erodimers.

As a common criterion, two protein sequences are considered homologous

if they share more than 30% identical alignments over their full lengths (Pear-

son 2013). Biochemical studies have revealed six distinct proteins within the

tubulin superfamily: α-, β, γ-, δ-, ε- and ζ-tubulins (McKean et al. 2001; Oakley
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2000). α-,β- andγ-tubulins are ubiquitous in all eukaryotic cells. As mentioned,

α- and β-tubulins form major building blocks of MTs (Figure 1.2), whereas γ-

tubulins are more concentrated at the MTOC, where they are involved in the nu-

cleation of MT assembly. δ- and ε-tubulins are not ubiquitous but widely spread

in Clamydomonas in which δ-tubulin plays an important function in flagellar

assembly. The function of δ- and ε-tubulins in other organisms is poorly under-

stood, while ζ-tubulin has been discovered so far exclusively in Kinetoplastid

protozoa (Oakley 2000).

1.3.1 Microtubules are polymers of α- and β-tubulin heterodimers

Both α- and β-tubulins are asymmetrical and can be thought of as having

a head and a tail. The head of an α subunit binds closely with non-covalent

bonds to a tail ofβ-tubulin, thus, in nature, tubulin is found asαβheterodimers.

In vitro, purified αβ-tubulin heterodimers polymerise spontaneously to form

MTs of between 9–16 protofilaments, with the majority containing 14 protofil-

aments (Pierson et al. 1978). However, in vivo MTs are generally composed

of 13 protofilaments aligned in parallel due to their templated nucleation by

the γ-TuRC (Subsection 1.3.2) (Akhmanova and Steinmetz 2008; Kwiatkowska

et al. 2006). Within this structure, there are two types of protein-protein inter-

actions; in the same protofilament of a MT, the head of β-tubulin interacts via

non-covalent bond with a tail of an adjacent α-tubulin and perpendicularly to

these interactions, α-tubulin and β-tubulin of one protofilament form a non-

covalent bond with respective α-tubulin and β-tubulin of an adjacent protofil-

aments. These two longitudinal and lateral types of contacts result in a helical

structure and stabilises the MT lattice, which is firm and not easily bent. Con-

sequently, the addition or removal of a heterodimer appears entirely at the MT

ends.
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1.3.2 Microtubule nucleation

In the MT lattice the longitudinal interactions are stronger than the lateral

interactions and during MT depolymerisation, the lateral tubulin bonds dis-

assemble prior to the longitudinal ones (Kononova et al. 2014). Stable nucle-

ation of a MT therefore requires many interactions between subunits to oc-

cur simultaneously. As such, spontaneous nucleation of MTs in vivo is rela-

tively rare. Instead, additional proteins are required that either bind to stabilise

lateral and longitudinal interactions, to generate a MT seed, or provide a 13-

protofilament template, upon which tubulin dimers can attach. The latter is

termed “templated MT nucleation” and is orchestrated by γ-Tubulin containing

protein complexes (Corinne and Paul 2011; Neuner et al. 2020).

γ-TuCs

γ-tubulin is present in cells at a much lower concentration than α- and β-

tubulins. In association with accessory proteins, many of which contain a spe-

cific domain termed a “Grip” motif, γ-tubulin provides a stable platform on to

which αβ-tubulin dimers can associate, increasing the favourability of generat-

ing lateral αβ-tubulin interactions. The localisation of γ-tubulin therefore de-

termines the major sites of MT nucleation termed MT organising centres (MTOCs)

(Andreas and Sawin 2011; Teixidó-Travesa et al. 2012). There are two kinds of

γ-tubulin complexes (γ-TuCs) in animal cells; the γ-tubulin small complex (γ-

TuSC, Figure 1.3(a)) and the larger complex known as the γ-tubulin ring com-

plex (γ-TuRC, Figure 1.3(b)) . The smaller complex is formed of 4 proteins in a

Y shape with a molecular weight (MW) of around 300 kD. It is composed of two

molecules of γ-Tubulin, one bound to a molecule of Grip Containing Protein 2

(GCP2) and one bound to a molecule of Grip containing Protein 3 (GCP3) (Koll-

man et al. 2010; Oakley 2000). γ-TuSCs are able to nucleate MTs, albeit at low

efficiency. γ-TuRCs have an approximate MW of 2.2 MDa and are composed
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of multiple copies of 6 proteins: γ-Tubulin, GCP3, GCP4, GCP5 and GCP6 (Ta-

ble 1.1). It can be thought of as a series of 7 γ-TuSCs with the additional proteins

providing a platform that organises theγ-TuSCs into a stable open ring-like con-

formation, with a left-handed spiral. This ring, with a diameter of about 32 nm

and an approximate height of 25 nm, is therefore a template for a 13 protofila-

ment MT (Kollman et al. 2010; Neuner et al. 2020; Sulimenko et al. 2017).

(a) γ-TuSC (b) γ-TuRC (c) Centrosome

Figure 1.3: γ-tubulin complexes and their constituents. A γ-tubulin bind-
ing protein contains two conserved motifs; GRIP1 which interacts lateraly with
other GCPs in humans or Dgrips in Drosophila and GRIP2 that binds to the γ-
tubulin to form the γ-TuSC (Figure 1.3(a)) in a 1:1:2 stoichiometry. 7 γ-TuSCs
associate themselves in a lateral manner via their N-terminal domains. The last
half of one γ-TuSC lies beneath the first to form a left-handed spiral shaped γ-
TuRC (Figure 1.3(b)) with 13 spokes used as a template to form a 13 protofila-
ment. These γ-TuRCs are recruited to MTOCs where their GRIP1 regions inter-
act with some fibrous proteins to create nucleation sites (Figure 1.3(c)).

Recently the ultrastructure of the human γ-TuRC has been determined by

cryo-electron microscopy and the purified γ-TuRC was analysed by label-free

quantification (LFQ) mass spectrometry (Neuner et al. 2020). In these stud-

ies, the authors found that the complex, in addition to γ-tubulin, contains five

copies of GCP2 and GCP3, two or three copies of GCP4 and one copy of GCP5

and GCP6 (Table 1.1), giving a ratio of 5:5:2/3:1:1. GCP4-6 subunits are posi-

tioned together at the extremities of the helix in order to regulate initiation and

termination ofγ-TuRC assembly and stabilisation of the structure (Jauneau et al.
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2016). Although these proteins are not essential for spindle formation, they may

be involved in targeting γ-TuRCs to specific intracellular structures (Sulimenko

et al. 2017).

Table 1.1: γ-tubulin complexes in two model systems. Homo sapiens and
Drosophila melanogaster. γ-TuSC is a tetramer protein formed by two γ-
tubulins, each one associated with GCP2 or GCP3 (Figure 1.3(a)). γ-TuRC (Fig-
ure 1.3(b)) is a complex constituted of γ-TuSCs, γ-tuSC-like structures and other
factors (Table 1.2).

Homo sapiens Drosophila melanogaster
γ-Tubulin complexes Gene name Protein name Gene name Protein name

γ-TuSC

TUBG1 γ-tubulin 1 γ-Tub23C γ-tubulin 1
TUBG2 γ-tubulin 2 γ-Tub37C γ-tubulin 2
TUBGCP2 GCP2 Grip84 Dgrip84
TUBGCP3 GCP3 Grip91 Dgrip91

γ-TuRC

TUBG1 γ-tubulin 1 γ-Tub23C γ-tubulin 1
TUBG2 γ-tubulin 2 γ-Tub37C γ-tubulin 2
TUBGCP2 GCP2 Grip84 Dgrip84
TUBGCP3 GCP3 Grip91 Dgrip91
TUBGCP4 GCP4 Grip75 Dgrip75
TUBGCP5 GCP5 Grip128 Dgrip128
TUBGCP6 GCP6 Grip163 Dgrip163

Targetting the γ-TuRC

MT nucleation (Figure 1.4) can occur spontaneously in the cytoplasm, but

occurs mainly at sites that target and concentrate the γ-TuRC. Such MT organ-

ising centres (MTOCs) include centrosomes of animal cells (Andreas and Sawin

2011; Teixidó-Travesa et al. 2012), the Golgi apparatus, the nuclear envelope,

chromatin and at kinetochores (Sulimenko et al. 2017). The centrosome (Fig-

ure 1.3(c)) is a small spherical-like organelle composed of a pair of specialised

MT structures (centrioles) arranged in an L-shaped configuration surrounded

by an amorphous electron-dense proteinaceous matrix, termed the pericentri-

olar material (PCM) (Brüning-Richardson et al. 2011). In centrosomes, γ-TuRCs,

through their N-terminal domains (Grip regions) and γ-TuSC binding factors,

are anchored to the PCM, whilst γ-tubulin spokes are exposed in the correct ge-

ometry to serve as a template for MT polymerisation (Figure 1.3 and Figure 1.4).

α-tubulin has a site for GTP and the energy from its hydrolysis drives the asso-
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ciation of an α-tubulin tail with γ-tubulin. Thus the minus end is anchored to

these γ-TuRCs in MTOCs and is less dynamic than the plus end which exposes

β-tubulin towards the cell periphery.

Figure 1.4: γ-TuRC assembly and MT nucleation by γ-tubulin complexes. γ-
tubulins are ubiquitous proteins, but are highly concentrated in MTOCs where
they associate with GCPs in humans (Dgrips in Drosophila) to form γ-TuSCs.
Association of 7 small complexes (the previous γ-TuSC overlaps with the next
one) and other factors creates an open conical and left-handed spiral shaped
γ-TuRCs which is recruited to centrosomes to form a nucleation site (Figure
1.3(c)). These ring complexes via their N-terminal domains are anchored to
some proteins within these spherical structures and 13 γ-tubulins exposed for
interaction with tails of α-tubulins within αβ-heterodimers for MT nucleation,
then other αβ-heterodimers are loaded for polymerisation.

The organisation of a particular MT array in a cell therefore depends on di-

mension, configuration and localisation of a particular type of MTOC (Andreas

and Sawin 2011; Teixidó-Travesa et al. 2012). Furthermore, the nucleation site

(Figure 1.3(c)) assembly and activation is regulated temporally during the cell

cycle (Sulimenko et al. 2017; Teixidó-Travesa et al. 2012). For example, larger

and more active centrosomes are generated at the G2/M transition by increased

targeting and activation of the γ-TuRC at centrosomes, whereas centrosome
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inactivation occurs during cell differentiation by transferring nucleation sites

to other cellular structures (Teixidó-Travesa et al. 2012). Nucleation sites are

also involved in modulating the properties of MTs, such as constraining the MT

structure or adding MAPs onto this lattice.

γ-TuRC targeting factors include GCP-WD and GCP8 (Tale 1.2) which are not

important for γ-TuRC assembly (Corinne and Paul 2011; Teixidó-Travesa et al.

2012). In initial γ-TuRC pull down experiments, GCP9 and GCP8 (GCP8A and

GCP8B, Table 1.2) were overlooked due to their small size, but recently have

been co-immunoprecipitated with otherγ-TuRC components (Merdes et al. 2011).

These studies, suggest that the list of γ-TuRC interacting proteins is unfinished

(Kollman et al. 2010). In contrast, MOZART2 is exclusively located in the deuteros-

tome lineage1 and its role of recruitment to centrosomes is only during inter-

phase (Teixidó-Travesa et al. 2012). These activators recruit these complexes to

these regions for regulation of γ-TuRC activation (Farache et al. 2018).

Table 1.2: γ-TUSC-like structures and other factors in two model systems.
Homo sapiens and Drosophila melanogaster. GCP2 and GCP3 are the major γ-
tubulin interacting proteins that form the core of γ-TuRCs. However, in these
ring complexes have been found also in low concentrationγ-TuSC-like subcom-
plex.

Homo sapiens Drosophila melanogaster
γ-TuSC-like Protein name Protein name

Hibrid γ-TuSC
γ-tubulin 1 γ-tubulin 1
γ-tubulin 2 γ-tubulin 2
GCP2 or GCP3 plus one of GCP4-6 Dgrip84

Dgrip91

Novel γ-TuSC
γ-tubulin 1 γ-tubulin 1
γ-tubulin 2 γ-tubulin 2
Two of GCP4-6 Two of Dgrip75, Dgrip128 or Dgrip167

Half γ-TuSC

γ-tubulin 1 γ-tubulin 1
γ-tubulin2 γ-tubulin 2
One of GCP4-6 One of Dgrip75, Dgrip128 or Dgrip167

GCP-WD (NEDD1) Grip71
GCP8A and GCP8B (MZT2A and MZT2B) –

γ-TuRC interacting factors GCP9 (MZT1) Mozart1
LGALS3BP ?
NME7 Nmdyn-D7

1Such as, echinoderms, chordates, hemichordates and xenoturbellida.
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A furtherγ-TuRC recruitment factor is Augmin. Augmin is a hetero-octomeric

protein complex first identified in Drosophila, but has since been shown to be

conserved in humans, Xenopus and plants. Augmin is a MAP that also possesses

a binding site for NEDD1/DGp71WD, an accessory γ-TuRC subunit (Table 1.2).

As such, Augmin is responsible for “branched MT nucleation”, localising the γ-

TuRC to a pre-existing “mother” MT and allowing new nucleation of a “daugh-

ter”.

1.3.3 Microtubule dynamics

MT ends, especially the plus end, are dynamic and experience continuous cy-

cles of polymerisation (growth) and depolymerisation (shrinkage) (Figure 1.5).

These two phases are separated by a paused microtubule (Nehlig et al. 2017).

These three phases are known as dynamic instability and are vital for chromo-

some segregation and intracellular organisation (Brouhard and Rice 2018; Mori-

waki and Goshima 2016; Nehlig et al. 2017). The transition between MT depoly-

merisation and polymerisation is stochastic and is known as catastrophe and

rescue respectively, which is the change from a shrinkage state to MT growth

(Desai and Mitchison 1997; Howard and Hyman 2003).
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Figure 1.5: General description of MT dynamics. Dynamic instability is a pro-
cess, which MT ends undergo stochastically three continuous periods: poly-
merisation (growth) and depolymerisation (shrinkage) which are seperated by
a pause phase (paused microtubule). The transition from polymerisation to de-
polymerisation is known as catastrophe, whereas from the shrinkage to growth
is known as rescue.

Each α- or β-tubulin has a binding site for one molecule of GTP. The GTP-

binding site in theα-tubulin is known as the non-exchangeable site (N-site) and

the site in β-tubulin is the exchangeable site (E-site) (Alushin et al. 2014; Nehlig

et al. 2017; Nogales et al. 1998). The GTP at the N-site is trapped at the het-

erodimer interface and can not be exchanged or hydrolyzed, whereas the GTP

bound to the E-site can be hydrolysed (GTP ←→ GDP +Pi) or exchanged with

GTP from a soluble tubulin heterodimer. The binding and hydrolysis of GTP at

the β subunit influences the MT dynamics (Gudimchuk et al. 2020; Nehlig et al.

2017). The GTP hydrolysis in free soluble heterodimers is very slow, but after

their incorporation into MTs this hydrolysis occurs much quicker. This hydrol-
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ysis releases an inorganic phosphate group (Pi) and the GDP remains attached

to β-tubulin in the MT lattice. Consequently, the MT plus end can exist in T and

D forms. The T form is when the GTP is bound to the β-tubulin and in the D

form this GTP has been hydrolysed with release of the phosphate group (Gudim-

chuk et al. 2020; Nehlig et al. 2017). The GTP hydrolysis occurs with a delay at

the end of the MTs after the incorporation of α- and β-tubulin dimer into the

sheet-like structure of growing MT ends (Akhmanova and Steinmetz 2008). As a

consequence of the delay in GTP hydrolysis, a cap of GTP-tubulin (GTP-cap) is

formed at the end of growing MTs and protects the MT from catastrophe, which

occurs with disappearance of GTP-cap leading to an exposure of GDP-Tubulin

at the end of the MTs (Mitchson and Kirschner 1984). MT polymerisation occurs

with the addition of GTP-tubulin heterodimers at MT plus end (Brouhard and

Rice 2018; Desai and Mitchison 1997; Nehlig et al. 2017). Thus, the rate of GTP

hydrolysis at the E-Site is essential for the regulation of MT dynamic instability

(Alushin et al. 2014; Nehlig et al. 2017).

As MT polymerisation and depolymerisation is important for the life of a cell,

it is strictly regulated. This function is performed by a large number of MT asso-

ciated proteins (MAPs) – proteins that bind the lattice or the ends of MTs.

1.3.4 Microtubule associated proteins

MT associated proteins (MAPs) target specificαβ-tubulin conformations and

were initially discovered in the early 1970s (Bodakuntla et al. 2019; Brouhard and

Rice 2018). There are various MAPs which have classified upon their actions

(Bodakuntla et al. 2019; Böhler et al. 2021; Brouhard and Rice 2018) – Motile

MAPs: these are motor proteins that move along MTs using energy from GTP hy-

drolysis to transport cargos, such as, vesicles and organelles, and perform differ-

ent functions in a cell. The two important classes are Kinesins which generally

move toward the plus end, and the large, multiprotein Dynein/Dynactin com-

plex, which walks towards the minus end of MTs. If tethered, for example at the
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cell cortex, these kinesins/dynein are able to exert force on the MT, resulting in

movement. Classical MAPs: these are generally expressed in neuronal cells and

bind along the length of MTs, stabilising them and protecting them against the

activity of MT severing enzymes, such a katanin (Bodakuntla et al. 2019). They

include the proteins Tau, MAP2 and MAP4. Due to the involvement of classi-

cal MAPs in the brain, their loss causes defects that can be related to different

pathological conditions. For example, mice missing tau may have neurodegen-

eration problems and those which overxpress Map2 or Map1b have shown neu-

rodevelopmental disorders, and Map6 knockout developed schizophrenia (Bo-

dakuntla et al. 2019; Hirokawa et al. 1985). MT nucleators: as already specified,

these include the γ-TuSC and γ-TuRC. They also include proteins that stabilise

the lateral and longitudinal interactions between αβ heterodimers, increasing

the likelihood of generating a MT seed, such as TPX2 and HURP. End-binding

proteins: these proteins specifically bind at MT plus or minus ends. By far

the most studied are the plus end binding proteins, or +TIPs. A large number

of +TIPs regulate growth, shrinkage, pause or transition between catastrophe

and rescue states (Kline-Smith and Walczak 2004; van der Vaart et al. 2011).

For example, cytoplasmic linker proteins (CLIPs) and CLIP-associated proteins

(CLASPs) trigger rescue, whilst end binding proteins (EBs) stimulate MT dynam-

icity and polymerisation, and prevent catastrophes. Among these +TIPs, end-

binding protein 1 (EB1) plays an essential role in recruiting interacting +TIPs to

regulate dynamic instability. Due to this importance, EB1 is subject to extensive

investigation (Nehlig et al. 2017). Finally, MT depolymerase mitotic centromere-

associated kinesin (MCAK) stimulates catastrophes (van der Vaart et al. 2011).

Structural MAPs: these MAPs connect MTs to cytoskeletal components and

are otherwise known as cytoskeletal crosslinkers. Two principal classes are MT-

actin crosslinking factors 1 and 2 (MACF1 and MACF2). These two proteins have

an N-terminal actin-binding domain and C-terminal MT-binding motif. Due to
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their ability to interact with different cytoskeletal components, MACFs partic-

ipate in different cellular functions. For instance, MACF1 is important for cell

migration, thus they regulate wound healing, migration of neurons during brain

development and axon growth (Bodakuntla et al. 2019; Hu et al. 2017).

1.3.5 Regulation of the cell cycle

The cell cycle is firmly regulated by various checkpoints (Figure 1.6) to en-

sure complete and precise chromosome replication and segregation (Tan et al.

2017; Vermeulen et al. 2003). The cell division regulatory system is composed of

checkpoints that arrest cell cycle progression during phase transition to check

if cellular conditions are satisfactory for growth and separation (Satyanarayana

and Kaldis 2009; Tan et al. 2017).

Figure 1.6: Cyclin-Cdk complexes of cell cycle regulation. In eukaryoteic cells,
three classes of cyclin proteins are involved in regulation of cell division: G1/S
cyclins, which concentration increases at the first checkpoint found at the end
of G1 phase and decreases in S phase, S-cyclins increase their levels in late
G1 and remain constant until metaphase-anaphase transition. M-cyclins in-
crease their concentration at the G2/M transition,where stimulate Cdks and fall
in metaphase.
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Cyclin-dependent kinases (Cdks, Table 1.3) are major proteins involved in cell

division regulation and their activities increase and decrease as the cell moves

forward through the cell cycle (Malumbres and Barbacid 2005). The activity of

Cdks is regulated by a large number of enzymes and other proteins, and the

most eminent are cyclin proteins (Figure 1.6 and Table 1.3) discovered by Tim

Hunt in 1982 (reviewed by Peters 2002) and termed as cyclin by Evans et al.

(1983). In each cell cycle, cyclin proteins are subjected to a cycle of synthesis

and degradation, whilst the concentration of Cdks is constant. These cyclical

changes in cyclin protein concentration lead to cyclic binding and stimulation

of cyclin-Cdk complexes at specific points of the cell division cycle (Peters 2002;

Satyanarayana and Kaldis 2009). Four classes of cyclins are implicated in the ac-

tivation of Cdks. Of particular relevance to the work in this thesis are the Mitotic,

or M-cyclins.

G1-cyclins help the function of G1/S-cylins to regulate the checkpoint in the late

G1 phase.

G1/S-cyclins stimulate Cdks in late G1 and therefore activate progression through

checkpoint.

S-cyclins activate Cdks involded in DNA replication.

M-cyclins at the G2/M transition, stimulate Cdks that trigger entry into mitosis.

Table 1.3: Principle cyclins and Cdks of vertebrates.

Cyclin-Cdk complex Cyclin Cdk partner

G1-Cdk Cyclin D (D1, D2 and D3) Cdk4 and Cdk6

G1/S-Cdk Cyclin E (E1 and E2) Cdk2

S-Cdk Cyclin A (A1 and A2) Cdk2 and Cdk1

M-Cdk Cyclin B (B1, B2 and B3) Cdk1
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Cyclin B is synthesized during the G2 phase, associating with Cdk1 (Malum-

bres and Barbacid 2005; Schafer 1998). In mammalian cells, Cdk1-CyclinB com-

plexes phosphorylate more than 70 proteins implicated in different stages dur-

ing G2/M checkpoint and mitotic progression (Malumbres and Barbacid 2005).

Cdk1-CyclinB complexes are implicated in activating proteins that regulate chro-

mosome condensation, such as Histones (HMG-I and RIIa), fragmentation of

the Golgi apparatus, which includes Nir2, p47, GM130 and GRASP65, and phos-

phorylaltion of complexes involved in nuclear envelope breakdown, such as

different lamins, which include lamin B receptor and the nuclear pore com-

plex (Malumbres and Barbacid 2005; Schafer 1998). Additionally, Cdk1-CyclinB

proteins also phosphorylate MAPs, for instance, motor proteins, such as Eg5

which promotes centrosome separation (Khodjakov and Rieder 2001; Malum-

bres and Barbacid 2005) and many other mitotic kinases, such as Polo, Aurora

A and Mps1 (Barbosa et al. 2020; Conde et al. 2013; Tipton et al. 2013). The in-

hibition of Cdk1, triggered by the degradation of CyclinB by the anaphase pro-

moting complex (APC/C), leads to the dephosphorylation of the Cdk1 targets;

therefore triggering the changes in MT organisation required for chromosome

segregation and cytokinesis.

1.3.6 Regulation of mitotic MT dynamics

The depolymerisation of the interphase array of MTs that occurs just prior

to mitosis results in an increased pool of soluble tubulin dimers. At the same

time, there is a large recruitment and activation of the γ-TuRC at the duplicated,

but closely paired centrosomes. Together these things result in a dramatic in-

crease in MT nucleation, predominantly from the centrosome, resulting in MT

asters. Activation of MT motor proteins, such as the kinesin-like protein Eg5,

drive the separation of the two centrosomes away from each other, pushing

them around the nuclear envelope. This is also helped by pulling forces gen-

erated by the minus-end directed motor protein, Dynein/Dynactin, which is
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immobilised both at the nuclear envelope and at the cell cortex. As the nuclear

envelope breaks down, the MTs nucleated by centrosomes can enter the nuclear

space and begin to attach to the sister chromatids. In addition, the increase in

soluble tubulin in the nuclear space results in Ran-dependent MT nucleation

around chromosomes, increasing the number of short MTs and MTs that can be

directly nucleated by kinetochores.

Kinetochores are specialised structures present on the chromosomes, com-

posed of various proteins, about 100 in human cells. They include structural

proteins, signaling proteins, proteins involved in monitoring chromosome at-

tachment to kinetochore MTs, such as the ROD-ZWILCH-ZW10 (RZZ) complex,

Ndc80, KNL1, CLASP1, CENP-F and motor proteins that bind to MTs to cre-

ate forces to regulate chromosome position and MT dynamic instability (Kline-

Smith and Walczak 2004; McIntosh 2016; Mosalaganti et al. 2017). In animal

cells, Dynein/Dynactin also associates with kinetochores. Here, it facilitates the

removal of the RZZ complex from kinetochores towards the spindle poles. The

removal of RZZ from kinetochores is a key part of the Spindle Assembly Check-

point (SAC), which ensures that sister chromatid segregation does not occur

until all chromosomes are aligned at the metaphase plate. At this point, inhi-

bition of an E3 Ubiquitin ligase, the Anaphase Promoting Complex/Cyclosome

(APC/C) is relieved, triggering protein polyubiquitination and consequently pro-

teolysis of two key proteins (Figure 1.7). Cyclin B and securin which is a repres-

sor of separase involved in hydrolysis of cohesin complex that hold sister chro-

matids together (Hornig et al. 2002).
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Figure 1.7: Illustration of the anaphase promoting complex/cyclosome
(APC/C) signalling pathway in cell cycle control. ROD-ZWILCH-ZW10 (RZZ)
complex is a component of kinetochore involved in stabilising the Spindle As-
sembly Checkpoint (SAC) to allow correct attachment of all spindle MTs to chro-
mosome kinetochores. The mitotic checkpoint proteins directly inhibit APC/C
and sequester Cdc20. In addition, Cdk1-CyclinB also contributes to this inhi-
bition via Cdc20 phosphorylation. Upon proper attachment of all kinetochore
fibers to chromosome kinetochores, rapidly RZZ complex is removed from the
kinetochore to MT minus ends via Dynein/Dynactin complex. This results in
silencing SAC, consequently the inhibition of APC/C is relieved, promoting the
degradation of securin and Cdk1-CyclinB, which leads to anaphase progression.

As previously mentioned, the inactivation of Cdk1 through cyclin B destruc-

tion leads to dephosphorylation of all proteins responsible for the onset of mito-

sis, including regulators of MT dynamics. This leads to the three MT-dependent

movements that characterise chromosome segregation: the distance between

the chromosome and the pole it faces decreases as kinetochore MTs depoly-

merise, from both their plus end and minus end; the distance of separation be-

tween two spindle poles increases as motor proteins present on the interpolar

MTs slide the anti-parallel MT bundles (McIntosh 2016); and the astral MTs dra-

matically increase in length, increasing their contacts with the cell cortex and

pulling the spindle poles further apart. Finally, in telophase, the MTs nucleated

by centrosomes begin to re-organise into interphase-like arrays, while the inter-

polar MTs bundle and stabilise to form, first, a central spindle which is impor-

tant in the placement of the acto-myosin contractile ring and, second, a mid-

body which is important in the terminal stages of cytokinesis (Chircop 2014;
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Leite et al. 2019; McIntosh 2016).

1.3.7 End binding proteins (EBs)

As many MTs are nucleated and anchored at the centrosome by their minus

ends, much of the cell-cycle dependent changes in MT organisation are as a re-

sult of changing the dynamics of the MT plus ends, or their association with key

structures, such as kinetochores, the nuclear envelope or the cell cortex. The

role of MT plus end proteins (+TIPs) therefore should not be underestimated.

Among +TIPs proteins, one of the most well studied and most important is end-

binding protein 1 (EB1). This was identified in 1995 as an Adenomatous Polypo-

sis Coli (APC)-interacting partner (Baek et al. 2013; Nehlig et al. 2017) although

subsequently other related proteins were identified. The EB family each share

a common molecular structure (Komarova et al. 2009; Nehlig et al. 2017); an

N-terminal calponin homology (CH) domain which is responsible for MT bind-

ing, a flexible linker, and a C-terminal coiled-coil domain which is involved in

dimerisation (Figure 1.8 and 1.9). The coiled-coil domain overlaps with an end-

binding homology (EBH) domain which is involved in auto-inhibition and inter-

action with +TIPs in humans, whereas in Drosophila this coiled-coil motif does

not overlap with EBH (Figure 1.8). This domain ends with a tail that contains

the C-terminal sequence EEY/F (Akhmanova and Steinmetz 2008; Komarova et

al. 2009; Nehlig et al. 2017). The sequence EEY/F undergoes contintuous dety-

rosination and tyrosination cycles for modulating the interactions between EB

and MTs. The detyrosination of this sequence leads to an increase of EB decora-

tion time at MT plus ends, thereby decreasing the MT catastrophe (Zhang et al.

2013).
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Figure 1.8: Schematic depiction of homodimeric end-binding proteins. The
figure shows a general structure of EBs with a plus end-binding homology (EBH)
domain implicated in +TIP interaction and MT binding calponin homology
(CH) involved in MT binding. These two motifs are separated by a flexible linker.
Hs = human and Dm = Drosophila. HsEB coiled-coils overlap with EBH while
DmEB coiled-coils do not.

Figure 1.9: General EB dimer representation. The coiled coil region is responsi-
ble for dimerisation, the CH domain for MT binding and the EBH cavity for +TIP
interactions.The C-terminus can also intramolecularly interact with CH for self-
regulation.
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EB proteins are thought to function by recruiting a wide variety of effector

proteins to the plus ends of MTs. Currently, there are three major classes of

EB1 interacting proteins (Akhmanova and Steinmetz 2008; Kumar et al. 2017;

Nehlig et al. 2017); those that contain a cytoskeletal-associated protein glycine-

rich (CAP-Gly) motif, those with a Ser/Thr-x-Ile-Pro (SxIP) motif and Leu-x-x-

Pro-Thr-h (LxxPTPh) containing proteins. A small group of proteins, such as

CLIP-115, CLIP-170 and dynactin complex p150Gl ued possess CAP-Gly which

mediates their interaction between MTs and EB1, whereas the proteins contain-

ing SxIP form a large family of EB1 interactors (For EB1-SxIP interactions, see

EBH-S/TxIP interactions and regulations, Page 24) (Hayashi et al. 2005; Nehlig

et al. 2017). These SxIP containing proteins are structurally heterogeneous and

are involved in several aspects of MT dynamics and functions, such as the regu-

lation of rescues and catastrophes, as well as providing a link between MT plus

ends and cellular components (Kumar et al. 2017; Nehlig et al. 2017). A more

recently described category of EB1 interacting proteins contain an Lxx PTPh

motif. Their interaction with EB1 does not rely on the C-terminal tail of EBs,

which is in contrast to the interaction of EB1 with CAP-Gly and SxIP-containing

proteins (Jain and Tran 2017; Kumar et al. 2017).

1.3.8 Drosophila EB proteins

Sequence homology searching is one of the most informative steps in analysis

used by molecular biologists to identify homologous proteins or genes, which

reflect similar functions and common ancestry (Davison 1985; Pearson 2013).

There is a large number of homology searching programs including BLAST, FASTA

and HMMER3 (Pearson 2013).

The genome of the fruit fly, Drosophila melanogaster, contains two EB-like

homologues, Drosophila melanogaster EB1 (DmEB1) and a relatively unchar-

acterised protein, CG18190, which we refer to as DmEB2. To identify the iden-

tical amino acid sequences in end-binding homology regions (EBH) of HsEBs
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and DmEBs, I aligned these domains (Table 1.4).

Table 1.4: Sequence identity searching in EBH domain. The identitical se-
quence alignment in EBH regions of DmEB1 and DmEB2 is 40.0%, DmEB1
and HsEB1 is 51.9% and DmEB2 and HsEB2 is 28.6%. This suggests that EBs
play similar functions in living beings. Indeed, serine or threonine of S/TxIP-
containing proteins may form a network of hydrogen bonds with arginine
(R)/lysine (K), tyrosine (Y), glutamine (Q) and glutamic acid (E)/aspartic acid
(D) in EBH region of EB proteins.

1.3.9 EBH-S/TxIP interactions and regulations

S/TxIP-containg proteins interact at the end of end-binding domain via an

extensive hydrogen bonds with arginine (R)/lysine (K), tyrosine (Y), glutamine

(Q) and glutamic acid (E)/aspartic acid (D) in the EBH region and these interac-

tions are coordinated by water (Almeida et al. 2017; Nehlig et al. 2017). The reg-

ulation of these interactions is coordinated by post-translational modifications,

including phosophorylation and dephosphorylation, acetylation and deacety-

lation of arginine (R) or lysine (K), and tyrosination and detyrosination of ty-

rosine (Y) (Nehlig et al. 2017; Zhang et al. 2013). Sequences flanking S/TxIP

motifs have a net postitive charge and via electrostatic attractions interact with

negative groups within the EBH, these include glutamic acid (E), aspartic acd
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(D), phosphorylated tyrosine (Y) and threonine (T)/serine (S) (Honnappa et al.

2009; Nehlig et al. 2017). Thus, serine or threonine phosphorylation of S/TxIP

motif, impairs the interactions of S/TxIP-containing proteins with EBH, due to

electrostatic repulsions (Zhang et al. 2016).

1.3.10 EB1 functions in interphase and in mitosis

In interphase, Human EB1 colocalises to cytoplasmic MTs and recruits +TIP

partners, such as, SLAIN2, cytoplasmic linker proteins (CLIPs) and CLIP-associa-

ted proteins (Berrueta et al. 1998; Elliott et al. 2005; van der Vaart et al. 2011).

During interphase SLAIN is dephosphorylated to form a complex with colonic

hepatic tumor overexpressed gene (ch-TOG) which interacts with EB1 to stim-

ulate MT polymerisation (Nakamura et al. 2012; van der Vaart et al. 2011). In

addition, studies using Drosophila S2 cells treated with EB1RNAi have shown a

decrease in MT dynamics due to reduction of catastrophe and rescue frequen-

cies, demonstrating that MTs spent most of their lifetime in a period of pause

(Rogers et al. 2002). Furthermore, EB1 interacts with APC and p150Gl ued to an-

chor MT minus end at centrosomes in interphase and maintains a radial MT

array (Askham et al. 2002; Brüning-Richardson et al. 2011; Green et al. 2005).

These MTs, which radiate from the centrosome during interphase, supply tracks

for MT motors carrying cargos, such as, membrane, RNA and protein complexes

away and toward the cell centre (Rogers et al. 2002). EB1 has also been suggested

to interact with constituents of the cytoplasmic Dynein/Dynactin complex dur-

ing interphase, however, the role of this interaction remains unknown (Askham

et al. 2002; Berrueta et al. 1998).

Through its C-terminus (C-ter) EB1 interacts with numerous +TIP partners

and recruits them at the MT plus ends to create +TIP molecular networks that

help the management of MT dynamic instability (Nehlig et al. 2017). This dy-

namic instability is important for chromosome alignment and segregation and

spindle orientation (Gudimchuk et al. 2020; Hevia and Fanarraga 2020; Rogers
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et al. 2002; Sulimenko et al. 2017; Teixidó-Travesa et al. 2012).

In mitosis EB1 interacts with ACP to regulate MT dynamic instability, chro-

mosome alignment and segregation, and is implicated in spindle orientation

(Brüning-Richardson et al. 2011; Green et al. 2005). In addition, EB1 is also

involved in interaction with fibroblast growth factor receptor 1 (FGFR1) onco-

gene partner (FOP) in association with CAP350 to create an important com-

plex for MT plus end anchorage at the centrosome (Brüning-Richardson et al.

2011). EB1 knockdown increases defects in chromosome segregation and errors

in spindle orientation, but the mechanism of this process is not clear (Brüning-

Richardson et al. 2011; Green et al. 2005).

1.3.11 EB1 in human pathology

Overexpression of EB1 has been found in numerous cancer types including,

hepatocellular carcinoma, glioblastoma, breast, colon and oral cancers (Nehlig

et al. 2017). In addition, EB1 may be a predictive biomarker, where high level

of expression is related to poor survival rates. As such, EB1 represents a po-

tential target against various cancers (Brüning-Richardson et al. 2011; Nehlig

et al. 2017). This has been demonstrated in principle through siRNA studies.

siRNA depletion of EB1 resulted in inhibition of cancer cell proliferation while

its overexpression caused proliferation of cancer cells (Brüning-Richardson et

al. 2011). Due to the importance of EB1 involvement in a large number of can-

cers, a deeper understanding of EB1 regulation at MT plus ends and the identi-

fication of +TIP molecular networks, will be a vital step for the design of novel

+TIP-targeted drug therapies (Nehlig et al. 2017). For instance, the potent MT-

associated protein ATIP3, negatively regulates EB1 at MT plus end in colon,

breast, liver and oral cancers (Brüning-Richardson et al. 2011; Haykal et al. 2021;

Nehlig et al. 2017). Interestingly, EB1 may play a role as an oncogene by acti-

vating the WNT2 signalling pathaway in cancer cells (Brüning-Richardson et al.
2Wnts are secreted glycoproteins and constitue a large family of nineteen proteins in hu-

man. The Wnt signalling pathway is an ancient and concerved pathaway involved in crucial
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2011).

1.4 Early Drosophila embryo as a model organism for mitosis

Drosophila melanogaster, originally from sub-Saharan Africa, migrated out

of Africa to America, Europe, Asia and Australia about 12,000-19,000 years ago

(Fabian et al. 2015; Flatt 2020). This organism was first proposed as model to

study genetics in 1900 by Charles W. W., an American entomologist (Ugur et al.

2016). It has high fertility and a short life cycle (2 weeks), thus allowing for the

rapid raising and expansion of populations for genetic, biochemical and molec-

ular investigations. It is easy to grow, to manipulate genetically, to breed in the

laboratory and they are low cost. There are many available genetic tools, such

as balancer chromosomes, classical mutants, transgenic line and lines that al-

low in vivo RNA interference (RNAi), whilst well-characterised physiology and

cell biology development make them amenable to high spatio-temporal live mi-

croscopy (Flatt 2020; Garcia et al. 2007). Furthermore, about 60% of genes in this

species have homologues in humans while around 75% of genes involved in hu-

man pathology have homologues in Drosophila (Ugur et al. 2016, reviewed by

Mirzoyan et al. 2019). Despite the fact that humans and flies differ greatly in

terms of dimension and cellular features, their various molecular mechanisms

implicated in developmental control, cellular and physiological processes are

conserved in both organisms (Ugur et al. 2016). All these features have made

Drosophila melanogaster one of the most powerful and experimentally versatile

model organisms (Flatt 2020; Mirzoyan et al. 2019).

regulation of cell migration, cell polarity and organogenesis in embryonic development process
(Komiya and Habasi 2008).
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Despite the advantages of using Drosophila as model organism to study hu-

man diseases, there are potential disadvantages of using them. Fruit flies lack

cells implicated in regulating the adaptive immune system, such as B and T cells.

Additionally, these organisms do not have some important key branches of im-

mune signalling, such as interferon responses (Harnish et al. 2021). The genome

of Drosophila melanogaster is much smaller than the human genome (Wolf and

Rockman 2008) and have four pairs of chromosomes (X, 2, 3 and 4) compaired to

23 pairs of chromosomes in human. Consequently, some important factors in-

volved in human diseases may be ignored or mssing in Drosophila, such as fac-

tors implicated in immunological diseases, brain infarcts and hemorrhage (Jeib-

mann and Paulus 2009) or to investigate human diseases related to hemoglobin,

as fruit flies do not have hemoglobin (Prüβing et al. 2013). Therefore, before us-

ing Drosophila as a model for diseases, it is important to take into account all

factors and to make sure that the mechanism of action for a disease of interest

occurs on a well conserved pathway.

Drosophila have been, and continue to be used widely as a model to study

mitosis, as the components implicated in the cell cycle control system in Droso-

phila are functionally and structurally similar to humans (Garcia et al. 2007;

Jones et al. 2000; Tang 2016). Thus, this investigation contributes to our com-

prehension of the cell cycle mechanisms and gives solutions to several human

pathologies, such as, cancers, neurodegenerative disease and male infertility.

Following fertilisation of the Drosophila egg, the early cell cycles of Drosophila

embryos have principally two phases: S and M phases. Each S/M cycle lasts

approximately 10 minutes. In contrast, gap phases (G1 and G2) are short or un-

detectable (Edgar and O’Farrell 1989; Garcia et al. 2007). Drosophila S/M cy-

cles corresponding to the 1–13 cycles occur synchronously without cytokinesis

in a common cytoplasmic embryo, which is called a syncytium (Garcia et al.

2007). This syncytium can be exploited for mitosis research; for example, it can
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withstand a single injection of antibodies, dominant negative proteins, drugs

or dsRNA to study the effect simultaneously on numerous nuclei by live imag-

ing microscopy. Nuclei in cycles 1–3 remain grouped at the anterior third of the

egg (Figure 1.10), close to the site of male and female pronuclei fusion. During

cycles 4–6 the nuclei become distributed along the length of the embryo in a

process known as axial expansion (Figure 1.10) (Albertson et al. 2008; Tram et al.

2002). From cycle 8, nuclei start migrating from the centre towards the periph-

ery of the embryo, and by cycle 10 some nuclei reach the actin-rich cortex just

beneath the plasma membrane of the embryos where the 10-13 syncytial divi-

sions occur (Figure 1.10) (Garcia et al. 2007; Tram et al. 2002). Nuclei that arrive

at the posterior end of the cortex are germline precursors (9–13, Figure 1.10)

(Tang 2016; Tram et al. 2002). Ultimately by cycle 13, the embryo has formed

about 6000 nuclei which cease their synchronous divisions and from nuclear

cycle 14, undergoes a process of cellularisation (Garcia et al. 2007; Tram et al.

2002).
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Figure 1.10: Drosophila melanogaster embryo cell cycles 1–13. The first 13
nuclear divisions happen synchronously and without cytokinesis in the same
cytoplasm known as a syncytium. Cycles 1-7 ocurr in the centre of the cyto-
plasm and from cycle 8 nuclei start migrating to the cortex of the embryo where
some of the nuclei reach at cycle 10. Syncytial cycles 10-13 occur just behind
the cortex of the embryos. From cycle 14 the embryo starts the cellularisation
process and gap 2 (G2) phase can be detectable.

During the syncytial divisions, centrosomes play a crucial role in generating

astral MTs that drive and avoid the collision of neighbouring syncytial nuclei.

Thus as the number of nuclei increases, astral MTs act as barriers that impede

collisions. Furthermore, astral MTs are important in establishing general orien-

tation and distribution of syncytial nuclei, and contributing to cortical nuclei

migration (Albertson et al. 2008; Tram et al. 2002). The arrival of nuclei (cy-

cles 10-13) at the embryo cortex induces the redistribution of the actin beneath

the plasma membrane, which will become concentrated into apical caps cen-

tred above each cortical nucleus. As centrosomes migrate toward the opposite

poles during prophase, the actin caps experience dramatic changes to form a
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ring that outlines each nucleus with its pair of centrosomes (Tram et al. 2002).

These rings are similar in components to cytokinesis contractile rings and con-

tain actin, myosin II, anillin, spectrins, formins and septins (Sobral et al. 2021;

Tram et al. 2002). During metaphase, the furrows invaginate to form a half shell

that encompasses each mitotic spindle. During late anaphase and telophase,

the metaphase furrows regress rapidly to their initial state. Centrosomes du-

plicate during late anaphase and in the following interphase, the newly formed

pairs of centrosomes are again localised apically and the actin caps reform for a

subsequent cycle (Tram et al. 2002). These transitions between metaphase fur-

row formation and interphase actin caps occurs during interphase of the cell

cycle 14. After this cycle, the cortical nuclei remain in interphase and the em-

bryo cellularises.

In this thesis, I focussed on investigating EB protein functions in Drosophila

embryos during metaphase between cycles 10–13, as these nuclei undergo syn-

chronous divisions, which allows observation and manipulation of multiple cell

cycles in a short period of time (9–20 min/cycle). End binding protein 1 and 2

(EB1 and EB2 ) are the only EB family proteins in Drosophila. Although EB1 is

more extensively studied than EB2, its functions during mitosis remains poorly

understood (Nehlig et al. 2017; Rogers et al. 2002). In this work, I expressed and

purified these proteins from bacteria to assess their capacity to associate with

MTs in vitro using MT-cosedimentation. Additionally, I microinjected anti-EB1,

anti-EB2 or the combination of anti-EB1 and anti-EB2 antibodies into these

embryos to interfere with EB functions. Finally, I identified several EB1 bind-

ing proteins, including novel interactors to construct the protein-protein inter-

action (PPI) network asscociated with EB1 during metaphase. The analysis of

this PPI network combined with antibody microinjection and relevant biologi-

cal knowledge of these interactors provided new information about EB biologi-

cal functions in the early Drosophila embryo mitosis.
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2.1 Fly husbandry

2.1.1 Drosophila Stocks

Table 2.1: Genotype. The table shows the fly lines that have been used in exper-
iments of the project.

Drosophila Stock Fly phenotypes and functions Source

w ; ++ ; matαt−G AL4
matαt−G AL4 Flies carry the GAL4 transcrip-

tion factor, under the control
of the maternal-α-tubulin pro-
moter, driving GAL4 expres-
sion only in the developing
oocyte and early embryos.

Bloomington Stock Center

w ; pU ASp(EB1−GF P )
C yo ; matαt−G AL4

matαt−G AL4 Females express EB1-GFP in
developing oocytes and laid
early embryos due to the ex-
pression of GAL4 driven by
maternal-α-tubulin promoter,
and the presence of the UASp-
EB1-GFP transgene.

Ohkura Lab

w ; pN cd(EB1−GF P )
C yo ; ++ Females express EB1-GFP

in developing oocytes and
laid early embryos due to the
expression of the EB1-GFP
transgene driven by the ma-
ternal non-claret disjunction
(ncd) promoter. Cyo is a
floating second chromosome
balancer.

Endow Lab

w ; Hi sRF P∗pU AS(EB1−GF P )
C yo ; matαt−G AL4

matαt−G AL4 Females express EB1-GFP in
developing oocytes and laid
early embryos due to the ex-
pression of GAL4 driven by
maternal-α-tubulin promoter,
and the presence of the UASp-
EB1-GFP transgene. They also
express Histone-RFP in all tis-
sues. Cyo is a floating second
chromosome balancer.

Wakefield Lab

32

https://bdsc.indiana.edu/
https://www.wcb.ed.ac.uk/research/ohkura
https://www.cellbio.duke.edu/sharyn-endow
http://www.thewakefieldlab.com/
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Continuation of the Table 2.1

Drosophila Stock Fly phenotypes and functions Source

w ; pU B(αTub−GF P )(Hi sRF P )
C yo ; MK RS

T M6B Flies (and embryos laid by
mothers of this embryos)
express Histone-RFP, and α-
Tubulin-GFP, in all tissues,
due to the transgenes being
under the control of the polyu-
biquitin promoter. Cyo is a
floating second chromosome
balancer. MKRS and TM6B are
3r d chromosome balancers.

Wakefield Lab

w ; Hi sRF P
C yo ; matαt−G AL4

matαt−G AL4 Flies expressing Histone-RFP
in all tissues, under control of
the polyubiquitin promoter.
The presence of the maternal-
α-tubulin-GAL4 transgene
means that, when they are
crossed to lines carrying
UASp-GFP fusion genes, resul-
tant embryos will co-express
both the Histone-RFP and the
GFP-fusion in the early em-
bryo. Cyo is a floating second
chromosome balancer.

Bloomington Stock Center

w ; pU ASp(mC h−JV L)
C yo ; Pr i

T M6B Flies carrying the gene encod-
ing Javelin (JVL), fused to the
gene encoding the fluorescent
protein, mCherry, under the
control of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
mCh-JVL fusion protein. Cyo is
a floating second chromosome
balancer. Pri is a dominant 3r d

chromosomer marker. TM6B
is a third chromosome bal-
ancer.

Abdu Lab

w ; +
C yo ; pU ASp(GF P−SP N−F )

T M3 Flies carrying the gene encod-
ing SPN-F, fused to the gene
encoding GFP, under the con-
trol of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
the GFP-SPN-F fusion protein.
Cyo is a floating second chro-
mosome balancer. TM3 is a
third chromosome balancer.

Abdu Lab

w ; pU Ap(I K 2−GF P )
C yo ; Pr i

T M6B Flies carrying the gene en-
coding IK2, fused to the gene
encoding GFP, under the con-
trol of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
the IK2-GFP fusion protein.
Cyo is a floating second chro-
mosome balancer. Pri is a
dominant 3r d chromosome
marker. TM6B is a third
chromosome balancer.

Abdu Lab

http://www.thewakefieldlab.com/
https://bdsc.indiana.edu/
https://labnesium.com/Uri-Abdu-Lab/405/
https://labnesium.com/Uri-Abdu-Lab/405/
https://labnesium.com/Uri-Abdu-Lab/405/
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Continuation of the Table 2.1

Drosophila Stock Fly phenotypes and functions Source

w ; SP
C yo ; pU ASp(SL AM−GF P )

SL AM−GF P Flies carrying the gene encod-
ing slow as molasses (SLAM),
fused to the gene encoding
GFP, under the control of the
UASp promoter. When crossed
to flies expressing maternal-
α-tubulin GAL4, resultant em-
bryos will express the SLAM-
GFP fusion protein. SP is
a dominant second chromo-
some marker. Cyo is a floating
second chromosome balancer.

Grosshans Lab

w ; pU B(SL AM−GF P )
SL AM−GF P ; ++ Flies expressing SLAM-GFP in

all tissues, under the control of
the polyubiquitin promoter.

Grosshans Lab

w ; pU ASp(HOOK−GF P )
HOOK−GF P ; ++ Flies carrying the gene encod-

ing HOOK, fused to the gene
encoding GFP, under the con-
trol of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
the HOOK-GFP fusion protein.

Bloomington Stock Center

w ; ++ ; pU ASp(GF P−DN Apol−epsi lon58)
GF P−DN Apol−epsi lon58 Flies carrying the gene encod-

ing DNA Polymerase epsilon
58, fused to the gene encoding
GFP, under the control of the
UASp promoter. When crossed
to flies expressing maternal-
α-tubulin-GAL4, resultant em-
bryos will express the DNApol-
epsilon58-GFP fusion protein.

Wakefield Lab

w ; pU ASp(GF P−PIGS)
GF P−PIGS ; ++ Flies carrying the gene en-

coding Pickled Eggs (PIGS),
fused to the gene encoding
GFP, under the control of the
UASp promoter. When crossed
to flies expressing maternal-
α-tubulin-GAL4, resultant em-
bryos will express the GFP-
PIGS fusion protein.

Roeper Lab

w ; ++ ; pU ASp(GF P−CORN )
GF P−CORN Flies carrying the gene en-

coding Cornetto (CORN),
fused to the gene encoding
GFP, under the control of
the UASp promoter. When
crossed to flies expressing
maternal-α-tubulin-GAL4,
resultant embryos will express
the GFP-CORN fusion protein.

Wakefield Lab

https://grosshanslab.org/
https://grosshanslab.org/
https://bdsc.indiana.edu/
http://www.thewakefieldlab.com/
https://www2.mrc-lmb.cam.ac.uk/groups/kroeper/
http://www.thewakefieldlab.com/
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Continuation of the Table 2.1

Drosophila Stock Fly phenotypes and functions Source

w ; pU ASp(GF P−CG12702)
GF P−CG12702 ; ++ Flies carrying the gene en-

coding CG12702, fused to the
gene encoding GFP, under the
control of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
the CG12702-GFP fusion pro-
tein.

Wakefield Lab

w ; pU ASp(EB1−RN Ai )
EB1−RN Ai ; ++ (36680) Flies carrying a shRNA corre-

sponding to a region of the EB1
gene, under the control of the
UASp promoter. When crossed
to flies expressing maternal-
α-tubulin-GAL4, resultant em-
bryos will express the shRNA,
driving RNA interference of ex-
pressed EB1.

Bloomington Stock Center

w ; pU ASp(EB1DN−mC h)
EB1DN−mC h

; ++ Flies carrying the gene encod-
ing a putative dominant neg-
ative version of EB1 (EB1DN ),
fused to mCherry, under the
control of the UASp promoter.
When crossed to flies express-
ing maternal-α-tubulin-GAL4,
resultant embryos will express
the EB1 mutant protein-mCh
fusion protein.

Bloomington Stock Center

2.1.2 Drosophila stock maintenance

Fly stocks were maintained at room temperature and knocked over fortnightly

in 25 × 95 mm fly food vials (500 g yeast, 350 g flour, 75 g agar, 60 ml propionic

acid, 15.5 g nipigen and 1 L H2O) or at 18 °C and knocked over every three weeks.

2.1.3 Fly collection for crosses

Flies were kept in food vials and bottles were maintained at 25 °C, 60% relative

humidity and knocked over each day or every two days, depending on laying.

After 9–10 days, female virgins were collected under CO2 anaesthesia conditions

and crossed to adult males. Subsequently, crossed flies were expanded under

the same conditions and after 10 days offspring from crosses were collected for

further early embryo collections. All the crosses done in this thesis are presented

from Table 2.2 to Table 2.13.

http://www.thewakefieldlab.com/
https://bdsc.indiana.edu/
https://bdsc.indiana.edu/
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Table 2.2: Cross. GFP-SPN-F x matαt-GAL4

w ; K 2
C yo ; GF P−SP N−F

T M3 × w ; ++; matαt−G AL4
matαt−G AL4

↙↘

w ; K 2
+ ; GF P−SP N−F

matαt−G AL4 w ; +
C yo ; GF P−SP N−F

matαt−G AL4

Table 2.3: Cross. IKK-epsilon-GFP x matαt-GAL4

w ; I K 2−GF P
C yo ; Pr i

T M6B × w ; ++; matαt−G AL4
matαt−G AL4

↙↘

w ; I K 2−GF P
+ ; Pr i

matαt−G AL4 w ; I K 2−GF P
+ ; matαt−G AL4

T M6B

Table 2.4: Cross. mCh-JVL x matαt-GAL4

w ; mC h−JV L
C yo ; Pr i

T M6B × w ; ++; matαt−G AL4
matαt−G AL4

↙↘

w ; mC h−JV L
+ ; Pr i

matαt−G AL4 w ; mC h−JV L
+ ; matαt−G AL4

T M6B

Table 2.5: Cross. GFP-PIGS x matαt-GAL4

w ; ++; GF P−PIGS
GF P−PIGS × w ; ++; matαt−G AL4

matαt−G AL4

⇓

w ; ++; GF P−PIGS
matαt−G AL4
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Table 2.6: Cross. GFP-PIGS x HisRFP;matαt-GAL4

w ; ++; GF P−PIGS
GF P−PIGS × w ; Hi sRF P

C yo ; matαt−G AL4
matαt−G AL4

⇓

w ; Hi sRF P
+ ; GF P−PIGS

matαt−G AL4

Table 2.7: Cross. HOOK-GFP x matαt-GAL4

w ; HOOK−GF P
HOOK−GF P ; ++ × w ; ++; matαt−G AL4

matαt−G AL4

⇓

w ; HOOK−GF P
+ ; +

matαt−G AL4

Table 2.8: Cross. SLAM-GFP x matαt-GAL4

w ; SP
C yo ; SL AM−GF P

SL AM−GF P × w ; ++; matαt−G AL4
matαt−G AL4

↙↘

w ; +
C yo ; SL AM−GF P

matαt−G AL4 w ; SP
+ ; SL AM−GF P

matαt−G AL4

Table 2.9: Cross. SLAM-GFP x HisRFP; matαt-GAL4

w ; SP
C yo ; SL AM−GF P

SL AM−GF P × w ; Hi sRF P
C yo ; matαt−G AL4

matαt−G AL4

↙↘

w ; Hi sRF P
C yo ; SL AM−GF P

matαt−G AL4 w ; Hi sRF P
SP ; SL AM−GF P

matαt−G AL4
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Table 2.10: Cross. GFP-CG12702 x matαt-GAL4

w ; GF P−CG12702
GF P−CG12702; ++ × w ; ++; matαt−G AL4

matαt−G AL4

⇓

w ; GF P−CG12702
+ ; +

matαt−G AL4

Table 2.11: Cross. GFP-DNApol-ε58 x matαt-GAL4

w ; ++; GF P−DN Apol−ε58
GF P−DN Apol−ε58 × w ; ++; matαt−G AL4

matαt−G AL4

⇓

w ; ++; GF P−DN Apol−ε58
matαt−G AL4

Table 2.12: Cross. GFP-DNApol-ε58 x HisRFP;matαt-GAL4

w ; ++; GF P−DN Apol−ε58
GF P−DN Apol−ε58 × w ; Hi sRF P

C yo ; matαt−G AL4
matαt−G AL4

⇓

w ; Hi sRF P
+ ; GF P−DN Apol−ε58

matαt−G AL4

Table 2.13: Cross. GFP-CORN x HisRFP;matαt-GAL4

w ; ++; GF P−CORN
GF P−CORN × w ; Hi sRF P

C yo ; matαt−G AL4
matαt−G AL4

⇓

w ; Hi sRF P
+ ; GF P−CORN

matαt−G AL4
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2.1.4 Collection of embryos (cycling and MG132 treatment)

Flies were placed in Drosophila embryo collection cages, which were capped

with apple juice agar plates (25 g agar, 300 ml apple juice concentrate and 700

ml H2O) containing yeast paste for feeding (5 g baker’s yeast in 6.43 ml H2O). 8

batches (≈ 0.4 g each) of their embryos aged 1-3 hours were collected with paint-

brush from apple juice agar plates. After dechorionation with bleach (100%) for

1–2 minutes, 4 of these batches were treated with MG132 for 20 minutes with

shaking to arrest them in methaphase, whereas the other remaining 4 batches

were treated as a control and allowed to progress with development. Succes-

sively embryos were filtrated into a filtration apparatus and washed three times

with embryo washing buffer (0.05% Triton X-100 into H2O). Finally, washed em-

bryos were placed into weighed 1.5 ml eppendorf tubes, weighed again for get-

ting the weight of embryos (weight of a 1.5 ml eppendorf tube of embryos minus

the weight of the same tube without embryos) , labelled, flash-frozen in liquid

nitrogen and then stored at -80 °C.

2.2 Biochemistry and Molecular Cell Biology

2.2.1 Expression and purification of bacterially-expressed MBP-EB1, MBP-EB2 and MBP

For bacterial transformation, 1 µl of pMAL-MBP-EB1, pMAL-MBP-EB2 and

pMAL-MBP vectors (Okhura lab) in respective 1.5 ml Eppendorf tubes were in-

cubated with 25µl of BL21 (DE3) Competent Escherichia coli cells (ThermoFisher;

https://www.thermofisher.com/uk/en/home.html) for 30 minutes on ice.

Then the heat shock was conducted in a water bath at 42 °C for 35 seconds. After

a further incubation on ice for 1–2 minutes, 400 µl of super optimal broth with

catabolite repression (SOC) medium (ThermoFisher) was added to each sample

and a subsequent incubation at 37 °C for 60 minutes with shaking. Afterwards,

200 µl of each sample were spread on LB-amp plates (Lauria broth and Lauria

agar media and 100µg/ml of ampicillin) and incubated at 37 °C overnight. 15 ml

https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
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tubes that contain 2 ml of fresh LB-Amp broth with one colony of each sample,

were incubated at 37 °C overnight with shaking. 200 µl of each suspension and 2

ml of fresh LB-Amp broth in respective 15 ml tubes were incubated for further 4

hours, then isopropyl β-D-1-thiogalactopyranoside (IPTG, 1:1000. BIO-37036;

https://www.bioline.com/iptg.html) was added to each sample and let

grow up to 0.6-0.8 optical density (OD) at 37 °C with rotation. Then suspen-

sions were centrifuged at 8000 rpm for one minute and pellets of samples were

re-suspended into 10 ml of phosphate buffered saline (PBS) by vortex and cells

disrupted by sonification for 5 minutes on ice, then extracts were centrifuged at

10,000 rpm for 20 minutes. After incubation of supernatant with amylose resin

slurry (ThermoFisher SCIENTIFIC. #E8021S; https://www.thermofisher.com/

uk/en/home.html) for 1 hour at 4 °C, suspensions were loaded into respec-

tive columns and proteins were eluted with maltose 10 mM in C buffer (50 mM

HEPES pH 7.4, 1 mM EGTA, 1 mM MgCl2, in 10 ml dH2O) and then stored at

-20 °C.

2.3 Affinity purification of anti-EB1, anti-EB2 and anti-MBP antibodies

Purified proteins, as described in Subsection 2.2.1, were subsequently dial-

ysed with 100 mM of 3-(N-morpholino) propanesulfonic acid (MOPS) buffer,

pH 7.5, according to the ThermoFisher Scientific protocol (https://www.ther\

mofisher.com/uk/en/home/references/protocols.html) to remove unwan-

ted small molecules from purified proteins in solution. Then dialysed proteins

were chemically coupled to Affi-Gel 15 gel (BIO-RAD. Cat # 1536051; https:

//www.bio-rad.com/en-uk) in respective columns. Sera of polyclonal anti-

EB1 and anti-EB2 antibodies (Okhura lab) were run 3 times through respective

Affi-Gel 15 columns containing MBP as antigen. Successivly, the run through

of antibodies was passed 3 times in respective Affi-Gel 15 columns with MBP-

EB1 and MBP-EB2 proteins. Finally, the respective antibodies were eluted with

https://www.bioline.com/iptg.html
https://www.bioline.com/iptg.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home/references/protocols.html
https://www.ther \ mofisher.com/uk/en/home/references/protocols.html
https://www.ther \ mofisher.com/uk/en/home/references/protocols.html
https://www.bio-rad.com/en-uk
https://www.bio-rad.com/en-uk 
https://www.bio-rad.com/en-uk 
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100 mM glycine HCl pH 2.4/150 mM NaCl buffer. Solutions of antibodies were

neutralised with 1 M Tris.HCl pH 8 and stored at -20 °C.

2.3.1 Cleavage of MBP-EB1 and MBP-EB2 proteins

To remove MBP tag from purified protein, MBP-EB1 and MBP-EB2 proteins

were incubated with Factor Xa (1:50) (BioLabs, Cat # P8010S; https://www.

neb.uk.com) at room temperature for 2 hours, 4 hours, 8 hours and overnight,

and the yield of cleavage was assessed by an SDS-PAGE (Nagai and Thiφgerson

1984, 1987).

2.3.2 MT Cosedimentation assay

To assess the ability of purified proteins binding to microtubules, dialysed

proteins were diluted to 1 mg/ml with C buffer (50 mM HEPES pH = 7.4, 1 mM

EGTA, 1 mM MgCl2, 9.470 ml dH2) and ultra-centrifuged at 48,000 rpm for 5

minutes at 4 °C. 10 µl of proteins were incubated with 2.5 µl of GTP (10 mM)

(Tubulin Polymerisation Assay Kit, Cat # BK011P;https://www.cytoskeleton.

com/bk011p) and 10 µl of Tubulins (5 mg/ml) at 37 °C for 15 minutes. Then

2.5 µl of taxol (2 mM) was added to the mixture of reaction and incubated for

further 10 minutes at the same temperature. Subsequently, the solution was

added on the top of 40 % glycerol in respective ultracentrifuge tubes and spun

down at 48,000 rpm for 45 minutes at 4 °C. Afterwards, the affinity of binding to

MTs was assessed by Western blot.

2.3.3 Immunoprecipitation

To isolate a protein of interest and its interactors from Drosophila embryos,

these embryos aged 1–3 hours expressing GFP fused to a protein of interest

were homogenised by use of a drill in immunoprecipitation (IP) buffer (50 mM

HEPES pH = 7.4, 1 mM EGTA, 1 mM MgCl2, 100 µl Lysozyme 100 ×, 1 PhosSTOP

tablet Roche, Cat # 4906837001“Merck; https://www.sigmaaldrich.com/GB/

en/product/roche/phossro”, 1 Complete MINI protease inhibitor tablet Roche

https://www.neb.uk.comi
https://www.neb.uk.com
https://www.neb.uk.com
https://www.cytoskeleton.com/bk011p
https://www.cytoskeleton.com/bk011p
https://www.cytoskeleton.com/bk011p
https://www.sigmaaldrich.com/GB/en/product/roche/phossro
https://www.sigmaaldrich.com/GB/en/product/roche/phossro
https://www.sigmaaldrich.com/GB/en/product/roche/phossro
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“ Cat # 11836170001 Merck” ” and 9.370 ml dH2O) at 4 °C, subsequently ultracen-

trifuged at 48,000 rpm for 45 minutes and the high speed supernatant (HSS) was

added to a fresh 1.5 ml Eppendorf tube containing 30 µl of GFP-TRAP Agarose

(Chromotek; https://www.chromotek.com ) previously washed three times

with IP buffer (10 minutes for each wash), then incubated overnight with ro-

tation at 4 °C. After washing for three times with IP buffer and centrifuged at

2,000 rpm for 30 seconds, pellets were kept at -80 °C.

2.3.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Resolving gel (9.58 ml dH2O, 5 ml acrylamide/bis-acrylamide 40%, 5 ml 1.5 M

Tris pH = 8.8, 200µl SDS 10% and 20µl Temed) and stacking gel (3.4 ml dH2O, 0.5

ml acrylamide/bis-acrylamide 40% 1 ml 0.5 M Tris pH = 6.8, 80µl SDS 10%, 50µl

APS and 5 µl Temed). Proteins were boiled with 2 × protein sample buffer (2 ×

PSB) which contains 100 mM Tris-HCl pH = 6.8, 4% SDS, 20% glycerol, 0.2% bro-

mophenol blue and 100 mM dithiothreitol (DTT) at 85–95 °C for 5 minutes. Suc-

cessively, 10 µl of samples (1 mg/ml) and 2.5 µl of PageRulerT M Plus, Cat # 26619

(ThermoFisher SCIENTIFIC; https://www.thermofisher.com/uk/en/home.html),

as a molecular weight control, were loaded into gel and then run at 250 V and 50

mA for 1 hour in Bio-Rad Mini-PROTEAn Tetra Verical electrophoresis Cell (BIO-

RAD), which contains running buffer (14.4 g glycin, 3.02 g Tris, 1.0 g SDS in 1 L

of H2O). After washing with dH2O, gels were stained for 1 hour with GelCodeT M

Blue Stain Reagent or overnight with Coomassie Brilliant Blue R-250 Staining so-

lution (0.1% Coomassie R-250, 40% methanol, 10% acetic acid) (ThermoFisher

SCIENTIFIC; https://www.thermofisher.com/uk/en/home.html ) and de-

stain with a solution of 50% methanol and 1% acetic acid for 1–2 hours and re-

peated 2–3 times for protein visualisation.

https://www.chromotek.com
https://www.chromotek.com
https://www.thermofisher.com/uk/en/home.html
https://www.bio-rad.com/en-uk
https://www.bio-rad.com/en-uk
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
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2.3.5 Western blot

Proteins were transferred from polyacrylamide gel onto nitrocellulose mem-

branes using Mini Trans-BlotR Cell (BIO-RAD) containing transferring buffer

(14.4 g glycin, 3.02 g Tris in 1 L of dH2O). After transferring at 300 V and 150

mA for 1 hour using Techne DRI-Block DB-2A heater (TECHNE), membranes

were blocked with 5% dried milk (Tesco) in 1 × Phosphate buffered saline and

0.1% TweenR 20 Detergent (PBS/T) at room temperature for 1 hour with rota-

tion. Then membranes were washed 3 times (5 minutes each) with PBS/T with

rotation at room temperature and successively incubated with primary antibod-

ies (Table 2.14) in PBS/T overnight at 4 °C.

Table 2.14: Antibodies used in this project.

Antibodies Dilution Source

Monoclonal Anti-GFP

mouse

1:1000 Merck, Cat # SAB4200681

Monoclonal Anti-RFP rabbit 1:1000 Merck, Cat # SAB5701259

Polyclonal anti-EB1 rabbit 1:1000 Okhura lab (Elliott et al. 2005)

Polyclonal anti-EB2 rabbit 1:1000 Okhura lab (Elliott et al. 2005)

Polyclonal anti-MBP rabbit 1:1000 Okhura lab (Elliott et al. 2005)

Monoclonal DM1A anti-α-

tubulin mouse

1:1000 Sigma, Cat # T6199

Polyclonal Donkey anti-

Rabbit antibody

1:1000 ThermoFisher, Cat # A-21206

Polyclonal Goat anti-mouse

antibody

1:1000 ThermoFisher, Cat # A32731

https://www.bio-rad.com/en-uk
http://www.techne.com/product.asp?dsl=4047
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Several primary antibodies have been used in my experiments, these include

rabbit polyclonal anti-EB1, anti-EB2 and anti-MBP antibodies that I have pre-

viously purified in the lab, as described in Materials and Methods 2, in section

2.3 and in section 3.5. These antibodies were used at 1:1000 dilution, mono-

clonal anti-RFP and anti-α-tubulin (DM1A) antibodies (ThermoFisher SCIEN-

TIFIC) used at 1:1000 (Table 2.14). After overnight incubation, 3 times washes

were carried out at room temperature with rotation in PBS/T, and then incu-

bated with secondary antibodies (1:1000 in PBS/T) at room temperature. Poly-

clonal Goat anti-Mouse and Donkey anti-Rabbit antibodies were used as sec-

ondary at 1:1000 dilution (Table 2.14) (ThermoFisher SCIENTIFIC; https://

www.thermofisher.com/uk/en/home.html ). Finally, after 3 washes, mem-

branes were imaged for protein visualtisation using LI-COR ODYSSEYR XF (LI-

COR; https://www.licor.com/bio/odyssey-xf/).

2.3.6 Tandem mass tag mass spectrometry (TMT-MS/MS)

To identify and quantify isolated proteins from Drosophila embryos via im-

munoprecipitation (IP), IP pellets (Subsection 2.3.3) were sent to the Univer-

sity of Bristol (Proteomics Facility), where they were subjected to Trypsin diges-

tion and then labelled with Tandem Mass Tags (TMT) prior to Mass Spectrome-

try (MS/MS) for fragmentation. Taken together, the mass-to-charge (m/z) data

of fragments and full peptides are subjected to computational search in large

databases of the organism of interest to identify and quantify predicted pro-

teins. Afterwards, results were shipped back in spreadsheet excel and data were

analysed as below (Section 2.3.7) using Wakefield lab internal controls to iden-

tify proteins that are enriched in the MG132-treated samples (Subsection 2.3.7).

https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.licor.com/bio/odyssey-xf/
https://www.licor.com/bio/odyssey-xf/
https://www.licor.com/bio/odyssey-xf/
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2.3.7 Bioinformatics

MS results were filtered by removing protein IDs (Accession: the unique iden-

tifer given to a particular Drosophila polypeptide; Name: the corresponding

protein name as given by Flybase (www.Flybase.org)) with; I) < 3 unique pep-

tide hits, II) < 10% coverage (the percentage coverage of a polypeptide sequence

represented in the peptides matched to that polypeptide) and III) overall MS

score of < 30 (score: the logarithmic summed score for the individual peptides

identified). This is the standard filter applied to all MS results in the Wakefield

Lab. Filtered results were then run through our false-positive database, accu-

mulated from eight independent control GFP-TRAP-A experiments (Palumbo et

al. 2015).

2.3.8 Generating transgenic flies

CG12702, DNApol-ε 58, CORN and GFP gene sequences were determined

using FlyBase (https://flybase.org/) and National Center for Biotechnol-

ogy Information (NCBI; https://www.ncbi.nlm.nih.gov/), and then veri-

fied with Expasy Translate program (https://web.expasy.org/translate/).

Subsequently, each gene sequence was fused upstream with GFP gene sequence

and then sent to GeneART for respective gene synthesis. Synthetic genes were

cloned into pDONR vector as Gateway and recombined into a pPGW (DGRC;

https://dgrc.bio.indiana.edu/Home) as destination plasmid in an in vitro

recombinase reaction. Finally, about 200 µl of each pPGW vector (1µg/µl) with

respective genes of interest were shipped back. 50 µl of pPGW-GFP-CG12702,

pPGW-GFP-DNApol-ε 58 and pPGW-GFP-CORN from GeneArt were sent to Best-

Gene for Drosophila embryo microinjection. Plasmid constructs were microin-

jected by BestGene into the germline of syncytial Drosophila embryo w 118 mu-

tants as control. The individual transgenic flies with red eyes (those that had

stably incorporated GFP-CORN, GFP-CG12702 and GFP-DNApol-ε 58 under the

www.Flybase.org
https://flybase.org/
https://flybase.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://web.expasy.org/translate/
https://web.expasy.org/translate/
https://dgrc.bio.indiana.edu/Home
https://dgrc.bio.indiana.edu/Home
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pUASP promoter) were collected and balanced by BestGene, then sent back to

the lab.

2.3.9 Embryo preparation and antibody microinjections

Prior to Drosophila embryo collection, flies were incubated overnight at 25 °C

in a lay cage covered with an apple juice plate which contains a yeast paste. This

plate was replaced with a fresh one and changed every 1 hour of incubation.

Changed plates were incubated for further 30 minutes from which embryos

were collected using a paintbrush and placed on double sticky tape on coverslip

(#1.5, 22 × 22 mm). Using a pair of tweezers, embryos were dechorionated man-

ually and aligned in parallel on the embryo-glue line (20 cm of double-side tape

and 250 µl of heptane in a 50 ml bottle) on coverslip under microscopy (Nikon

SMZ645) conditions and successively covered with oil 27/700 (1:1). After em-

bryo localisation under a 60× objective immersion oil using olympus spinning

disc confocal microscopy, microinjection buffer (100 mM HEPES pH = 7.4 and

50 mM KCl in dH2O), anti-EB1, anti-EB2 or the combination of anti-EB1 and

anti-EB2 antibodies (2–4 mg/ml) were injected using eppendorf FemtotipsR II

needles into embryos under 10× objective lens. A variable volume of antibody

solution was injected, corresponding to an area of clearing within the embryo

interior, without causing damage (Conduit et al. 2015).

2.3.10 Live imaging of Drosophila embryos

Embryos were imaged using a spinning disk confocal microscope equipped

with an Olympus IX81 inverted microscope, a CSO-X1 spinning disk unit, Cool-

SNAP HQ2 CCD camera (Photometrics), and a UPlanSAPO x60, NA 1.35 oil ob-

jective. Image acquisition was done using VisiView software (Visitron Systems,

Germany). Images were acquired at 5 second intervals, with a z stack consisting

of 5 planes with a 1µm step size. Exposure time was set to 200 ms. Lasers (power

= 10–30%) at the wavelength of 488 and 561 nm were used to excite rescpective
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GFP and RFP.

2.3.11 Image analysis (FIJI/Image J)

FIJI/ImageJ (ImageJ;https://imagej.net/) was used to analyse all obtained

images from time lapse spinning disc confocal microscopy (Subsection 2.3.10).

Sets of images (5 z images, multiple time points) were uploaded onto Image-

JWindow. Initially, the Z project tool was applied, with maximum projection in-

tensity, in order to generate a single image per timepoint. This was followed by

the Bleach Correction tool, in order to maintain similar overall intensity through-

out the time points. Next, image sets were subjected to the HiLo Look Up Ta-

ble (LUT). This scales image intensities between blue (greyscale value 0 – min-

imum/black) and red (greyscale value 256 – maximum/white). Image sets at

timepoint 0 were set so that only a few pixels were blue and red (i.e. maximising

the image intensity between all 256 shades of grey). Following this optimisation,

Greyscale LUT was reapplied. For image sets with more than 1 channel (e.g. GFP

and RFP), channels were merged and pseudocoloured blue for DNA and green

for different proteins.

2.3.12 Cytoscape analyses

To build the protein-protein interaction (PPI) map, enriched proteins in meta-

phase (Subsection 2.3.3) and identified through TMT-MS (Subsection 2.3.6) were

visualised using Cytoscape Software 3.8.2 (https://cytoscape.org/). An empty

network was created on which nodes and edges were added manually. A bait

protein node was added in centre and surrounded by its interactors which are

connected by edges. Moreover, different colours, sizes and shapes were applied

onto nodes and edges and then the PPI network was exported to image as PNG.

https://imagej.net/
https://cytoscape.org/


Chapter 3: Dynamic localisation and depletion of EB1

in the early Drosophila embryo

3.1 Introduction

The first aim of my work was to document and understand the dynamic lo-

calisation of EB1 in the early embryo. For that purpose, I obtained two avail-

able Drosophila lines, one expressing EB1 fused to GFP, driven by the ncd (non-

claret disjunction) promoter, driving expression of the transgene in the ma-

ternal germline and therefore early embryo ( Flybase; FBrf0206773; https://

flybase.org/reports/FBrf0225681.html). A second one was EB1 fused to

GFP, driven by the UASp promoter. When crossed to flies expressing GAL4, driven

by the maternal-α-tubulin promoter (w ; ++ ; matαt−G AL4
matαt−G AL4 flies), again, expression of

EB1-GFP was driven in the maternal germline and early embryo.

The second aim in this Chapter was to identify a tool with which EB1 or EB2

could be specifically compromised in the early Drosophila embryo. For that

goal, I initially started with attempts of depleting the levels of EB1 via EB1RNAi

and EB1DN , and finally to disrupt EB1 and EB2 functions via antibody microin-

jection.

There are three main approaches towards understanding the function of a

gene product or protein in the cell. A biochemical approach relies on the isola-

tion of the protein, either on its own or in association with interacting proteins,

and measurement of its physical properties under a variety of conditions. The

second approach investigates the protein in situ. The fusion of proteins with

a genetically encoded fluorescent tag, such as GFP or mCherry, allows its dy-
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https://flybase.org/reports/FBrf0225681.html
https://flybase.org/reports/FBrf0225681.html
https://flybase.org/reports/FBrf0225681.html


CHAPTER 3. DYNAMIC LOCALISATION AND DEPLETION OF EB1 IN THE EARLY DROSOPHILA EMBRYO 49

namic localisation to be recorded and analysed over time, providing clues as to

the protein’s function. Alternatively, the function of the protein can be com-

promised and the consequences of removing or perturbing the protein on cell

function can be studied. There are many different ways in which protein func-

tion can be perturbed. The main ones are genetic mutation, RNA interference,

and interference of protein function through drugs, aptamers or interfering an-

tibodies.

3.1.1 Disrupting gene product function in Drosophila

There are many different ways in which the function of a particular gene

product can be perturbed – acting at the level of the gene, the messenger RNA

(mRNA) or the protein.

Classical genetic approaches in Drosophila rely on the generation and study

of organisms carrying mutations in a gene of interest (e.g. substitutions, inser-

tions, deletions, rearrangements). These have relied on large scale screens, of-

ten using chemical mutagens which randomly cause mutations or transposon-

mediated mutagenesis (González and Petrov 2009; Gratz et al. 2014; Levi et al.

2020). In recent years, different tools have emerged for precisely editing a lo-

cus in the genome; these include zinc-finger nucleases (ZFNs), transcription

activator-like effector nucleases (TALENs) and the now widely-used clustered

regularly interspaced short palindromic repeat associated 9 (CRISPR/Cas9) sys-

tem (reviewed by Prykhozhij et al. (2018) and Ran et al. (2013)). Until recently,

these approaches resulted in the loss of gene function in all cell types of an or-

ganism at all stages of development. However, recent developments, reported

after the initiation of this PhD, allow for tissue-specific gene knockout (Meltzer

et al. 2019; Port et al. 2020).

An alternative genetic approach has been the development of in vivo RNA in-

terference (RNAi). RNAi was initially discovered in Caenorhabditis elegans (Fire

et al. 1998). It is reliant on a cellular pathway that recognises double-stranded
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RNA, cleaves it to 21 bp fragments, and uses one strand as a template to recog-

nise and cleave the complementary endogenous mRNA in an autocatalytic cy-

cle. In Drosophila, this has been adapted to generate a library of flies, each pos-

sessing an integrated short hairpin RNA (shRNA) construct, corresponding to

a different gene, under the control of an inducible (pUAS) promoter (Bernards

et al. 2006; Lu et al. 2007; Nishikawa and Sugiyama 2010; Shirane et al. 2004).

While flies carrying these constructs will possess wild type levels of correspond-

ing mRNA transcript, crossing them to flies expressing the DNA binding domain

of the yeast GAL4 transcription factor will result in the GAL4 binding to the pUAS

promoter, therefore driving shRNA expression (Figure 3.1 for an overview of the

GAL4-UAS system). As there are many hundreds of fly lines each expressing

GAL4 in a different tissue and/or developmental timepoint, the degradation of

a specific mRNA, and therefore knock-down of a specific gene, can be targeted

in space and time (Heigwer et al. 2018).

Figure 3.1: General description of UASp-GAL4 system. The GAL4-UAS system
was developed in 1993 by Brand and Perrimon (Brand and Perrimon 1993). Both
GAL4 driver and UASp-gene X lines are generated and maintained in separate
stocks. The target gene X is not expressed in the absence of GAL4, but after cross
of both lines, offspring will carry GAL4 driver which will result in driving the
targeted gene X expression in a tissue specific manner. The GAL4-UAS system is
widely used for driving the expression of fluorescently tagged proteins and for
gene silencing by RNA interference (RNAi) in numerous model organisms.
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Although a powerful technique, RNAi still faces a time lag between the ini-

tiation of mRNA degradation and the loss of protein function, since the level

of knockdown is not always reliable. Moreover, RNAi techniques interfere with

global level of a target protein. It is therefore sometimes not straightforward to

understand the precise function of a protein using such approach. This limi-

tation is overcome by the direct disruption of protein function. This can be at-

tempted through either direct or indirect approaches. Indirect approaches rely

on the expression of modified gene products that can be controlled externally,

such as optogenetics (Krueger et al. 2019), or dominant negatives, where mu-

tated versions of genes retain one functional element (e.g. the binding to one

interacting partner), but lose another (e.g. enzymatic activity, localisation to a

specific cellular component etc) (Bulgakova et al. 2013; Plochocka et al. 2021).

Direct approaches include the treatment of cells or tissues with small molecule

inhibitors, peptide aptamers or interfering antibodies. The latter has been used

extensively in early Drosophila embryos as its syncytial nature means that in-

jected material will diffuse throughout the embryo, affecting different nuclei to

different extents, depending on whether close to or distant from the site of injec-

tion, where the effect of antibody is more pronounced than far away (Palumbo

et al. 2020, 2015; Rogala et al. 2017; Tariq et al. 2020; Wakefield and Hayward

2014).

In this chapter I describe cell biological approaches to disrupt the function of

the main EB proteins in Drosophila, EB1 and CG18190 (hereafter termed EB2).

The aim was to acutely disrupt EB protein function in the syncytial blastoderm,

without affecting earlier stages of development, such as oogenesis or the embry-

onic mitoses that occur deep inside the embryo (cycles 1-8). For this reason, I

initially chose approaches expressing either an shRNA construct or a dominant

negative version of EB1, using UAS-GAL4, under the control of the maternal-

α-Tubulin promoter. It was hoped that, as the RNAi took effect or the pool of
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endogenous maternal EB1 became sequestered as the number of mitotic spin-

dles increases, the effects of interfering with EB1 would become apparent. No

effect was seen, though it remains unclear whether this was due to lack of ex-

pression of the shRNA and/or dominant negative EB1 (see Results). I therefore

switched approaches, purifying antibodies generated against either EB1 or EB2,

and conducting a series of microinjections to interfere with EB1 activities dur-

ing mitosis (Figure 3.11 – 3.16). I show that anti-EB1 and anti-EB2 antibodies

can be used as tools to disrupt function, leading to disruption of chromosome

segregation and spindle elongation in anaphase, presumably through interefer-

ing with EB function. This paves the way for analysing the effect of disrupting

EB function on the localisation of EB1 interacting partners (Chapter 5).

3.2 The dynamic localisation of EB1-GFP in the early embryo

To determine the EB1-GFP localisation in the early Drosophila embryos dur-

ing mitosis, 30 embryos expressing EB1-GFP were manually dechorionated and

imaged using spinning disc confocal microscopy (Figure 3.2).

During interphase, EB1-GFP is located at centrosomes and astral MTs, and is

seen as speckles/comets that have been shown to correspond to the plus ends

of growing MTs (Hayward et al. 2014). After nuclear envelope breakdown, EB1

decreases from astral MTs and increases at the mitotic spindle, labelling the en-

tire spindle by metaphase (Figure 3.2(a) and 3.2(h)). During anaphase elonga-

tion, EB1 retracts from mitotic spindles and increases at the astral MTs (Figure

3.2(b) – 3.2(d) ) to drive the chromosome segregation and anaphase elongation.

This dynamic localisation is repeated through recurring mitotic cycles. These

results are in agreement with works previously reported by Liang et al. (2009)

and Rogers et al. (2002).
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(a) Metaphase. (b) Met-Anaphase. (c) Mid-Anaphase. (d) Telophase.

(e) Early interphase. (f) Late interphase. (g) NEB. (h) Metaphase.

Figure 3.2: Dynamic localisation of EB1-GFP in 1–2 hr old embryo. During
metaphase EB1 is concentrated at two dots, corresponding to the centrosomes,
and the area of the mitotic spindle. This localisation is mantained until mid-
anaphase, where EB1 can be seen also on astral MTs. The localisation to specific
structures is weaker during interphase. As nuclei progress into the next mitosis,
immediately after nuclear envelope breakdown (NEB) EB1 relocalised strongly
to centrosomes and the mitotic spindles. Olympus IX2-UCB, 60X immersion
oil objective. Exposure 200 ms, Z stack 5 and 1µm, interval time 5 seconds. 30
movies were taken in this experiment and all showed similar dynamic localisa-
tion.
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3.3 In vivo RNAi of EB1 in the early embryo does not lead to a mitotic phe-

notype

In order to interfere with EB1 function in the early embryo, I obtained a fly

line carrying an shRNA against EB1, stably incorporated into the Drosophila

genome, driven by a UASp derivative (Ni et al. 2011). These flies were crossed

to flies simultaneously expressing Histone-2AV-RFP, driven in all tissues by the

polyubiquitin promoter, UASp-driven αTubulin-GFP and matαt-GAL4. The re-

sultant embryos, which should express the EB1 hairpin RNAi in the female germ-

line, leading to embryos with reduced EB1 protein, were imaged using spinning

disc confocal microscopy (Figure 3.3). The dynamics of the chromosomes (His-

2AV-RFP) and MTs (TubGFP) in these embryos, during cycles 10-13 were com-

pared to flies lacking the shRNA (Figure 3.4). Although no quantitative anal-

ysis was undertaken, this suggests embryos expressing the shRNA progressed

through multiple cycles of mitosis with similar dynamics. Given that EB1 is an

essential gene and that interfering with EB1 functions through antibody injec-

tions leads to defect in mitosis (Section 3.7), this suggests that the shRNAi line

did not significantly affect EB1 levels. Although a Western blot to assess levels

of EB1 protein in control and shRNAi expressing embryos was attempted the

results were inconclusive.
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(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) NEB. (f) Metaphase. (g) Met-Anaphase. (h) Mid-Anaphase.

(i) Telophase. (j) Early interphase. (k) Late interphase. (l) NEB.

(m) Teophase. (n) Early interphase. (o) Late interphase. (p) NEB.

Figure 3.3: His-RFPα-TubGFP EB1RNAi. To inhibit EB1 functions, virgin fe-
males of EB1RNAi line were crossed to HisRFP,αTubGFP males. 8 embryos were
imaged and did not show any significant phenotypes upon imaging of the above
cross and embryos show normal progression through several cell cycles simi-
lar to the control (Figure 3.4). 3.3(a) – 3.3(d) and 3.3(i) – 3.3(l) HisRFP in blue
merged with αTubGFP in green. 3.3(e) – 3.3(h) and 3.3(m) – 3.3(p) αTubGFP
split.
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(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) NEB. (f) Metaphase. (g) Met-Anaphase. (h) Mid-Anaphase.

(i) Telophase. (j) Early interphase. (k) Late interphase. (l) NEB.

(m) Teophase. (n) Early interphase. (o) Late interphase. (p) NEB.

Figure 3.4: Control for His-RFPα-TubGFP EB1RNAi. Four embryos express-
ing HisRFP, αTubGFP, but lacking shRNA were taken and analysed as negative
control for HisRFP, α-TubGFP EB1RNAi. 3.4(a) – 3.4(d) and 3.4(i) – 3.4(l) His-
RFP in blue merged with αTubGFP in green. 3.4(e) – 3.4(h) and 3.4(m) – 3.4(p)
αTubGFP split.
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3.4 In vivo dominant negative EB1 in the early embryo does not lead to a

mitotic phenotype

A further attempt to disrupt EB1 functions was carried out by crossingαTubGFP;

matαt-GAL4 male flies to virgin females carrying an RFP-EB1DN -MCh trans-

gene, which was obtained from Bulgakova lab (Flybase FBtp0089741; http:

//flybase.org/reports/FBtp0089741.html). This construct does not pos-

sess N-terminal domain and C-terminal motif, but still has the coiled-coil region

which allows to dimerise with full-length EB1. However, this dimer is unable to

bind to MTs and interacts with its partners, which leads to reduction of EB1 lev-

els in late Drosophila embryos. EB1DN was used by Bulgakova et al. (2013) to in-

vestigate the role of E-cadherin (E-cad) during epithelial tissue morphogenesis

and homeostasis in Drosophila melanogaster embryos at stage 15. According to

these authors, the distribution of E-cad junctions at cell-cell borders, is tightly

regulated by MT dynamics. Therefore, they have shown that EB1DN modifies

the MT dynamics due to EB1 depletion, consequently, the E-cad distribuition

was altered in their studies. In my project, unfortunately, despite several at-

tempts, imaging of these embryos failed to show expression of an MCherry pro-

tein, while the dynamics of the MTs through mitosis appeared normal. I there-

fore conclude that the flies obtained did not, in fact, carry the RFP-EB1DN trans-

gene (Figure 3.5), since mCherry was not observed using 561 laser for RFP filter.

However, Western blot with anti-EB1 or anti-mchr/RFP antibodies was not car-

ried out for further verification of EB1DN expression in early embryos.

http://flybase.org/reports/FBtp0089741.html
http://flybase.org/reports/FBtp0089741.html
http://flybase.org/reports/FBtp0089741.html
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(a) Met-Anaphase. (b) Mid-Anaphase. (c) Telophase. (d) Early interphase.

(e) Met-Anaphase. (f) Mid-Anaphase. (g) Telophase. (h) Early interphase.

(i) Late interphase. (j) NEB. (k) Metaphase. (l) Met-Anaphase.

(m) Late interphase. (n) NEB. (o) Met-Anaphase. (p) Mid-Anaphase.

Figure 3.5: His-RFPα-TubGFP EB1 dominant negative. Different attempts
were carried out crossing mCh-EB1DN with HisRFP, αTubGFP to disrupt EB1
protein. However, five embryos analysed did not express mCh-EB1DN as it was
not visualised in both green and red channels in this experiment. Alternatively,
in these circumstances EB1 levels were not significantly affected by these lines.
As a consequence, embryos did not show any phenotype and progressed nor-
mally through several cell cycles. 3.5(a) – 3.5(d) and 3.5(i) – 3.5(l) HisRFP in blue
merged with αTubGFP in green. 3.5(e) – 3.5(h) and 3.5(m) – 3.5(p) αTubGFP.
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3.4.1 Expression and purification of bacterially-expressed MBP-EB1, MBP-EB2 and MBP

Having attempted to disrupt EB1 function genetically, I turned to a biochemi-

cal and physical manipulation approach – purifying antibodies generated against

Drosophila EB1 and EB2, and injecting them into early embryos. Similar ap-

proaches were conducted by Rogers et al. (2002), Wakefield and Hayward (2014).

These authors in their studies demonstrated that injecting anti-EB1 antibody

into Drosophila embryos, leads to depletion of DmEB1 levels and consequently

mitotic defects. Antibodies to both EB1 and EB2 have been generated in rabbits

by the Ohkura lab (Elliott et al. 2005). We obtained the serum containing these

antibodies and DNA constructs that drive expression of Maltose Binding Protein

(MBP) fusions of EB1 and EB2.

The first step was to express and purify EB1 and EB2 from bacteria, in order to

subsequently purify antibodies from the respective sera. Purified plasmids were

transformed into BL21 (DE3) competent E.coli cells, resultant transformant cul-

tures grown to exponential stage and protein expression induced by IPTG. After

centrifugation, pellets were re-suspended into PBS by vortex and the disruption

of cells was conducted by sonification. After centrifugation of extracts, super-

natants were incubated with amylose resin slurry, and then proteins were eluted

with 10 mM maltose. Finally, SDS–PAGE was used to assess the level of expres-

sion and purity of proteins.
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3.4.2 Attempted cleavage of MBP tag from the purified proteins

The anti-EB1 and anti-EB2 serum was generated by injecting rabbits with pu-

rified MBP-EB1 and MBP-EB2, consequently the serum, in addition to anti-EB1

and anti-EB2 contains also anti-MBP antibodies. Then ideally, efficient purifi-

cation of the antibodies from serum would use pure EB1 and EB2 proteins with-

out the MBP tag and couple them to Affi-Gel 15 gel in respective 1 ml columns to

avoid any contamination with anti-MBP antibodies. A series of attempts were

therefore undertaken to cleave the MBP tag from purified proteins using the

protease Factor Xa at room temperature (Nagai and Thiφgerson 1984, 1987).

SDS-PAGE was used to assess the yield of cleavage. Although the protease is

highly specific in cleaving after arginine in sequence Ile-Glu/Asp-Gly-Arg, in all

my experiments it resulted in the presence of two bands, which are fragment1

of 14 kD and fragment2 of approximately 18 kD (Figures 3.6 and 3.7). I there-

fore conclude that EB1 possesses an internal cleavage site for Factor Xa. In con-

trast, the Figure 3.7 indicates that EB2 was not internally cleaved. However, the

bond between MBP and EB2 was partially cleaved after overnight incubation,

precluding the MBP tag removal from EB2.

Factor Xa cleaves after the arginine residues in sequence Ile-Glu-Arg or Asp-

Gly-Arg. However, it can also cleaves after any basic residues, depending on the

structural conformation of the protein and the most common secondary site is

Gly-Arg. However, EB1 in my experiment was cleaved after arginine in sequence

Ala-Val-Arg130, which is consistent with previous observations (Marlowe et al.

2000; McRae et al. 1981).
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Figure 3.6: MBP tag cleavage from MBP-EB1. Factor Xa was incubated with re-
spective fusion proteins for 2, 4, 8 hours and overnight at room temperature.
SDS-PAGE used to assess the yield of cleavage, has shown that this protease
cleaves also EB1 after arginine130 in sequence Ala-Val-Arg130, which has given
two respective fragments of approximate 14 and 18 kD (Figure 3.7). MBP-EB1
MW ≈ 74 kD, MBP MW ≈ 42 kD.

(a) SDS-PAGE of Cleavage. MBP-EB1 and
MBP-EB2 incubated with Factor Xa for 2 and 4
hours.

(b) SDS-PAGE of Cleavage. MBP-EB1 and
MBP-EB2 incubated with Factor Xa for 8 and
24 hours.

Figure 3.7: SDS-PAGE to assess the yield of MBP-EB1 and MBP-EB2 cleavage.
Factor Xa was incubated with respective fusion proteins for 2, 4, 8 hours and
overnight at room temperature. SDS-PAGE used to assess the yield of cleavage,
has showed that this protease cleaves also EB1 in two respective fragments of
approximate 14 kD and 18 kD. In the control, samples were incubated without
Factor Xa. MBP MW ≈ 42 kD, MBP-EB1 MW ≈ 74 kD and MBP-EB2 MW ≈ 69,
MBP MW ≈ 42 kD, EB1 MW ≈ 32 kD and EB2 MW ≈ 27 kD.
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3.5 Affinity purification of anti-EB1, anti-EB2 and anti-MBP antibodies

Due to technical difficulties it was impossible to remove the MBP-tag from

MBP-EB1 and MBP-EB2, I decided to purify the anti-EB1 and anti-EB2 anti-

bodies from the sera in two steps. Firstly, incubation of serum with pure MBP,

to deplete it of any MBP-specific antibodies, and then incubation of that flow

through with immobilised MBP-EB1 or MBP-EB2, prior to elution of the specific

antibodies.

Before affinity purification of antibodies, purified proteins were dialysed into

a suitable buffer (Chapter 2) and coupled to Affi-Gel 15 gel in respective 1 ml

columns. Then, sera of polyclonal anti-MBP-EB1 and anti-MBP-EB2 antibodies

(donated by Okhura lab) were run 3 times in respective Affi-Gel 15 gel columns

immobilised with purified MBP. Subsequently, respective flow throughs were

run 3 times through respective columns containing MBP-EB1 and MBP-EB2 as

antigens. Finally, respective antibodies were eluted with elution buffer and neu-

tralised with TrisHCl. The affinity of these antibodies was tested using Western

blot. Their respective proteins were used as antigens (Figure 3.8(b) – 3.8(d)).

At the time, I imaged Figures 3.8(b) – 3.8(d) using LI-COR ODYSSEYR XF (LI-

COR; https://www.licor.com/bio/odyssey-xf/) at 700 nm channel. This

channel does not detect the third band of the ladder at kD 72 (PageRulerT M Plus,

Cat # 26619; ThermoFisher SCIENTIFIC; https://www.thermofisher.com/

uk/en/home.html), this band is dectable using 600 nm channel. Whereas, the

Figure 3.8(a) was imaged using both channels (600 and 700 nm).

https://www.licor.com/bio/odyssey-xf/
https://www.licor.com/bio/odyssey-xf/
https://www.licor.com/bio/odyssey-xf/
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/ uk/en/home.html
https://www.thermofisher.com/ uk/en/home.html
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(a) SDS-PAGE. (b) Western blot. Anti-MBP elute

(c) Western blot. Anti-EB1 elute (d) Western blot. Anti-EB2 elute

Figure 3.8: Purified proteins were assessed through SDS-PAGE and the speci-
ficity of antibodies was determined via Western blot. The purity of purified
proteins was tested by SDS-PAGE 3.8(a). SDS-PGE was stained using Coomassie
Brilliant Blue R-250. The specificity of antibodies was tested by Western blot
3.8(b) – 3.8(d). Anti-MBP antibodies have recognised all three antibodies as it
was expected 3.8(b). Anti-EB1 antibody is highly specific in recognising EB1
3.8(c), whereas anti-EB2 antibodies have also recognised EB1 3.8(d). MBP MW
≈ 44 kD, MBP-EB1 MW ≈ 79 kD and MBP-EB2 MW ≈ 69 kD.

As shown in the Figure 3.8, and as expected, purified anti-MBP antibodies

strongly recognized all three proteins. The purified anti-EB1 antibodies recog-

nized only MBP-EB1, demonstrating its specificity and the complete depletion

of anti-MBP antibodies using this technique. Finally, the purified anti-EB2 an-

tibodies strongly recognized both MBP-EB1 and MBP-EB2, but not MBP. There-

fore the antibodies have specific affinity for both Drosophila EB1 and EB2, sug-

gesting a shared epitope between these proteins.
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3.5.1 Microtubule cosedimentation assay

To invetigate the binding affinities between EB1 or EB2 proteins and MTs in

vitro, I next undertook an in vitro MT co-sedimentation assay. To do this, I sep-

arately incubated the purified MBP-EB1 and MBP-EB2 (1 mg/ml) with purified,

commercially available porcine tubulin (5 mg/ml) in the presence of 10 mM GTP

and 2 mM taxol at 37 °C (Hughes et al. 2008; Tariq et al. 2020; Ti et al. 2016; Zhu

et al. 2009). Taxol allows tubulins to polymerise and it is expected that MBP-

EB1 and MPB-EB2 will bind to tubulin polymers in respective tubes, thus allow-

ing the detection of these proteins in pellets. In contrast, in samples incubated

without taxol (-taxol), it is not expected to have tubulin polymers. As a result of

this, MBP-EB1 and MBP-EB2 will be dected in supernant. After centrifugation

at 48,000 rpm for 45 minutes over a cushion of 40% sucrose, supernatant and

pellets were used for Western blot analysis (Figure 3.9). Although the presence

of sucrose in the pellet resulted in a “fuzzy” band, it was clear that a significant

proportion of both MBP-EB1 and MBP-EB2 co-sedimented with MTs in respec-

tive tubes.
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(a) Western blot of MBP-EB1 cosedimentation
assay.

(b) Western blot of MBP-EB2 cosedi-
mentation assay.

Figure 3.9: Western blot of MT Cosedimentation Assay. The Western blot shows
that purified proteins interact with MTs (Hughes et al. 2008; Tariq et al. 2020;
Ti et al. 2016; Zhu et al. 2009). Without taxol there is no MT cosedimentation,
then MBP-EB1 and MBP-EB2 are expected to be found in supernatant and not
in pellet samples, whereas with taxol proteins are expected to be found in pellets
and non in supernatant. The Western blot shows this expectation, although the
supernatant with taxol indicates also the presence of proteins due to excess used
in comparison with tubulin concentration, supported by complete depletion of
these proteins in pellet without taxol and their presence with taxol. The sucrose
in pellet caused a fuzzy. MBP-EB1 MW ≈ 74 kD and MBP-EB2 MW ≈ 69 kD.
3.9(a) elute anti-EB1 antibodies and 3.9(b) elute anti-EB2 antibodies.

3.6 Injection of anti-EB1, anti-EB2 or the combination of anti-EB1 and anti-

EB2 antibodies into EB1-GFP expressing embryos does not interfere with

EB1 function in the early embryo

The purification of anti-EB1 and anti-EB1/2 (henceforth anti-EB2) antibod-

ies from the respective sera allowed me to test their abilities to disrupt EB pro-

tein function in the early Drosophila embryo. As a control (Figure 3.10), I used

microinjection buffer. Given the differing affinities of the anti-EB1 and anti-

EB2 antibodies to their antigens, I decided to inject them alone, or in combina-

tion. Microinjection buffer was injected into 18 syncytial Drosophila embryos,

anti-EB1 (2–4 mg/ml) into 26 embryos, anti-EB2 (2–4 mg/ml) into 14 embryos
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and anti-EB1+EB2 antibodies were injected into 11 embryos, then all these em-

bryos expressing EB1-GFP were imaged via time lapse spinning disc confocal

microscopy EB1-GFP, to ascertain whether the antibodies resulted in displace-

ment of EB1 from centrosomes, astral MTs or the mitotic spindle. The volume of

microinjection buffer and antibodies injected was variable, but corresponded to

an area of clearing within the embryo interior, without causing embryo damage

(Conduit et al. 2015).

(a) Telophase. (b) Early interphase. (c) Late interphase. (d) NEB.

(e) Metaphase. (f) Met-Anaphase. (g) Mid-Anaphase. (h) Telophase.

Figure 3.10: Microinjection buffer injected into 1–2 hr old embryos expressing
EB1-GFP. A variable volume of microinjection buffer was injected into 18 early
Drosophila embryos expressing EB1-GFP which were used as control. After in-
jection, all these embryos indicate a normal progression through three consec-
utive cell cycles, and this figure shows the first cell cycle.

In these initial experiments, neither anti-EB1, anti-EB2 nor the combination

of anti-EB1 + EB2 antibodies appeared to interfere either with EB1-GFP local-

isation, or mitotic progression (Figures 3.11 – 3.13). Given that injections of

these antibodies causes defects in mitosis in embryos expressing GFP-tubulin

and RFP-Histone (Section 3.7) there are two possible reasons for the lack of ef-

fect. First, it may be that the antibodies, although recognizing EB1 and EB2 on

a Western blot, may not be able to bind their epitopes in vivo, due to protein

folding. Second, it is possible that the expression of exogenous GFP-tagged EB1,
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in addition to the EB1 and EB2 present in the embryo sequesters the anti-EB1

and EB2 antibodies, such that functional EB1 and EB2 are still present.

(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) Telophase. (f) Early interphase. (g) Late interphase. (h) NEB.

(i) Metaphase. (j) Met-Anaphase. (k) Mid-Anaphase. (l) Telophase.

(m) Early interphase.
.

(n) Late interphase. (o) NEB. (p) Metaphase.

Figure 3.11: Anti-EB1 antibody microinjection into 1–2 hr old embryos ex-
pressing EB1-GFP. A variable volume of anti-EB1 antibody solution (2–4 mg/ml)
was injected into 26 embryos that express EB1-GFP. After injection, these em-
bryos showed a normal progression through three consecutive cell cycles and
the two first cycles are shown in this figure.
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(a) Telophase. (b) Early interphase. (c) L. Interphase. (d) NEB.

(e) Metaphase. (f) Met-Anaphase. (g) Mid-Anaphase. (h) Telophase.

(i) Early interphase. (j) L. Interphase. (k) NEB. (l) Metaphase.

(m) Met-Anaphase. (n) Mid-Anaphase. (o) Telophase. (p) Early interphase.

Figure 3.12: Anti-EB2 antibody microinjection into 1–2 hr old embryos ex-
pressing EB1-GFP. A variable volume of anti-EB2 antibody solution (2–4
mg/ml) was injected into 14 early embryos that express EB1-GFP and this an-
tibody did not interfere with EB1 function and they showed normal progression
through three consecutive cell cycles and the figure illustrates the two first cy-
cles.
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(a) Prometaphase. (b) NEB. (c) Metaphase.

(d) Met-Anaphase. (e) Mid-Anaphase. (f) Telophase.

(g) Early interphase.

Figure 3.13: Anti-EB1 and anti-EB2 antibody microinjection into 1–2 hr old
embryos expressing EB1-GFP. A variable volume of the combination of anti-
EB1 and anti-EB2 antibodies (1:1, 2–4 mg/ml) was injected into 11 early em-
bryos that express EB1-GFP. After injection, these embryos showed a normal
progression through three consecutive cell cycles, without showning any phe-
notypes or disruption of EB1 functions.
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3.7 Injection of anti-EB1 or anti-EB2 antibodies into HisRFP, αTubGFP em-

bryos leads to defects in mitosis

To assess the hypothesis that anti-EB1 and anti-EB2 antibodies had no ef-

fects in interfering with EB1 functions into embryos expressing EB1-GFP due to

the higher concentration of EB1, I decided to inject them into embryos that ex-

press HisRFP, αTubGFP with no expression of exogenous EB1, monitoring the

effect on mitosis. As shown in Figures 3.14 – 3.16, while the injection of buffer

into these embryos did not result in any observable difference in MT organisa-

tion, chromosome alignment and segregation, or mitotic progression, injection

of anti-EB1, anti-EB2 or the combination of anti-EB1 and anti-EB2 antibodies

caused a consistent, comparible and reproducible phenotype. In these em-

bryos, mature mitotic spindles in metaphase close to the site of injection, visi-

bly were shorter than those further away, and also possessed smaller astral MTs.

During anaphase, chromosome segregation was often inhibited (Indicated by

arrows. 8 embryos in 10 showed phenotype in the first cell cycle and the remain-

ing 2 embryos showed it in the second cycle of division), resulting in “dumbbell-

shaped” telophase chromosome complements and subsequent problems in the

following mitoses.

Given the specificity of these phenotypes, I conclude that the purified EB1

and EB2 antibodies have the ability to interfere with EB protein function in the

early embryo.
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(a) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP in
blue merged with αTubGFP in
green

(b) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. αTubGFP
split.

(c) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP
split.

(d) Telophase. Embryo in-
jected with anti-EB1 antibody.
HisRFP in blue merged with
αTubGFP in green.

(e) Telophase. Embryo in-
jected with anti-EB1 antibody.
αTubGFP split.

(f) Telophase. Embryo in-
jected with anti-EB1 antibody.
HisRFP split.

Figure 3.14: Anti-EB1 antibody microinjection into 1–2 hr old embryos ex-
pressing HisRFP, αTubGFP. As a control (Figures 3.14(a) – 3.14(c)), 9 embryos
expressing HisRFP,αTubGFP were injected with a variable volume of microin-
jection buffer and they showed normal progression through three consecutive
cell cycles. After a variable volume of Anti-EB1 antibody (2–4 mg/ml) injec-
tion into 17 embryos expressing HisRFP and αTubGFP, these embryos during
anaphase showed mitotic spindles close to the site of injection shorter (not mea-
sured) than those further away, resulting in chromosome segregation defects,
consequently dumbbell-shaped formation during telophase (Indicated by ar-
rows, Figures 3.14(d) and 3.14(f)).
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(a) Telophase. Embryo in-
jected with microinjection
buffer as a control. HisRFP in
blue merged with αTubGFP in
green.

(b) Telophase. Embryo in-
jected with microinjection
buffer as a control. αTubGFP
split.

(c) Telophase. Embryo in-
jected with microinjection
buffer as a control. HisRFP
split.

(d) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP in blue merged with
αTubGFP split in green.

(e) Telophase. Embryo in-
jected with anti-EB2 antibody.
αTubGFP split.

(f) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP split.

Figure 3.15: Anti-EB2 microinjection into 1–2 hr old embryos expressing His-
RFP, αTubGFP. 9 embryos expressing HisRFP,αTubGFP were injected with a
variable volume of microinjection buffer as a control (Figures 3.15(a) – 3.15(c)).
The injection into these embryos did not cause any phenotypes and embryos
progressed normally through three consecutive cell cycles. Immediately, af-
ter a variable volume of anti-EB2 antibody (2–4 mg/ml) injection into 12 early
embryos that express HisRFP and αTubGFP, they showed problems during
anaphase and telophase due to chromosome segregation defects (Indicated by
arrows, Figures 3.15(d) and 3.15(f)), leading to embryos death in the following
cell cycle.
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(a) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP in
blue merged with αTubGFP in
green.

(b) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. αTubGFP
split.

(c) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP
split.

(d) Telophase. The com-
bination of anti-EB1 and
anti-EB2 antibodies was in-
jected into embryo. HisRFP in
blue merged with αTubGFP in
green.

(e) Telophase. The combina-
tion of anti-EB1 and anti-EB2
antibodies was injected into
embryo. HisRFP split.

(f) Telophase. The combina-
tion of anti-EB1 and anti-EB2
antibodies was injected into
embryo. αTubGFP split.

Figure 3.16: Combination of anti-EB1 and anti-EB2 antibodies microinjec-
tion into early embryos expressing HisRFP, αTubGFP. As a control (Figures
3.16(a) – 3.16(c)), 9 embryos were injected with a variable volume of microin-
jection buffer and this injection did not cause a visible phenotype through three
consecutive cell cycles. As expected, a variable volume of the combination of
anti-EB1 and anti-EB2 antibodies (1:1, 2–4 mg/ml) injection into 8 embryos
expressing both HisRFP and αTub-GFP disrupts EB1 and/or EB2 functions,
which results in chromosome segregation defects with formation of dumbbel-
shaped chromosomes during anaphase and telophase (Indicated by arrows, Fig-
ures3.16(d) and 3.16(f)). Consequently, this leads to embryo death in the follow-
ing mitosis.
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3.8 Discussion

In this chapter, I was initially aimed to determine the localisation of EB1 in

wild-type Drosophila embryos during cell division using time-lapse confocal

disc microscopy and to identify a tool with which EB1 or EB2 function could be

specifically compromised in the early embryo. Results shown in Figure 3.2 in-

dicate that EB1 dynamically colocalises with MTs during mitosis. In interphase,

EB1-GFP is present on centrosomes and weakly on astral MTs. Upon entry into

mitosis through to metaphase, its localisation mimics that of MTs themselves.

In anaphase, there is a dramatic shift of EB1 to the astral MTs, although EB1 re-

mains on the spindle as it disassembles through to telophase. This observation

is consistent with studies previously reported by Berrueta et al. (1998), Brüning-

Richardson et al. (2011), and Rogers et al. (2002).

To further assess the ability of MBP-EB1 and MBPP-EB2 binding to MTs in

vitro, I carried out the MT cosedimentation assay. As shown in Figure 3.9, MBP-

EB1 and MBP-EB2 are able to bind to MTs in vitro. These observations are con-

sistent with investigations conducted by Zhu et al. (2009) using untagged EB1

via MT cosedimentation assay, by Hayashi et al. (2005) and Slep and Ronald

(2007) using tubulin polymerisation and light scattering assay.

Experiments conducted by authors (Komarova et al. 2009; Kumar et al. 2017;

Nehlig et al. 2017; Rogers et al. 2002) indicate that EB1 is the structural and evo-

lutionary core of MAPs involved in regulating the MT dynamic instability. How-

ever, its functions and mechanisms of actions are still poorly understood (Zhu

et al. 2009).

Therefore, my second aim was to investigate EB1 functions in early Drosophila

embryos. For that objective, I initially attempted to deplete EB1 function via

transgenic expression of a shRNA construct in the female germline. Virgin fe-

males of this line were crossed to HisRFP, αTubGFP; matαt-GAL4 males to drive
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the expression of EB1RNAi using the UASp-GAL4 system. Image analysis upon

confocal microscopy, did not show any phenotype resulting from this cross (Fig-

ure 3.3). These my studies are inconsistent with investigations carried out by

Rogers et al. (2002). These authors showed that RNAi depletion of DmEB1 af-

fects MT dynamics, which leads to defects in mitotic spindle formation in Droso-

phila S2 cells. There are three major possibilities why my approach was not

successful. Firstly, it may be that this RNAi construct did not express well in

the female germline and therefore did not suppress the levels of EB1 mRNA

sufficiently to inhibit the protein function. Secondly, it may be that the RNAi

construct does not actually function under these circumstances of crosses, con-

sidering that I used early Drosophila embryos and previous authors have used

Drosophila S2 cells, instead. Finally, it could be that EB1 is not required for mi-

tosis in this system. To assess these possibilities, the levels of EB1 mRNA and

protein could be determined in these embryos – undertaking qPCR and Western

blot respectively and comparing with siblings that do not carry the matαt-GAL4

transgene.

A further attempt to genetically disrupt EB1 function was explored, through

expressing a previously characterised dominant-negative form of EB1 (EB1DN )

in the early embryo. EB1DN lacks the N-terminus and C-terminus of EB1, but

still possesses the coiled-coil region which should allow dimerisation with en-

dogenous EB1. However, this dimer should be unable to bind to MTs and +TIP

partners, leading to loss of EB1 functions (Bulgakova et al. 2013; Plochocka et al.

2021). Previous work has been undertaken in late Drosophila embryos (stage

15) by the same authors and showed that E-cad junctions are involved in cell-

cell adhesion in epithelial tissues, and the distribuition of E-cad at the cell pe-

riphery is regulated by MT dynamics. Next work disrupted EB1 using EB1DN

and has led to a misdistribution of E-cad around the cell periphery in the late

Drosophila embryos (Bulgakova et al. 2013). In addition, cells elongate in late
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embryo periphery during cell differentiation and MTs align along the apical-

basal axis and disruption of EB1 functions via EB1DN , lead to a decrease number

of MTs aligned in cells (Plochocka et al. 2021).

In my experiment set up, the embryos laid by offspring of mch-EB1DN flies

crossed to HisRFP, αTubGFP;matαt-GAL4 males did not show any abnormali-

ties in MT organisation or chromosome alignment or segregation (Figure 3.5).

As shown in this Figure, mCh-EB1DN was not expressed and the image was taken

using both 488 nm (20%) and 561 nm (20%) lasers for green and red filters, re-

spectively. Then, I did not verify the levels of its expression in the flies under-

taking a Western blot with anti-EB1 or anti-mCh/RFP antibodies, which would

have confirmed that these embryos really were not expressing the reported dom-

inant negative version of EB1. Lack of time due to COVID precluded me from

investigating this further.

Due to the difficulties with the above genetic approaches, I instead sought

to disrupt EB1 function using microinjection. Microinjection is an important

and useful technique to investigate protein functions via introduction of differ-

ent molecules and reagents in early Drosophila embryos (Brüning-Richardson

et al. 2011; Rogers et al. 2002) . I was fortunate that there already exist sera gen-

erated by injection into rabbits of MBP-EB1 and MBP-EB2 (Elliott et al. 2005).

Full-length DmEB1 and DmEB2 fused with MBP were expressed and purified in

bacteria. These proteins were injected into a rabibit and after a period of time,

the animal’s immune system produced antibodies specific for these antigens

and the sera is harvested. This sera, and the bacterial expression vectors for

the antigens (MBP-EB1 and MBP-EB2) were kindly gifted to me by the Okhura

lab. First, I was able to express and purify these antigens, and MBP on its own,

using amylose resin. After biochemical characterisation, I then used these puri-

fied proteins to affinity purify their respective antibodies from the rabbit sera. I

originally planned to remove the MBP tag from MBP-EB1 and MBP-EB2 to eas-
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ily purify the antibodies. However, I found that the protease Factor Xa not only

cleaved the MBP-EB1 link, but also cleaved EB1 internally, generating two EB1

fragments by Western blot (Figure 3.7). In contrast, I could not remove MBP

tag from EB2 either, because the link between these two proteins was partially

cleaved after overnight incubation, although the protease did not cleave EB2 in-

ternally, as shown in Figure 3.7. I therefore switched to a two-step approach of

first removing MBP antibodies, prior to purifying the specific EB1 or EB2 anti-

bodies. Although successful, this approach demonstrated that the affinity puri-

fied anti-EB2 antibodies also recognised an epitope on purified EB1.

Initially, affinity purified anti-EB1, anti-EB2 and anti-EB1+EB2 (1:1) antibod-

ies in a concentration 2–4 mg/ml were injected into embryos expressing EB1-

GFP. This did not result any different phenotype when compared with control in

which only microinjection buffer was injected (Figure 3.10 – 3.13). This maybe

due to the high concentration of EB1 in these embryos, as they express both

endogenous and exogenous EB1.

To investigate this hypothesis, these antibodies were injected into embryos

that do not express additional EB1, but instead expressed both Histone 2AV-

RFP and αTubulin-GFP. Although interphase MT dynamics and organisation

were not affected by injection of anti-EB1, anti-EB2 and anti-EB1+EB2 antibod-

ies into embryos, mitotic spindles close to the site of injection were shorter (not

measured), astral MTs in anaphase were less apparent and chromosome seg-

regation was perturbed, leading to polyploidy an accumulation of embryonic

defects and, ultimately, embryo death. The fact that the same antibodies did

not cause mitotic defects in embryos overexpressing GFP-EB1 suggests the phe-

notypes observed are specific for EB1 and not non-specific.

Future work to further attempt to disrupt EB1 functions in early Drosophila

embryos, should involve the use of peptide aptamers. Leśniewska et al. (2014)

have synthesised aptamers and tested their interactions with EB1 in vitro using
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Drosophila S2 cells and by isothermal titration calorimetry. The large majority

of EB1 proteins contain SxIP motifs and according to these authors, the SxIP

alone is insufficient for the interaction with EB1. These EB1 aptamers are pep-

tide with SxIP domain preceded and followed by seven random residues and are

able to interact with EB1, which results in replacing its endogenous interactors,

as stated by the same authors.

I had hoped to be able to investigate the similarities and potential differences

in EB1 and EB2 function by specifically inhibiting each protein. In Chapter 4

I will demonstrate that, when EB1-GFP is purified from Drosophila embryos,

EB2 (CG18190) is co-purified at similar levels, suggesting the presence of a func-

tional EB1-EB2 dimer in the early Drosophila embryo. However, given that the

anti-EB2 antibodies that were purified recognized both EB1 and EB2 via West-

ern blot, the effect on MT organisation and chromosome segregation after in-

jection of anti-EB2 antibodies cannot be interpreted as the specific result of in-

hibiting EB2. As such, it remains unclear whether EB2 functions specifically in

the early embryo. Nonethless, the results presented in this Chapter strongly sug-

gest that purified anti-EB1 and EB2 antibodies can be used to disrupt EB protein

function in the early Drosophila embryo.



Chapter 4: Identification and characterisation of the

metaphase EB1 interactome

4.1 Introduction

Proteins are involved in control of all biological processes in a cell. Many pro-

teins function independently, but a large number of them interact with others to

perform different biological activities. The biochemical purification of a protein

and its interacting partners from its endogenous environment allows an oppor-

tunity to infer its function. However, it is usually limited by the low abundance

of the protein of interest, the amount of tissue required for biochemical purifi-

cation of the target, and subsequent identification of its interactors via Mass

Spectrometry. These issues can be overcome in the Drosophila embryo. Fol-

lowing oogenesis and fertilisation, the Drosophila embryo undergoes 13 rounds

of DNA replication and chromosome segregation in the absence of any major

zygotic transcription or translation. Accordingly, the mother lays down enough

mitotic proteins to be able to generate ≈ 6–8000 mitotic spindles. As such, rela-

tively small amounts of embryos ( ≈ 0.2–0.4 g) expressing endogenous or tagged

genes are sufficient to undertake protein affinity purification followed by mass

spectrometry.

The Wakefield lab has extensive experience in optimising affinity purification-

mass spectrometry (AP-MS) to isolate and identify interacting partners of key

mitotic proteins from syncytial Drosophila embryos. This approach uses GFP as

a tag with which to purify the protein of interest in combination with the com-

mercially available GFP-TRAP-A reagent from Chromotek – a camelid nanobody

79
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covalently attached to agarose beads. Following incubation of the beads with a

high speed extract generated from embryos expressing the relevant GFP-fusion

protein, and extensive washing, Mass Spectrometry and cross-referencing to

the Drosophila genome/proteome provides a list of interacting proteins. Fur-

ther cross-referencing to an abundance list of Drosophila proteins consistently

present in every GFP-TRAP-A affinity purification in embryos allows the removal

of “false positives”. This pipeline has been used to robustly identify the interac-

tomes of over 30 different proteins involved in mitosis (Wakefield lab, unpub-

lished) including Misato (Palumbo et al. 2015), Morgana (Palumbo et al. 2020),

and the Augmin and γ-TuRC protein complexes (Rogala et al. 2017; Tariq et al.

2020). Such an AP-MS approach can also be extended to investigate the changes

in protein interaction networks that occur as a result of cell cycle changes.

Collection of 0–3 hr Drosophila embryos results in a mixed cycling popula-

tion, where approximately 80% of embryos will be in interphase. However, if 0–

3 hr embryos are dechorionated and incubated with the proteasomal inhibitor

MG132 for 20 mins, ≈ 80% of embryos accumulate at the metaphase-anaphase

transition, with mature mitotic spindles and aligned chromosomes. Immediate

washing and flash freezing in liquid nitrogen therefore provides a source of late-

metaphase/early anaphase tissue in contrast to a predominantly cycling pop-

ulation. The differences in interactomes between these two tissues can then

be quantified using trypsin digestion followed by TMT (Tandem Mass Tag) la-

belling MS. A TMT is formed by three functional groups: a reporter, a balancer

and a reactive group. During TMT labelling, the reactive group is replaced by

a peptide present in the tryptic mix. A reporter combined with a balancer of

different TMTs has the same mass, but each reporter or balancer has different

mass, such that, during LC-MS/MS peptides are ionised and separated by their

mass-to-charge ratio (m/z) and molecules with lower mass appear first and the

height of a peak is related to their abundance. Up to 12 different TMT reactions
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can be run simultaneously through one LC-MS/MS run. As such, replicates of

individual affinity purifications, or affinity purifications from different tissues

(such as the cycling and MG-132/mitotic embryos) can be simultaneously anal-

ysed, and differences in the interactomes quantified.

In this chapter, I have taken this Quantitative Comparative Affinity Purifi-

cation Mass Spectrometry (QC-AP-MS) approach to identify and compare the

EB1-GFP interactomes between cycling and MG-132 treated embryos. After val-

idation, this identified a number of proteins whose interaction with EB1 signifi-

cantly changed between cell cycle stage. I then focussed on five of these proteins

– SPN-F, JVL, IKK, HK, PIGS – which have previously been suggested to have a

functional link to EB1, MTs or the interaction between MTs and the embryonic

cortex in interphase. In each case, I investigated the cell-cycle dependent lo-

calisation of these proteins, fused to GFP, in the syncytial embryo before using

standard AP-MS of MG-132 treated embryos expressing these proteins to iden-

tify their mitotic interactomes. The results strongly suggest that four of these

proteins, SPN-F, JVL, IKK and HK, functionally and physically interact during

metaphase and anaphase in the early embryo, consistent with a role at the plus

ends of MTs.

4.2 Quantitative comparative proteomics identifies proteins that interact

with EB1 differentially in mitosis compared to interphase

4.2.1 Affinity purification of EB1 interacting partners and their identification

To identify EB1 interactors in metaphase from Drosophila melanogaster, 4

batches of≈ 0.4 g of embryos expressing EB1-GFP, under the control of the UASp

promoter and driven by GAL4 under the control of the maternal-α-tubulin pro-

moter, of age 0–3 hours were collected both for cycling populations (i.e. pre-

dominantly interphase embryos) and for those treated with MG132 for 20 min-

utes prior to flash freezing (i.e. mitotic embryos). High Speed Supernatants
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(HSS – 100,000 g) from each of these 8 batches of embryos were incubated with

GFP-TRAP-A overnight with rotation (Figure 4.1 a) and after incubation, a se-

ries of washes were carried out in order to eliminated unbound proteins from

protein complexes which are bound to beads (Figure. 4.1 b). Western blot was

conducted to confirm the efficiency of affinity purification (Figure 4.2, for an ex-

ample). After confirmation, each of the 8 batches of EB1-GFP beads were sub-

jected to trypsin digestion, Tandem Mass Tag (TMT) labelling and LC-MS/Ms

by the Bristol Proteomics Service.

Figure 4.1: General illustration of immunoprecipitation and TMT-MS work-
flow. The table illustrates immunoprecipitation and tandem mass tag based on
mass spectrometry to identify EB1 interactors in metaphase. Reproduced with
permission, Ammarah Tariq
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Following TMT-MS, the list of predicted proteins and their relative abundance

in each sample was produced. As expected, the bait protein EB1 was present in

all samples at very high abundance. The mean value for EB1 in the 4 cycling

purifications (35694) and the 4 mitotic purifications (33217) allowed the calcu-

lation of a normalising factor, to take into account the slightly different amounts

of EB1. This normalising factor was then applied to the mean values for each of

the interacting proteins to allow the direct comparison of amounts of EB1 inter-

acting proteins in cycling or mitotic embryos.

(a) Cycling (b) Mitotic

Figure 4.2: Western blot of EB1 IP. In both EB1 cycling and mitotic, the results
show the presence of a GFP-positive band at the expected molecular weight in
the total extracts (T.Ex), high speed supernatant (HSS) and in the GFP-TRAP-A
pellet (Pellet), thereby, the GFP-positive band completely depleted in the total
extracts (Depleted). The depleted condition is the HSS after incubation with
GFP-TRAP-A beads. EB1-GFP MW ≈ 59 kD. The variation in intensity between
4.2(a) and 4.2(b) is due to loading and exposure differences. The additional low
intensity band seen at ≈ 90 kD in cycling Western blot may correspond to un-
denatured heterodimer of GFP-EB1 (≈ 60 kD) and GFP (30 kD) which may be
present in the embryo. This is not apparent in the lower intensity and exposure
mitotic Western blot
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4.3 General description of the Top 100 EB1 interactors in mitosis

Following TMT-MS/MS, the list of EB1 binding proteins in each replacate was

produced. I therefore generated the mean value for the list of predicted pro-

teins in 4 cycling samples and in 4 mitoic samples. The mean value 35694 for

EB1 in cycling was similar to the mean value 33217 for EB1 in mitotic. Conse-

quently, I calulcated the normalising factor 0.9306 = 33217
35694 , which was applied to

the mean values for each of EB1 binding proteins in cycling and in mitosis to

correct the slightly different amounts of EB1. Before focusing on the compari-

son between EB1 interacting proteins in cycling and mitotic extracts, I first ex-

plored the mitotic EB1 interactome, concentrating on the 100 most abundant

proteins present in the MG-132 treated EB1-GFP affinity purifications (Table

4.1). EB1 would be expected to be the most abundant protein purified from

embryos, given the use of the GFP tag. Small amounts of EB1 are present in

the WakefieldLab false positive list (Score 32.9), while the mean score for EB1

in the mitotic IPs was 2964.8 – the protein ID with the highest score and a fold

increase of 81.9. The Score itself is a composite value, taking into account the

peptide percentage coverage and size of the protein, in addition to the peptide

abundance. When protein IDs were ranked according to the peptide abundance

alone, EB1 was the second most abundant protein, with dynein heavy chain

(DHC64C) being present at similar, but slightly higher, abundance. The Top

100 mitotic EB1 interactome also identified CG18190, otherwise known as EB2

(Chapter 3). The very high levels of EB2 co-purified with EB1 strongly suggest

the presence of a substantial population of EB1-EB2 heterodimers in the early

embryo.
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Table 4.1: Top 100 Mean Abundance (Mitotic). The table indicates top 100 EB1
interactors with their respective mean values of all four replicates in metaphase
with higher Mean Abundance (Mitotic) and 2.0 or more fold increase in mitotic
if present in false positive (FP) list. Colours of protein Names reflect those used
throughout this Chapter to group particular complex (e.g. Dynein/Dynactin =
yellow). See Table 4.6 for further explanation

.
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Of the Top 100 EB1-GFP mitotic interacting proteins, many have known func-

tional relationships with EB1 or functions related to mitotic MT organisation.

When compared to the String database (https://string-db.org/) 7 of the 10

known EB1 associated proteins were present in the top 100 (DHC64C, CLIP-190,

MSPS, SHOT, LIS-1, CANA, NCD). I took the Top 100 proteins and undertook a

Gene Ontology (GO) enrichment analysis (Table 4.2) (http://geneontology.

org/) to formalise the relationships between Top 100 EB1-GFP mitotic bind-

ing proteins and EB1 or mitotic MT organisation. This identified a number of

classes of proteins with known functional links to MTs and EB1 Table 4.2. GO

databases are incomplete as not every protein with a known, published function

or localisation is present in the GO database (See Subsection 4.3.1, Table 4.3 for

an example relating to the Dynein/Dynactin complexes). There are a number of

other bioinformatic tools that can be used to analyse physical protein interac-

tions. However, as my focus was only 100 proteins I individually mined Flybase

to learn about each of the proteins. Together with the GO analysis, this allow

me to comprehensively characterise functional and physical classes of proteins

identified in the Top 100 mitotic EB1 interactors.

https://string-db.org/
https://string-db.org/
http://geneontology.org/
http://geneontology.org/
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Below, I describe in more detail some of the classes of proteins identified in

the Top 100 mitotic EB1 interactome (Table 4.1).

4.3.1 Known mitotic MAP complexes

Dynein/Dynactin complex

Dynein/Dynactin complex (Table 4.1, yellow): As mentioned above, DHC64C

was the most abundant EB1 interactor. DHC64C is part of the Dynein/Dynactin

motor complex (Table 4.3), which has many functions during mitosis – as both a

MT minus-end directed motor, moving cargo along MTs, and as an immobilised

motor at the cell cortex and nuclear envelope, generating force to move MTs in

relation to these membrane structures (J. Liu 2017).

Table 4.3: Subunits of cytoplasmic Dynein/Dynactin complex. The table shows
subunits of cytoplasmic Dynein/Dynactin complex and adaptors identified as
EB1 binding proteins. Dynein heavy chain subunit 64 (DHC64C), dynein light
intermediate chain (DLIC), dynein intermediate chain (DIC), dynactin subunit
1, 2 and 4 (DCTN1, DCTN2 and DCTN4), actin-related protein 1 and 10 (ARP1
and ARP10), capping protein alpha and beta (CPA and CPB), shortwing (SW)
and lissencephaly-1 (LIS-1).

Dynein subunits Dynactin subunits Dynein/Dynactin adaptors

DHC64C DCTN1-p150Gl ued SW

DLIC DCTN2-p50D ynami ti n LIS-1

DIC DCTN4-p62

ARP1

ARP10

CPA

CPB



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 89

The GO analysis of the Top 100 EB1 interacting proteins identified 3 subunits

(DLIC, DHC64C and SW) of the Dynein and 2 subunits (LIS-1 and DCTN2-P50)

of the Dynactin (Table 4.2). However, manual attribution of known Dynein/Dyn-

actin subunits demonstrate the presence of 7 proteins (DLIC, DHC64C, SW, LIS-

1, DCTN2-P50, DCTN1-P150 and ARP1) (Table 4.3) in the Top 100 (Table 4.1) and

5 proteins (DIC or CTP, DCTN4-P62, ARP10, CPA and CPB) within the Top 56.

This strongly suggests that the whole of the Dynein/Dynactin complex interacts

with EB1 in mitosis.

CLIP190-CLASP

CLIP190-CLASP (Table 4.1 red): In addition, the Top 100 EB1 interactors in-

clude a number of MT associated proteins (MAPs) with roles in mitosis. CLIP-

190 is the homologue of human CLIP-170 – a MT +TIP which is found asso-

ciated with CLASP (CLIP-170 Associated Protein)/MAST/Orbit/CHB (Chromo-

some bows). In addition, chromosome bows (CHB), was also other member of

CLIP190-CLASP complex identified within the top 100. CLIP190-CHB has been

shown to be important in MT stabilisation and bipolar mitotic spindle organisa-

tion (Inoue et al. 2000; Lemos et al. 2000). CLIP-190 was the third most abundant

EB1 interacting protein while CHB was the 14th most abundant.

RZZ complex

RZZ (Table 4.1, orange): During metaphase, the Dynein/Dynactin complex

might be recruited to kinetochores by EB1 where it interacts with the ROD-

ZWILCH-ZW10 (RZZ) complex via the protein Spindly. As kinetochore MTs ma-

ture, Dynein/Dynactin is able to transport the RZZ complex polewards, towards

the MT minus ends, thus resulting in silencing the spindle assembly checkpoint

(SAC) promoting the onset of anaphase and chromosome segregation. In ad-

dition, my work suggets that EB1 may also interact with RZZ complex via ROD,

which has one SxIP domain (Table 4.4) to facilitate the interaction between the

Dynein/Dynactin complex and RZZ-spindly complex (Mosalaganti et al. 2017;
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Pereira et al. 2018). All four proteins – ROD, ZW10, ZWILCH and Spindly were

identified within the Top 100 EB1 interacting mitotic proteins.

Table 4.4: EB1 interacting domains. The table shows a research of some EB1
interactor motifs. (-) the protein does not have any type of motifs. (+) the protein
has at least one EB1 interacting motif and in brackets number and kind of motif.

Protein Name EB1 binding motifs Location
ATU -
CG12702 -
CG4572 -
CG9547 -
CG46338 -
CHB + (2 SxIP) N- and C- terminuses
CORN -
DNApol-ε 58 + (1 SxIP) C-terminus
DNApol-ε 255 + (1 TxIP) N-terminus
HOOK -
IKK-ε -
JVL + (3 SxIP) C-terminus
NUF -
NURF -
Dynactin P150g l ued + (1 CAP-Gly) N-terminus
PIGS + (2 SxIP) C-terminus
PLP -
ROD + (1 SxIP) N-terminus
SHOT + (1 SxIP) C-terminus
SLAM -
SPINDLY -
SPN-F -
SW + (1 SxIP) N-terminus
TORSIN -
TSF1 -
ZW10 -
ZWILCH -

TACC-TOG

TACC-TOG (Table 4.1, blue): Mini-spindles protein (MSPS) is the homologue

of human TOG, which in association with the MAP TACC is important for MT

stabilisation and normal spindle function in the early Drosophila embryo (Jef-

fers et al. 2020, for review see Peset and Vernos 2008). Both were within the

Top 100 EB1 interactors in mitosis. TACC proteins are found in different organ-

isms and only one protein (D-TACC) found Drosophila melanogaster, TAC-1 in

Drosophila elegans, Alp7 also known as Mia1p in Schizosaccharomyces pombe,

Maskin in Xenopus laevis. However, Three TACC (TACC1-TACC3) proteins are

present in mammals (Still et al. 2004). The phosphorylation of TACC by Aurora-
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A kinase allows its interactions with clathrin to bind to the MTs (For review

see Gutiérrez-Cabalerro et al. 2015). A cancer-associated protein, transforming

acidic coiled-coil protein 3 (TACC3) binds to ch-TOG (Prumbaum et al. 2013),

therefore TACC3-chTOG-Clathrin complex is implicated in stabilising kineto-

chore fibers and MTs, in regulating MT behaviour (Gergely et al. 2001; Prum-

baum et al. 2013; Thakur et al. 2014). In addition, D-TACC is reported to interact

with MSPS to modulate the MT dynamics (Gergely et al. 2001).

4.3.2 Other known mitotic MAPs

PLP

Pericentrin-like protein (PLP)(Table 4.1): PLP does not exhibit an EB1 inter-

acting motif (Table 4.4), is localised to centrioles and centrosomes and is impli-

cated in organising pericentriolar material (PCM). The examination of Drosophi-

la PLP function in vivo in tissues, has revealed that centrioles of Plp mutant

show four principal defects (Roque et al. 2018) – I) they are short and abnormal

structures. II) They dissociate prematurely and consequently they overdupli-

cate. III) They create fewer MTs during interphase and IV) in cilia, they fail to

form and maintain a correct connection to the plasma membrane.

During interphase, in fly culture cells, PLP molecules concentrate around the

mother centriole, with the C-terminus connected to the centriole and the N-

terminus extends outwards and coordinates the recruitment of PCM proteins,

including γ-tubulin and Cnn (Baumann 2012; Mennella et al. 2012; Richens et

al. 2015). In addition, PLP was shown to interact with Cnn scaffold in the outer-

region of the PCM to strengthen the PCM and the depletion of PLP causes only

subtle disruption of early embryo development, of centrosome behaviour and

MT dynamics (Richens et al. 2015).
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CMET and CANA

CENP-meta (CMET) and CENP-ana (CANA) (Table 4.1): CMET and CANA are

essential kinesin-like proteins in Drosophila and both proteins are related to

CENP-E in verterbates (Yucel et al. 2000). However, research of CMET depletion

using RNAi in Drosophila S2 cell suggests that CMET is more likely to be the

homogue of mammalian CENP-E than CANA (Goshima and Vale 2003). These

two proteins are components of kinetochore and are involved in different func-

tions during cell division, including MT capture, spindle assembly checkpoint,

chromosome congression and alignment (Schaar et al. 1997; Weaver et al. 2003;

Yu et al. 2019; Yucel et al. 2000). Between nuclear envelope breakdown and late

anaphase-A, CENP-E is associated with kinetochores and at metaphase is im-

plicated in crucial roles of capturing MTs, modulating cromosome movements

(Coulson et al. 1994; Putkey et al. 2002). These observations are consistent with

studies conducted by Schaar et al. (1997) in which the depletion of CENP-E by

anti-CENP-E antibody microinjection was responsible for chromosome miss-

gregation and missalignment as well as the delay of the onset of anaphase. Fi-

nally, in late G2 CENP-E accommulates in cytoplasm of cells, from where mi-

grated to kinetochores upon nuclear envelope breakdown and restart the cycle

(Coulson et al. 1994).

MUD and NCD

Mushroom body defect (MUD) and Non-claret dysjunctional (NCD) (Table 4.1):

The defect of chromosome segregation in NCD mutant of Drosophila simulans

was first observed by Sturtevant in 1929 (For review see She and Yang 2017) and

subsequent studies revealed that Drosophila NCD move from MT plus ends to-

ward the minus ends with an approximate velocity of 42.7 ± 2.19 nm/s (Salmon

et al. 1990; She and Yang 2017; Stewart et al. 1990) using chemical energy from

hydrolysis of ATP.
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Drosophila Mushroom body defect (MUD) is an orthologue of human Nu-

clear Mitotic Apparatus (NuMA) and is involved in functions of regulating spin-

dle orientation during cell division and MT polymerisation (Bowman et al. 2006;

She and Yang 2017). In addition, it has been suggested that MUD binds to NCD

to facilitate the MT binding of NCD, thus to modulate its activities during mi-

tosis (She and Yang 2017), however, functions of MUD-NCD interactions are

poorly understood and need further exploration.

ASP

Abnormal spindle (ASP) (Table 4.1): ASP is a MT binding protein localised to

the pole of the mitotic spindle and is required for proper spindle structure and

MT organisation in vivo in Drosophila embryos and larval brain cells (Bonac-

corsi et al. 2001; Saunders et al. 1997). Furthermore, studies conducted in vitro

suggest the involvment of this protein in MT nucleation (Avides and Gover 1999).

Investigations carried out by Bonaccorsi et al. (2001) in early Drosophila em-

bryos and larval neuroblasts, illustrate that ASP is implicated in cross-linking of

MT minus ends during mitosis and contributing to organisation of the spindle

poles and the central spindle.

4.3.3 Cortical proteins with links to EB1

I also identified a number of proteins that have previously been shown to in-

teract with EB1 or MTs that have roles in interphase.

SPNF-IK2-JVL complex

SPNF-IK2-JVL (Table 4.1 purple): Javelin-like (JVL), coiled-coil protein spindle-

F (SPNF) and IKK-ε have been shown to form a complex, while EB1 has previ-

ously been shown to interact via JVL in vitro, which possesses three SxIP motifs

(Table 4.4) (Baskar et al. 2019). However, there is no report of direct interac-

tions between SPN-F or IKK-ε and EB1. Fathermore, SPN-F mediates the inter-

actions between IKK-ε and the Dynein/Dynactin complex through interaction
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with cut up (CTP) subunit, to promote the redistribution of JVL-SPNF-IK2 com-

plex, which is essential for actin and MT organisation, cell polarity and bristle

elongation (Amsalem et al. 2013; Bitan et al. 2010; Dubin-Bar et al. 2008; Kim-

para et al. 2015). Furthermore, IK2 modulates recycling endosome dynamics by

interacting with NUF, Rab11, dynein (Otani et al. 2011).

SHOT

Short stop (SHOT) (Table 4.1): SHOT is a member of the spectraplakin. Spec-

traplakins are cytoskeletal linker proteins that comprise three molecular fami-

lies (Hahn et al. 2016; Voelzmann et al. 2017):

Plakins: In mammals, this includes – desmoplakin, plectin, bullous pemphigoid

antigen-1 (BPAG1), envoplakin, periplakin, MT cross-linking factor 1 (MCF1)

and epiplakin. In invertebrate organisms, plakins comprise short stop (SHOT)

Drosophila melanogaster and vab-10 in Caenorhabditis elegans (yue et al.

2017).

Spectrins: For example, α− /β-spectrin, dystrophin, α-actinin and utrophin

which are implicated in linking different proteins to the cell cortex and are

components of contractile ring which is important for cytokinesis and in-

vagination furrows( Albertson et al. 2008; Broderick and Winder 2005; Tram

et al. 2002 and for review see Voelzmann et al. 2017). Spectrin are composed

of heterotetramer made of two antiparallel heterodimers of α- and β- spec-

trin (Duan et al. 2018). In mammilian, there are two chains of α-spectrin

(αI and αII) and five β-spectrin (βI – βV), while in invertabrates only con-

tain one α-spectrin and two β-spectrin (β and β Heavy) (Duan et al. 2018;

Zhao et al. 2013). The αβHeavy spectrin is also known as Karst (KST) (Duan

et al. 2018; Fletcher et al. 2015), which was also identified within Top 100

EB1 interacting mitotic proteins (Table 4.1). Spectrin plays important roles,

including the maintenance of the structure and stability of the cell mem-

brane, the shape of a cell, and contribution of the cell-cell adhesion, cell
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proliferation and the cell cycle (Zhao et al. 2013).

Gas2-like proteins: which comprises – Gas2, Gas2-like 1–3. These protein are

involved in linking MTs, EB proteins and F–actin for regulation of cytoskele-

tal dynamics during cell division and development (For review see Nazgiewicz

et al. 2019; Voelzmann et al. 2017; yue et al. 2017).

The Drosophila plakins in general have two domains at its C-terminus – C-tail

and GAS2 domains (Takács et al. 2017). I have identified SHOT as an EB1 inter-

actor, containing one EB1 binding motif within its C-terminal domain (Table

4.4). This is consistent with previous studies which have revealed that the C-tail

domain at C-terminus interacts with EB1 to be localised at the MT plus ends.

The GAS2 motif then binds to MT lattice and the N-terminus interacts with the

actin network through two calponin homology (CH) domain. This is important

for modulation of cytoskeletal rearrangement during cell divisions. (Takács et

al. 2017; yue et al. 2017).

4.3.4 Other MT adaptor proteins

HOOK

HOOK (Table 4.1, green): A further interactor identified in my AP, HOOK, has

a known functional interaction with Dynein/Dynactin complex, through the

adaptors Rab5 and Rab11. HOOK is implicated in trafficking of vesicles (Arst

et al. 2014; Krämer and Phistry 1999; J. Liu 2017; Yao et al. 2014) which are es-

sential for invagination furrows during metaphase and cellularisation (Albert-

son et al. 2008; Xiang and Qiu 2020). In addition, the localisation of HOOK at

the tip of the bristle is regulated by SPN-F and IK2, which suggests that the MT

dynamics within the bristle is important for endocytic trafficking to the tip of the

bristle (Bitan et al. 2010). However, HOOK does not appear to interact directly

with MTs (Olenick et al. 2016) and there is not any report showing interactions

betwen HOOK and EB1.
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In summary, of the 100 most abundant EB1 interactors in mitosis, as iden-

tified from my AP-MS, over 1/3 have previously been implicated in MT or EB1

related cellular functions. The purification was performed at 4 °C and with no

enrichment of tubulin, strongly suggesting that it is not co-purifying MTs and

therefore this is a valid dataset that reflects the in vivo mitotic EB1 interactome.

Table 4.5: Top 100 EB1 interactors in mitosis. The table summarises EB1 bind-
ing proteins identified within top 100 in mitosis, based on manual attribution
in addition to the GO enrichment. As identified from my AP-MS, over 1/3 have
previously been implicated in MT or EB1 related cellular functions, strongly sug-
gesting it is a valid dataset that reflects the in vivo mitotic EB1 interactome.

Known mitotic MAP pro-
teins and complexes

Known interactors and functions

Dynein/Dynactin complex The complex is a MT minus end directed motor, involved in transporting cargo
along MTs (J. Liu 2017; Tan et al. 2018) and regulate MT network reorganisation
(Tan et al. 2018).

CLIP-190-CLASP complex CLIP-190 in Drosophila interacts with chromosome bows (CHB) to stibilise MT and
organise mitotic spindle (Inoue et al. 2000; Lemos et al. 2000).

RZZ complex Rod-Zw10-Zwilch (RZZ) complex is the kinetochores components which interacts
with Dynein/Dynactin complex to silence the spindle assembly checkpoint during
metaphase-anaphase transition (Mosalaganti et al. 2017; Pereira et al. 2018).

TACC-MAP TACC interacts with mini-spindles protein (MSPS) to stablise MT and regulate MT
dynamics (Jeffers et al. 2020, reviewed by Peset and Vernos 2008).

PLP Pericentrin-like protein (PLP) is involved in organising pericentriolar material
(PCM) and centriole maturation (Roque et al. 2018).

CMET and CANA CENP-meta and CENP-ana (CMET and CANA) are components of kinetochores in-
volved in MT capture, spindle assembly checkpoint, chromosome congression and
alignment during cell division (Schaar et al. 1997; Weaver et al. 2003; Yu et al. 2019;
Yucel et al. 2000).

MUD and NCD Mushroom body defect (MUD) and Non-claret dysjunctional (NCD) are involved
in MT orientation and polymerisation (Bowman et al. 2006; She and Yang 2017),
alhough functions of the complex are poorly understood (She and Yang 2017).

ASP Abnormal spindle (ASP) is important for proper spindle structure and organisation
(Bonaccorsi et al. 2001; Saunders et al. 1997), MT nucleation (Avides and Gover
1999) and in cross-linking of MT minus ends for organisation of the spindle poles
and central spindle (Bonaccorsi et al. 2001).

Cortical proteins and com-
plexes with links to EB1

Known interactors and functions

SPNF-IK2-JVL complex This complex interacts with EB1 through JVL subunit (Baskar et al. 2019) and
Dynein/Dynactin complex to regulate cytoskeletal organisation, modulate vesicle
transport, cell polarity and bristle elongation (Amsalem et al. 2013; Bitan et al. 2010;
Dubin-Bar et al. 2008; Kimpara et al. 2015).

SHOT Short stop (SHOT) is a spectraplain protein, which interacts with EB1 to be localised
at the MT plus ends for modulation of cytoskeletal rearrangement during cell divi-
sions (Takács et al. 2017; yue et al. 2017)

MT adaptor proteins Known interactors and functions
HOOK HOOK interacts with Dynein/Dynactin complex (Olenick et al. 2016) and does not

appear to interact direcly with MTs (Olenick et al. 2016). This protein is involved
in trafficking of vesicles (Arst et al. 2014; Krämer and Phistry 1999; J. Liu 2017; Yao
et al. 2014). This endocytic trafficking is important for invagination furrows and
cellularisation (Albertson et al. 2008; Xiang and Qiu 2020).
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4.4 Proteins that increase their association with EB1 during mitosis

Having analysed the Top 100 EB1 interacting proteins in mitosis, I wanted to

compare the interphase/cycling and mitotic interactomes to identify proteins

and protein complexes that specifically increase their association with EB1 dur-

ing mitosis. To do this, I compared the mean abundance of EB1 in the 4 cy-

cling IPs (35693.7) with the EB1 mean abundance in the 4 mitotic/MG-132 IPs

(33216.6). The closeness of these values demonstrate the reproducibility of the

multiple IPs but, to ensure as accurate comparison as possible, I used the val-

ues to generate a normalising constant (33216.6
35693.7 = 0.9306), then applied this to the

cycling mean abundance for every protein ID. I then calculated the Abundance

Ratio Mitotic:Cycling – a value that shows the increase/decrease in the amount

of each protein interacting with EB1 in mitotic embryos, relative to cycling em-

bryos.

Across all 8 proteomics data sets, I identified 1400 proteins that interacted

with EB1. After normalising to Mean EB1 abundance mitotic:cycling, only 4%

of interactors (56) showed an increased abundance in mitotic extracts (Table

4.6). I then applied a final cut-off of 1.2 fold increase in mitosis, to account for

non-significant variation between embryo populations. This generated a final

list of 30 proteins (Table 4.7). These 30 are arranged in the Table 4.7 according

to known function and the presence/absence of known EB1 interacting motifs

(SxIP, CAP-Gly and LxxPTPh) in their sequences (Table 4.4).
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Table 4.6: Top 56 EB1-GFP Mitotic v Interphase Network. The table shows top
56 EB1 interactors in metaphase v interphase, then in accordance with their
abundance ratio of mitotic/cycling after normalisation versus EB1 were ordered
from the highest to the lowest. Proteins with highest ratio on the top of the ta-
ble are more enriched in metaphase than the lowest in the bottle of the table.
Colours of protein Names correspond to particular proteins and complexes (e.g.
Dynein/Dynactin = yellow, RZZ complex subunits = orange). See Table 4.7 for
full list of colours/complexes.
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Many of these protins on the top 30 (Table 4.7) corresponded to proteins that

were also in our Top 100 EB1 mitotic interactor list, including Dynein/Dynactin,

RZZ, SPNF-JVL-IKK-ε and HOOK. However, there were a number of other pro-

teins of lower abundance that, nonetheless, increased their association with EB1

specifically in mitotic/MG-132 treated embryo extracts. Subsequently, I briefly

describe what is known of the proteins in the Table 4.7 that have not yet been

considered in Section 4.3.

4.4.1 Known MT interacting proteins

NUF-SLAM complex

Nuclear fallout (NUF)-Slow as molasses (SLAM) (Table 4.7, grey): Nuclear fall-

out (Nuf) is a dynein adaptor that binds to Rab11. It binds to IKK-ε , which by

interaction with HOOK is involved in the regulation of cytoskeletal organisation,

cell elongation and endosome trafficking (Otani et al. 2011). During mitosis,

the metaphase furrows (the transient invaginations of the plasma membrane)

extend internally in the embryo to keep adjacent mitotic spindles separated

(Acharya et al. 2014). During cell division, SLAM is localised to the metaphase

furrows and interacts with NUF to form a complex involved in the regulation

of furrow invagination, recycling endosomes needed for furrow invagination

(Acharya et al. 2014; Otani et al. 2011).

PIGS

Pickled eggs (PIGS) (Table 4.7, pink): PIGS is sole the Drosophila orthologue

of human Gas2-like proteins (See SHOT, Page 94). I have identified PIGS as an

EB1 binding protein with two SxIP motifs at C-terminus (Table 4.4), which is

consistent with its mammalian orthologues (Pines et al. 2010). Biochemical

studies and live imaging analysis revealed that Gas2 family contains two SxIP

motifs at their C-terminus responsible for interactions with MT plus-end bind-

ing proteins and are involved in regulating actin-MT cross-linking (Nazgiewicz
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et al. 2019; Stroud et al. 2014; Wolter et al. 2012). Gas2-like proteins are in-

volved in different functions, for example, GAS2L3 is expressed in G2 and mitosis

(Stopp et al. 2017; Wolter et al. 2012). PIGS is implicated in specific functions in

cardiomyocyte proliferation and cytokinesis during heart development. These

results were obtained by GAS2L3 depletion through RNAi knowkdown, which

led to defects in cardiomyocyte cytokinesis (Gründl et al. 2017; Stopp et al. 2017).

The same results were obtained by studies conducted in HeLa cells, which have

shown that GAS2L3 is required for correct cytokinesis and the genome stabil-

ity (Wolter et al. 2012). Further studies carried out by Pines et al. (2010) using

pigs mutant flies concluded that ≈ 17% of them died before reaching adulthood,

and these authors demonstrated that the remaing adults showed degeneration

of flight muscles which impaired their ability to fly. Additionally, the females

were sterile due to the disruption of ovarian morphology.

PIGS is also implicated in Notch signaling. Unbound Notch is a transmem-

brane receptor that interacts with ligands, this interaction cleaves and releases

the Notch intracellular domain, which migrates to the nucleus to modulate tran-

scription complexes that contains the DNA-binding protein (For review see Kopan

2012). This Notch pathway is implicated in cell proliferation, differentiation, cell

fate and apoptosis (Grotek et al. 2013; Kopan 2012).

CORN

Cornetto (CORN) (Table 4.7, light orange): During the cell cycle, all apical pro-

teins are localised at the cell cortex from late interphase to metaphase, but they

disappear in anaphase (Bulgheresi et al. 2001). CORN is an apical MT bind-

ing protein that colocalises with MTs during metaphase and is localised api-

cally between anaphase and telophase (Bulgheresi et al. 2001; Finan et al. 2011).

Inscuteable is an apical protein that colocalises at the cell cortex and modu-

lates mitotic spindle orientation along the apical-basal axis in mitotic neurob-

lasts(Kraut et al. 1996). Studies conducted by Bulgheresi et al. (2001) using yeast
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two-hybrid system, have shown that CORN interacts with inscuteable. However,

these two proteins were not co-immunoprecipitated by the same authors from

Drosophila embryonic extracts, thus interactions were suggested to be transient

in vivo. Further investigations carried out in Drosophila embryos have shown

that CORN binds to myosin VI via its C-terminus, which is a minus end-directed

actin-based motor protein involved in many processes, these include regulation

of cargo transport, slide actin filament (Arden et al. 2007; Bulgheresi et al. 2001;

Cramer 2000; Finan et al. 2011; Hasson 2003).

Table 4.8: Top 30 EB1 interactors in mitosis. The table summarises MT binding
proteins or complexes with relationships with EB1 and/or MT functions within
Top 30 in mitosis (Table 4.7), but not identified within Top 100 EB1 interacting
proteins (Table 4.1).

Known MT interacting
proteins and complexes

Known interactors and functions

NUF-SLAM Nuclear fallout (NUF) and slow as molasses (SLAM) interact with dynein and SPNF-
JVL-IK2 complex to regulate endosome trafficking (Otani et al. 2011) needed for
invagination furrows and cellularisation (Acharya et al. 2014; Otani et al. 2011).

PIGS Pickled eggs (PIGS) is a spectraplakin Gas2-like protein involved in regulating actin-
MT cross-linking for modulation of cytoskeletal dynamics (Reviewed by Nazgiewicz
et al. 2019; Stroud et al. 2014; Voelzmann et al. 2017) and cytokinesis (Gründl et al.
2017; Stopp et al. 2017).

CORN Cornetto (CORN) is an apical MT binding protein (Bulgheresi et al. 2001; Finan et
al. 2011) and together with inscuteable and Myosin VI is involved in regulation of
cargo transport (Arden et al. 2007; Bulgheresi et al. 2001; Cramer 2000; Finan et al.
2011; Hasson 2003) and mitotic spindle orientation (Kraut et al. 1996).

4.4.2 Proteins with no known MT or EB1 relationship

DNApol-ε complex

DNA polymerase epsilon 58 and 255(Table 4.7, blue): DNA polymerase ep-

silon (DNApol-ε) plays a key role in DNA replication and repair in eukaryotic

cells (Oshige et al. 2000; Sahashi et al. 2013). It is a heterotretameric enzyme in

most species, comprising a catalytic subunit A (≈ 250 kD), a subunit B (≈ 60 kD,

but in budding yeast is ≈ 80 kD) and two similar subunits (≈ 20 kD) (Sahashi

et al. 2013). However, in Drosophila DNApol-ε complex exists in two subunits:

a catalytic subunit of ≈ 255 kD and a subunit of ≈ 58 kD (Oshige et al. 2000).
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CG12702

The Drosophila CG12702 (Table 4.7, dark green): this protein is uncharac-

terised and is orthologous to the human cancerous inhibitor of protein phos-

phatase 2A (CIP2A) which is found highly concentrated in most types of human

cancer (Jeong et al. 2014). CIP2A inhibits the protein phosphatase 2A (PP2A)

and causes the stabilisation of the oncogenic transcription factor c-Myc, result-

ing in cancer cells (Jeong et al. 2014; Kim et al. 2013). However, this role is related

to its overexpression, but in normal conditions, CIP2A plays roles in regulating

centrosome segregation (Jeong et al. 2014) and mitotic spindle functions in cell-

cycle progression (Golsteyn et al. 1995; Kim et al. 2013).

Torsin

Torsin: Torsins are the only proteins of the AAA+ATPase family and they are

localised to the ER and perinuclear space (Laudermilch and Schlieker 2016; Lui-

thle et al. 2020). In vertebrates, these proteins are encoded by four paralogous

genes – TOR1A, TOR1B, TOR2A, and TOR3A; by contrast in Drosophila only one

gene dtorsin on X chromosome encodes the Dtorsin protein (Reviewed by Waka-

bayashi-Ito et al. 2011). Among these family members, TorsinA encoded by

TOR1A is the most studied and its defect is responsable for hereditary dystonia

(Laudermilch and Schlieker 2016; Wakabayashi-Ito et al. 2011).

The nuclear envelope is formed by a double membrane – the inner and the

outer membranes (Hetzer 2010). The inner nuclear membrane contains many

proteins that link to nuclear lamins and chromatin, thus they are invovled in

chromatin organisation and gene regulation (Hetzer 2010; Luithle et al. 2020).

During prophase, interactions between inner nuclear membrane proteins, nu-

clear lamins and chromatin are broken, allowing the membrane separation from

chromatin and enclosing inner nuclear membrane proteins into the mitotic ER

network (For review see Luithle et al. 2020). Recent studies have shown that

TorsinA requires cofactors – lamina-associated polypeptide 1 (LAP1) and lumi-



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 104

nal domain like LAP1 (LULL1) (Chase et al. 2017; Laudermilch and Schlieker

2016) and LAP1 or Torsin1A mutation causes cytokinesis defects, mitotic chro-

mosome organisation and segregation defects due to the failure in membrane

removal from chromatin (Luithle et al. 2020).

Currently there are no studies that report the interactions between Torsin

proteins and EB1 or MTs, but I have identified it as an EB1 interactor. I have also

identified several proteins of the nuclear membrane, such as nucleoporines.

Considering that this protein is localised to the ER and continuous perinuclear

space, and due to its crucial role in mantaining the integrity of genome and

chromsome regulation, it is consistent to be identified also as an EB1 interacting

protein.

CATH-D

CATH-D: the cathpsin D (CATH-D) is a lysosomal enzyme that degrades dif-

ferent substrates in acidic compartments, thus regulating different physiolog-

ical and pathological processes (For review see Wang et al. 2021). However,

CATH-D plays also important functions outside acidic compartments (lysosomes),

in regulating different cellular processes. These include apoptosis, cell division,

defense response against Gram-negative bacteria, cell motility and proliferation

through interaction with actin-based cellular activities (Platet et al. 1996; Wang

et al. 2021). Moreover, CATH-D is involved in mitosis and cytokinesis through

its cofilin phosphatase activity, which plays a key role in modulating mitosis and

CATH-D mutation leads to actin organisation defects and cytokinesis failure

(Bach et al. 2015; Wang et al. 2021). CATH-D is overexpressed in breast cancer

cells and helps tumor growth and formation of metastasis. Furthermore, in the

nucleus of breast cancer cells, CATH-D associates with chromatin and interacts

with TRPS1 (tricho-rhinophalangeal-syndrome 1) which is a gene involved in

carcinogenesis. Consequently, the activity of TRPS1 is enhanced by interaction

with CATH-D (Bach et al. 2015), thus, CATH-D has been suggested as a target
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in cancer by inhibiting binding protein activity and/or proteolytic activities. Fi-

nally, CATH-D should be also considered as biomarker for diagnosis, in which

high concentration is correlated with poor prognosis (Masson et al. 2010; Wang

et al. 2021).

CG4572

CG4572: is orthologous to human carboxypeptidase vitellogenic like (CPVL).

CPVL is a serine carboxypeptidase that cleaves one amino acid from the C-term-

inus of proteins or peptides (Mahoney et al. 2001; Skidgel and Erdös 1998). Car-

boxypeptidases are classified on the basis of their active site mechanism into

three principal groups – cysteine, metallo and serine carboxypeptidases, and

among them the serine carboxpeptidase is the most studied and was first dis-

covered in human macrophages, in which is localised to the endoplasmic retic-

ulum and membrane ruffles (Harris et al. 2006; Skidgel and Erdös 1998). Initial

investigations suggesed that CPVL functions are largely confined to the mono-

cytic lineage (For review see Harris et al. 2006), however, recent studies indicated

that CPVL mRNA is also highly expressed in heart and kidney, which sugggest

that this protein may have additional important roles outside the immune sys-

tem (Mahoney et al. 2001). In addition, CPVL may have a role in some cancers

and has shown to interacts with BTK/p300 axis to inhibit STAT1 pathway which

leads to promotion of glioma progression (Yang et al. 2021). Finally, there is also

indication of CPVL interacting with CATH-D (Harris et al. 2006).

CG9547

CG9547: The orthologous human glutaryl-CoA dehydrogenase (GCDH) is im-

plicated in degradation of lysine, tryptophan and hydroxylysine. GCDH muta-

tions lead to their accumulation in body fluids and high excretion of 3-hydoxy-

glutaric acid and glutaric acid, which is a condition known as glutaric aciduria

type 1 (GA1) (Külkens et al. 2005; McClelland et al. 2007).
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I was not able to find a paper that reports a relationship between CG9547 or

GCDH and mitosis, however the vast majority of EB1 interacting proteins iden-

tified with proteomics approach plays roles in mitosis, therefore I suggest also

that this protein in addition to its traditional implication in metabolism, may

also play a role in cell division.

Table 4.9: Top 30 EB1 interactors in mitosis. The table summarises proteins
and complexes identified as EB1 binding proteins within top 30 in mitosis. How-
ever, they are not known previously to be as MT associated proteins or EB1 in-
teractors.

Proteins and complexes
with no known MT or EB1
relationship

Known interactors and functions

DNApol-ε 58 and 255 DNA polymerase epsilon 58 and 255 are involved in DNA replication and repair
(Oshige et al. 2000; Sahashi et al. 2013). However, the complex is not known as MT
or EB1 binding proteins.

CG12702 CG12702 is an uncharacterised and unexplored protein. However, its orthologous
human cancerous inhibitor of protein phosphatase 2A (CIP2A) promotes different
types of human cancer (Jeong et al. 2014) and regulation of centrosome segregation
and mitotic spindle functions (Golsteyn et al. 1995; Jeong et al. 2014; Kim et al.
2013).

TORSIN This protein is implicated in removing nuclear membranes from chromatin upon
nuclear envelope breakdown and enclosing them into the mitotic ER network (Re-
viewed by Luithle et al. 2020). However, the protein is not known as MT or EB1
interactor.

CATH-D cathpsin D (CATH-D) is a lysosomal protease (Reviewed by Wang et al. 2021). More-
over, the protein plays different other functions, including apoptosis and cell divi-
sion regulation (Platet et al. 1996; Wang et al. 2021).

CG4572 CG4572 is other protein that still needs its characterisation. The human car-
boxypeptidase vitellogenic like (CPVL) is a protease (Mahoney et al. 2001; Skidgel
and Erdös 1998) and may play also a role in cancer progression (Yang et al. 2021).

CG9547 This protein is not characterised and the orthologous human glutaryl-CoA dehy-
drogenase (GCDH) is implicated in degradation of some amino acids, such as, ly-
sine, tryptophan and hydroxylysine (Külkens et al. 2005; McClelland et al. 2007).

4.4.3 The rationale for further investigation into the mitotic EB1 interactome

Based on the comprehensive Flybase data mining and analysis, I decided to

focus my further studies on a subset of those proteins that are enriched > 1.2 fold

in the mitotic EB1 interactome (Table 4.7). Given the well-characterised role of

EB1 in interacting with Dynein/Dynactin complex (Berrueta et al. 1999; Wat-

son and Stephens 2006) and the interaction of this complex with kinetochore-

associated RZZ complex in metaphase to promote the onset of the anaphase

(Gama et al. 2017; Mosalaganti et al. 2017), I decided to focus my studies first on
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the proteins that constitute the SPN-F, IKK, JVL complex, as well as SLAM-NUF,

and the HOOK and PIGS proteins. All had available lines that express GFP/RFP-

fusions, allowing me to take both a biochemical, reciprocal IP approach and a

cell biological approach (the rest of this Chapter). Concurrently, I sought to en-

gineer flies that could express GFP-fusions to some of the 30 proteins for which

there were not available lines (CG12702, DNApol-ε 58, CORN) (Chapter 5).

4.5 Dynamic localisation and protein-protein interaction network of SPN-F

in early embryos

To determine the localisation and identification of SPN-F binding proteins,

I crossed female virgins of flies of genotype UASp-GFP-SPN-F to matαt-GAL4

males (Table 2.2) for early embryo collection and subsequent live imaging anal-

ysis. Previous studies using GFP-SPN-F have been conducted in Drosophila

germline and bristles, which illustrated that SPN-F localised to MT minus ends

through interaction with cut up (CTP). Thus, the protein stabilises the connec-

tion between MT minus ends and actin cytoskeleton (See SPNF-JVL-IK2 com-

plex, Page 93). To date, no physical interaction between SPN-F and EB1 has

been reported.

4.5.1 Mitotic Localisation of GFP-SPN-F

To investigate the dynamic localisation of GFP-SPN-F in early embryos, I im-

aged 1–2 hr old embryos laid by w ; K 2
+ ; GF P−SP N−F

matαt−G AL4 and w ; +
C yo ; GF P−SP N−F

matαt−G AL4 mothers

using spinning disc confocal microscopy. Embryos were imaged every 5 sec-

onds across 5 x 1 µm z planes. Image sets were analysed using ImageJ, as maxi-

mum intensity projections. 11 movies were taken and after analysis, all of them

showed similar dynamic localisation. As shown in Figure 4.3, during nuclear

envelope breakdown, SPN-F is found concentrated at the centrosomes and also

in high-intensity spots throughout the embryo (these spots appear randomly

positioned and quite immobile over the course of a movie and likely reflect in-
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soluble, non-functional GFP-SPN-F aggregates). Upon nuclear envelope break-

down, SPN-F becomes less intense on centrosomes, accumulating in the region

of the mitotic spindle. However, the localisation does not appear to exactly re-

flect the entire mitotic spindle, instead appearing more “rounded” in the region

of the nuclear space. The intensity of astral MT localisation in relation to other

MT populations appears to increase in anaphase, such that a “cloud” of GFP is

more visible than the central spindle region. Post-telophase, as nuclei reform,

SPN-F intensity increases at the centrosomes.

(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) Telophase. (f) Early interphase. (g) Late interphase. (h) NEB.

Figure 4.3: Dynamic localisation of GFP-SPN-F in the early Drosophila em-
bryo. 11 movies were taken and analysed. All movies showed similar dy-
namic localisation, as shown in this Figure, during nuclear envelope break-
down (NEB), SPN-F is concentrated to the centrosomes. Upon NEB, the pro-
tein is also localised in the region of the mitotic spindle, then decreases from
centrosomes and mitotic spindle region between metaphase-anaphase transi-
tiom (Met-Anaphase) and early interphase. During late interphase the protein
restarts accumulating to the centrosomes for the following cycle.
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4.5.2 Identification of the SPN-F mitotic interactome

In order to characterise the SPN-F mitotic interactome, I undertook a GFP-

TRAP-A purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested GFP-SPN-F ex-

pressing embryos followed by LC-MS/MS analysis. The associated Western blot

is shown in Figure 4.4, demonstrating the presence of a GFP-positive band at

the expected molecular weight, its presence in the GFP-TRAP-A pellet and its

complete depletion in the extracts.

Figure 4.4: Western blot of GFP-SPN-F IP. The assay indicates that the GFP-
SPN-F has been isolated due to the presence of GFP-positive band at the ex-
pected molecular weight (MW) ≈ 68 kD.

Following MS, the identified protein IDs were subjected to the WakefieldLab

standard bioinformatics (Chapter 2). Briefly, any protein IDs that do not meet

minimum criteria (score of > 30, ID with 3 or more associated peptides, > 10%

coverage) were discarded. The remaining IDs were compared with our standard

false positive database. Proteins that were < 2 fold enriched in the IP, in relation

to the false positives were also discarded. All remaining protein IDs were sorted

by mean abundance and those proteins with an Area/Abundance of 1.3E7 and

more were retained in the list. This bioinformatics pipeline resulted in the iden-

tification of 50 proteins (Table 4.10). SPN-F has the highest area (1.78 E10), as

expected, confirming the Western blot (Figure 4.4).
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Table 4.10: SPN-F interactors. The table illustrates SPN-F interacting proteins
in metaphase and ordered by area.
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Of the remaining 49, 38 were not in our false positive list, while the other 11

were > 2 fold enriched in comparison to our false positive database. The inter-

actors included others already described in our EB1-GFP mitotic interactor list

– for example, IK2, JVL, ZW10.

To further understand the functional relationships between SPN-F and its mi-

totic interactors, I took the 50 proteins and subjected them to GO enrichment

analysis (Table 4.11). 4 functional cellular component terms were identified –

the RZZ complex, the GID complex, mitotic spindle pole and ER membrane in-

sertion complex. To aid visualisation, the protein-protein interaction software

package, Cytoscape was again used. The network constituted the SPN-F inter-

acting proteins within the GO-enriched cellular components terms, along with

SPN-F interacting proteins already identified as enriched EB1-GFP interacting

proteins, where the size of the nodes (Figure 4.5) corresponds to the abundance

of the protein identified in the SPN-F IP. To visually compare my experiment

with the known protein-protein interaction data, I added any interactions al-

ready present in the biological general repository for interation datasets TheBi-

oGrid database (https://thebiogrid.org) (Figure 4.5).

https://thebiogrid.org
https://thebiogrid.org
https://thebiogrid.org


CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 112

Ta
b

le
4.

11
:

SP
N

-F
G

O
E

n
ri

ch
m

en
t

A
n

al
ys

is
.

T
h

is
an

al
ys

is
sh

ow
s

SP
N

-F
in

te
ra

ct
o

rs
o

f
ce

llu
la

r
co

m
p

o
en

en
ts

th
at

w
er

e
id

en
ti

fi
ed

vi
a

SP
N

-F
im

m
u

n
o

p
re

ci
p

it
at

io
n

w
it

h
h

ig
h

fo
ld

en
ri

ch
m

en
t.

C
el

lu
la

r
co

m
p

o
n

en
ts

d
es

cr
ib

e
in

tr
ac

el
lu

la
r

st
ru

ct
u

re
s

an
d

m
ac

ro
m

o
le

cu
la

r
co

m
p

le
xe

s
to

an
n

o
ta

te
ce

llu
la

r
lo

ca
li

sa
ti

o
n

s
o

fp
ro

te
in

s
(R

o
n

ca
gl

ia
et

al
.2

01
3)

.



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 113

Figure 4.5: SPN-F interactors in metaphase. The figure shows SPN-F PPI af-
ter BioGrid Analysis for visualising interaction networks. Interactions identified
in this experiment are indicated by solid lines and interactions from BioGrid
database are shown with dotted lines.
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4.5.3 SPN-F interacting proteins

To have the final SPN-F interacting proteins in metaphase (Figure 4.5), in

addition to SPN-F binding proteins within GO-enriched cellular components

terms (Table, 4.11), I manually chose SPN-F interactors in metaphase from Ta-

ble 4.10 that were already identified either as EB1 interacting proteins with a

final cut-off of 1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or EB1 in-

teracting proteins within GO term enrichment cellular components (Table 4.2).

As shown in the Figure 4.5, this analysis demonstrates the presence of the full

SPNF-JVL-IKK-ε complex in the GFP-SPN-F mitotic IP. It also shows the pres-

ence of the full RZZ complex. The GO analysis also identified a further com-

plex – the GID complex. Glucose induced deficient (GID) complex is composed

of seven subunits involved in polyubiquitination and elemination of fructose-

1,6-bisphosphatase, which is a key to switch from gluconeogenesis to glycoly-

sis (Menssen et al. 2012; Santt et al. 2008). In addition to regulation of glucose

metabolism, this ubiquitin ligase complex is involved in different functions in

vertebrates, which includes regulation of the cell cycle, energy homeostasis and

primary cilia function (Santt et al. 2008). Other proteins of interest included the

+TIP protein HOOK, and the DNAPol epsilon complex component DNApol-ε

255. The IP also possessed CTP, which is the Drosophila dynein light chain 8

(DLC8). DLC8 is present in the original EB1-GFP mitotic interactome, but was

not within the Top 100 proteins; as such it appears in the Cytoscape network

in Figure 4.5. Interestingly, EB1 was not identified as an enriched interactor of

SPN-F, despite it being the protein which identified SPN-F in the original TMT

analysis (See Discussion 4.13 for a full explanation of why this might be).
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4.5.4 General description of some SPN-F binding proteins

CTLH E3 ligase complex

Table 4.12: CTLH E3 ligase complex. This table shows subunits of CTLH E lig-
ase complex identified as SPN-F interactors in the project. This identification,
strongly suggest that the whole complex interacts with SPN-F in metaphase.

Subunits of the CTLH E3 ligase complex

CG3295

CG31357

CG7611

Muskelin

RanBPM

CTLH E3 ligase complex (Table 4.12): This complex is required for degrada-

tion of ME31B, Cup and TRAL proteins during the maternal-to-zygotic transi-

tion (Cao et al. 2020; Zavortink et al. 2020). Before the onset of zygotic tran-

scription, embryogenesis is ensured by maternally loaded proteins and mR-

NAs, therefore during the maternal-to-zygotic transition (MTZ), genetic regu-

lation is transferred from these maternally deposited genes products to freshly

made zygotic ones. Thus, this transfer requires the destruction of maternal tran-

scripts and activation of zygotic transcriptions (For review see Cao et al. 2020;

Zavortink et al. 2020). Recent studies have revealed that three RNA-binding

proteins: ME31B, Cup and TRAL play key roles in oogenesis and embryogen-

esis (Zavortink et al. 2020), thus during MTZ are degradated by the ubiquitin-

proteosome system. The CTLH E3 ligase complex is implicated in this biolog-

ical process. The Ran-binding protein M (RanBPM, also known as RanBP9) is

localised both in nucleus and cytoplasm, and in addition to its traditional role

in the ubiquitin-proteosome system, may play other different functions, includ-

ing regulation of apoptosis, cell adhesion, transcription, morphology and cell

migration (For review see Salemi et al. 2017).
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Transmembrane domain recognition complex (TRC)

Transmembrane domain recognition complex: The Drosophila CG7546 and

CG9853 are orthologous to human Bag6 and Get4 respectively and, together

with GET5, form the transmembrane domain recognition complex (TRC) in which

SGT is also probably implicated (Krenciute et al. 2013; Simpson et al. 2010). The

TRC complex is localised ubiquitously in the cytoplasm, the nucleus and at the

membranes of the ER (Krenciute et al. 2013; Xu et al. 2013). This complex is

implicated in the ubiquitin-proteosome system, in the delivery of tail-anchored

proteins to the ER, in mediating DNA injury signaling and in apoptosis (Kren-

ciute et al. 2013; Suloway et al. 2010; Tambe et al. 2020; Xu et al. 2013).

Coatomer complex

betaCOP: Coat protein (coatomer) β (βCOP) is one of seven subunits that

form coat protein complex which comprises four classes – Clathrin and its adap-

tor proteins, the adaptor-related AP-3 complex, COPI and COPII (Kreis et al.

1995). This complex is localised at the cytoplasm and is made of seven different

subunits – α-,β-, β’-, δ-, ε-, ξ- and ζ-COP (Stenbeck et al. 1993). The coatomer

complex is implicated in regulation of vesicle trafficking in eukaryotes (Kreis

et al. 1995; Kuge et al. 1993; Peter et al. 1993; Stenbeck et al. 1993). AP com-

plex: Adaptor protein (AP) complexes are heterotetrameric protein complexes

which include AP-1, AP-2 and AP-3 clathrin-associated complexes and further

AP-4 and AP-5 which are not clathrin-associated protein complexes (Nakatsu

and Ohno 2003; Park and Guo 2014). These complexes, which include AP-1-

2beta and AP-1gamma are involved in vesicle trafficking containing different

proteins, such as, receptors, adhesion proteins, and viral molecules (For review

see Park and Guo 2014).



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 117

KLP10A and KLP61F

KLP10A and KLP61F: These subunits belong to kinesin superfamily proteins

(KIFs) which are implicated in transporting vesicles, mRNAs and protein com-

plexes to specific destinations using MTs as tracks and ATP as an energy source

(Hirokawa 1996; Nakagawa et al. 2000; Schwimmer et al. 2004). In addition,

these proteins also play roles in chromosome rearrengement and spindle as-

sembly during mitosis and meiosis (Schwimmer et al. 2004).

The Kinesin-like protein at 10A (KLP10A) is the kinesin-13 family of MT de-

polymerase and shows a dynamic localisation during the cell cycle. Between

interphase and prophase it is concentrated on MT plus ends, upon NEB relo-

calises to centrosomes and mitotic spindles where remains throughout anaphase,

to promote depolymerisation, thereby chromosomes segregation, MT and cen-

triole lengths (Delgehyr et al. 2012; Schwimmer et al. 2004). Previous studies

suggested that KLP10A is carried on MT plus ends by EB1 (Goshima and Vale

2005), but my data from EB1 AP-MS do not show this protein as EB1 interactor.

Kinesin-like protein at 61F (KLP61F) is the MT polymerase of the kinesin-5

family of cytoskeletal motor proteins and is localised to spindle MTs during cell

division (Chen and Hancock 2015; Ferenz et al. 2010). This protein is impli-

cated in crosslinking and sliding apart antiparallel MTs, which is vital for mito-

sis. KLP61F further contributes to the establishment and maintenance of bipo-

lar spindles (For review see Ferenz et al. 2010).
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CTP

CTP: Cut up (CTP) is the smallest subunit of the dynein motor complex (See

Dynein/Dynactin complex, Page 88) and also know as dynein light chain 8 (DLC8).

CTP was shown to interact with SPN-F to localise SPN-F to MT minus ends in

the oocyte (Abdu et al. 2006). This protein exists as homodimer which interacts

with several partners in diverse biological processes and acts as a cargo adaptor

in the transport of various vesicles (For review see Barve et al. 2006; Mohan and

Hosur 2008).

Table 4.13: SPN-F interacting proteins in metaphase. The table summarises
mitotic SPN-F binding proteins (Figure 4.5).

Proteins and complexes Known interactors and functions
CTLH E3 ligase complex This complex is formed by at least 5 subunits (Table 4.12) and mediates the pro-

teolysis of ME31B, Cup and TRAL proteins during maternal-to-zygotic transition
(MTZ) during oogenesis and embryogenesis (Cao et al. 2020; Zavortink et al. 2020).

Transmembrane domain
recognition complex (TRC)

This complex is constituted by CG7546, CG9853 (GET4), GET5, CG7546 (GET6). The
complex is involved in proteolitc process, delivery proteins to ER, DNA damage
signalling and apoptosis (Krenciute et al. 2013; Lu et al. 2007; Simpson et al. 2010).

Coatomer complex The complex is formed by various COPI, clathrin and adaptor proteins implicated
in regulation of vesicle trafficking in all eukaryotes (Kreis et al. 1995; Kuge et al.
1993; Peter et al. 1993; Stenbeck et al. 1993).

KLP10A and KLP61F These proteins belong to kinesin superfamily proteins (KIPs) and are motor pro-
teins implicated in transporting various vesicles using MTs as tracks (Hirokawa
1996; Nakagawa et al. 2000; Schwimmer et al. 2004). Moreover, these proteins are
involved in chromosome organisation and segregation, spindle assembly and de-
polymerisation during cell division (Delgehyr et al. 2012; Schwimmer et al. 2004).

Cut up (CTP) CTP is the subunit of dynein motor protein and acts as a cargo adaptor in the trans-
port of different vesicles (Reviewed by Barve et al. 2006; Mohan and Hosur 2008).
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4.6 Dynamic localisation and protein-protein interaction network of IKK-

epsilon-GFP in the early embryo

To investigate the localisation and identification of IKK-ε interactors, I crossed

female virgins of flies of gentoype UASp-IK2-ε-GFP to matαt-GAL4 males (Ta-

ble 2.3) for early embryo collection and subsequently live imaging analysis. To

date, IKK-εwas investigated in studies involving Drosophila germline and bris-

tles, where it is implicated in regulation of interactions between the MT minus

ends and actin-rich cortex in the oocyte (Baskar et al. 2019) (See SPNF-JVL-IK2

complex, Page 93), and no interaction between this protein and EB1 has been

reported so far.

4.6.1 Mitotic Localisation of IKK-epsilon-GFP

To study the dynamic localisation of IK2-GFP in early embryos, I imaged 1–2

hr old embryos laid by w ; I K 2−GF P
+ ; Pr i

matαt−G AL4 and w ; I K 2−GF P
+ ; T M6B

matαt−G AL4 females

using spinning disc confocal microscopy. Embryos were imaged every 5 sec-

onds across 5 x 1 µm z planes. Image sets were analysed using ImageJ, as maxi-

mum intensity projections. 7 movies in total were captured and analysed. All of

them have showed similarity in their dynamic localisation. As shown in Figure

4.6, during nuclear envelope breakdown (NEB), IKK-ε is highly concentrated at

the centrosomes. Upon NEB, IKK-ε becomes less intense on centrosomes, ac-

cumulating in the region of the mitotic spindle. However, the localisation does

not appear to be the exact reflection of the entire mitotic spindle, but rounded

in the region of the nuclear space. During post-telophase, as nuclei reform, IKK-

ε intensity increases at the centrosomes. The localisation of IKK-ε (Figure 4.6) is

similar to that of SPN-F (Figure 4.3), reflecting their involvement in the complex

.
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(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) Telophase. (f) Early interphase. (g) Late interphase. (h) NEB.

Figure 4.6: Dynamic localisation of IKK-epsilon-GFP in the early Drosophila
embryo. To determine the IKK−ε localisation, 7 movies were taken and anal-
ysed. The Figure illustrates that IKK-ε (Figure 4.6) and SPN-F (Figure 4.3)
have similar localisation, confirming that they form a complex. During nu-
clear envelope breakdown (NEB), IKK-ε is concentrated to the centrosomes.
In metaphase, the protein is also localised to the mitotic spindle region, then
decreases from centrosomes and mitotic spindle region between metaphase-
anaphase transitiom (Met-Anaphase) and early interphase. From late inter-
phase the protein starts relocalising to the centrosomes to repeat the cycle.

4.6.2 Identification of the IKK-εmitotic interactome

In order to characterise the IK2-GFP-ε mitotic interactome, I undertook a

GFP-TRAP-A purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested IK2-GFP-ε

expressing embryos followed by LC-MS/MS analysis. The associated Western

blot is shown in Figure 4.7, demonstrating the presence of a GFP-positive band

at the expected molecular weight, its presence in the GFP-TRAP-A pellet and its

complete depletion in the extracts.
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Figure 4.7: Western blot of IK2. This Western shows the positivity of the isolated
IKK-ε-GPF band at the expected molecular weight (MW) ≈ 105 kD.

Following MS, the identified protein IDs were subjected to the Wakefield-

Lab standard bioinformatics (Chapter 2). All remaining protein IDs were sorted

by mean abundance and those proteins with an Area/Abundance of 1.3E7 and

more were retained in the list. This bioinformatics pipeline resulted in the iden-

tification of 82 proteins (Table 4.14). IKK-ε has the highest area (6.538E9), as

expected, confirming the Western blot (Figure 4.7).
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Table 4.14: IK2 interactors in metaphase. IKK-epsilon interacting proteins iso-
lated from embryos expressing IK2-GFP after MG132-treatment.
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To further understand the functional relationships between IKK-ε and its mi-

totic interactors, I took the 82 proteins and subjected them to GO enrichment

analysis (Table 4.15). 8 functional cellular component terms were identified –

the ER membrane insertion complex, the cell-cell contact zone, the myosin V

complex, the nuclear pore inner ring, the COPI-coated vesicle, the AP-1 adap-

tor complex, the signal recognition particle and the retromer complex. To aid

visualisation, the protein-protein interaction software package, Cytoscape was

again used. The network constituted the IKK-ε interacting proteins within the

GO-enriched cellular components terms, along with IKK-ε interacting proteins

already identified as enriched EB1-GFP interacting proteins, where the size of

the nodes (Figure 4.8) corresponds to the abundance of the protein identified

in the IKK-ε IP. To visually compare my experiment with the known protein-

protein interaction data, I added any interactions already present in the bio-

logical general repository for interation datasets TheBioGrid database (https:

//thebiogrid.org) (Figure 4.8).

https://thebiogrid.or
https://thebiogrid.org
https://thebiogrid.org
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Figure 4.8: IK2 interactors in metaphase. IKK-epsilon interacts with several
proteins in metaphase. Proteins identified in this experiment are connected by
solid lines and those present in BioGrid database are indicated by dotted lines.

4.6.3 IKK-ε interacting proteins

To have the final IKK-ε interacting proteins in metaphase (Figure 4.8), in ad-

dition to IKK-εbinding proteins within GO-enriched cellular components terms

(Table, 4.15), I manually chose IKK-ε interactors in metaphase from Table 4.14

that were already identified either as EB1 interacting proteins with a final cut-off

of 1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or EB1 interacting pro-

teins within GO term enrichment cellular components (Table 4.2). This analy-

sis demonstrates the presence of the full SPNF-JVL-IKK-epsilon complex in the

IK2-GFP mitotic IP. The GO analysis identified complexes – the cell-cell contact

zone, ER membrane insertion complex, retromer complex, Myosin V complex,
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signal recognition particle, nuclear pore inner ring, COPI-coated vesicle and AP-

1 adaptor complex. The IKK-ε IP identified the ZW10 subunit of RZZ. However,

ROD and ZWILCH were not within 82 proteins. In addition, the IP also pos-

sessed CTP, which is the Drosophila dynein light chain (DLC8). DLC8 is present

in the original EB1-GFP mitotic interactome, but was not within the Top 100

proteins; as such it appears in the Cytoscape network in Figure 4.8. Interest-

ingly, EB1 was not identified as an enriched interactor of IKK-ε, despite it being

the protein which identified Ikk-ε the original TMT analysis. (See Discussion

4.13 for a full explanation of why this might be).

4.6.4 General description of some IKK-ε binding proteins

Cell-cell contact zone

Rho and Zip: Cadherins are transmembrane proteins involved in cell-cell ad-

hesion in calciun-dependent manner and in cytosol cadherin tails interact with

actin cytoskeleton (Braga et al. 1997). Rhombooid (Rho) is the small GTPase

involved in regulation of these biological processes, thereby regulating cell mi-

gration, cell polarity and cell cycle progression (Braga et al. 1997; Hodge and

Ridley 2015). In Drosophila, the hexamer myosin II is composed of three pairs

of proteins – the myosin II heavy chain which is encoded by zipper (zip), the reg-

ulatory chain encoded by spaghetti squash (sqh) and the myosin II essential light

is encoded by Mlc-c) (For review see Aldaz et al. 2013; L. Zhang and Ward 2011).

Myosin II or non-muscle myosin II is involved in concentrating E-cadherin at

cell-cell contact zones and is a key effector of Rho/Rho kinase signaling (Heuzé

et al. 2019; Shewan et al. 2005).
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ER membrane insertion complex

SGT and CG9853: Small glutamine-rich tetratricopeptide repeat-containing

protein (SGT) as a co-chaperone (Chartron et al. 2011; Lin et al. 2021). This pro-

tein interacts with CG9853 (GET4) and GET5 which are subunits of transmem-

brane domain reconition complex (TRC) (Chartron et al. 2011), this complex

plays various important functions in cells (See TRC, Page 115).

Retromer complex

VPS35 and SNX1: In mammals the retromer complex is composed of a vac-

uolar protein sorting-associated protein 26 (VPS26)-VPS29-VPS35 trimeric sub-

complex and a dimer of membrane-associated sorting nexin (SNX) (Luo et al.

2018). The retromer complex is involved in endosomal trafficking and func-

tions by recognising specific receptors within endosomal membranes contain-

ing specific recognition sequences, which targets them cargo to be transported

to the appropriate destination (Luo et al. 2018; Seaman 2012; Suzuki et al. 2019).

The dysfunction of this complex is linked to various neurodegenerative diseases,

such as, Alzheimer’s disease, Parkinson’s disease and Down’s syndrome (Luo et

al. 2018).

Myosin V complex

CaM and Didum: Myosin V complex is a cargo transporter of organelles, se-

cretory vesicles, membranous cargo, lipids, mRNA and protein vesicles using

actin as tracks, in contrast of kinesin and dynein that use MTs as tracks, al-

though they transport similar cargos (For review see Trybus 2008). Although

this complex is also found at contractile rings of actin filaments, its function

in the assembly and contraction of these rings is less known (Laplante et al.

2015). Calmodulin molecules bind to light chain-binding domain (LCBD) of the

myosin V complex in Ca2+-dependent manner to regulate its conformations and

activities (For review see Shen et al. 2016), and the dilute class unconventional
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myosin (Didum) is orthologous to the human Myosin V complex (Bonafé and

Sellers, J.R. 1998; Larson 1996; MacIver et al. 1998).

Signal recognition particle

SRP68 and SRP72: Signal recognition particle (SRP68) is the heterodimer of

SRP complex, which in mammals is composed of six proteins: SRP9, SRP14,

SRP19, SRP54, SRP54, SRP68 and SRP72 (Gao et al. 2017). This complex is a

ribonucleoprotein particle that functions as an adaptor between the synthesis

of proteins and the translocation machinary in the membrane. Thus, the SRP

plays crucial roles in the co-translational transport of secretory and membrane

proteins into the ER (Gao et al. 2017; Wild et al. 2004).

Nuclear pore complexes

NUP154, NUP205 and NUP107: These subunits are components of nuclear

pore complex (NUPCs), which comprises at least thirty two proteins (Guglielmi

et al. 2020; Raices and D’Angelo 2012). The NPCs are localised to the nuclear en-

velope and mediate the exchange of large molecules between nucleoplasm and

cytoplasm with involvement of the small GTPase Ran (Ran-GTP) in the nucleus

and the Ran-GTPase activating protein 1 (RanGAP1) in the cytosol (For review

see Grossman et al. 2012; Guglielmi et al. 2020). NUPs plays important role in

mitotic progression and maintenance of genome integrity, thus avoid the accu-

mulation of DNA damage (Loeillet et al. 2005; Nagai et al. 2008). During mitosis,

NPC componets are located to kinetochores where regulate functions of these

structures. NUPs regulate chromosome segregation, spindle assembly and trig-

ger onset of anaphase (Chatel and Fahrenkrog 2011; Wozniak et al. 2010).



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 129

Table 4.16: IKK-ε interacting proteins in metaphase. The table summarises
mitotic IKK-ε binding proteins (Figure 4.8).

Proteins and complexes Known interactors and functions
Cell-cell contact zone pro-
teins

These proteins which include Rho and Zip regulate cell-cell adhesion, cell migra-
tion, polarity and cell cycle progression (Braga et al. 1997; Hodge and Ridley 2015).

ER membrane insertion
complex

SGT is a co-chaperone that interaacts with CG9853 (GET4) in TRC (Suloway et al.
2010), which plays different biological functions (Table 4.13)

Retromer complex This complex in mammals is composed by VPS26, VPS29, VPS35 and SNX (Luo et al.
2018) and regulate cargo in endosomes to be transported to the appropriate desti-
nation (Luo et al. 2018; Seaman 2012; Suzuki et al. 2019).

Myosin V complex Didum is the orthologue to the human Myosin V complex which is involved in
transporting cargoes using actin filaments as tracks (Reviewed by Trybus 2008).
Functions of this complex at contractile rings of acting are less known. CaM is a
protein that regulates function of Didum (For review see Shen et al. 2016).

Signal recognition particle
(SRP)

This complex is composed of various signal recognition particles (SRPs) (Gao et al.
2017) and plays important functions in secretory and membrane proteins into the
ER (Gao et al. 2017; Wild et al. 2004).

Nuclear pore complex
(NUPC)

The complex includes different components (≈ 32 proteins) of the nuclear pore
complexex (NUPCs) (Guglielmi et al. 2020; Raices and D’Angelo 2012) These com-
plexes regulate the exchange of macromolecules between nucleoplasm and cyto-
plasm (Reviewed by Grossman et al. 2012; Guglielmi et al. 2020). In addition, nu-
clear pore proteins (NUPs) modulate maintenance of genome integrity, chromo-
some segregation, spindle assembly and the promotion of onset of the anaphase
(Chatel and Fahrenkrog 2011; Loeillet et al. 2005; Nagai et al. 2008; Wozniak et al.
2010).

4.7 Dynamic localisation and protein-protein interaction network of mCh-

JVL in the early embryo

To determine the localisation and identification of JVL binding proteins, I

crossed female virgins of flies of genotype UASp-mCh-JVL to matαt-GAL4 males

(Table 2.4) for early embryo collection and subsequently live imaging analysis.

Previous studies using mCh-JVL have been conducted in Drosophila germline

and bristles, these investigation illustrated that the JVL interacts with SPN-F and

IK2 to organise MTs during oogenesis and bristle development (See SPNF-JVL-

IK2 complex, Page 93). It has been shown that JVL is a MT-associated protein

and physically interacts with EB1 in vitro (Baskar et al. 2019).
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4.7.1 Mitotic Localisation of mCh-JVL

To investigate the dynamic localisation of mCh-JVL in early embryos, I im-

aged 1–2 hr old embryos laid by L3mC h−JV L
+ ; Pr i

matαt−G AL4 and L3mC h−JV L
+ ; matαt−G AL4

T M6B

mothers using spinning disc confocal microscopy. Embryos were imaged every

5 seconds across 5 x 1 µm z planes. Image sets were analysed using ImageJ, as

maximum intensity projections. 9 movies in total taken and analysed, showed

similar JVL dynamic localisation in the early embryos. As illustrated in Figure

4.9, during late interphase and NEB, JVL is found concentrated at the centro-

somes, between metaphase and early interphase it decreseases. During the en-

tire cell cycle it was not seen in the region of the mitotic spindle, in contrast to

the SPN-F and IK2 dynamic localisation.

(a) Late interphase. (b) NEB. (c) Metaphase. (d) Met-Anaphase.

(e) Mid-Anaphase. (f) Telophase. (g) Early interphase.

Figure 4.9: Dynamic localisation of mCh-JVL in the early Drosophila embryo.
9 movies were taken and analysed for dynamic localisation of JVL in the early
embryo. The Figure shows that JVL gradually increases its localisation to the
centrosomes between interphase and nuclear envelope breakdwon. Between
metaphase and early interphase JVL retracts from centrosomes and during late
interphase it starts relocalising to centrosomes to repeat the cycle. In contrast to
IKK-epsilon and SPN-f, JVL is not localised in the region of the mitotic spindle
throughout the cell cycle.
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4.7.2 Identification of the JVL mitotic interactome

In order to characterise the JVL mitotic interactome, I undertook a RFP-TRAP-

A purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested mCh-JVL expressing em-

bryos followed by LC-MS/MS analysis. The associated Western blot is shown in

Figure 4.10, demonstrating the negativity of the assay in all samples – total ex-

tract, high speed supernatant, depleted and pellet. This may be due to the low

expression of mCh-JVL in the embryos (area = 1.407E8). Despite the negative

result, I therefore subjected the pellet to proteomics analysis.

Figure 4.10: Western blot of mCh-JVL. The detaction of JVL using Western blot
has failed and the reason may be correlated to low expression of the protein
(Area = 1.407E8, Table 4.17), whereas the bioimage showed the expression of the
mCh-JVL in the embryos (Figure 4.9). mCh-JVL MW ≈ 154 kD.

Following MS, the identified protein IDs were subjected to the Wakefield-

Lab standard bioinformatics (Chapter 2). All remaining protein IDs were sorted

by mean abundance and those proteins with an Area/Abundance of 1.3E7 and

more were retained in the list. This bioinformatics pipeline resulted in the iden-

tification of 80 proteins (Table 4.17). 79 JVL binding proteins were identifed,

although the JVL did not have the highest area as expected.
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Table 4.17: JVL interactors in metaphase. The table illustates proteins that in-
teract with JVL in metaphase.
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To further understand the functional relationships between JVL and its mi-

totic interactors, I took the 80 proteins and subjected them to GO enrichment

analysis (Table 4.18). 7 functional cellular component terms were identified

– the RZZ complex, COPI-coated vesicle, signal recognition particle, retromer

complex, nuclear pore, apicomedial cortex and spectrosome. To aid visuali-

sation, the protein-protein interaction software package, Cytoscape was again

used. The network constituted the JVL interacting proteins within the GO-enri-

ched cellular components terms, along with JVL interacting proteins already

identified as enriched EB1-GFP interacting proteins, where the size of the nodes

(Figure 4.11) corresponds to the abundance of the protein identified in the JVL

IP. To visually compare my experiment with the known protein-protein inter-

action data, I added any interactions already present in the biological general

repository for interation datasets TheBioGrid database (https://thebiogrid.

org) (Figure 4.11).

https://thebiogrid.org
https://thebiogrid.org
https://thebiogrid.org


CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 134

Ta
b

le
4.

18
:

JV
L

G
O

E
n

ri
ch

m
en

t
A

n
al

ys
is

.
JV

L
in

te
ra

ct
o

rs
w

er
e

an
al

ys
ed

u
si

n
g

G
O

E
n

ri
ch

m
en

t
A

n
al

ys
is

an
d

th
e

re
su

lt
s

sh
ow

p
ro

te
in

s
o

f
ce

ll
co

m
p

o
n

en
ts

.



CHAPTER 4. IDENTIFICATION AND CHARACTERISATION OF THE METAPHASE EB1 INTERACTOME 135

Figure 4.11: JVL interactors in metaphase. JVL interactors in metaphase after
BioGrid Analysis for visualising interaction networks. Proteins isolated in this
work are linked by solid lines and those in BioGrid database are shown with
dotted lines.

4.7.3 JVL interacting proteins

To have the final JVL interacting proteins in metaphase (Figure 4.11), in ad-

dition to JVL binding proteins within GO-enriched cellular components terms

(Table, 4.18), I manually chose JVL interactors in metaphase from Table 4.17 that

were already identified either as EB1 interacting proteins with a final cut-off of

1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or EB1 interacting pro-

teins within GO term enrichment cellular components (Table 4.2). This analy-

sis demonstrates the presence of the full SPNF-JVL-IKK-epsilon complex in the

mCh-JVL mitotic IP. It also shows the presence of the full RZZ complex. The GO

analysis also identified further complexes: COPI-coated vesicle, signal recogni-

tion particle, retromer complex, nuclear pore, apicomedial cortex and spectro-
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some. Although HOOK protein was identified, CTP, DNApol-ε 58 and DNApol-ε

255 were not within the identified 80 proteins; as such they do not appear in the

Cytoscape network in Figure 4.11. Furthermore, EB1 was not identified as an

enriched interactor of JVL, despite it being the protein which identified JVL in

the original TMT analysis (See Discussion 4.13 for a full explanation of why this

might be).

4.7.4 General description of some JVL binding proteins

Mms19

Mms19: the Mms19 is the subunit of the cytosolic iron-sulfur protein assem-

bly (CIA) complex which interacts with apoproteins and madiates the insertion

of iron-sulfur cluster into these apoproteins implicated in methionine biosyn-

thesis, DNA replication and rapair, as well as in telomere maintenace (Reviewed

by Petronek et al. 2021; Stehling et al. 2012).

For description of the remaing JVL interacting proteins, see Sections 4.3, 4.5.4

and 4.6.4.

4.8 Dynamic localisation and protein-protein interaction network of PIGS

in the early embryo

To investigate the localisation and identification of PIGS interacting proteins,

I crossed female virgins of flies of genotype UASp-GFP-PIGS both to matαt-

GAL4 males and HisRFP;matαt-GAL4 males (Table 2.5 and Table 2.6) for early

embryo collection and subsequently live imaging analysis. The pickled eggs

(PIGS) protein is reported to bind directly to both actin and MT cytoskeleton

in vitro using cultured cells, however, in vivo, it is unclear if this is also the case

(Pines et al. 2010). To date, no studies of interaction between PIGS and EB1 has

been reported in any species, however, results of my EB1 IP suggest that PIGS

is as an EB1 interactor which is supported by having two SxIP motifs at its C-

terminus (Table 4.4).
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4.8.1 Mitotic Localisation of PIGS

To determine the dynamic localisation of GFP-PIGS in early embryos, I im-

aged 1–2 hr old embryos laid by w ; Hi sRF P
+ ; GF P−PIGS

matαt−G AL4 mothers using spinning

disc confocal microscopy. Embryos were imaged every 5 seconds across 5 x 1

µm z planes. Image sets were analysed using ImageJ, as maximum intensity

projections. 5 movies taken and analysed, showed similar dynamic localisation.

As illustrated in Figure 4.12, between late interphase and metaphase , PIGS is

found concentrated at the centrosomes and at the apical cortex, then it ap-

pears to decrease during anaphase and early interphase. These observations

are in agreement with the roles of PIGS as actin-MT cross-linker and as +TIP

protein, in accordance with studies reported by Girdler et al. (2016) and Pines et

al. (2010). In contrast to this dynamic localisation, Yamamoto-Hino et al. (2018)

and his colleagues, in their experiments using Drosophila S2 cells, state that the

vast majority of PIGS is localised to the endoplasmic reticulum and only the mi-

nority is localised to the nuclear envelope.
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(a) Late interphase. (b) NEB. (c) Metaphase. (d) Met-Anaphase.

(e) Late interphase. (f) NEB. (g) Metaphase. (h) Met-Anaphase.

(i) Mid-Anaphase. (j) Telophase. (k) Early interphase. (l) L. Interphase.

(m) Mid-Anaphase. (n) Telophase. (o) Early interphase. (p) L. Interphase.

Figure 4.12: Dynamic localisation of GFP-PIGS in the early Drosophila em-
bryo. 5 movies taken and analysed. As shown in the Figure, during late inter-
phase and metaphase PIGS is highly concentrated at the centrosomes and at
the apical cortex. Then the protein decreases between metaphase and early in-
terphase. During late interphase, the protein localises again to the centrosomes
and to the apical cortex for next cycle.
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4.8.2 Identification of the PIGS mitotic interactome

In order to characterise the PIGS mitotic interactome, I undertook a GFP-

TRAP-A purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested GFP-PIGS express-

ing embryos followed by LC-MS/MS analysis. The associated Western blot is

shown in Figure 4.13, demonstrating the negativity of the assay in all samples –

total extract, high speed supernatant, depleted and pellet compared with EB1-

GFP used as a control. Again, it is not clear why the anti-GFP Western failed to

identify GFP-PIGS when the embryos showed expression via immunofluores-

cence. It is possible that the level of protein expression in these embryos is very

low (Area = 2.918E8). Nonetheless, given the positive MS result from JVL and

bioimage, I chose to continue to analyse the pellet using proteomics.

Figure 4.13: Western blot of GFP-PIGS. The Western blot has failed to reveal the
GFP-PIGS. The bioimage (Figure 4.12) showed the expression of GFP-PIGS in the
embryos, but it is not clear whether the reason of anti-GFP Western blot failing
to identify GFP-PGS is due to the low expression of GFP-PIGS in the embryos
(the area ‘2.918E8’ of the protein was not the highest) or not. Whereas the EB1-
GFP used as a control showed the respective band. GFP-PIGS MW ≈ 135 kD and
EB1-GFP MW ≈ 59 kD.
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Following MS, the identified protein IDs were subjected to the Wakefield-

Lab standard bioinformatics (Chapter 2). All remaining protein IDs were sorted

by mean abundance and those proteins with an Area/Abundance of 1.3E7 and

more were retained in the list. This bioinformatics pipeline resulted in the iden-

tification of 75 proteins (Table 4.19). PIGS did not have the highest area (2.918

E8) as expected, however, it was the 3r d most abundant protein present. This

suggests the MS results are valid, irrespective of the negative result from the as-

sociated Western blot, 74 PIGS interactors were identified.

To further understand the functional relationships between PIGS and its mi-

totic interactors, I took the 75 proteins and subjected them to GO enrichment

analysis (Table 4.20). 3 functional cellular component terms were identified

– the RZZ complex, the AP-3 adaptor complex and COPI-coated vesicle. To

aid visualisation, the protein-protein interaction software package, Cytoscape

was again used. The network constituted the PIGS interacting proteins within

the GO-enriched cellular components terms, along with PIGS interacting pro-

teins already identified as enriched EB1-GFP interacting proteins, where the

size of the nodes (Figure 4.14) corresponds to the abundance of the protein

identified in the PIGS IP. To visually compare my experiment with the known

protein-protein interaction data, I added any interactions already present in

the biological general repository for interation datasets TheBioGrid database

(https://thebiogrid.org) (Figure 4.14).

https://thebiogrid.org
https://thebiogrid.org
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Table 4.19: PIGS interactors in metaphase. The table shows proteins that inter-
act with PIGS in metaphase in early Drosophila embryos.
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Figure 4.14: PIGS interactors in metaphase. The figures shows PIGS binding
proteins after BioGrid Analysis for visualising interaction networks. Interactions
identified in this experiment are indicated by solid lines and interactions from
BioGrid database are shown with dotted lines.

4.8.3 PIGS interacting proteins

To have the final PIGS interacting proteins in metaphase (Figure 4.14), in ad-

dition to PIGS binding proteins within GO-enriched cellular components terms

(Table, 4.20), I manually chose PIGS binding proteins in metaphase from Table

4.19 that were already identified either as EB1 interacting proteins with a final

cut-off of 1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or EB1 interact-

ing proteins within GO term enrichment cellular components (Table 4.2). This

analysis indicates the presence of two subunits of the full RZZ complex: ROD

and ZW10. The GO analysis also identified further subunits of AP adaptor com-

plex – G and Cnn, as well as the DNAPol epsilon complex component DNAPol-ε

58. However, EB1 was not identified as an enriched interactor of PIGS, despite it

being the protein which identified PIGS in the origninal TMT analysis (See Dis-

cussion 4.13 for a full explanation of why this might be). For description of PIGS

interacting proteins, see Sections 4.3, 4.5.4 and 4.6.4.
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4.9 Dynamic localisation and protein-protein interaction network of HOOK

in the early Drosophila embryo

To determine the localisation and identification of HOOK binding proteins,

I crossed female virgins of flies of genotype UASp-HOOK-GFP to matαt-GAL4

males (Table 2.7) for early embryo collection and subsequently live imaging

analysis. HOOK is reported to interact with dynein and SPNF-JVL-IK2 complex,

However, there are no reports of direct interactions with MTs or with EB1 (See

HOOK, Page 95).

4.9.1 Mitotic Localisation of HOOK-GFP

To investigate the dynamic localisation of HOOK-GFP in early embryos, I im-

aged 1–2 hr old embryos laid by w ; HOOK−GF P
+ ; +

matαt−G AL4 mothers using spin-

ning disc confocal microscopy. Embryos were imaged every 5 seconds across

5 x 1 µm z planes. Image sets were analysed using ImageJ, as maximum in-

tensity projections. 6 movies were taken and analysed to determine the HOOK

localisation in the early embryos. As illustrated in Figure 4.15, during nuclear

envelope breakdown (NEB), HOOK is concentrated at the centrosomes and also

in high-intensity spots throughout the embryo (these spots appear randomly

positioned and quite immobile over the course of a movie and likely reflect in-

soluble, non-functional HOOK-GFP aggregates). Upon nuclear envelope break-

down, HOOK becomes less intense on centrosomes, concentrating in the region

of the mitotic spindle. During anaphase HOOK visibly decreases on the centro-

somes and in the region of the mitotic spindle. During post-telophase, as nuclei

reform HOOK intensity increases at the centrosomes. currently, HOOK is not re-

ported as MT associated protein (Olenick et al. 2016), instead is an adaptor pro-

tein that interacts with cytoplasmic dynein motor proteins and JVL-IK2-SPNF

complex to regulate vesicle trafficking (Bitan et al. 2010; Krämer and Phistry

1999; J. Liu 2017). The dynamic localisation of HOOK (Figure 4.15) does not
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differ much to that of SPN-F (Figure 4.3) and IK2 (Figure 4.6), suggesting its in-

teractions with this complex.

(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mi-Anaphase.

(e) Telophase. (f) Early interphase. (g) L. Interphase. (h) NEB.

Figure 4.15: Dynamic localisation of HOOK-GFP in the early Drosophila em-
bryo. To determine HOOK localisation in the early embryo, 6 movies were taken
and analysed. As shown in the Figure, during nuclear envelope breakdown
(NEB) HOOK is concentrated at the centrosomes. In metaphase HOOK is also
localised in the region of the mitotic spindle, in addition to the centrosomes.
Beteween metaphase-anapase transition and early interphase, the protein be-
comes less intense both on centrosomes and mitotic spindle region. During
post-telophase, as nuclei reform, this intensity increases at the centrosomes for
a new cell cycle.
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4.9.2 Identification of the HOOK mitotic interactome

To characterise the HOOK mitotic interactome, I undertook a GFP-TRAP-A

purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested GFP-SPN-F expressing em-

bryos followed by LC-MS/MS analysis. The associated Western blot is shown in

Figure 4.16, demonstrating the presence of a GFP-positive band at the expected

molecular weight, its presence in the GFP-TRAP-A pellet and its complete de-

pletion in the extracts.

Figure 4.16: Western blot. The Western blot indicates the prensece of a GFP-
positive band at the expected molecular weight (MW). HOOK-GFP MW ≈ 102
kD.

Following MS, the identified protein IDs were subjected to the Wakefield-

Lab standard bioinformatics (Chapter 2). All remaining protein IDs were sorted

by mean abundance and those proteins with an Area/Abundance of 1.3E7 and

more were retained in the list. This bioinformatics pipeline resulted in the iden-

tification of 42 proteins (Table 4.21). HOOK has the highest area (1.78 E10), as

expected, confirming the Western blot.
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Table 4.21: HOOK interactors in metaphase The table illustrates HOOK inter-
acting proteins in metaphase.
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To further understand the functional relationships between HOOK and its

mitotic interactors, I took the 42 proteins and subjected them to GO enrich-

ment analysis (Table 4.22). One functional cellular component term was identi-

fied – the cytoplasmic dynein complex. To aid visualisation, the protein-protein

interaction software package, Cytoscape was again used. The network consti-

tuted the HOOK interacting proteins within the GO-enriched cellular compo-

nents terms, along with HOOK interacting proteins already identified as en-

riched EB1-GFP interacting proteins, where the size of the nodes (Figure 4.17)

corresponds to the abundance of the protein identified in the HOOK IP. To visu-

ally compare my experiment with the known protein-protein interaction data,

I added any interactions already present in the biological general repository for

interation datasets TheBioGrid database (https://thebiogrid.org) (Figure

4.17).

https://thebiogrid.org
https://thebiogrid.org
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Figure 4.17: HOOK interactors in metaphase. The figure shows HOOK inter-
actiong proteins after BioGrid database Analysis, which indicates that HOOK
interactors mostly with subunits of the Dynein/Dynactin complex during
metaphase. Interactions identified in this experiment are indicated by solid
lines and interactions from BioGrid database are shown with dotted lines.

4.9.3 HOOK interacting proteins

To have the final HOOK interacting proteins in metaphase (Figure 4.17), in

addition to HOOK binding proteins within GO-enriched cellular components

terms (Table, 4.22), I manually chose HOOK interactors in metaphase from Ta-

ble 4.21 that were already identified either as EB1 interacting proteins with a

final cut-off of 1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or EB1 in-

teracting proteins within GO term enrichment cellular components (Table 4.2).

As shown in the Figure 4.17, this analysis demonstrates the presence of different

subunits, including DLIC, DHC64C, SW and DLC90F which are components of

the dynein motor complex in the HOOK-GFP mitotic IP. The GO analysis also
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identifed CATH-D which is present within the Top 100 proteins and betaCOP is

not within Top 100 proteins although it was in the original EB1-GFP mitotic in-

teractome. Therefore, they are shown in the Cytoscape network in Figure 4.17.

However, EB1 was not identified as an enriched interactor of HOOK, despite

it being the protein which identified HOOK in the original TMT analysis (See

Discussion 4.13 for a full explanation of why this might be). For description of

HOOK interacting proteins, see Sections 4.3, 4.5.4 and 4.6.4.

4.10 Dynamic localisation and protein-protein interaction network of SLAM

in the early embryo

To determine the localisation, I crossed female virgins of flies of genotype

UASp-SLAM-GFP to matαt-GAL4 males (Table 2.8) for early embryo collection

and to HisRFP;matαt-GAL4 males (Table 2.9) for live imaging analysis. Studies

involved SLM have been conducted in Drosophila embryos for its implication

in invagination furrow process and regulation of vesicular transport (See NUF-

SLAM complex, Page 100). To date, no physical interactions between SLAM and

MTs or EB1 have been published.

4.10.1 Mitotic Localisation of SLAM-GFP

To investigate the dynamic localisation of SLAM-GFP in early embryos, I im-

aged 1–2 hr old embryos laid by w ; Hi sRF P
C yo ; SL AM−GF P

matαt−G AL4 and w ; Hi sRF P
SP ; SL AM−GF P

matαt−G AL4

mothers using spinning disc confocal microscopy. Embryos were imaged every

5 seconds across 5 x 1 µm z planes. Image sets were analysed using ImageJ, as

maximum intensity projections. 4 movies were taken and analysed for dynamic

localisation of the protein. As shown in Figure 4.18, during mitosis, SLAM is con-

centrated at the metaphase furrows throughout the cell cycle, which prevents

interactions between astral MTs from neighbouring mitotic spindles (Tram et al.

2002). This localisation is in perfect agreement with studies previously reported

in literacture (Acharya et al. 2014; Otani et al. 2011).
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(a) Early inter-
phase.

(b) L. Interphase. (c) NEB. (d) Metaphase.

(e) Early inter-
phase.

(f) L. Interphase. (g) NEB. (h) Metaphase.

(i) Met-Anaphase. (j) Mid-Anaphase. (k) Telophase. (l) Early inter-
phase.

(m) Met-
Anaphase.

(n) Mid-Anaphase. (o) Telophase. (p) Early inter-
phase.

Figure 4.18: Dynamic localisation of SLAM-GFP in the early Drosophila em-
bryo. For dynamic localisation, 4 SLAM movies were taken and analysed. As
shown in the Figure, during mitosis, SLAM is concentrated to the metaphase
furrows throughout the cell cycle, which is consistent with its functions during
cell division (Acharya et al. 2014; Tram et al. 2002).
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4.10.2 Identification of the SLAM mitotic interactome

In order to characterise the SLAM mitotic interactome, I undertook a GFP-

TRAP-A purification, using ≈ 0.4 g of 0–3 hr MG-132 arrested SLAM-GFP ex-

pressing embryos followed by LC-MS/MS analysis. The associated Western blot

is shown in Figure 4.19, demonstrating the absence of a GFP-positive band at

the expected molecular weight. As with previous negative Western blot results,

however, I decided to continue to subject the pellet to mass spectrometry.

Figure 4.19: Western blot. The Western blot shows the absence of a GFP-
positive band at the expected molecular weight. SLAM-GFP MW ≈ 156 kD.

Following MS, protein IDs were not identified, strongly suggesting that the

IP did not successfully pull down either SLAM or SLAM interacting proteins,

despite expressing the SLAM-GFP transgene.
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4.11 Evaluating the EB1-GFP Protein-Protein interaction network using cy-

toscape

The final GO enrichment analysis of EB1-GFP binding protein-protein inter-

action network is shown in Figure 4.20. As illustrated in the Figure, the SPNF-

JVL-IKK-ε complex is in the centre of this protein-protein interaction network.

The complex interacts physically with cellular components – I) with all three

subunits, the complex interacts with RZZ complex and COPI-coated vesicle, II)

through IKK-ε and JVL, it interacts with nuclear pore complex, apical-medical

cortex, signal recognition complex, retromer complex and spectrosome, III) via

SPN-F and IKK-ε, the complex binds to cytoplasmic dynein complex and ER

membrane insertion complex, IV) through SPN-F, the complex interacts with

GID complex, V) through IKK-ε, the AP-1 adaptor and Myosin V complexes in-

teract with the complex. In addition, the complex also interacts indirectly with

some of these cellular components, for example – I) through NUF, the complex

interacts with cytoplasmic dynein complex which is reported to be involved in

vesicle trafficking, which is important for metaphase furrow formation (Figure

4.21). II) HOOK mediates the interaction between the JVL-IK2-SPNF complex

and cytoplasmic dynein complex, and nuclear pore complex. III) through RZZ

complex, the complex interacts with PIGS, which also connects AP-3 adaptor

complex and COPI-coated vesicle.
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Figure 4.20: SPNF-JVL-IKK-HK-PIGS complex. The figure shows SPNF-JVL-
IKK-espsilon complex interactions with cellular components identified in the
AP-MS.
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(a) Interphase (b) Prophase

(c) Metaphase

(d) Anaphase

(e) Telophase

Figure 4.21: Illustration of metaphase furrow formation during mitosis. Dur-
ing interphase 4.21(a), the actin concentrates apically into actin caps above
each nucleus and its pair of the centromosomes. During prophase progression
4.21(b), the centrosomes separate toward opposite poles and the actin caps re-
distribute and outiline each nucleus, along with its associated separated centro-
some pair. At metaphase 4.21(c), the furrows invaginate to a depth of ≈ 10 µm
to form a shell that encompasses each mitotic spindle. These furrow structures
have the same composition as cytokinesis furrows, these include actin, myosin
II, spectrins, anillin, septins and formins. The furrow invagination is driven by
fusion of vesicles that originate from the centrosome-associated recycling en-
dosome and these vesicles provide a source of membrane, and components of
the metaphase furrow structures, such as actin remodellers, spectrins, formins,
anillin and myosin II. In my experiments, some EB1 interactors identified are
known to play important role in this process of furrow invagination, such as
Nuf, Dynein complex and Rab11. In addition, my investigations suggest also the
involvement of other EB1 interactors, these include SPN-F, IKK-ε, JVL, HOOK
and PIGS proteins (Figure 4.20). The chromosome segregation progresses into
anaphase 4.21(d), at late anaphase and telophase 4.21(e), the metaphase for-
rows undergo a dramatic and rapid regression to reform an initial state of inter-
phase 4.21(a).
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4.12 Evaluating the degree of overlap between different datasets using Venn

diagram.

Finally, I used a Venn diagram to further visualise relationships between vari-

ous EB1 binding proteins (SPN-F, JVL, IK2, HOOK and PIGS). As shown in Figure

4.22 and Table 4.23, JVL ∩ IK2 shows the highest concentration of the overlap-

ping cellular components, in which 10 components resulted overlapped (COPI-

coated vsicle, SPN-F, JVL, IK2, RZZ complex, nuclear pore, signal recognition,

apico-medical cortex, spectrosome and retromer complex) and the lowest de-

gree is HOOK ∩ PIGS with 1 component overlapped (COPI-coated vesicle).

The degree of overlapping JVL ∩ SPN-F ∩ IK2 cellular components is 5 (COPI-

coated vesicle, SPN-F, JVL, IK2 and RZZ complex), which strongly suggest to be

a physical and functinal complex. In addition, HOOK shares also similarity with

5 components overlapped with each of subunits of JVL-SPNF-IK2 complex and

with whole complex, suggesting that HOOK is functionally part of the whole

complex. In contrast, PIGS with lowest degree of overlapping, 1 with HOOK

(COPI-coated vesicle) and 2 with JVL-SPNF-IK2 complex (COPI-coated vesicle

and RZZ complex) is less likely to be part of the entire complex.
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Figure 4.22: Venn diagram of the overlapped EB1-GFP protein-protein inter-
action network. The diagram shows the degree of overlap between different
datasets. The degree of overlapping (10) of JVL ∩ IK2 is the highest (COPI-coated
vesicle, SPN-F, JVL, IK2, RZZ complex, nuclear pore, signal recognition, apico-
medical cortex, spectrosome and retromer complex). The degree of overlapping
between HOOK, JVL, IK2 and SPN-F is 5 (Table 4.23) suggesting their functional
link as a whole complex. However, the lowest degree of overlapping, 1 (COPI-
coated vesicle) between PIGS and HOOK or 2 (COPI-coated vesicle and RZZ
complex) between PIGS with PIGS and JVL-SPNF-IK2, suggest that PIGS is likely
less to be part of the whole HOOK-SPNF-JVL.IK2 complex.
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Table 4.23: Illustrastion of different cellular components overlapped with var-
ious EB1 interactors in metaphase. The table shows different cellular compo-
nents, which resulted overlapped with EB1 binding proteins (SPN-F, JVL, IK2,
HOOK and PIGS). SPN-F ∩ JVL ∩ IK2 ∩ HOOK ∩ PIGS = 1. SPN-F ∩ JVL ∩ IK2 ∩
HOOK = 2. SPN-F ∩ JVL ∩ IK2 ∩ PIGS = 2. SPN-F ∩ JVL ∩ HOOK = 1. SPN-F ∩
IK2 ∩ HOOK = 1. SPN-F ∩ IK2 = 7. SPN-F ∩ JVL ∩ IK2 = 5. JVL ∩ IK2 ∩ HOOK
= 1. JVL ∩ IK2 = 10. SPN-F ∩ JVL = 6. IK2 ∩ PIGS = 2. JVL ∩ PIGS = 2. SPN-F ∩
PIGS = 2. SPN-F ∩ JVL ∩ PIGS = 2. HOOK ∩ PIGS = 1. JVL ∩ HOOK ∩ PIGS = 1.
JVL ∩ HOOK = 5. SPN-F ∩ HOOK ∩ PIGS = 1. SPN-F ∩ HOOK = 5. JVL ∩ IK2 ∩
PIGS = 2. JVL ∩ IK2 ∩ HOOK ∩ PIGS = 1. IK2 ∩ HOOK ∩ PIGS = 1. IK2 ∩ HOOK
= 5. SPN-F ∩ IK2 ∩ PIGS =2. SPN-F ∩ IK2 ∩ HOOK ∩ PIGS = 1.

SPN-F JVL IK2 HOOK PIGS
COPI-coated vesi-
cle

COPI-coated vesi-
cle

COPI-coated vesi-
cle

COPI-coated vesi-
cle

COPI-coated vesi-
cle

SPN-F SPN-F SPN-F SPN-F
JVL JVL JVL JVL
RZZ complex RZZ complex RZZ complex RZZ complex
IK2 IK2 IK2
HOOK HOOK HOOK
Cytoplasmic dynein
complex

Cytoplasmic
dynein complex

Cytoplasmic
dynein complex

ER membrane in-
sertion complex

ER membrane in-
sertion complex

Nuclear pore Nuclear pore Nuclear pore
Signal recognition
complex

Signal recognition
complex

Apico-medical cor-
tex

Apico-medical cor-
tex

Spectrosome Spectrosome
Retromer complex Retromer complex

4.13 Discussion

The EB1-GFP protein used as a bait, was purified from early Drosophila em-

bryos at very high mean abundance during mitosis (Tables 4.1). This Table in-

dicates that EB1 physically interacts with over 100 proteins during metaphase.

Among these interactors, those of most interest are summarised in Table 4.7,

in which EB1 binding proteins are grouped together by their functional and/or

physical interactions. Dynein/Dynactin complex is a MT minus-end directed

motor complex implicated in transporting different cargoes to the minus ends,

and DHC64C, which constitutes the dynein heavy chain was the most abun-

dant EB1 interactor. During metaphase, this complex is important to silence the

spindle assembly checkpoint through interaction with RZZ complex, carrying

subunits of the complex from kinetochores towards the MT minus ends present
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at the spindle poles consequently triggering the onset of anaphase (Mosala-

ganti et al. 2017; Pereira et al. 2018). The Dynein/Dynactin complex is also

crucial in endosomal trafficking, which is essential for membrane invagination

during mitosis. Furthermore, the presence of immobilised Dynein/Dynactin at

the cell cortex during mitosis is used as a force generator, contributing centro-

some separation. To date, no studies have reported how the Dynein/Dynactin

complex localises to the MT plus ends or how it facilitates the interactions be-

tween EB1 and RZZ complex. However, my results suggest that in metaphase,

the Dynein/Dynactin complex may be transported to the MT plus ends by EB1.

Dynein/Dynactin complex is already known as EB1 interactor (Berrueta et al.

1999; Watson and Stephens 2006) and taking into account that Dynein/Dynacting

complex is a MT minus end directed and most of its subunits were pulled down

via EB1 with high abundance, for example within EB1 interactors in top 100

(Table 4.1), DHC64C was the most abundant subunit identified, suggesting its

strong interaction with EB1 in metaphase. Given the presence of an SxIP motif

at N-terminus of ROD (Table 4.4), EB1 may therefore directly mediates the bind-

ing of the Dynein/Dynactin complex to the RZZ complex. This hypothesis could

be tested through additional AP-MS studies, including ROD and DHC64C. These

studies can be complemented by gel filtration chromatography, cleavable affin-

ity purification (Cl-AP) and yeast two-hybrid system (Y2H) for comfirmation of

direct interaction.

Much of the work presented in the second part of this Chapter used Affin-

ity Purification Mass Spectrometry (AP-MS) from embryos expressing GFP (or

mCh) tagged versions of proteins identified as EB1 interactors (SPN-F, JVL, IKK,

PIGS and HOOK). The results suggest a physically and functionally linked net-

work and yet, in all cases, EB1 was not identified as a reciprocal interactor. This

protein functions as a dimer in vivo and one of its two calponin homology (CH)

domains binds non-covalently to the corner and interacts with four tubulins of
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two adjacent protofilaments, whereas the other CH domain stays in the next

corner of four tubulin dimers without participating in the interactions between

EB1 dimer and MTs (Luo et al. 2014; Maurer et al. 2012; Zhang et al. 2015).

These domains are large, about 130 residue amino acids (Figure 1.8) although

all residues may not be involved in interactions with MTs. Furthermore, one

CH domain interacting with four adjacent tubulin dimers may generate a large

network of non-covalent interactions with MTs, resulting in strong interactions.

While the end-binding homology domain of EB1 is much smaller, about 30 resi-

due amino acids (Figure 1.8 and Table 1.4) which may generate fewer non-cova-

lent interactions with EB1 binding proteins, consequently this creates weak in-

teractions. This is obvious, EB1 must associate firmly with MTs as it recruits a

plethora of its binding proteins during mitosis to regulate the dynamic insta-

bility. This is consistent with what was stated by Honnappa et al. (2009) that

interactions between EB1 and its interacting proteins are weak. Then, the in-

teractions between these proteins and EB1 may not be strong enough to pull

down EB1 in AP-MS assay. Alternatively, these EB1 interactors were pull down

indirctly with other proteins, such as Dynein/Dynactin complex, since recipro-

cal AP-MS identified subunits of this complex as their common interactors.

However, it is less likely that EB1 interacting proteins were pulled down indi-

rectly with MTs, because the experiment was conducted at 4 °C which does not

allow the MT formation, as confirmed by no enrichment of tubulin in results.

In this experiment, more than 1/3 EB1 binding proteins have previously shown

ralationships with EB1 and/or MT functions (Section 4.3). Therefore, consider-

ing all these together, the data strongly suggests that EB1 interactors were not

pulled down indirectly, and it is a valid dataset which demonstrates the in vivo

mitotic EB1 interactome.
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Each of three subunits: SPN-F, JVL and IK2 IP, pulled down the other com-

ponents of the SPNF-JVL-IK2 complex, which is consistent with their physical

interactions within the complex. In addition, each component of the complex

interacts with subunits of the dynein motor protein or with its adaptor, includ-

ing CTP, Rab1, Rab5, and Rab7. The SPNF-JVL-IK2 complex further interacts

with RZZ complex, with COPI-coated vesicles, and with CATH-D. These inter-

actions support their role as a functional complex. Due to their involvement

in invagination furrows and requirement of vesicular membranes by SPNF-JVL-

IK2 complex during mitosis, my speculation is that these vesicles are carried

by the Dynein/Dynactin complex and handed to SPNF-IK2-JVL complex in the

transient membrane by interaction with CTP subunit and Rab adaptor proteins.

This assumption is supported by the fact that HOOK, which physically inter-

acts with SPNF-JVL-IK2 complex and PIGS which does not interact with the

complex, have indicated COPI-coated vesicles as their respective interactors.

Consequently, this suggests that SPN-F, JVL, IKK-ε, PIGS and HOOK act func-

tionally as a whole complex. These observations are in agreement with stud-

ies conducted by Lu et al. (2020), who domonstrated that through SPN-F and

CTP, HOOK physically interacts with SPNF-JVL-IK2 and Dynein/Dynactin com-

plexes, respectively. PIGS, which is a Gas2-like protein is implicated in linking

MTs to cytoskeletal network (Takács et al. 2017; Voelzmann et al. 2017; yue et al.

2017). Gel filtration chromatography could be used to investigate these compo-

nents as part of a whole complex (Bai 2015).

In summary, immunoprecipitation followed by TMT-MS/MS is a sensitive,

accurate and selective approach to identify and quantify proteins (Aebersikd

and Mann 2016; Richards et al. 2015) used in my experiments. In agreement

with these experiments, I found a robust enrichment of gene ontology terms

(GO) among various EB1 interactors, pointing to good relationships among these

interacting proteins (Ashburner et al. 2000) and these connections were also
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confirmed through Venn diagram showing high degree of overlapping among

proteins in analysis. Thus, this investigation, indicates that IK2-JVL-SPN-F and

Dynein/Dynactin complexes, PIGS and HOOK proteins are EB1 interactors or

can be considered as potential candidates for EB1 binding proteins in early Droso-

phila embryos during metaphase-anaphase transition.

However, numerous non-specific binding proteins or contaminants can be

co-purified together with the protein of interest. To overcome this limitation,

I subjected my TMT-MS/MS results to computational comparison with control

experiments previously carried out by Wakefield lab members, which allowed

me to exclude false interactors. Alternatively, the recently described cleavable

Affinity Purification (Cl-AP) approach from our lab could be used. In this ap-

proach, a reagent comprising Protein A sepharose beads and GFP TRAP co-

valently linked by a short molecule, containing a reducible S-S moiety allows

for purification of GFP-tagged protein complexes from embryos. Incubation

with 50mM DTT reduces the S-S, specifically cleaving the purified protein com-

plex from the beads for in vitro assays or Mass Spectrometry. As any contami-

nating or non-specific proteins are retained on the beads, this could verify the

results obtained here. Alternatively, studies using gel filtration for fractionat-

ing extracts of embryos expressing these proteins fused with GFP tag, prior to

AP-MS and complemented by Western blot, should be used to further confirm

that these components are really part of the whole complex. Finally, binary

protein-protein interactions could be investigated using yeast two-hybrid sys-

tem (Brückner et al. 2009; Rajagopala 2015; Yugandhar et al. 2020).



Chapter 5: Investigating novel mitotic interactors of

EB1 in the early Drosophila embryo

5.1 Introduction

In the previous Chapter, I identified CG12702, CORN and two subunits of

the DNApol-ε complex as new EB1 associated proteins in metaphase, as de-

termined by immunoprecipitation and TMT-MS/MS. A Bioinformatics analysis

also demonstrated that the DNApol-ε complex possesses EB1 interacting do-

mains (Table 4.4). However, this does not exclude that other proteins without

EB1 motifs cannot interact with EB1, as the immunoprecipitation would have

identified both direct and indirect EB1 interacting proteins and as more EB1

binding regions may yet exist.

So far, nothing is known about functions of these Drosophila proteins during

mitosis. However, the human orthologue of CG12702, as determined by Fly-

base (https://flybase.org/) is termed cancerous inhibitor of protein phos-

phatase 2A (CIP2A) and is found in high concentraction in cancer cells (Jeong et

al. 2014; Kim et al. 2013). Moreover, CG12702 is reported to interact with Rab2

and Rab6, which are Dynein/Dynactin complex adaptors, and Cdc23, a compo-

nent of the anaphase-promoting complex (APC/C); an E3 ubiquitin ligase im-

portant for the progression of cells from metaphase to anaphase (Bassermann

et al. 2014; Bochis et al. 2015; Golsteyn et al. 1995).
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CORN has been described as a MT binding protein, functioning in the regu-

lation of exocytosis (Cramer 2000; Finan et al. 2011; Hasson 2003). It has been

demonstrated to interact with Jaguar (jar), Inscuteable (insc) and β-Tub56D (Fi-

nan et al. 2011; Kraut et al. 1996). Jar works with CLIP-190 in regulating interac-

tions between actin and MTs and may be implicated in vesicle transport, as well

(Finan et al. 2011). Insc is essential for recruiting MT binding proteins to the

apical cell cortex to promote apical-basal spindle orientation (Bulgheresi et al.

2001).

Finally, the DNApol-ε 58 is part of DNApol-ε complex, which include DNApol-

ε 255, DNApol-ε subunit 3 (Chrac-14) and DNApol-ε subunit 4 (Mes4) (Burgess

and Zhang, Z. 2010; Marygold et al. 2020). DNApol-ε 58 and 255 are catalytic

subunits which are involved in DNA replication and repair (Oshige et al. 2000;

Sahashi et al. 2013), whereas, Chrac-14 and Mes4 are involved in DNA replication-

coupled nucleosome assembly (For review see Burgess and Zhang, Z. 2010;

Marygold et al. 2020). However, the role of the DNApol-ε complex in metaphase

is unknown.

Given the above evidence, but the lack of any data verifying a physical or func-

tional link between these proteins and EB1 in metaphase, I decided to engineer

transgenic flies to express GFP-fusions of CG12702, CORN and DNApol-ε 58 in

the early Drosophila embryo. In this Chapter, I describe their localisation, in-

teracting partners and investigate the consequences of inhibiting EB1and EB2

function via interfering antibody injection.
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5.2 Generating new transgenic Drosophila to express GFP-fusions of novel

EB1 interacting proteins: CG12702, CORN and DNApol-ε 58

To investigate novel mitotic EB1 interacting proteins, I designed DNA con-

structs that placed the cDNA sequences of Drosophila CG12702, CORN or DNApol-

ε 58, fused with the cDNA sequence of GFP upstream. Following their synthesis

and cloning into pPGW (DGRC; https://dgrc.bio.indiana.edu//stock/

1077) a standard Drosophila vector that places the fluorescent transgene under

the control of the germline optimised UASp promoter (Chapter 2, Section 2.3.8).

The final constructs were validated and sent to BestGene for microinjection and

random integration into w1118 embryos. Random integration was chosen, rather

than attP platform insertion, in order to generate a series of lines whose expres-

sion might vary. In this way, the expression of the transgene can be tuned during

the early syncytial cycles. Transgenic flies possessing mini-white (red eyes) were

selected, crossed to w1118 male or virgin females and the chromosomal insertion

determined. 4 such fly lines for CG12702 and 10 lines of CORN and DNApol-ε

58 were recovered.

For each gene, 2 lines with the darkest eye colour, likely corresponding to

those which would deliver the highest expression were chosen for further char-

acterization. Virgin females of these lines were crossed to homozygous flies

that express GAL4 under the maternal-α-tubulin promoter (matαt-GAL4 flies).

Then, 1–2 hour old embryos laid by the resultant flies were hand dechorion-

ated and imaged using confocal spinning disc microscopy. In addition, batches

of 0–3 hr old embryos were dechorionated using bleach for 1–2 minutes, treated

with MG132 to arrest in metaphase and processed for immunoprecipitation, fol-

lowed by TMT-MS/MS and Western blot, to identify their interactors in metapha-

se and verification of protein isolation.

https://dgrc.bio.indiana.edu//stock/1077
https://dgrc.bio.indiana.edu//stock/1077
https://dgrc.bio.indiana.edu//stock/1077
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5.3 Mitotic localisation and attempted IP of CG12702

To determine the dynamic localisation of CG12702, two independent sets of

virgin females express ing GFP-CG12702 were crossed to homozygous flies that

express GAL4 under maternal-α-tubulin promoter (Table 2.10). Then embryos

with age 1–2 hours from offspring of this cross were dechorionated and imaged.

Disappointingly, no specific localisation was observed at any stage of the cell

cycle, or at any aged embryo for either fly line. Instead, discrete punctae of vary-

ing size and intensity were observed (Figure 5.1(a)). It is not clear whether these

punctae correspond to autofluorescence of yolk granules or lipid droplets, or

aggregates of GFP-CG12702. To assess whether GFP-CG12702 was being cor-

rectly expressed in embryos I performed a Western blot, probing with anti-GFP

antibody (Figure 5.1(b)). This Westen blot indicates a protein of the correct pre-

dicted size (≈ 125 kD) is expressed in these embryos. However, the embryos did

not show any specific localisation when imaged using the spinning disc confocal

microscope. Discrete dots of fluoresence, possibly corresponding to aggregates

of CG12702-GFP were seen, that varied in size, shape and focal plane.
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(a) Dynamic localisation of CG12702. (b) Western blot of CG12702.

Figure 5.1: Dynamic localisation and Western blot of CG12702 in the early em-
bryo. Time-lapse image 5.1(a) does not show a discrete localisation of CG12702
in the early Drosophila embryo. Instead, bright fluorescent punctae were ob-
served. However, the Western blot 5.1(b) demonstrates CG12702 expression in
syncytial Drosophila embryos. EB1-GFP was used as a control and two inde-
pendent GFP-CG12702 lines, inserted into chromosomes 2 and 3 were tested
for expression verification. EB1-GFP and GFP-CG12702 MW ≈ 59 kD and 123
kD, respectively. Probed with anti-GFP antibody (Roche).

Given the lack of localisation, I decided to focus instead on the two remaining

transgenic lines and did not take investigations of GFP-CG12702 further.
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5.4 Dynamic localisation and protein-protein interaction network of DNApol-

ε 58

Two core subunits of the DNApol-ε complex, DNApol-ε 58 and DNApol-ε

255, were identified as being mitosis-specific EB1 interactors. Considering the

weight of evidence for their presence as a complex, I decided to make only

flies expressing GFP-DNApol-ε 58. Virgin females were crossed to homozygous

males expressing GAL4 under maternal-α-tubulin promoter (Tables 2.11 and

2.12). Consequently, embryos aged 1–2 hours were prepared and bioimaged to

ascertain the dynamic localisation of the protein (Figure 5.2). As embryos enter

mitosis, from nuclear envelope breakdown (Figure5.2(a) and Figure 5.2(l)) GFP-

DNApol-ε 58 accumulates in the region of the growing spindle. By metaphase

(Figure 5.2(b)), it is clearly present throughout the spindle, but is also present

at the centrosomes. Interestingly it is excluded from the mitotic chromosomes

(showing as dark regions at the middle of the spindle shape). The spindle lo-

calisation is maintained into anaphase (Figure 5.2(d)), where the protein also

appears at the anaphase asters. In telophase (Figure 5.2(i)), GFP-DNApol-ε 58

localises in the reforming nuclei but is also seen at the central spindle MTs, be-

tween the nuclei. During interphase (Figure 5.2(k)) DNApol-ε 58 is localised in

nuclei, as expected for a DNA polymerase.
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(a) NEB. (b) Metaphase. (c) Met-Anaphase. (d) Mid-Anaphase.

(e) NEB. (f) Metaphase. (g) Met-Anaphase. (h) Mid-Anaphase.

(i) Telophase. (j) Early interphase. (k) Late interphase. (l) NEB.

(m) Telophase. (n) Early interphase. (o) Late interphase. (p) NEB.

Figure 5.2: Dynamic localisation of DNApol-epsilon 58 in different stages of
mitosis. To determine the localisation of DNApol-ε 58, 6 movies were taken
and analysed. The Figure illustrates that during nuclear envelope breakdown
(NEB) GFP-DNApol-ε 58 concentrates in the region of the mitotic spindle. In
metaphase and anaphase, DNApol-ε 58 is found throughout the spindle and
centrosomes. During interphase the protein localises in the reforming nuclei.
5.2(a) – 5.2(d) and 5.2(i) – 5.2(l) GFP-DNApol-ε 58 split. 5.2(e) – 5.2(h) and 5.2(m)
– 5.2(p) HisRFP split.
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Batches of 0–3 hr old GFP-DNApol-ε 58 embryos were collected, treated with

MG132 and stored, prior to immunoprecipitation using GFP-TRAP-A. A West-

ern blot of this experiment is shown in Figure 5.3. Encouragingly, a protein of

≈ 90 kD was isolated (corresponding to 58 kD + the ≈ 30 kD GFP tag). Samples

were subjected to mass spectrometry to verify the presence of DNApol-ε 58 and

to identify mitotic interacting partners (Table 5.1). DNApol-ε 58 was success-

fully isolated and was the most abundant protein. As expected, DNApol-ε 255

was also identified.

Figure 5.3: Western blot of GFP-DNApol-ε58. Figure illustates the presence of a
GFP positive band at the expected molecular weight, the presence of this band
and its complete depletion in the respective GFP-TRAP-A pellet and extracts.
DNApol-ε 58 MW ≈ 85 kD. Probed with anti-GFP antibody (Roche).
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Table 5.1: DNA-ε 58 IP in metaphase. Isolated DNApol-ε 58 binding proteins in
metaphase.
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The GO Enrichment Analysis (Table 5.2) identified two other proteins, Mes4

and CHRAC-14 proteins, with the same ontology – DNA Polymerase epsilon

complex, highlighting the robustness of the pull-down and verifying the pres-

ence of the entire DNA Polymerase epsilon complex. In addition, the GO anal-

ysis identified enrichment of three other complexes – the ER membrane in-

sertion complex (CG7546 and CG9853), the nuclear pore inner ring (Nucleo-

porin 154 and 205, “Nup154 and 205”), and the succinate-CoA ligase complex

(Succinyl-coenzyzme A synthetase α subunit 1 and A “Scsalpha1 and A”); which

couples the synthesis of ATP and GTP from hydrolysis of succinyl-CoA in the

citric acid cycle (TCA). To compare my experiment with the known protein-

protein interaction data, in Figure 5.4 I added any interactions already present

in the biological general repository for interation datasets TheBioGrid database

(https://thebiogrid.org).

DNApol-ε 58 interacts also with Rcd-l which belongs to the CCR4-NOT com-

plex involved in gene regulation at DNA, RNA and protein level. This complex

regulates decay of mRNA, transcription, translation and proteolytic process. In-

terestingly, the name Rcd1 stands for “reduction in centrosome dots 1”, as it

was identified in genome-wide RNAi screen in Drosophila S2 cells, for genes

involved in centrosome duplication (Dobbelaere 2015). Ids is an lysosomal en-

zyme that belongs to the sulfatase family implicated in hydrolysis of sulfate es-

ters and sulfamates. Although GFP-DNApol-ε 58 did not co-immunoprecipitate

EB1, it did pull down CG18190 (EB2) with score 87.33 (Table 5.1), suggesting a

physical interaction between the DNA polymerase epsilon complex and EB pro-

teins in mitosis.

https://thebiogrid.org
https://thebiogrid.org
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Figure 5.4: DNApol-epsilon 58 interactors. DNApol-ε 58 binding proteins in
syncytial Drosophila embryos in metaphase were identified in this work and are
connected by solid lines. Interactions from BioGrid databese are shown by dot-
ted lines.

5.4.1 DNApol-ε 58 interacting proteins

To have the final DNApol-ε 58 interacting proteins in metaphase (Figure 5.4),

in addition to DNApol-ε 58 binding proteins within GO-enriched cellular com-

ponents terms (Table, 5.2), I manually chose DNApol-ε 58 interactors in metaphase

from Table 5.1 that were already identified either as EB1 interacting proteins

with a final cut-off of 1.2 fold increase in mitosis (Section 4.4 and Table 4.7) or

EB1 interacting proteins within GO term enrichment cellular components (Ta-

ble 4.2). For description of DNApol-ε 58 binding proteins, see Sections 4.3, 4.5.4

and 4.6.4.
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5.4.2 Injection of anti-EB1, anti-EB2 or the combination of anti-EB1 and anti-EB2 antibod-

ies into GFP-DNApol-ε 58 embryos does not lead to mis-localisation of DNApol-ε 58

To investigate the relationship between EB1 and DNApol-ε 58, either anti-

EB1, anti-EB2 or the combination of anti-EB1 and anti-EB2 antibodies were

injected into embryos aged 1–2 hours from offspring of virgin flies expressing

DNApol-ε 58 crossed to male expressing GAL4 under maternal-α-tubulin GAL4.

Then, bioimaging was carried out using time-lapse confocal disc microscopy for

phenotype observation.

In control embryos injected with microinjection buffer (Figures 5.5(a) – 5.5(c)),

embryos expressing GFP-DNApol-ε 58 behaved normally – the GFP-fusion pro-

tein localised similarly to uninjected embryos (Figure 5.2) and the timing and

distribution of nuclear cylces were unaffected. Injection of the anti-EB1 anti-

bodies, purified in Chapter 3, resulted in defects in chromosome segregation

consistent with disruption of EB1 function (Indicated by arrows, Figures 5.5(d)

– 5.5(f)). However, no disruption was observed on DNApol-ε 58 dynamic local-

isation. To further investigate the relationship between DNApol-ε 58 and EB

proteins, anti-EB2 antibodies, purified in Chapter 3, were injected into GFP-

DNApol-ε expressing embryos. Similarly to EB1, chromosome separation and

anaphase elongation phenotypes were observed (Indicated by arrows, Figures

5.6(d) and 5.6(f)) without a noticeable effect on the localisation of the GFP fu-

sion protein. Finally, a mixture of both antibodies was used and the time-lapse

image has shown similar effect to anti-EB1 or anti-EB2 antibodies injections

(Shown by arrows, Figures 5.7(d) and 5.7(f)). As before, co-injection had no

effect on GFP-DNApol-ε localisation (Figure 5.8), suggesting that this protein

does not require EB proteins for its dynamic localisation to the mitotic spindle

or MTs.
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(a) Telophase. Embryo in-
jected with microinjection
buffer as a control. HisRFP
in blue merged with GFP-
DNApol-ε 58 in green.

(b) Telophase. Embryo in-
jected with microinjection
buffer as a control. GFP-
DNApol-ε 58 split.

(c) Telophase. Embryo in-
jected with microinjection
buffer as a control. HisRFP
split.

(d) Telophase. Embryo in-
jected with anti-EB1 anti-
body. HisRFP in blue merged
with GFP-DNApol-ε 58 in
green.

(e) Telophase. Embryo in-
jected with anti-EB1 anti-
body. HisRFP split.

(f) Telophase. Embryo in-
jected with anti-EB1 anti-
body. GFP-DNApol-ε split.

Figure 5.5: Anti-EB1 microinjection injected into 1–2 hr old embryos express-
ing HisRFP and GFP-DNApol-ε 58. As a control (Figures 5.5(a) – 5.5(c)), mi-
croinjection buffer in a variable volume was injected into 5 embryos. However,
after injection these embryos showed a normal progression through three con-
secutive cell cycles and the first telophase of the cycle is shown. The variable
volume of anti-EB1 antibody was injected into 8 embryos, causing defects on
chromosome segregation and anaphase elongation (Shown by arrows, Figures
5.5(d) and 5.5(f)) due to interference with EB1 functions.
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(a) Telophase. Embryo in-
jected with microinjection
buffer. HisRFP in blue merged
with GFP-DNApol-ε 58 in
green.

(b) Telophase. Embryo in-
jected with microinjection
buffer. GFP-DNApol-ε 58
split.

(c) Telophase. Embryo in-
jected with microinjection
buffer. HisRFP split.

(d) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP in blue merged with
GFP-DNApol-ε in green.

(e) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP split.

(f) Telophase. Embryo in-
jected with anti-EB2 antibody.
GFP-DNApol-ε 58 split.

Figure 5.6: Anti-EB2 microinjection into 1–2 hr old embryos expressing His-
RFP and GFP-DNApol-ε 58. Microinjection buffer was injected in a variable
volume into 5 embryos as a control (Figures 5.6(a) – 5.6(c)). However, the in-
jection of this buffer did not cause embryo phenotype. In contrast, when the
variable volume of anti-EB2 antibody (2–4 mg/ml) was injected into 4 embryos,
caused defects on chromosome segregation and anaphase elongations (Shown
by arrowas, Figures 5.6(d) and 5.6(f)) as a consequence of interference with EB1
functions.
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(a) Telophase. Embryo in-
jected with microinjection
buffer. HisRFP in blue merged
with GFP-DNApol-ε 58 in
green.

(b) Telophase. Embryo in-
jected with microinjection
buffer. GFP-DNApol-ε 58
split.

(c) Telophase. Embryo in-
jected with microinjection
buffer. HisRFP split.

(d) Telophase. Embryo in-
jected with the combination
of anti-EB1 and anti-EB2 an-
tibodies. HisRFP in blue
merged with GFP-DNApol-ε
58 in green.

(e) Telophase. Embryo in-
jected with the combination
of anti-EB1 and anti-EB2 an-
tibodies. GFP-DNApol-ε 58
split.

(f) Telophase. Embryo in-
jected with the combination
of anti-EB1 and anti-EB2 an-
tibodies. HisRFP split.

Figure 5.7: The combination of anti-EB1 and anti-EB2 antibody microinjec-
tion into 1–2 hr old embryos HisRFP and expressing GFP-DNApol-ε 58. A vari-
able volume of microinjection buffer was injected into 5 embryos as a control
(Figures 5.7(a) and 5.7(c)). After buffer injection, embryos showed normal pro-
gression through three consecutive cell cycles and the first telophase of the cylce
is shown. However, the combination of both anti-EB1 and anti-EB2 antibody
(1:1, 2–4 mg/ml) when injected in a variable volume into 9 embryos, chromo-
some segregation and anaphase elongation were impaired as a result of inter-
ference with EB1 functions. (Indicated by arrows, Figures 5.7(d) and 5.7(f)).
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(a) Mid-Anaphase. As a control, embryo was
injected with microinjection buffer. GFP-
DNApol-ε split.

(b) Mid-Anaphase. Embryo injected with
anti-EB1 antibody. GFP-DNApol-ε split.

(c) Mid-Anaphase. Embryo injected with
anti-EB2 antibody.

(d) Mid-Anaphase. Embryo injected with
combination of anti-EB1 and anti-EB2 anti-
bodies. GFP-DNApol-ε split.

Figure 5.8: DNApol-ε 58 localisation is not displaced by antibody injections.
The same embryos as previous (Figures 5.5 – 5.7) were split in mid-anaphase
and shown only the GFP-DNApol-ε 58 to visualise visualise the GFP-DNApol-ε
58 localisation. As shown in the Figure 5.8, DNApol-ε 58 was not displaced by
the antibody injections, suggesting that EB1 is not nessecary for the localisation
of DNApol-ε on the mitotic spindle.
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5.5 Dynamic localisation and protein-protein interaction network of CORN

To determine the localisation of CORN in early Drosophila embryos, virgin fe-

male flies expressing GFP-CORN were crossed to homozygous males expressing

GAL4 under maternal-α-tubulin promoter (Table 2.13) and resultant offspring

embryos imaged via confocal spinning disc microscopy (Figure 5.9). GFP-CORN

has a dynamic localisation throughout the cell cycle. Between mid-anaphase

(Figures 5.9(a) and 5.9(i)) and early interphase GFP-CORN (Figure 5.9(c) and

5.9(k)) accumulates gradually at astral MTs. In late interphase (Figure 5.9(d)

and 5.9(l)) and at nuclear envelope breakdown (Figures 5.9(m) and 5.9(u)), GFP-

CORN is distributed in the cytoplasm with a slight enrichment in the area around

centrosomes. As mitosis proceeds, the protein localises discretely but weakly to

the area of the mitotic spindle, exclusing centrosomes. In metaphase (Figures

5.9(n) and 5.9(v)) the protein concentrates on the mitotic spindle. However at

the metaphase-anaphase transition (Figures 5.9(o) and 5.9(w)), there is a dra-

matic relocalisation. GFP-CORN accumulates rapidly at the astral MTs, increas-

ing throughout through to early interphase. As interphase proceeds, fluores-

cence on the astral MTs decreases such that, by the following NEB the protein is

almost exlusively cytoplasmic.
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(a) Mid-Anaphase. (b) Telophase. (c) Early interphase. (d) Late interphase.

(e) Mid-Anaphase. (f) Telophase. (g) Early interphase. (h) Late interphase.

(i) Mid-Anaphase. (j) Telophase. (k) Early interphase. (l) Late interphase.

(m) NEB. (n) Metaphase. (o) Met-Anaphase. (p) Mid-Anaphase.

(q) NEB. (r) Metaphase. (s) Met-Anaphase. (t) Mid-Anaphase.

(u) NEB. (v) Metaphase. (w) Met-Anaphase. (x) Mid-Anaphase.

Figure 5.9: Dynamic localisation of CORN in different stages of mitosis. As
shown in the Figure, between late interphase and nuclear envelope breakdown,
the protein is ubiquitously localised in the cytoplasm with a slight enrichment
in the area around the centrosomes. During metaphase, CORN localises weakly
to the area of the mitotic spindle, exclusing centrosomes. Between metaphase-
anaphase transition and early interphase, the protein is accumlates at the astral
MTs. 5.9(a) – 5.9(d) and 5.9(m) – 5.9(p) HisRFP in blue merged with GFP-CORN
in green. 5.9(e) – 5.9(h) and 5.9(q) – 5.9(t) HisRFP split. 5.9(i) – 5.9(l) and 5.9(u)
– 5.9(x) GFP-CORN split.
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5.5.1 Injection of anti-EB1 and anti-EB2 antibodies into GFP-CORN embryos does not lead

to reduction and mis-localisation of CORN at the apical MTs

Given the rapid and dramatic localisation of GFP-CORN to MTs upon entry to

anaphase, and its specific co-immunoprecipitation with EB1 in MG132 arrested

embryos, I hypothesized that EB1 is responsible for localising CORN. To test

this hypothesis, virgin females of CORN were crossed to males of flies express-

ing GAL4 under maternal-α-tubulin GAL4 (Table 2.13), then embryos aged 1–2

hours of offspring from this cross were injected with either anti-EB1, anti-EB2

or the combination of anti-EB1 and anti-EB2 antibodies. Microinjection buffer

was used as control, then followed by bioimaging using time-lapse confocal disc

microscopy.

Injection of anti-EB1, anti-EB2 or a combination of both antibodies into early

Drosophila embryos expressing GFP-CORN caused defects in chromosome seg-

regation in anaphase and Figures 5.10 – 5.12 show telophases of each first cycle.

This is consistent with the results from Chapter 3 and from injection into the

GFP-DNApol-ε 58 embryos (Figures 5.5 – 5.7). However, there was no obvious

relocalisation of the GFP-CORN under these conditions. Difference to control

injected embryos were observed (Figures 5.10 – 5.12), but these could be corre-

lated to defects in the MT cytoskeleton caused by disruption of EB1 function. So,

for example, the organisation of GFP-CORN positive MTs during late anaphase

and telophase were disrupted, seemingly shorter, more “speckled” and less ex-

pansive than in control injected embryos. However, the overall MT binding abil-

ity of GFP-CORN in anaphase was still present.
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(a) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP in
blue merged with GFP-CORN
in green.

(b) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP
split.

(c) Telophase. As a con-
trol, embryo was injected with
microinjection buffer. GFP-
CORN split.

(d) Telophase. Embryo in-
jected with anti-EB1 antibody.
HisRFP in blue merged with
GFP-CORN in green.

(e) Telophase. Embryo in-
jected with anti-EB1 antibody.
HisRFP split.

(f) Telophase. Embryo in-
jected with anti-EB1 antibody.
GFP-CORN split.

Figure 5.10: Anti-EB1 microinjection injected into 1–2 hr old embryos ex-
pressing HisRFP and GFP-CORN. As a control (Figures 5.10(a) – 5.10(c)), mi-
croinjection buffer in a variable volume was injected into 16 early embryos. Af-
ter injection, these embryos showed a normal progression through three con-
secutive cell cycles and the first telophase of the cycle is shown. The variable
volume of anti-EB1 antibody (2–4 mg/ml) was injected into 13 early embryos.
Movies taken and analysed showed defects on chromosome segregation and
spindle elongation during anaphase and telophase (Figures 5.10(d) – 5.10(f)),
although the relocalisation of the protein was not clear in this conditions. How-
ever, during anaphase and telophase, GFP-CORN on MTs was desplaced (Fig-
ures 5.10(d) and 5.10(f)), this may be as a consequence of the antibody interfer-
ence with EB1 functions.
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(a) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP in
blue merged with GFP-CORN
in green.

(b) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP
split.

(c) Telophase. As a con-
trol, embryo was injected with
microinjection buffer. GFP-
CORN split.

(d) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP in blue merged with
GFP-CORN

(e) Telophase. Embryo in-
jected with anti-EB2 antibody.
HisRFP split.

(f) Telophase. Embryo in-
jected with anti-EB2 antibody.
GFP-CORN split.

Figure 5.11: Anti-EB2 microinjection injected into 1–2 hr old embryos ex-
pressing HisRFP and GFP-CORN. A variable volume of microinjection was in-
jected into 16 embryos as a control (Figures 5.11(a) – 5.11(c)) and this injection
did not affect the embryo behavious. However, the injection of a variable vol-
ume of anti-EB2 antibody (2–4 mg/) into 11 embryos caused defects on chromo-
some segregation and spindle elongation during anaphase and telophase (Fig-
ures 5.11(d) – 5.11(f)), although the relocalisation of the protein was not clear in
this conditions. However, during anaphase and telophase, GFP-CORN on MTs
was desplaced (Figures 5.11(d) and 5.11(f)), this may be as a consequence of the
antibody interference with EB1 functions.
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(a) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP in
blue merged with GFP-CORN
in green.

(b) Telophase. As a control,
embryo was injected with mi-
croinjection buffer. HisRFP
split.

(c) Telophase. As a con-
trol, embryo was injected with
microinjection buffer. GFP-
CORN split.

(d) Telophase. The combi-
nation of anti-EB1 and anti-
EB2 antibodies was injected
into early embryo. HisRFP in
blue merged with GFP-CORN
merged.

(e) Telophase. The combina-
tion of anti-EB1 and anti-EB2
antibodies was injected into
early embryo. HisRFP split.

(f) Telophase. The combi-
nation of anti-EB1 and anti-
EB2 antibodies was injected
into early embryo. GFP-CORN
split.

Figure 5.12: The combination of anti-EB1 and anti-EB2 microinjection buffer
injected into 1–2 hr old embryos expressing HisRFP and GFP-CORN. A vari-
able volume of microinjection buffer was injected into 16 embryos as a control
(Figures 5.12(a) – 5.12(c)). After buffer injections, these embryos showed nor-
mal progression through three consecutive cell cycles and the first interphase of
the cycle is shown. However, the injection of the combination of anti-EB1 and
anti-EB2 antibodies (2–4 mg/) with a variable volume into 9 embryos caused de-
fects on chromosome segregation and spindle elongation during anaphase and
telophase (The first telophase of the cycle is shown, Figures 5.11(d) – 5.11(f)),
although the relocalisation of the protein was not clear in this conditions. How-
ever, during anaphase and telophase, GFP-CORN on MTs was disrupted (Fig-
ures 5.11(d) and 5.11(f)), this may be as a result of the antibody interference
with EB1 functions.
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5.6 Discussion

During this work, CG12702, CORN and DNApol-ε 58 and DNApol-ε 255 were

identified as novel mitotic binding proteins of EB1 in syncytial Drosophila em-

bryos. Transgenic flies expressing these novel proteins fused with GFP were gen-

erated and investigated to determine their localisation, their protein-protein in-

teraction network and to test the hypothesis that EB1/2 are required for their

dynamic localisation, using antibody injection interference.

There are some caveats associated with fusing GFP to proteins, these include

the linker length as long linker can be cleaved by proteases, the insertion site

should not disrupt the structure or function of the protein of interest and should

not interact with other proteins. Moreover, GFP overexpression can cause cellu-

lar damage as a result of reactive oxgen specties (ROS) generation and immune

mechanisms (Ansari et al. 2016; Gambotto et al. 2000; Liu et al. 1999).

Flies expressing GFP-CG12702 did not show the expected localisation. I iden-

tified CG12702 as a protein that physically interacts with EB1 significantly more

in mitosis than in interphase. In humans, the closest homologue of CG12702,

CIP2A is an inhibitor of protein phosphatase 2A (PP2A) and has been impli-

cated in a variety of cancers (Jeong et al. 2014; Kim et al. 2013). Studies con-

ducted by Jeong et al. (2014) and his colleagues show that depletion of CIP2A

levels through anti-CIP2A antibody injection or through RNAi using HeLa cells

causes defects in centrosome separation, mitotic spindle dynamics and SAC ac-

tivation. These investigations are in agreement with previous studies conducted

by Kim et al. (2013) using the same approach, including antibody against CIP2A

and CIP2A RNAi in HeLa cells. I therefore hypothesized that it would localise

to MTs. Instead, although Western blotting confirmed the presence of a protein

of the correct size expressed in embryos, intense fluorescence puntae of various

size and shape were observed that did not correlate to any cellular or subcellular
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structure, One possibility is that the GFP-fusion tag, placed at the N-termiuns of

CG12702, may interfere with the function and therefore localisation of the pro-

tein. As such, one way forwards would be to generate new transgenic flies, with

the GFP tag at the C- rather than the N-terminus.

The finding that two subunits of the conserved DNApol-ε complex, DNApol-

ε 58 and DNApol-ε 255, interact with EB1 in MG132 treated embryos led me to

generate transgenic flies carrying a GFP-fusion of the smaller subunit. I found

that, in the Drosophila early embryo, DNAPol-ε 58 is localised to the DNA dur-

ing interphase but, after nuclear envelope breakdown and throughout mitosis,

it is localised to the mitotic spindle and centrosomes. I also found that GFP-

DNApol-ε 58 interacts with DNApol-ε 255, Mes4 and Chrac-14 – the other three

conserved subunits of the conserved DNApol-ε complex. It is therefore likely

that the entire complex localises to the mitotic spindle and centrosomes in the

early embryo. However, any function of this complex related to MTs remains

unconfirmed. The localisation of this protein was not disrupted by anti-EB1

or anti-EB2 antibody injections, or a combination of the two; neither did the

GFP-fusion co-immunoprecipitate EB1 as an interacting protein. However, al-

though it was not confirmed by other methods, such as Western blot or other

pull down, DNApol-ε 58 did co-immunoprecipitate CG18190 (EB2), while both

DNApol-ε 58 and 255 contain a S/TxIP motif (Table 4.4) – one of the classical

EB1 binding motifs, leaving open the intriguing possibility that the DNApol-ε

has a functional relationship with the mitotic spindle and EB proteins.

The dynamic localisation of DNApol-ε 58 (Figure 5.2) could reflect its role of

stabilising and repairing DNA during mitosis. However, the reflection should be

also the distribuition of some proteins onto DNA that may play important role

during metaphase, such as lodestar identified in this experiment as a DNApol-ε

58 interactor in metaphase was previously suggested to be involved in promot-

ing the onset of the anaphase during cell division (Szalontai et al. 2009) and
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maintaining the genome integrity (Allard et al. 2004; Takada et al. 2003).

Cornetto (CORN) has been previous characterized as an apical MT binding

protein in Drosophila oocytes (Bulgheresi et al. 2001) with functions relating to

the regulation of exocytosis (Finan et al. 2011) . Although it does not have any

known EB1 binding motifs (Table 4.4), as I identified it as a novel EB1 interac-

tor in metaphase I expected it to localise similarly in the early embryo and that

anti-EB1 antibody injection should interfere with localisation of CORN. The first

hypothesis was correct – GFP-CORN showed a dramatic relocalisation to the as-

tral MTs that interact with the embryonic cortex in anaphase and telophase.

However, interference of EB1 or EB2 function did not result in a specific relo-

calisation of CORN. Instead, the changes in CORN localisation are most easily

explained as a consequence of the changes in MT organisation brought about

through disrupting EB function. Unfortunately, there was not time during these

studies to undertake the affinity purification-mass spectrometry of GFP-CORN.

For all these proteins – CG12702, the DNApol-ε complex and CORN – fur-

ther work will be required to understand their possible relationship with EB1

and MTs. Undoubtedly, all these proteins physically interact with overexpressed

EB1 in the embryo; and at least DNApol-ε and CORN localise to MTs and the

mitotic spindle. Future studies could concentrate on understanding the func-

tion of these proteins through traditional tools, such as mutants, in vivo RNAi

depletion or micro-injection of interfering antibodies. This latter may well be

appropriate for DNApol-ε complex. As a protein complex with a clear and con-

served role in DNA replication, RNAi or mutational analysis would undoubtedly

result in defects in S phase and so any effects on chromosome alignment and

segregation or mitotic spindle morphology would be difficult to characterize.

As interfering antibodies can be injected into embryos after NEB, in order to

disrupt function (Bakal et al. 2005; Yew et al. 1994) this would be an experiment

worth considering.
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6.1 Summary

EB1 is a +TIP that has been widely studied. Together with its binding part-

ners, EB1 is involved in the regulation of MT dynamics, which is important for

mitotic spindle orientation, chromosome alignment and segregation. However,

the role of this protein in metaphase is unclear. Drosophila melanogaster has

only two end binding proteins, EB1 and EB2. In this work I aimed to investigate

the role of these proteins in mitotic early Drosophila embryos by generating

tools to perturb their function, demonstrating efficacy of interfering antibody

microinjection, and by determining and characterising the EB1 mitotic interac-

tome.

To investigate the mitotic localisation of EB1 in vivo, I imaged 1–2 hr old em-

bryos expressing EB1-GFP and as shown in Figure 3.2. EB1 interacts with MTs

in vivo and during interphase the protein is localised at centrosomes and as-

tral MTs, which can been seen as comets, corresponding to the growing MT

plus ends. Shortly after nuclear envelope breakdown, EB1 decreases from astral

MTs and concentrates at the mitotic spindle. During anaphase, the protein re-

tracts from mitotic spindles and increases at the astral MTs. These results are in

agreement with investigations conducted by Rogers et al. (2002). Having char-

acterised the localisation of EB1, I assessed the capacity of EB1 and EB2 to bind

to MTs by bacterially expressing and purifying MBP-EB1 and MBP-EB2 proteins,

then undertaking MT cosedimentation. This confirmed that both proteins, di-

rectly associate with MTs in vitro (Figure 3.9). To attempt to disrupt EB function

190
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in the early embryo I first attempted in vivo RNAi, driving the expression of a

shRNAi construct during late oogenesis through the UAS-GAL4 system using

maternal-α-tubulin promoter. This did not result in a phenotype; neither did

driving the expression of a reported dominant negative version of EB1 in a sim-

ilar way. Instead, I purified antibodies generated against EB1 or EB2 using the

MBP-fusion proteins. I did not remove the MBP-tag, because the Factor Xa en-

zyme used (BioLabs, P8010S) cleaves the EB1 protein after arginine130 residue

in sequence Ala-Val-Arg130, generating two respective fragments of 14 kD and

18 kD (Figure 3.6 and 3.7). However, although EB2 was not internally cleaved,

the link between MBP and EB2 was partially cleaved after overnight incubation

(Figure 3.7), precluding the MBP-tag removal; instead I used a dual column ap-

proach to remove anti-MBP antibodies and purify the specific antibodies. Injec-

tion of these antibodies into embryos expressing GFP-Tubulin and Histone-RFP

resulted in defects in metaphase spindle length and chromosome segregation.

In Chapter 4, my hypothesis was that EB1 recruits proteins to the plus ends

of MTs differentially between interphase and mitosis. To determine the comple-

ment of proteins that increase their interaction with EB1 specifically in metapha-

se, I used comparative quantitative proteomics – shown in Tables 4.1, 4.6 and

4.7. I found that EB1 associates with EB2 suggesting the presence of heterodimer

to function as regulator of MT dynamics. During metaphase, components of the

Dynein-Dynactin complex were abundantly identified as EB1 interacting part-

ners, suggesting the entire Dynein/Dynactin complex increases its interaction

with EB1 in a cell cycle dependent manner (Tables 4.1, 4.6 and 4.7).

https://www.neb.uk.com
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As shown in Tables 4.1, 4.6 and 4.7, RZZ complex is a further mitotic EB1 inter-

actor. Although RZZ is known to be removed from kinetochores on to MTs (via

Dynein) during metaphase, to relieve the SAC (Mosalaganti et al. 2017; Pereira

et al. 2018), a role for EB1 is not reported. Instead Dynein, through the protein

Spindly, has been shown to be involved (Mosalaganti et al. 2017). My analysis

suggests that EB1 could directly interact with RZZ complex.

A major focus of my work was to investigate the biochemical relationship be-

tween newly identified mitosis-specific EB1 interactors, JVL, SPNF, IKK-ε, HOOK

and PIGS (Tables 4.1, 4.6 and 4.7). I obtained flies carrying GFP or mCh-fusions

to each protein, followed their dynamic localisation in early embryos and un-

dertook affinity purification-mass spectrometry (AP-MS) to identify their inter-

actomes. My work confirms that SPN-F, IKK-ε and JVL, which were previously

shown to function together, form a complex (Tables 4.10, 4.14 and 4.17) (Baskar

et al. 2019). As JVL contains 3 SxIP EB1 binding domains at its C terminus (Table

4.4), it may directly interact with EB1. My live imaging analysis shows that IKK-

epsilon and SPN-F colocalise during mitosis confirming their relationships as

subunits of the complex. In contrast, JVL is located only to centrosomes (Figure

4.9). During mitosis, IKK-epsilon and SPN-F appear at centrosomes at late inter-

phase and nuclear envelope breakdown (Figure 4.3(a), 4.3(g) and 4.3(h) for SPN-

F and 4.6(a), 4.6(g) and 4.6(h) for IKK-epsilon). During metaphase, these two

proteins are localised also to the mitotic spindles as shown by respective SPN-F

and IKK-epsilon Figures 4.3(b) and 4.6(b), then between metaphase-anaphase

transition and early interphase, they decrease both from mitotic spindles and

centrosomes (Figures 4.3(c) – 4.3(f) and 4.6(c) – 4.6(f)). However, although JVL

is not localised to the mitotic spindles during mitosis, its dynamic localisation

to centrosomes is similar to that observed with SPN-F and IK2. JVL increases its

localisation at centrosomes between late interphase (Figure 4.9(a)) and reaches

high concentration at nuclear envelope breakdown (Figure 4.9(b)), then it de-



CHAPTER 6. DISCUSSION AND CONCLUSION 193

creases between metaphase (Figure 4.9(c)) and early interphase (Figure 4.9(g)).

Surprisingly, none of the three proteins co-immunoprecipitated with EB1 when

individually used as bait and my suggestion is that this may be due to the tran-

sient interactions between these interactors and EB1 or indirect interactions

with Dynein/Dynactin complex (See Discussion 4.13 in Chapter 4 and Section

6.4 in this Chapter for a full explanation of why this might be).

The EB1 immunoprecipitation results (Table 4.1) have identified PIGS as an

EB1 binding protein which possesses two SxIP regions at its C-terminus (Table

4.4). This protein is implicated in modulating actin-MT cross-linking and vesi-

cle trafficking. Table 4.19 illustrates that some of PIGS interactors are the same

as JVL-SPNF-IK2 complex binding proteins, these include COP coated vesicles,

subunits of RZZ complex, CATH-D and AP-3 adaptor complex. The mitotic lo-

calisation analysis of PIGS in Figure 4.12 indicates that the protein is localised

to centrosomes and apical cortex between late interphase and metaphase from

which it decreases between anaphase and early interphase. These results indi-

cate that PIGS functions may be related to those HOOK and SPNF-JVL-IK com-

plex.

In my experiments, SLAM was also identified as an EB1 interacting protein

(Table 4.7). This protein interacts with NUF which is the dynein adaptor, to form

a complex which is implicated in modulation of invagination furrows and recy-

cling endosomes (Acharya et al. 2014; Kimpara et al. 2015). Figure 4.18 shows

that SLAM is localised to the metaphase furrows during the cell cycle. This tran-

sient plasma membrane in the embryo is important to segregate adjacent mi-

totic spindles during mitosis. I was not able to identify its binding partners as,

due to its localisation on the membranes, consequently the IP techniques failed

to isolate it. However, the live analysis of the protein in Figure 4.18 suggests that

SLAM may also be involved in the regulation of mitotic spindle orientation and

elongation through interactions with EB1 and/or CORN localised at the apical
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MTs, which leads to chromosome separation.

In my final Chapter I engineered flies to express GFP-fusion proteins to three

previously uncharacterised proteins that I identified as mitotic EB1 interact-

ing proteins, CG12702, DNApol-ε 58 and CORN. Despite that the Western blot

shows CG12702 expression in embryos (Figure 5.1(b)), the dynamic localisation

of this protein was not observed at any stage of the cell cycle. Instead, discrete

punctae of varying size and intenstiy were observed (Figure 5.1(a)). It is unclear

whether these punctae observed correspond to autofluorescnce of aggregates

of GFP-CG12702 or yolk granulates or lipid droplets. Consequently, the AP-MS

of this protein was not attempted.

So far, the relationship between DNApol-ε complex, EB1 and MTs during mi-

tosi is not reported. However, I identified this complex as mitosis-specific EB1

interactor (Tables 4.1, 4.6 and 4.7). In addition, each subunit of the complex

(DNApol-ε 58 and DNApol-ε 255) possesses one SxIP motif (Table 4.4). As a

result, Drosophila DNApol-ε complex can be a potetial candidate for EB1 inter-

actor during metaphase. Given the evidence that these two subunits form the

complex, I decided to make only flies expressing GFP-DNApol-ε 58. As shown in

the Figure 5.2, GFP-DNApol-ε 58 accumulates in the region of the growing spin-

dle during nuclear envelope breakdown (Figures 5.2(a) and 5.2(l)). In metaphase,

the protein localises to the mitotic spindle and centrosomes (Figure 5.2(b)), but

does not localises to the mitotic chromosomes, shown as dark regions at the

middle of the spindle shape. During anaphase (Figure 5.2(d)) the protein main-

tains the localisation on the mitotic spindle and centrosomes, but it also ap-

pears at the astral MTs. In telophase (Figure 5.2(i)) GFP-DNApol-ε 58 relocalises

in the reforming nuclei and during interphase (Figure 5.2(k), the localisation of

the protein is in nuclei.
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CORN is characterised as an apical MT binding protein (Bulgheresi et al. 2001)

and is not known as EB1 binding protein. The live imaging analysis (Figure

5.9) shows that between mid-anaphase (Figures 5.9(a) and 5.9(i)) and early in-

terphase (Figure 5.9(c) and 5.9(k)) GFP-CORN gradually increases its intensity

at astral MTs. In late interphase (Figure 5.9(d) and 5.9(l)) and during nuclear

envelope breakdown (Figures 5.9(m) and 5.9(u)), GFP-CORN is uninformly dis-

tributed in the cytoplasm with a slight enrichment in the area around centro-

somes. In metaphase (Figures 5.9(n) and 5.9(v)) the protein concentrates on

the mitotic spindle. However at the metaphase-anaphase transition (Figures

5.9(o) and 5.9(w)), GFP-CORN accumulates rapidly at the astral MTs, increasing

throughout through to early interphase.

Together, my work has generated a snap-shot of the complex mitotic EB1 in-

teractome in the early Drosophila embryo. It suggests that many of the func-

tions of EB1 in this system occur through the Dynein/Dynactin complex and its

interacting partners, not only a kinetochores, via RZZ, but also at the embry-

onic cortex, where pseudocleavage/metaphase furrows must be co-ordinated.

Finally, it points to a role for the DNApol-ε core complex during mitosis. The

work in this thesis therefore opens up many new questions and areas of future

research.

6.2 Interfering with EB function in the early embryo: Conclusions and fu-

ture directions

In this part of the thesis, I microinjected antibodies into mitotic embryos ex-

pressing EB1-GFP to investigate the role of EB proteins. Initial attempts of EB1

depletion using EB1RNAi or EB1DN did not show any phenotypes, suggesting ei-

ther that these lines did not significantly affect EB1 levels, or possibly that they

were not expressed as anticipated. A Western blot of embryos expressing the

shRNA or the EB1DN, in comparison to wild type embryos, would have allowed
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me to tell the difference. Unfortunately, at the time of the experiments, the

Western blots did not work. Shortly afterwards, experimental work was halted

due to the COVID-19 epidemic and I did not have the opportunity to repeat prior

to thesis submission. Nonethless, I was able to interfere with EB function in the

embryo, though purifying and injecting interfering antibodies against EB1 and

EB2 into early embryos.

While the injection of buffer into embryos did not show any phenotypic dif-

ference in MT organisation, chromosome alignment and segregation, or mitotic

progression, the injection of anti-EB1, anti-EB2 or the combination of anti-EB1

and anti-EB2 into the embryos expressing HisRFP and TubGFP caused a con-

sistent, comparible and reproducible phenotype (Figures 3.14 – 3.16) and this

is rescued by overexpression of EB1 (Tables 3.11 – 3.13). In these embryos, mi-

totic spindles in metaphase close to the site of injection appeared shorter than

those further away, and also possessed smaller astral MTs. During anaphase,

chromosome segregation was often inhibited during first cycle (8 embryos in

10 were inhibited in the first cell cycle and other two in the second cycle), re-

sulting in “dumbbell-shaped” telophase chromosome complements and sub-

sequent problems in the following mitoses. As shown in Figures 3.11 – 3.13, mi-

croinjection of anti-EB1, anti-EB2 or the combination of anti-EB1 and anti-EB2

antibodies into 1–2 hr old embryos expressing EB1-GFP did not appear to in-

terfere with EB1-GFP localisation and the mitotic process appeared to progress

through multiple cycles of mitosis with similar dynamics to embryos injected

with buffer. This strongly suggests that the expression of exogenous GFP-tagged

EB1, in addition to the endogenous EB1 and EB2 present in the embryo, se-

questers the anti-EB1 and EB2 antibodies, such that functional EB1 and EB2

are still present, giving credence to the specificity of the phenotype observed

when the same antibodies are injected into HisRFP and TubGFP embryos (Fig-

ures 3.14 – 3.16). I therefore conclude that the purified anti-EB1 and anti-EB2
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antibodies have the ability to interfere with EB protein function in the early em-

bryo and this effect is rescued by overexpression of EB1-GFP. These antibodies

could be used in the future for important validation and experiments. The acute

disruption of protein function provides a unique tool with which to study nor-

mal protein function. Genetic disruption through null mutants or CRISPR com-

pletely remove function and so essential gene products required for normal cell

function result in non-viable cells. Partial removal, for example through RNAi or

expression of dominant negatives, work over the space of hours (or sometimes

days) meaning the cell has an opportunity to respond to depletion through the

upregulation of complementary pathways. Having an interfering antibody as

a tool therefore opens up new opportunities. I have shown this in principle by

analysing the localisation of two new EB1 interacting proteins, DNApol-ε 58 and

CORN, before and after antibody injection. Although the localisation of neither

protein changed following acute EB disruption, it does at least highlight where

future experiments might be taken.

6.3 Mitotic EB1-GFP PPI network: Conclusions and future directions

I have shown that in MG132 (metaphase) embryos, EB1 binds to subunits and

adaptors of the Dynein/Dynactin complex, these include – DHC64C, DCTN2-

P50, DIC,DLIC, LIS-1, ARP1,DCTN4-P62, ARP10, DCTN1-P150 AND CPA/MIRO,

but likely include all subunits of the complex. This 2MD complex is essential

to silence the SAC, to transport cargoes and to generate force at the cell cor-

tex to allow correct spindle oprientation. The RZZ complex and Spindly were

also shown to be EB1 interactors in my experiment. The presence of EB1 bind-

ing motifs in this complex and my biochemical results suggest that the interac-

tions between EB1 and RZZ complex could help the Dynein/Dynactin complex

to bind to RZZ complex, resulting in promoting the onset of anaphase. This

could be followed up in a number of ways. Biochemically, similar approach
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to the one I have taken in this thesis for other EB1 interactors – reciprocal IPs

and AP-MS to identify the Rod, ZW10 or Zwilch interactome could help to de-

fine whether EB1 is a strong interactor of this complex. Functionally, Rod null

mutant embryos (which are viable but have elevated levels of chromosome mis-

segregation) (Buffin et al. 2005) could be injected with anti-EB1 and/or anti-EB2

antibodies to see how the phenotype changes and whether there is an effect on

Rod-GFP localisation. Similar experiments could be carried out using DHC64C

hypomorphs, which are female sterile and show mitotic defects in the early em-

bryo (Gepner et al. 1996; Swan et al. 1999).

I have also shown that EB1 interacts also with IK2-JVL-SPNF complex, HOOK,

PIGS, NUF, SLAM and CORN proteins, these proteins may be involved in mod-

ulating actin-MT organisation, endosome trafficking, invagination furrows, mi-

totic spindle orientation and anaphase progression. I describe the relevance of

these interactions and future directions in Section 6.4.

EB1 interacts also with PLP which plays role in organising PCM. Between in-

terphase and metaphase, DNApol-ε complex is localised to the DNA, and my re-

sults suggest that EB1 interacts with DNApol-ε complex to remove it from DNA,

and transport it to MT minus ends via the Dynein/Dynactin complex. CG12702

is an EB1 interacting partner that may also be involved in modulating chromo-

some segregation and mitotic spindle functions during mitosis. Many other EB1

interactors have also been identified in my work, these include Torsin, CATH-

D, CG4572 and CG9547. These proteins are implicated in removing membrane

fragments from chromatin shortly after nuclear envelope breakdown and in reg-

ulating actin-MT cytoskeleton organisation and mitosis.
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6.4 The relationship between EB1, the IK2-JVL-SPN-F complex, HOOK and

PIGS during embryonic mitosis: Conclusions and future directions

I chose to focus my subsequent research on a functionally related group of

proteins – SPN-F, JVL, IKK – and two others, PIGS and HOOK. All have published

evidence of a functional and physical relationship to EB1 in interphase cells, but

little else is known. Unexpectedly, although AP-MS of these GFP/mCh-tagged

proteins identified physical relationships between them, the Dynein/Dynactin

complex, membrane trafficking and the cell cortex, none of them immunopre-

cipitated EB1. This lack of reciprocal IP is difficult to explain. In my discus-

sion (Section 4.13) in Chapter 4 I suggest that the transient nature of the way in

which EB1 interacts with the proteins it targets may preclude EB1 from associ-

ating with them with high enough affinity to be identified by our stringent MS

analysis; or that they interact with EB1 via Dynein/Dynactin and therefore the

interaction is of low affinity. How is it, then, that I identified them as EB1 inter-

actors to begin with? The answer may lie with the abundance of the proteins

in the embryo. While the approximate abundance of EB1 and Dynein heavy

chain subunits were all comparable (33217 and 36836 respectively), the abun-

dance of SPN-F, JVL, IKK, PIGS and HOOK were > 10 fold lower. JVL and PIGS

IPs were inefficient – the bait proteins were not the highest abundance proteins

identified and the associated Western blots did not provide evidence of efficient

pull down. Perhaps it is not surprising that a weak interactor, like EB1 was not

identified above the threshold. Moreover, although HOOK IP identified Dynein

components, they did so at ratios of < 1:100. Therefore, if EB1 were interact-

ing with any of these proteins via Dynein/Dynactin, with low affinity, again this

could why EB1 was not identified. One final possibility is that overexpression

of EB1 drove an association with JVL, IKK-ε, SPN-F, HOOK and PIGS not nor-

mally present in the early embryo, given that the previously published work on
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JVL-IKK-SPN-F and EB1 was undertaken in oocytes and hair follicle cells. In my

investigation, componets of the SPNF-IK2-JVL complex were identified as EB1-

binding proteins (Tables 4.1, 4.6 and 4.7) and I have co-immunoprecitated all

three subunits that form SPNF-IK2-JVL complex as shown in Tables 4.10, 4.14

and 4.17.

The live imaging analysis shows the similar behavious of dynamic localisa-

tion between SPN-F and IKK-epsilon proteins during mitosis (Figure 4.3 and

Figure 4.6, respectively). During mitosis, SPN-F and IKK-epsilon appear at cen-

trosomes at late interphase and nuclear envelope breakdown (Figures 4.3(a),

4.3(g) and 4.3(h) for SPN-F and 4.6(a), 4.6(g) and 4.6(h) for IKK-epsilon). Dur-

ing metaphase, these two proteins are localised also to the mitotic spindles as

shown by respective SPN-F and IKK-epsilon Figures 4.3(b) and 4.6(b), then be-

tween metaphase-anaphase transition and early interphase, they decrease both

from mitotic spindles and centrosomes (Figures 4.3(c) – 4.3(f) and 4.6(c) – 4.6(f)).

However, although JVL is not localised to the mitotic spindles during mitosis, its

dynamic localisation to centrosomes is similar to that observed with SPN-F and

IK2. JVL gradually concentrates at centrosomes between late interphase (Figure

4.9(a)) and nuclear envelope breakdown (Figure 4.9(b)), then it fades between

metaphase (Figure 4.9(c)) and early interphase (Figure 4.9(g)).

As illustrated in Table 4.1, HOOK is an EB1 interacting protein and is involved

in vesicle trafficking (Arst et al. 2014; Krämer and Phistry 1999; J. Liu 2017; Yao

et al. 2014). The Table 4.21 shows that HOOK associates with dynein compo-

nents and its adaptors, including DHC64C, DLIC, GL, DLC90F and SW, Rab5

and Rab11 – which are essential in transporting cargoes, such as vesicles re-

quired in modulation of invagination furrows. In addition, HOOK interacts with

βCOP protein and CATH-D which are important in vesicle transport, protein

degradation and regulation of actin structures in contractile rings involved in

invagination furrows (Wang et al. 2021). The live imaging analysis in Figure
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4.15 shows that the mitotic localisation of HOOK in early embryos is similar to

that observed with SPN-F and IKK-ε subunits (Figures 4.3 and 4.6 respectively).

Between late interphase and nuclear envelope breakdown, HOOK increases at

centrosomes (Figure 4.15(a), 4.15(g) and 4.15(h)) and at metaphase in addition

to centrosomes, HOOK is also found at the mitotic spindles (Figure 4.15(b)).

Between metaphase-anaphase transition and early interphase, the protein de-

creases enormously both from mitotic spindles and centrosomes (Figures 4.15(c)

– 4.15(f)). Given that most of HOOK interactors are the same as interactors

of JVL-SPNF-IK2 complex, both JVL and SPN-F immunoprecitation identified

HOOK as an interactor and the similarity between IKK-ε, SPN-F and HOOK in

dynamic localisation during cell cycle, it is tempting to speculate that HOOK

is functionally and structurally a subunit of the JVL-SPNF-IK2 complex (Figure

4.20).

PIGS is homologous to GAS2 in human. As mentioned in Chapter 4, Subec-

tion 4.3.3 (SHOT, Page, 94), in humans there are four members of GAS2-like pro-

teins – GAS2, GAS2-like 1, GAS2-like 2 and GAS2-like 3 (Goriounov et al. 2003;

Schneider et al. 1988; Stroud et al. 2014). While in Drosophila there is only one

member of GAS2-like proteins, known as PIGS (Girdler et al. 2016; Pines et al.

2010; Stroud et al. 2014). In mammals GAS2-like proteins are involved in differ-

ent cellular and physiological functions – GAS2-like 3 regulates mitosis (Gründl

et al. 2017; Wolter et al. 2012), GAS2 modulates apoptosis (Brancolini et al. 1995;

Schneider et al. 1988), and functions of of GAS2-like 1 and GAS2-like 2 are less

known (Gamper et al. 2009). PIGS in Drosophila is also implicated in diverse

cellular functions, such as regulation of mitosis and apoptosis, regulation of cell

proliferation and differentiation via Notch pathwasy (Grotek et al. 2013; Kopan

2012). However, both GAS2-like proteins in human and PIGS in Drosophila have

two motifs – CH domain and GAS2 domain. CH domain interacts with filaments

of actin and GAS2 domain binds to MTs (Girdler et al. 2016; Stroud et al. 2014),
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this actin-MT cross-liking plays important role in regulation of mitotic spindle

orientation and elongation during mitosis. The localisation of these proteins

at MT plus ends, requires the interactions with EB1 via SxIP motifs (Table 4.4)

present at CH domains of GAS2-like and PIGS (Gründl et al. 2017; Stroud et al.

2014).

The structure-function analysis of PIGS undertaken in Drosophila S2 cells by

Girdler et al. (2016) demonstrates specific truncations of PIGS that retain ability

to bind to actin, MTs and the plus ends of MTs. One future avenue of research

could be to make flies that express each of these truncations and undertake a

similar functional and biochemical analysis as undertaken in this thesis. This

may uncover those interacting proteins related to each of those functions. Null

mutants for PIGS are female sterile, showing disrupted oogenesis and severe de-

fects in follicle cell differentiation. This precludes a mutational analysis of PIGS

during the syncytial mitoses. However, similar to the other proteins discussed,

antibody injection, or in vivo shRNAi against PIGS might allow a deeper under-

standing of how this protein co-ordinates its activities on the spindle and the

cell cortex.

When all the localisation and interactome data detailed in this thesis is com-

bined with what is already known about JVL-IK2-SPNF complex, HOOK and

Dynein/Dynactin function is taken into consideration, a plausible model of how

they link to EB1 and MT plus ends during mitosis is revealed. Dynein/dynactin

has at least three roles in the early embryo (and in many other cell types; in

Drosophila and in humans). First, it is responsible for transporting RZZ from

kinetochores to the spindle pole, facilitating the relief of the SAC (See Section

6.1). Second, it is thought to be immobilised at the cell cortex, where it can

generate force on astral MTs, contributing to spindle position and orientation

(Collins et al. 2012; di Pietro et al. 2016; Woodruff et al. 2009). Third, it trans-

ports early endosome protein Rab5 and recycling endosome protein Rab11, the
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latter via interaction with Nuf (Figure 4.21). Nuf was another EB1 interacting

protein as increasing its abundance with EB1 in metaphase/MG132 treated em-

bryos. Nuf is part of a complex with SLAM (Table 4.7) – yet another protein I

identified as a mitotic EB1interactor. I did not have time to perform Nuf-GFP

AP-MS during the thesis, though this would be a high priority in the future.

The Nuf-Dynein-dependent movement of recycling endosomes to the cell

cortex is also important in epithelial remodelling later in embryo development

(Khanal et al. 2017; Le Droguen et al. 2015), where it sustains Shot, Patronin

and Par-3 localisation at the apical cortex, maintaining epithelial cell polarity,

a function that appears to be regulated by atypical Protein Kinase C (aPKC)

(Calero-Cuenca et al. 2016). Recently, JVL-SPN-F has been shown to recruit

Rab11-associated cargo to dynein and MTs in the Drosophila hair follicle cells,

with IKK-ε phosphorylating Nuf to release the cargo from dynein (Baskar et al.

2019; Otani et al. 2011; Riggs et al. 2007), while in Drosophila oogenesis, Dynein-

dependent transport has been demonstrated to bring PAR3 to the oocyte MT

minus ends with Rab11 and Nuf positive recycling endosomal cargo (Jouette et

al. 2019; Khanal et al. 2017; Riggs et al. 2007), and the PAR3 cargo released from

the dynein through an IKK-ε-dependent process (Jouette et al. 2019). It would

therefore be interesting to undertake FRAP (fluorescence recovery after photo-

bleaching) of JVL, IKK and SPNF in the early embryo, to assess their dynamic

relationship with the centrosome and spindle during mitosis. Also, to monitor

their dynamics in the female sterile dynein mutant (Robinson et al. 1999).
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One other interesting aspect of the biochemical network I have identified is

the relationship between the RZZ complex and the JVL-SPNF-IKK-ε complex

(Figure 4.20). This could suggest one of two things – either that the RZZ com-

plex has a role in trafficking recycling endosomes at the astral MT plus ends; or

that JVL-SPNF-IKK-ε has a role at the plus ends of kinetochore MTs. The local-

isations of the proteins do not reveal much about these possibilities – neither

JVL, SPNF nor IKKε appear to localise to kinetochores or k-MTs; while RZZ does

not appear to localise to the embryonic cortex. However, ZW10 has been shown

to have a role later in mitosis, during cytokinesis in Golgi-ER retrograde (late en-

dosome) transport, delivering membrane to the cytokinetic furrow (Wainman et

al. 2012), suggesting a potential relationship between vesicles and the RZZ com-

plex. Conversely, the human homologue of IKK-ε, Tank binding Kinase 1 (TBK1)

has been shown to be a centrosomal kinase required for MT dynamics and mito-

sis (Pillai et al. 2015) and to be required for phosphorylating SAC proteins (Maan

et al. 2021). To try to ascertain whether IKK-ε has a role in SAC in flies, the avail-

able pUAS-shRNAi line could be expressed using a maternal promoter and the

early embryonic divisions monitored by spinning disc microscopy. This line has

already been shown to be female semi-sterile when crossed to nanos-GAL4 (Jou-

ette et al. 2019). Alternatively, similar to the other proteins discussed, antibodies

against IKK-ε could be generated to attempt to acutely interfere with function

during the syncytial divisions.
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6.5 Investigating the functional relationships between EB and DNApol-e 58:

Conclusions and future directions

During DNA replication, the DNApol-e complex interacts with Chr14-Mes4-

Rcdl complex to reform nucleosomes immediately after the passage of the repli-

cation fork. This process is important to maintain the genome integrity dur-

ing mitosis. The fact that I identified both core subunits of the DNApol-ε com-

plex at “Top 100” interactors of EB1, and proteins whose association with EB1

is increased specifically in MG132 arrested (metaphase) embryos (Table 4.7),

confirms my MS analysis which demonstrates the presence of a full DNApol-

ε complex in embryos. Moreover, each component possesses one SxIP motif

(Table 4.4). The localisation of DNApol-ε 58 to the area of the mitotic spindle,

and weakly to centrosomes in metaphase (Figure 5.2), opens up the intriguing

possibility that this protein and the DNApol-ε complex in general has a role in

spindle formation. Similarly to other proteins studied in this thesis, DNApol-ε

58 IP did not co-precipitate EB1. It did, however, co-precipitate EB2 (CG18190).

This result needs to be verified via Western blotting, and the purification of anti-

EB1/EB2 antibodies provides the opportunity to take this forwards.

We do not know what the functional relationship between the DNApol-ε com-

plex, EB1, the mitotic spindle or mitosis might be. To try to understand the func-

tional relationships between EB1 and DNApol-ε 58, I injected anti-EB1, anti-

EB2 or a recombination of anti-EB1 and anti-EB2 antibodies into 1–2 hr old em-

bryos expressing HisRFPDNApol-ε58-GFP, monitoring the effect on mitosis. As

shown in Figures 5.8, the injection of these antibodies did not cause the dis-

ruption of the DNApol-ε 58 localisation, but the chromosome segregation was

affected as a consequence of EB1 and/or EB2 function interference (Figures 5.5

– 5.7). Thus, I conclude that EB1 or EB2 may not be required for DNApol-ε 58

localisation.
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To take these studies further, it will be important to remove or inhibit DNApol-

ε function in the early embryo. Mutational analysis, in vivo RNAi or CRISPR all

pose the same problem – disruption of a core protein or complex required for

DNA synthesis will cause defects in that process, leading to secondary conse-

quences in chromosome movement, alignment and segregation during mitosis.

Therefore, the best approach would be to follow the same method as for EB1 –

– generating and purifying anti-DNAPol-ε 58 or 255 antibodies and injecting

them into embryos that have entered mitosis. Such an approach has been used

to unequivocally demonstrate a role for the conserved splicing factors, Sf3A2

and Prp31, in Drosophila mitosis (Pellacani et al. 2018).

6.6 Investigating the functional relationships between EB and CORN: Con-

clusions and future directions

CORN is an apical MT binding protein which was reported to interact with in-

scuteable and with filament of actin to regulate mitotic spindle orientation dur-

ing mitosis in Drosophila neuroblasts and the molecular mechanisms of this

regulation is unclear (Bulgheresi et al. 2001). Moreover, biochemical analysis

conducted by Finan et al. (2011) demostrates that CORN interacts with Myosin

VI to regulate protein secretion. I have identified CORN as a novel EB1 interac-

tor in metaphase (Table 4.7) and shown that, between interphase (Figures 5.9(d)

and 5.9(l)) and NEB (Figures 5.9(m) and 5.9(u)), GFP-CORN is ubiquitously lo-

calised in the cytosol and immediately after NEB, it rapidly colocalises to the mi-

totic spindles. During anaphase (Figures 5.9(a) and 5.9(i)) it is highly localised

to the apical MTs. This investigation suggests that CORN might interact with

EB1 to be transported to the apical MTs where its interacts with inscuteable and

actin. These interactions could therefore be involved in regulating mitotic spin-

dle orientation and anaphase progression. To investigate the functional rela-

tionships between EB and Corn, I injected anti-EB1, anti-EB2 or the combina-
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tion of anti-EB1 and anti-EB2 antibodies into embryos expressing GFP-CORN.

As shown in Figures 5.10 – 5.12, during anaphase, the injection of antibodies

into these embryos caused shorter astral MTs and a reduction in their number,

and their mis-orientation, consistent with inhibition of EB1 and EB2. As such,

the morphology of GFP-CORN was altered, in repsect to control injected em-

bryos. However, this change can be explained by the defects in MT organisa-

tion caused by EB1 disruption, rather than directly affecting CORN localisation.

Thus, I conclude that EB1or EB2 are not required for CORN localisation.

Studies of CORN functions involving the use of CORN mutants, CORN deple-

tion via RNAi and anti-CORN antibody injection were previously used by Bul-

gheresi et al. (2001). These authors did not detect phenotype in mitotic orienta-

tion during Drosophila neuroblast division in CORN mutants, neither in CORN

RNAi, suggesting that other proteins invovled in regulation of mitotic spindle

positioning could be recruited and compensate the functional loss of CORN.

However, injecting anti-CORN antibody, they observed phenotype which led

them to suggest the functional connection between CORN and the mitotic spin-

dle functions. As these investigations were conducted in neuroblasts, future

studies using early Drosophila embryos with similar approaches, might allow a

deeper comprehension how this protein regulate the mitotic spindle orientation

during mitosis. Furthermore, the future studies could concentrate on biochem-

ical analysis invovlving reciprocal IP and AP-MS to identify CORN interactome

and undertaking yeast two hybrid sytem, as well as anti-CORN antibody injec-

tion into embryos expressing EB1-GFP to verify interactions between EB1 and

CORN. In addition, bacterial expression and purification of CORN, following by

MT co-sedimentation assay could be also a tool to assess the capability of this

protein to bind to MTs in future work.
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6.7 Investigating the functional relationships between EB and CG12702: Con-

clusions and future directions

Although GFP-CG12702 failed to localise to discrete structures in early em-

bryos (Chapter 5) there is scope for further work to try to better understand its

relationship with EB1. CG12702 shows homology to cancerous inhibitor of pro-

tein phosphatase 2A (CIP2A). During G2/M phase, CIP2A is reported to interact

with NIMA (never in mitosis gene A)-related kinasis A (NEK2) to regulate cen-

trosome segregation and mitotic spindle functions during mitosis (Jeong et al.

2014). However, in many types of human cancers, CIP2A is overexpressed in

approximatly 39% – 90% in patient samples, thus it was proposed as biomarker

for various human tumors (Khanna et al. 2013; Niemelä et al. 2012). In these

tumors, the overxpression of CIP2A inhibits tumor suppressor protein – protein

phosphatase 2A (PP2A), which results in activation of many oncogenic PP2A tar-

gets, such as MYC, E2F1 and Akt (Khanna et al. 2013). According to Soofiyani

et al. (2017), depleting CIP2A by CIP2A siRNAi in prostate cancer cells (PC-3

cells) reduces the proliferation of these cancer cells. Similar studies conducted

by Junttila et al. (2007) and Liu et al. (20017) demonstrate that CIP2A depletion

by siRNA or via anti-CIP2A antibody injection significally impairs proliferation

of HeLa cells and reduces tumor size in athymic mice, this effects could be res-

cued by CIP2A overexpression. First and foremost, given the possibility that

GFP-CG12702 failed to localise due to the GFP moiety interfering with protein

folding or function, it will be important to engineer flies that will express a fu-

sion of CG12702 to GFP, at the C, rather than the N-terminus. Depending on this

result, further future investigations could take place, similar to those described

above.
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Overall, the work in this thesis has provided a comprehensive mitotic EB1

interactome that is suggestive of a multi-functional role for this key +TIP in

regulating MT end dynamics at the kinetochore and the cell cortex; through

Dynein/Dynactin, JVL-SPNF-IKK-ε, HOOK, PIGS and CORN, with a potential

novel mitotic role for the DNAPol-ε complex. This raises many more questions

than it answers but paves the way for new and interesting findings relating MTs,

chromosomes and membranes.
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