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ABSTRACT

The microtubule [MT] cytoskeleton & pombe is a highly dynamic network
of filaments that facilitates intracellular transpaletermines cell polarity and plays
an essential role in chromosome separation duritwgis. In fission yeast, MTs are
nucleated in a temporally and spatially regulateshner from sites called
Microtubule Organising Centres [MTOCSs], through #utivity of both theitubulin
complex f-TuC] and the Mto1/2 complex. The Mto1/2 complexedmines the
localisation of the-TuC at MTOCs, which change throughout the celleyas
cells enter mitosis the cytoplasmic array of MT thes depolymerise. They are
replaced by the intranuclear mitotic spindle anbplasmic spindle pole body-
derived astral MTs that in turn give way to thenfiation of the post-anaphase array.
Although much is known about the properties of esple of MT array, the
mechanism by which the timing of MT nucleation ditedlent MTOCs is regulated
over the cell cycle remains unclear.

In the Mto1/2 complex, Mto1l is thought to provithe primary interaction
with they-TuC, and Mto2 functions by reinforcing this intetian. Due to the lack of
structural information for the Mto1/2 complex, tm®lecular mechanism of Mto1/2-
mediated assembly of tlyeTuC at MTOCSs is unknown. The aim of my study is to
investigate the possibility that the Mto1/2 compiexble to promotg-TuC
assembly by forming a direct template. In additionill attempt to determine the
molecular role of Mto2 within the Mto1/2 complexdaexamine ways in which
regulation of Mto2 may influence the function thed®2 complex at specific

MTOCs.



As part of the investigation into the mechanisnMbd2 function, arin vitro
analysis of recombinant protein demonstrated th#te absence of Mtol, purified
Mto2 is able to self-interact as a tetramer. | hawefirmed this interactiom vivo
and have also shown that Mto2 forms a dimer as ealler mitosis. However, in the
context of an Mto1/2 complex the significance @ thange in Mto2 oligomeric
state remains unknown. Hydrodynamic analysis ofiacated form of the Mto1/2
complex suggests that it may form a heterotetrambypothesis which is consistent
with the equimolar levels of Mto2 and Mtol protaiithin the cell. This information
provides some structural insight as to how the N&abmplex may interact with the
y-TuC at MTOCs. Further analysis of the Mto1/2 complevealed thanh vivo, the
Mtol1-Mto2 interaction is disrupted during mitosi$is was found to correlate with
the hyperphosphorylation of Mto2, which occurs @léseenter mitosis. Subsequently,
anin vitro kinase assay demonstrated that phosphorylatitmedfito1/2 complex
reduces the stability of the complex. Mass spewtoy techniques and sequence
conservation were used to identify several phospatad residues within Mto2 and
the ability of these mutants to bind to Mtol waalgsedin vivo andin vitro. In
summary, in this study | have uncovered a mechanikioh allows fission yeast
cells to regulate the nucleation of cytoplasmic Micleation in a cell-cycle
dependent manner, through a phosphorylation-depenei@odelling of the Mto1/2

complex.
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CHAPTER ONE

INTRODUCTION

1.1 Microtubule function

Microtubules [MTs] are found in all eukaryotic Isednd form a filamentous
network between central peri-nuclear regions aedtiter domains of the cell
interior. MTs have important functions in regulaticell shape, growth and cell
polarity. This is achieved by delivery of numergqadarity factors to sites of cell
growth (Drubinet al. 1996; Ahringer 2003; Smadt al. 2003; Snaittet al. 2005b). In
addition, MTs also support processes such as etmisyand exocytosis through the
formation of an efficient transport and communicatnetwork that allows motor-
driven movement of membrane vesicles around tHgreglewed in (Cavistomt al.
2006; Soldatet al. 2006). MTs also provide information that helpseqgulate the
positioning of several types of intracellular orgh@s such as the nucleus, Golgi
apparatus and mitochondria (Ayscoujlal. 1993; Yaffeet al. 1996; Hagart al.
1997; Traret al. 2000). In specialised motile cells such as epdhel neuronal cells,
MTs co-ordinate with the actin cytoskeleton to podencell protrusion and migration
(Ballestremet al. 2000; Gibneet al. 2003). MTs are essential during mitosis and
meiosis, as they form the spindle, which conndwschromosomal DNA to
centrosomes and facilitates separation of the gesonto two daughter cells. For
the purpose of this report, the mitotic spindle widt be discussed, however, for
reviews of the regulation and behaviour of MTsha tnitotic spindle see (Mishima
et al. 2004, Glotzer 2009).

Microtubules were first observed by electron msoapy studies on epithelial
cilia and spermatozoid flagella. Later studies caméd the existence of similar
tubular-like structures within the cytoplasm of maell types. These structures
were given the term ‘microtubules’ (Gibbons 196&dhbetteret al. 1963;
Slautterback 1963).



In the proliferating cells of higher eukaryotesT#/are arranged into radial
arrays that emanate from a peri-nuclear structalteccthe centrosome. The
centrosome is composed of a pair of centriolesdr@mencased in amorphous peri-
centriolar material [PCM]. The protein complexearid within the PCM nucleate
MTs that form the cytoplasmic radial array (GolRd,R.et al. 1977; Dictenbergt
al. 1998). Centrioles are short barrel-like structuhed are approximately 0.5 pm
long and 0.23 pm wide and usually contain ninddtipT seeds composed of
glutamylatedy3-tubulin. These structures are essential for geisihn in most but
not all cell types [e.g. female gametes]. Howegentrioles are not present in higher
plants or fungi (Marshall 2009). During non-protdéve growth, centrioles can
migrate to the cell cortex where they form basalié® and nucleate axonemal MTs
that are required to generate cilia and flageltesE structures have multiple
functions depending on cell type. Non-motile priynaitia are found in the majority
of cells and function as a hub for chemical sensaind signal transduction
[reviewed in (Singlaet al. 2006)]. Motile cilia exist on the apical surfadeepithelial
cells of the respiratory and reproductive tracteseha harmonious beating of cilia
generates flow to move extracellular particles andlear debris. A specialised
version of motile cilia called flagella have beaveloped in certain eukaryotic cells
e.g. spermatozoa. The movement of the flagellavegped by MT motors, which
unlike the beating movement of cilia, causes avsdilee or wave-like motion that
allows the cells to efficiently propel themselvesough the surrounding media (Berg
etal. 1973).

The cytoskeletal structure of prokaryotes is lge defined. However, it has
been shown that they have cytoskeletal structinagsare constructed from polymers
of the FtsZ protein which is an evolutionary ancesf the MT constituent protein,
tubulin (Lutkenhaus, J. et al. 1980). The structure of the FtsZ protein prevénts
from forming the same MT structure as observedghdr eukaryotes and instead
FtsZ is thought to form single protofilaments, gkesnd tubule-like conformations
(Ericksonet al. 1996b). Unlike eukaryotes, where MTs have impdnales
throughout the cell cycle, FtsZ polymers appedutation primarily during
cytokinesis, where FtsZ forms Z-rings at the calision site (Addinallet al. 1996).

Many of the proteins that are required for celiglon are targeted to the Z-ring



during cytokinesis; consequently deletion of Fts@i@in leads to long aseptated
cells (Lutkenhaus, &t al. 1997).

In addition to centrosomal and basal body-dernagtial MT arrays there are
a number of non-centrosomal linear MT arrays. Caapeely, our current
understanding of the function and regulation of-aentrosomal MTs is significantly
less clear than what has been established forasamtral arrays. It appears that there
is a certain level of redundancy between the twaedls which have had their
centrosome removed can re-establish a relativaipnabinterphase cellular array
from centrosome independent sites (Karsetrdl. 1984). Cells that have had their
centrosomes removed can also nucleate a bipoladlspiThe majority of these MTs
are nucleated from sites on the chromosomes theessdlowever, these cells often
fail to complete cytokinesis due to spindle aligmtndefects (Khodjakoet al. 2000;
Khodjakovet al. 2001).

Non-centrosomal linear MT arrays run parallelhe tell axis and are
primarily found in differentiated cells such asieurons, epithelial and muscle cells
(Keatinget al. 1999; Bartoliniet al. 2006). These MTs are thought to be generated
from a mixture of sources including release from ¢bntrosome, MT breakage
events and nucleation from non-centrosomal sit#iseaiuclear envelope or from
pre-existing MTs (Bugnaret al. 2005).

Cells of higher plants do not have centrosomesrdfbre all MT arrays are
non-centrosomal and, depending on the cell typestagk of the cell cycle, adopt a
variety of different architectures. In epidermalsea cortical array is formed in;G
and S phase where MTs are nucleated at the cédixcivtom pre-existing MTs or at
de novo sites, and then are quickly arranged to form gamised array (Ehrhardt
2008). During interphase and,®1Ts are nucleated from the nuclear envelope to
form the peri-nuclear array which is believed tgulate the shape of the nucleus
(Stoppinet al. 1994). The pre-prophase band is formed at thedoadlion site in late
G, and is required for proper organisation of theotigtspindle (Ambroset al.

2008). The phragmoplast MTs are formed in teloplaagkalign perpendicular to the
cell division plate. These MTs are required to gwesicles and cell wall material to
the growing plate [reviewed in (Jurgens 2005)].



In Saccharomyces cerevisiae, all MTs are nucleated from the centrosome
equivalent, the spindle pole body [SPB]. Howevige higher eukaryotes, MT
nucleation in the closely related fission yeswti zosacchar omyces pombe occurs
from a mixture of both centrosomal and non-centmacsources. In addition to
centrosomal MTs that are nucleated from the SPB;3@B MT arrays such as the
post-anaphase array and a number of interphaseak&Tisucleated from a several
different sites throughout the cell cycle (Hagaf8)9 These arrays are important for
maintenance of cell shape and positioning of tigaueelles such as the nucleus
which in turn determines the site of cell divisidiese linear arrays also insure that
polarity factors such as Teal are delivered tac#litips, so that a bipolar growth
pattern is preserved (Radcliéeal. 1998; Sawiret al. 1998; Snaitlet al. 2005a).

1.2 Structure of the Microtubule

MTs are protein polymers composed of dimers-aindp-tubulin. A MT
filament is composed from several polymers or gilaiments to form a hollow
cylinder that is approximately 25 nm in diametdneTirst in depth structural
analysis of tubulin came in 1998 where electrostajography was used to
determine the structure of tubut3 dimers isolated from bovine brain tissue
(Nogaleset al. 1998). This analysis described the same basictateufor botho and
B variants of tubulin. These proteins can be divithéd two functional domains, the
amino-terminal domain containing the nucleotidedbig region and the carboxyl
terminal domain which is thought to be the tardgd¥ld associated proteins [MAPS]
and motor proteins. The tubulin dimers are arrarsgethat the nucleotide binding
pocket ofa-tubulin is hidden between the dimer interface aAgsult, onlyB-tubulin
bound GTP is able to hydrolyse, amtiubulin remains GTP-associated.

MTs are held together by both longitudinal anédalt associations between
a- andp- tubulin monomers. The lateral line of like suldans orientated with a 10°
pitch from the horizontal, resulting in a 3-stagtik, where upon full rotation the last
monomer is three units above the first [8 nm ap&uthsequently at the seam of the
MT there are lateral associations betweemdp tubulin monomers (Mitchison, T. J.
1993; Faret al. 1996). Longitudinal associations of i dimer give the
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protofilament an intrinsic polarity, where tfesubunit is exposed at the plus end of
the MT andua-tubulin is exposed at the minus end.

There was much debate over the exact structusTsf with early work
proposing protofilament numbers ranging from 8-B&Gron 1966; Bertolingt al.
1970). Some of the first evidence for the compositf MTs based on a 13-
protofilament structure came from the laboratorpahiel Snyder (Tilnegt al.

1973). They used electron microscopy to show éteages of 13 subunit rings of
equally spaced tubulin monomers from both cytoplasnd cilia derived
centrosomes. Subsequent work has shown that tmbeis subject to particular
polymerisation conditions. For example, when polsisation is inducedhn vitro, a
mixture of 13,14, and 15 protofilaments have bdeseoved (Langford 1980;
McEwenet al. 1980; Evangt al. 1985). This number may also be species specific,
for example inCaenorhabditis elegans the majority of MTs are 11-protofilament
structures, however specific neuronal cells hawnlieund to contain 15-
protofilament fibres, both of which respond diffietly to MT depolymerising drugs
(Chalfieet al. 1982).

1.3 Microtubule nucleation and polymerisation

Following purification of tubulin, the presencemblecules of GTP
nucleotide within the MT was discovered (Weisenletig. 1968; Leeet al. 1975;
Weisenberget al. 1975). Some of the first efforts to analyse thepprties of GTP
hydrolysis derived kinetic data from turbidity exipeents that measured polymer
concentration and the release of radiolabellecgaoic phosphatéPi]. In these
experiments it was demonstrated that one GTP walyged per tubulin dimer
incorporated. First order kinetic equations shotied there was a delay between
incorporation and GTP hydrolysis, indicating thege two events were not strictly
linked. At the same time, experiments using nonrblygable analogs of GTP
[GMPPNP and GMPPCP] demonstrated that GTP hydmolgsiot required for
tubulin polymerisation (Penningrodbal. 1978). This suggested that there may be a
small region of newly polymerised MT that conta&$P tubulin, called the GTP
cap. The GTP cap has never been directly obsebwt@xperimental data has
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predicted that the minimum number of molecules ©PG&ubulin required to support
MT polymerisation is 22 + 11, but some estimateglshown that the cap can be up
to 100 subunits deep [reviewed in (Destaal. 1997)].

Margolis and Wilson used the presence of the GifPta design experiments
to measure MT dynamics (Margotisal. 1978). They used pulse chas€lfGTP
to measure incorporation rates and loss rategatlgistate tubulin concentration.
This showed that incorporation of the label isdneith time, but when performed
under steady-state where there is no net growghe tivas no net increase in label
incorporation, suggesting that label must be incafed and released at equal rates.
From this data they proposed a mechanism of ‘Madmnelling’. This describes the
process by which addition of tubulin dimers ocduosn one end and removal of
tubulin occurs from the opposite end. These eaqhperments were misleading
because the MTs were contaminated with other MARiswaltered the MT
polymerisation dynamics that would otherwise hagerbobserved for purified
tubulin.

Subsequent experiments by Mitchison and Kirsches,wnstead of
considering the behaviour of the population as alejlused electron microscopy to
study the length of individual MTs over time andneato very different conclusion
(Mitchison, T.et al. 1984a; Mitchison, Tet al. 1984b). They developed a technique
which allowed them to isolate centrosomes and aedlyeir polymerisation
propertiedn vitro. They found that the critical concentration for Mdlymerisation
was 14 uM in the absence of centrosome derived &tsand 3-4 uM in the
presence of centrosomes. Using a population of@reed MTs, on dilution of
tubulin they showed that there was a proportioeglodymerisation of MTs.
However, the remaining MTs are capable of polynagios. At a ‘steady-state’
tubulin concentration there are two phases of Mi& majority are growing at a
steady rate and the minority are rapidly shrinkmgounteract the difference in
tubulin concentration. The net increase in MT l&rgiiggests that transitions
between phases are relatively rare events. Thiavi@lr was described by
Mitchison as ‘dynamic instability’ and is now wigeedccepted in current literature.
By comparing the mean MT length over time as ationaf tubulin concentration

they then used this data to calculate rates ofrpefisation. These experiments
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demonstrated that during polymerisation, the oa-aditubulin dimers is higher and
the off-rate is lower at the plus end than at theusiend, indicating that the plus end
is more stable. However, during depolymerisatiandfi-rate is a lot higher for the
plus end, indicating that monomers are lost quiftan this end. As Margolis and
Wilson performed their experiments at steady stditere there is no net growth, the
polymerisation on-rate at the plus end dominated#sulting kinetic data, and the
off-rates at plus ends were never observed.

The off-rate during depolymerisation was foundbécthree orders of
magnitude higher that the off-rate during polymeian. Mitchison and Kirschner
believed that this represented the off-rates of @liifalin and GTP-tubulin
respectively. They also showed that shearing of BTsteady state induced
depolymerisation events, which supported the idaathe GTP cap stabilises the
MT ends and that GDP-tubulin is more likely to digpterise. This information
provided one of the first experimental based tle=oto explain the function of GTP
hydrolysis. Advances in technology have allowedysis of MT structure at a
molecular level, and it was subsequently shown®&¥® bound-tubulin forms a
more stable lattice than GDP boyttubulin, confirming Mitchison’s results
(Nogaleset al. 1998). Non-hydrolysable nucleotide analogue-badid are more
structurally stable than the filaments containing lhydrolysed nucleotide, which
have more weakly associated lateral contacts (Meglet al. 1990). Docking of the
refined structure of purifiedp-tubulin dimers onto the protofilament lattice
demonstrated that thg3-tubulin dimers have a straight conformation whesspnt
in the MT lattice (Nogalest al. 1999; Loweet al. 2001). This straight conformation
is thought to be promoted by lateral associatiotubtlin dimers, as the structure of
af-tubulin dimers isolated from preformed protofilamethat do not have lateral
contacts followed a curved conformation (Ravetlial. 2004). This difference in
conformation was subsequently shown to correlate thie hydrolysis op-tubulin
bound GTP into GDP (Warg al. 2005). This observation provided the rationale for
MT depolymerisation. When the straight GTP-bourizltun dimers that stabilise the
protofilament are lost from the plus end of the NHis exposes the GDP-bound

tubulin. The weakened lateral association of theedi GDP-bound tubulin causes
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the individual protofilaments to peel away from thttice. This phenomena was

observed using electron microscopy of shortening Nlranet al. 1997).

1.4 The gamma-tubulin complex

The MT nucleating activity of the centrosome deajseon a tubulin variant
called gamma tubulingtubulin]. y-tubulin was first identified the product of the
mipA gene, a suppressor ofdubulin mutation imAspergillus nidulans. y-tubulin
was found to be an essential gene, in which mutatiohibit nuclear division as well
as a reduction in the length and number of cytopied/Ts (Oakley, C. Eet al.

1989; Oakley, B. Ret al. 1990). Cloning of the homologous genes in higher
eukaryotes showed thgtubulin localised to the PCM (Steargtsal. 1991; Zhenggt
al. 1991). Microinjection of an antibody raised agaeng-tubulin peptide into
mammalian tissue culture cells prevented MT re-dgindwllowing depolymerisation
induced by nocodazole or cold shock (Jaslal. 1992). This suggested that
tubulin was a critical component of the MT nucleatmachinery. The first
biochemical experiments grtubulin revealed that unlike/3-tubulin, it is present as
a monomer, and the protein was localised to theisnémds of MTs (Melkét al.
1993).

Initially there were two models to describe MT laation [reviewed in
(Moritz et al. 2001)]. These are schematically represented iar€id.1. The
Protofilament Model was proposed by Harold Erick@ricksonet al. 1996a). It
describes the polymerisation @B-tubulin dimers through lateral association with a
y-tubulin seed protofilament up to 14 subunits longich extends into the/-
tubulin protofilament. Recent evidence to suppad model includes the discovery
thaty-tubulin interacts more strongly wifixitubulin thana-tubulin despite the fact
thata-tubulin is found at the minus ends of MTs (Legitigl. 2000). It is known that
lateral interactions betweet3 dimers are very weak. It was proposed that lateral
binding ofy-tubulin with 3-tubulin may act to support theép-tubulin lateral
interactions. It has also been shown that siggidulin monomers are sufficient to
nucleate and cap MTs, indicating that complex stmes are not required for MT
nucleationin vitro (Leguyet al. 2000).
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Figure 1.1 Models ofy-tubulin induced MT nucleation. In the Template rabd
[left] the y-tubulin interacts laterally to form a ring likestture which associates
longitudinally witha-tubulin. The Protofilament model [right] descrilbbe
unwinding of they-tubulin ring into a short protofilament, whichéaally

associates withf-tubulin dimers. Figure modified from (Mori&t al. 2001).
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A second model, the Template model, was propogedhtian Zheng (Zheng
et al. 1995). The Template Model describes the polymgoisaf o/ dimers through
longitudinal associations with a ring-like templafe/-tubulin. The proposeg
tubulin structure is a 3-start helix which can exteip to 12 nm into the
protofilament to assimilate the pitch of @g-tubulin MT. This model was
supported by negative stain electron-microscopyo$ extracted fronXenopus
laevis egg extracts, where incubation with gold partmdejugated secondary
antibody showed thattubulin is not found more that 15 nm away from thi@us
end of the MT. This contradicted the Protofilamerdel which predicted that when
fully extended the 14-subungitubulin protofilament would extend up to 50 nmoint
the fibre (Keatinget al. 2000). The position of-tubulin was confirmed when
measurements taken from reconstituted nucleatientexshowed that 90% of gold-
labelledy-tubulin was within 40 nm of the end of the MT (\&&et al. 2000).

Purification ofy-tubulin revealed that it is part of a large comxphath
several other proteins and has a nucleation efiftgisimilar to that of the
Drosophila melanogaster centrosome (Kelloggt al. 1992; Raffet al. 1993; Stearns
et al. 1994; Zhenget al. 1995). Some of the most elegant experiments were
performed by Zheng and colleagues, who used eleatioroscopy of-tubulin
complexes purified fronX. laevisto show that the complexes adopted a ring-like
structure, 25-28 nm in diameter that was foundsgpaiate with the minus ends of
MTs (Zhenget al. 1995). This was confirmed through additional inmagof both
isolated centrosomes and purifigtlibulin complexes frord. melanogaster (Moritz
et al. 1995a; Moritzet al. 1995b; Moritzet al. 2000). Supporters of the Protofilament
model would argue that MT-free helix structuresrespnt arched protofilaments of
y-tubulin, similar to the structures formed fromgdo/p-tubulin protofilaments at
depolymerising ends of MTs. It has also been ptedithat singlg-tubulin
molecules would be sufficient to cap minus ends1®8, as they would form a 3-
turn helix that would prevent closing of the filamaheet (Erickson 2000; Leget
al. 2000). However, evidence of a domed structurbeends of MTs and the
absence of-TuC spirals that extend out from the main progwfient, means the
Template Model of MT nucleation is now widely actspin the microtubule

community.
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Subsequent research went on to characterise thiiee@y-tubulin containing
complexes. Extracts frol. melanogaster were analysed by sucrose gradient
centrifugation and it was shown thatubulin exists in two complexes of different
size. Hydrodynamic analysis of the large complexalestrated that it had an S-
value of 35.5 S, Stokes’ radius of 15 nm and a ouwée mass of approximately 2.2
MDa. Analysis of the small complex demonstrated ihiaad an S-value of 9.8 S,
Stokes’ radius of 7 nm and a molecular mass ofkiBa (Oegemaet al. 1999).

Upon treatment with 0.5 M salt the large complegdaverted to small complex
suggesting that the former is made up of subufitiseolatter. Both of these
complexes when isolated from sucrose gradient lefilgation can complement the
salt stripped centrosome, which suggests thantieeaction between thetubulin
containing complex and the centrosome scaffoldrect(Moritzet al. 1998;
Oegemaet al. 1999).

Purification of they~tubulin containing complex in several organisnisva¢d
identification of the protein components. Many ledse proteins contained so-called
‘grip motifs’, however, the function of these domsremain unknown
(Gunawardanet al. 2000a) y-tubulin complex components include:
Dgrip84/Xgrip110/SpAlp4/GCP2 and Dgrip91/Xgrip10pA8p6/GCP3,
Dgrip128/Xgrip133/SpMod21/GCP5, Dgrip75/Xgrip75/Sg@/GCP4,
Dgripl63/Xgrip210/SpAlpl6/GCP6 and more recentlyipglWD/GCP-
WD/NEDDL1. The entire complex was named yitebulin ring complexy-TuRC]
(Martin et al. 1998; Murphyet al. 1998; Zhenget al. 1998; Oegemat al. 1999;
Gunawardanet al. 2000b; Murphyet al. 2001; Fujitaet al. 2002; Gunawardaret al.
2003; Anderst al. 2006; Hareret al. 2006; Luderst al. 2006; Verollett al. 2006).
The smaller complex isolated from salt-strippedicmomes was found to consist of
two copies ofy-tubulin and one copy of Dgrip84/Xgrip110/SpAlp4/BZand
Dgrip91/Xgrip109/SpAlp6/GCP3, and was designatedgamma tubulin small
complex f-TuSC] (Oegemat al. 1999; Gunawardaret al. 2000b). A coverslip
nucleation assay was developed to measure theatiotieactivity of both complexes.
It was found that thgTURC has a 150 fold higher nucleation activity peie of
complex than thg-TuSC (Oegemat al. 1999). However, RNAi knockdown of
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GCP-4/5/6 irD. melanogaster has shown that theTuSC is sufficient to nucleate a
basic centrosomal array (Verolkttal. 2006).

S cerevisiae do not have homologs of GCP4-6, suggesting tleapthmary
source of MT nucleation is via tyeTuSC [known in budding yeast as the Tub4
complex]. This indicates that other regulatory n@gbms may exist in budding
yeast that promote the activity of this complexeitthough post-translational
modifications or structural rearrangements. Resepecformed in the laboratory of
David Agard attempted to address this problem liyguslectron microscopy to
study the structure of the Tub4 complex (Kollnghal. 2008). They found that Tub4
[y-tubulin], Spc97p [GCP2] and Spc98p [GCP3] assentbferm a ‘Y-shaped’
complex, where immuno-gold-labelling was used tedeine the position of Tub4
at the arms and FRET was used to demonstratehihdi-terminal tails of both
Spc98 and Spc97 form the body of the 'Y’. Interegy, several classes of Tub4
complex structure were observed, where the distaatseeen the Tub4 subunits on
the arms varied between 85 A and 70 A, suggestitegeee of flexibility in that part
of the molecule. This supports the idea that T#d4/SC undergoes a structural
change that favours MT nucleation. However, astitbors argue, it is unlikely that
the level of variation seen in purified complessisficient to facilitate the formation
of lateral interactions betwees3-tubulin monomers, suggesting additional factors

exist that enhance any structural rearrangement.

GCP1-6 are conserved $npombe. As in higher eukaryotes, ttg pombe
y-TuSC homologues, Gtbl, Alp4 and Alp6 are all eBakfor viability (Horio et al.
1991; Stearnst al. 1991; Vardyet al. 2000). Strains containing temperature-
sensitive alleles show large cytoplasmic MT bunellbgch curve around the cell tips
(Paluhet al. 2000; Vardyet al. 2000). Nucleation assaysaip4-ts mutants show that
the nucleation of cytoplasmic MTs is reduced (Zimman, Set al. 2005).

Additional members of the TURC, Gfhl, Alp16, and Mod21 [designated non-core
y-TURC components] are not essential for viabiliyt the deletion mutants display
moderate interphase MT defects. The number ofphese MTs is reduced to 1-3 in
non-core mutants, compared with 3-5 for wild-typ#is; and nucleation from non-

SPB sites is reduced by 30%. As YhEuSCs localise and nucleate from non-SPB
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sites in non-core deletion mutants, this suggéstisthese proteins are able to
compensate for the loss piTURC formation (Fujitaet al. 2002; Venkatranet al.
2004; Anderset al. 2006).

The relative contribution of both tlyeTuRC and the-TuSC, collectively
known as theg-tubulin complex y-TuC], to nucleation of the different MT arrays in
fission yeast is unclear. WhenTuC components are analysed by sucrose gradient
sedimentationy-tubulin is mostly present in a low S-value comple&-9S], unlike
y-tubulin from bothXenopus andDrosophila extracts, which are mostly present in a
large S-value complex [30-35 S] (Oegeehal. 1999). However, recent data suggest
that members of the TURC co-localise witly-TuSC at the minus ends of MTs,

indicating that the large complex may be assembled.

1.5 y-tubulin associated proteins

There are a number of additioryal uC associated proteins that are required
for they-TuC to function as an efficient MT nucleator. S&ag@roteins have been
shown to play a role in the recruitment and/or anicly of they-TUuRC within the
PCM, many of which are influenced by levels of ogitle-dependant regulation.
Pericentrin is a large scaffold protein that exista number of different isoforms.
Zimmerman and colleagues (Zimmerman, WetGl. 2004b) showed that
Pericentrin A is required for anchoring of @ uC at the PCM specifically during
mitosis, through an interaction with GCP2/3 viaGt$erminal domain, and this
recruitment is required for proper spindle formatio
Ninein is another protein that is required to Ismthey-TuRC to the PCM
(Mogenseret al. 2000; Ouet al. 2002). However, Ninein has also been found at non-
centrosomal nucleation sites in specialised ep#hetlls (Mogensen 1999). The
similar Ninein-like protein [NIp] plays a structumale in centrosome organisation
where it is required to localise tlgeluC to the centrosome during interphase. Nlp is
phosphorylated by Plk-1 early in mitosis, causing idissociate from the
centrosome. This is thought to allow the assoaiatiomitotic specific scaffold
proteins the PCM (Casengtiial. 2003).
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GCP-WD/NEDDL1 is another protein that is requiredyf TURC localisation
to the centrosome. GCP-WD interacts with many ef#fiuC components, and
functions as a targeting factor (Gunawardetred. 2003; Ludert al. 2006). During
mitosis, GCP-WD also becomes phosphorylated by Biith and Cdk1, which is
required to localise thg TURC to the spindle poles (Zhang,eal. 2009).

Although homologs of many of these proteins haatety be identified fission
yeast, there are a number of proteins that aretaldarry out the same recruitment
and anchoring functions. For examfgoombe Mtol has been shown to have
structural resemblance to Ninein, and is also requio localise thg-TuC to the
SPB (Sawiret al. 2004; Venkatranat al. 2004).

1.6 Microtubule Organisation in S. pombe

Fission yeast is a unicellular haploid organisat tk popular among
scientists due to its short generation time, hagtombination rates and genetic
tractability. S pombe are rod-like cells that are between 12 — 15 nrg lamd 3 — 4
nm wide. They grow in a bipolar manner until thegch the required length at
which point they divide by medial fission. Fissipeast is a preferred organism to
study MTs as the low number and size of MT bunédlksvs tracking and
measurement of MT dynamics. Fluorescent marker®aaity be introduced into the
cell and used to label the plus and minus endseoMTs, as well as follow the
behaviour of many other MT associated proteins.i#aithlly, as fission yeast is
more closely related to higher eukaryotes than imgdgeast, many of the factors
involved in MT regulation are conserved and so @\eetter comparison than other
unicellular species.

MTs are nucleated at specific sites within thé called Microtubule
Organising Centres [MTOCSs]. Different MTOCs areetiatically depicted in
Figure 1.2. In fission yeast, in addition to thatcesome equivalent, an extensive
non-centrosomal array is nucleated from other si#sn the cell. For example,
MTs are nucleated from the equatorial MTOC [eMTQ&d from interphase
MTOCs [IMTOCs] (Hagan 1998). MTs nucleated fromselifferent sites have a

number of different functions within the cell an@ aequired at different points
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during the cell cycle. These properties make fisgi@ast a good model for studying
the nature of MT nucleation from non-centrosomal®Os.

Unlike the centrosome, the structure of the SP@Bletively undefined.
Electron microscopy has shown that it is composedaytoplasmic layer and
nucleoplasmic layer that are connected by striattbrough the nuclear envelope
(Ding et al. 1997). AsS pombe undergoes a closed mitosis, the SPB embeds itself
into the nuclear envelope at the start of mitodzafvaet al. 2004). Once in the
membrane, in addition to nucleating MTs, the SPEh@wn to act as a signalling
hub for many regulatory proteins including thoseoirmed in cell cycle progression
e.g. the Plol/PLK1 kinase (Doxselyal. 2005; Hagan 2008).

In anaphase, astral MTs are nucleated from the thetnucleoplasmic and
cytoplasmic face of the duplicated SPBs. The pregdsnction ofS. pombe
cytoplasmic astral MTs are to assist in the aligninoé the spindle along the cell axis
so that equal segregation of genetic material batvibwth daughter cells is ensured
(Tolic-Norrelykkeet al. 2004). However, cells which lack these structul@sot
display any major spindle elongation or alignmesfedts (Zimmerman, &t al.

2005). Astral MTs are essential for spindle origatain budding yeast, as they
guide the spindle MTs into the bud neck betweerheradand daughter cells
[reviewed in (Bloom 2003)]. A similar process oczur tissue cells of higher
eukaryotes, where astral MTs are directed by ealitdar cues, such as the substrate
plane, to establish spindle polarity (Toyoshiehal. 2007). Additionally, unlike

yeast, which determine their cell division plan®pto mitosis, it is thought that
astral MTs of higher eukaryotes also contributetalisation of the cleavage furrow
by distributing proteins involved in actin polymeation at the central cortex (Inoue
et al. 2004; Bringmanret al. 2005).

Following completion of anaphase and initiatiorspindle disassembly, a
post-anaphase array [PAA] is nucleated in the dimiplane between the separated
nuclei. Nucleation of the PAA is dependent on threnfation of the cortical actin ring
[CAR] (Pardoet al. 2003). This is an actin structure that is formadyein mitosis. It
is assembled following release of Mid1 from thelaus, which is required to
establish the CAR at the cell cortex proximal te tlucleus (Chang al. 1996;
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Sohrmanret al. 1996). Mid1 functions by recruiting myosin Il hgaand light chain
proteins and several regulators of actin dynanmediiding Rng2, the Cdc12 formin,
and Cdcl5 (Fankhausetral. 1995; Changt al. 1997; Kitayamaet al. 1997; Enget

al. 1998). Together these proteins induce actin potigagon, which is further
organised by the recruitment of tropomyosirgctinin and Myp2 (Balasubramanian
et al. 1992; Bezanillat al. 1997; Wuet al. 2001).

Regulation of the PAA is influenced by two majgralling pathways. The
Septation Initiation Network [SIN] is activatedlate anaphase and causes the ring
to constrict and induces formation of the septuenipwed in (Krappet al. 2004;
Krappet al. 2008)]. However, activation of the SIN alone is sofficient to induce
PAA formation, as the PAA does not form when Sikhduced during interphase
usingcdcl6.116ts allele (Heitzet al. 2001).

The Anaphase Promoting Complex [APC] is a ubiguijase which among
other things is required to activate separasenaynee that proteolytically degrades
cohesin, and allows sister-chromatid separatiares enter anaphase (Ciostlal.
1998; Uhimanret al. 1999). The activity of the APC is also requiredtioe
formation of the PAA as temperature sensitive eflelf Cut4 and Cut9 [APC
components] and Cut8 [required to localise the A®@e nuclear periphery] do not
form a PAA at restrictive temperature. Howeversthenutants all form an actin ring,
and progress through cytokinesis as normal, indigahat the SIN occurs
independently of the APC (Heigt al. 2001).

The mitotic Polo kinase has regulatory roles ithitbe APC and the SIN,
and is therefore considered to be the missingdetkveen the two pathways that
connects them to the formation of the PAA [reviewe@Archambaulet al. 2009)].
When Polo kinase Plol was expressedmfeested fission yeast cells, PAA and
primary septum formation was induced (Hedtal. 2001). So far the intricate
complexity of both the APC and the SIN pathways mbat the mechanism that
directly link them to the PAA through the PIk1 kssaremains unclear.

The exact function of the PAA is uncertain, assciiat lack the PAA are
viable (Sawiret al. 2004; Venkatranet al. 2005). Evidence suggests that the PAA
may act to stabilise the position of the CAR duram@phase, as cells that are
arrested in late anaphase with a stable actin simgw a displaced non-centralised
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ring position when treated with MT-depolymerisinmigl carbendazim [MBC]
(Pardoet al. 2003). Other research has suggested that the Payfaiso help to
separate dividing nuclei (Hagahal. 1988; Hagaret al. 1997). Homologous
structures have been observed in higher plantg&xample, the pre-prophase band
that is required to organise the MT spindle (Ambreisal. 2008), however, PAA-

like structures have yet to be confirmed in otheasts.

Interphase MT organising centre [IMTOCSs] is a dggive term that
encompasses any MTOC that nucleates MTs duringpimise. During interphasg,
pombe contain 3-5 MT bundles, each containing 2-5 M t#xtend across the
longitudinal axis of the cell (Hagan 1998; Drummandl. 2000; Carazo-Salas al.
2007). The majority of these MTs are oriented \liteir minus ends anchored at the
centre of the cell and their plus end facing towalgk cell tip. There is also a region
of overlap proximal to the nucleus where the MTeslaundled in an anti-parallel
fashion (Drummonet al. 2000; Traret al. 2001; Sagollat al. 2003).

Traditionally, IMTOCs were defined as locationdwi nucleation following
cold-shock or treatment with MT depolymerising dslig.g. MBC]. This description
was later shown to be misleading, as upon coldistiee majority of MTs were
nucleated from sites on the nuclear surface asutfeom a redistribution of the MT
nucleation machinery (Sawet al. 2004). In addition, following MBC treatment,
there can be ambiguity to whether MT growth ocdrom truede novo nucleation
sites or from MT ‘stubs’ found at regions of MT ol&p that are resistant to MBC
(Buschet al. 2004). Defined more broadly from vivo imaging of GFP-tubulin,
IMTOCs are found in a number of locations. Thesduie the ISPB, the surface of
the nuclear envelope, sites along the length eegrsting MTs and very rarely from
sites in the cytoplasm free from other MT polym@iaitaet al. 1997; Jansoet al.
2005).

It is difficult to say how much each iMTOC contuiles to the total
cytoplasmic array. Observation of MT nucleatiomal@re-existing MTs is
particularly difficult as polymerised seeds arecflyi bundled into parent MTs.
However, the high concentrationwfTuC proteins along the length of the MT

indicates that this may occur with a relativelythfgequency. MT nucleation
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Astral MTs (cytoplasmic face of the mSPB)

Mitotic Spindle
(intranuclear face

Anaphase of the mSPB)

Post-anaphase

Post-anaphase array (eMTOC)
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Cytoplasmic array

* Nuclear envelope

* pre-existing MTs
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i * Free sites in the
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Figure 1.2 Microtubule organising centres 8fpombe. mSPB [mitotic
spindle pole body]; iSPB [interphase spindle pady); eMTOC [equatorial
MT organising complex]; IMTOC [interphase MT orgsinig complex]. MT
bundles are represented here as uniform structuoasgver,n vivo bundles
are composed of several MTs which are distributezl/anly along the

length of the bundle with multiple regions of ol
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from the nuclear envelope is thought to facilimtarge number ade novo
nucleation events. However, the mechanism by wthielg-TuC proteins are

localised and anchored to the surface is unclear.

1.7 Mtol and Mto2

Regulation ofy-TuC localisation and function & pombe has been shown to
be dependent on a number of auxiliary proteinspthst prominent of which are
microtubuleorganiserl and2 [Mto1/Mto2]. Both proteins localise to all cytoglaic
MTOCs and are essential for nucleation of all n&BSlerived MTs (Sawiet al.
2004; Venkatranet al. 2004; Samejimat al. 2005; Venkatranet al. 2005). Mto1
and Mto2 were initially identified in the Sawin ladlie to the curved cell phenotypes
observed in the mutants isolated from a mutageseseen (Sawiet al. 2004;
Samejimeet al. 2005). Distant homologues for Mtol have been ifledtin other
metazoa e.d@S. cerevisiae Spc72D. melanogaster centrosomin€nn], and human
proteins CDK5RAP2 and myomegalin (Sawitral. 2004). Recent release of the
genomic sequence of closely related fission ygeasrosaccharomyces japonicus
has lead to the identification of the only knownollhomologue, SJAG_03264.2.

Deletion of Mto1l results in a complete loss of Mcleation from
cytoplasmic IMTOCs and both astral MTs and the R&&@ absent. Interphase MTs
are fewer and form large bundles (Saetial. 2004; Venkatranet al. 2004). It was
shown that the cytoplasmic MTs present inriteld background are derived from
nucleation events that occur on the nucleoplasate bf the SPB, initiated by a
functional homolog of Mtol called Pcpl (Flogyal. 2002; Zimmerman, St al.
2004a). Once nucleated inside the nucleus, theselv8ak through the nuclear
envelope and escape into the cytoplasm. As a risukt is a negligible MT
regeneration following MT depolymerisationnmolA cells (Sawiret al. 2004;
Zimmerman, Set al. 2005).

In mto24 cells, MT nucleation from the cytoplasmic facelod SPB is
preserved, therefore timato24 phenotype is overall less severe. Astral MTs are

present, and there are more cytoplasmic MTs thamaf1. However, there are
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fewer MTs than wild-type, and they are presenaingé bundles. Nucleation from the
eMTOC:s is also occasionally observedarion24 cells, but at a highly reduced level.

Staining for tubulin ilTmto14 andmto2A cells revealed that the regulation of
MT growth at the cell tip appears to be defectresulting in the extension of MTs
around the tip which gives the curved cell phenet@ypenkatranet al. 2004;
Samejimeet al. 2005). Some evidence has suggested that thisagidation may
occur as a result of defective loading of plusgtipteins e.g. EB1, in the early stages
of MT polymerisation (Cuschiest al. 2006; Fong, K. Wet al. 2009b).

Mto2 is a smaller protein of 397 aa. It does rantéhany distinctive structural
domains except for a small region of coiled-coitie N-terminus. Unlike Mto2,
Mtol is a large protein of 1115 aa and is compadgestveral structurally significant
domains. It has extensive regions of coiled-coitsrC-terminus in addition to a
large globular domain at its N-terminus. Mutages@$iMtol has revealed a stretch
of conserved sequence within the globular regidled¢dhe Centrosomin Motif 1
[CM1] domain, which has been shown to be esseiatiahe interaction with thg-
TuC (Samejimaet al. 2008). The function of the CM1 domain is conserivelitol
homologs, Cnn and CDK5RAP2 (Zhangetdal. 2007; Fong, K. Wet al. 2008).

Co-immunoprecipitation experiments show that Maodl Mto2 strongly
interact to form a complex [the Mto1/2 complex] f8&gimaet al. 2005; Venkatram
et al. 2005). The Mto2 interaction domain has been Igedlito a central region
within the coiled-coil of Mtol. Both the Mto2 intestion domain and the CM1
domain are required for the interaction of Mtolhathey-TuSC (Samejimat al.
2005; Samejimat al. 2008). Further mutagenesis of the Mtol C-termiaihas
identified regions of sequence that act as a lsa&in modules which target Mtol to
specific sites within the cell. For example, regi@#9-1095 is required to localise
Mtol to the SPB during mitosis, 1049-1075 is reegifor SPB localisation during
interphase, and 1028-1065 is required to localisglNb the eMTOC. A separate
region between 500-1065 is required for the loaditis of Mtol to pre-existing MTs.

Mtol is required for Mto2 localisation to MTOCswever, Mtol is able to
localise normally inmto24 cells, indicating that Mto2 does not function as a
localisation or targeting factor for Mtol. As badloteins are required to efficiently

interact with and localise theTuC at cytoplasmic MTOCSs, this suggests that Mto2
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may have a structural role in the assembly of thelk2 complex (Sawiet al. 2004;
Samejimeet al. 2008). However, exactly how Mto2 is able to inflae the structure
of Mtol is currently unknown.

The targeting modules of Mto1l allow it to spedife location of the Mto1/2
complex within the cell and therefore spatiallyutage the nucleation of MTs. How
the timing of this localisation is regulated isdetear. As described above, MT
nucleation occurs from different MTOCs at differstages of the cell cycle. It is
predicted that regulation of assembly and/or desagdy of they-TuC by the Mtol/2

complex may be one way in which the cell is abladbieve this.

1.8 Protein phosphorylation

From the first description of protein phosphonglatby Eugene Kennedy in
1954 (Burnetet al. 1954), phosphorylation continues to function athleart of
molecular biology, contributing to the regulatidneomultitude of cellular processes,
from signal transduction, differentiation, and depenent to cell cycle and
metabolism. Protein phosphorylation involves tlaas$fer of the gamma phosphate
group PQ?, from a nucleoside tri-phosphate to a hydroxylugrof an amino acid,
i.e. serine, threonine, or tyrosine. This reactoperformed by protein kinases, and
the reverse dephosphorylation reaction is carrnigdg protein phosphatases.

The primary functions of protein phosphorylati@nde to turn ‘off’ or ‘on’
protein activity, change cellular localisation,association with other proteins in a
reversibly acute manner (Hunter 1995). The mostraommethod by which
phosphorylation acts to regulate protein actistyia a change in surface charge
and/or protein conformation. Recent sequencingaabus key genomes has
highlighted the importance of phosphorylation, véhiehas been demonstrated that
proteins directly involved in phosphorylation make2% of the human genome
(Landeret al. 2001; Venteet al. 2001). It is estimated that one in three proteires
phosphorylated (Zolnierowiaa al. 2000).
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1.9 Phosphorylation over the cell cycle

Phosphorylation is a key regulatory componenhefdell-cycle control
system. Transition between cell-cycle stages isladgd by several kinases including
CDK1, PLK1 and the Aurora kinases, and all of whigtve been shown to
phosphorylate targets related to MT nucleation.

In fission yeast, there is one CDK1 [Cdc2] whidmtols entry into different
stages of the cell cycle through an associatioh different cyclins. Cyclin binding
induces a conformational change which partiallyvatés the CDK. However, Cdc2
must also be phosphorylated in its active siteet@ully active [reviewed in
(Pavletich 1999)]. Phosphorylation also plays a mICDK inhibition. During the
G2-M transition, if various checkpoints have not beatisfied, Cdc2 is inhibited by
the Weel kinase (Russetlal. 1987). When the requirements for mitosis have been
fulfilled, this inhibitory phosphorylation is reled by Cdc25 phosphatase (Russell
al. 1986). CDK1-Cyclin phosphorylates many proteinstighout the cell cycle,
many of which contain a S/T-P-X-R consensus sequéacdicottet al. 1999).

As has already been mentioned, PLK-1/Polo/Ploaderplays a major role in
many of the processes linked to MT nucleatiors H conserved S/T kinase that also
plays a key regulatory role in mitosis (Carmehal. 1998; Barret al. 2004). In
human cells, PLK1 is required for centrosome maitumeand bipolar spindle
formation in early mitosis as well exit from mitesind cytokinesis (Sumaetal.

2004; Brennamt al. 2007; Santamariet al. 2007). The yeast homologue of Polo
kinase, ScCdc5/SpPlol has a less important radary mitosis, but is essential for
mitotic exit pathway and cytokinesis (Yoshigtaal. 2006). Polo kinase localisation
changes during mitosis, reflecting its functiordiéterent subcellular structures
[reviewed in (Petronczlat al. 2008)]. In prophase, Polo kinase is found at the
centrosome where it is involved in the recruitmang-tubulin that is required for
nucleation of the mitotic spindle (Casenghal. 2003; Zhang, Xet al. 2009).

During metaphase, Polo kinase is enriched at theté&chore, where it is thought to
play a role in the spindle assembly checkpointughophosphorylation of BubR1, a
member of the APC (Matsumuehal. 2007). At anaphase it accumulates at the

spindle mid-body where it interacts with centrahgjtin and Ect5, which have a
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pivotal role in the assembly of the cortical actirg at the future cleavage furrow
site (Brennaret al. 2007; Santamariet al. 2007; Petronczlket al. 2008). In all roles
Polo kinase acts via well characterised mechamghish involves interaction with
its targets via a C-terminal polo-box domain [PBLHe PBD binds to phospho-
peptides that are present within a $¥5&-P-X/R consensus site (Eléal. 2003a;
Elia et al. 2003b). The inclusion of STP within this binding site means that
substrates must be primed before they interactthéPBD e.g. NEDD1 is
phosphorylated be CDK1 prior to phosphorylatiorPhK-1, and event that is
required to target the TURC to the centrosome in mitosis (Zhangeial. 2009).
The optimal PLK-1 phosphorylation sequence wastitied as [D/E]-X-[pS/pT]®-
[D/E]-[D/E] (Nakajimaet al. 2003), where the presence of acidic residuedlatrei
+2 or -2/-3 positions constitute the minimum requoient for PLK-1 phosphorylation
(Dephoureet al. 2008). Dobbelaere and colleagues performed an Rii#en to
identify proteins required for centrosome maturagmd duplication iD.
melanogaster, and identified Cnn as a key component of thicgss (Dobbelaerst
al. 2008). They later went on to show that phosphtipfieof Cnn by Polo kinase is
essential for centrosome maturation, a processldsribes the recruitment of MT
nucleation machinery to the centrosome. More régdrttas been shown that Pcpl
is also phosphorylated by Plol (Fong, Cet&l. 2009a).

This data supports the idea that temporal reguiaif MT nucleation may be
achieved through phosphorylation of the Mto1/2 ctaxpPhosphorylation of Mtol
has yet to be observed, however, when analysedia®stern blot Mto2 is present in
several isoforms that are likely to represent ddifeé phosphorylation states of Mto2
(Samejimaet al. 2005; Venkatranat al. 2005).

1.10 Human disorders associated with the y-TuC associated proteins

A number of human genetic disorders have beendftmive associated with
factors related to targeting of tig'uC and efficient MT nucleation, including
CDK5RAP2, the human homolog of Mtol. CDK5RAP2/Cepfias initially
identified in a yeast-2-hybrid screen to identifyeractors of the CDK5-regulatory
protein 1 in rat cerebral cortex (Chiegal. 2000). Mutations found within this
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protein lead to a condition called primary microealy. This is an autosomal
recessive disorder physiologically characterised bgduction in the size of the
cerebral cortex and an associated mental retardatiaddition to
CDK5RAP2/MCPHS3, genetic mutations have been mappedveral other
recessive loci, which result in a number of indigtiishable disorders. All encoded
proteins have found to localise to the centrosaminere they are involved in
nucleation and/or organisation of the mitotic sggndhe MCPH phenotype is
thought to arise during division of the neuronalganitor cells in the ventricular
zone of the embryonic brain. When cell divisiomasnpromised this leads to a
reduction in cell number and consequently braia.ddespite this, other aspects of
cerebral development remain unaffected.

MCPHL1 [microcephalin] is linked to other syndromdsere DNA
checkpoint dependent processes have been pertsubbdis Seckel syndrome,
which is characterised by defective ATR signall{fdgcksoret al. 2002; Aldertoret
al. 2006). Studies have shown that cells derived f@PH-1 patient lines display
premature chromosome condensation (Triml@bal. 2004). In wild-type cells,
microcephalin prevents premature entry into mitbgisargeting Chk-1 to the
centrosome during interphase (Tibelaigl. 2009). Chk-1 is a &M checkpoint
kinase which inhibits Cdc25B, preventing Cdc25Bhiractivating centrosomal
CDK1-Cyclin B. Upon entry into prophase, Aurora Agsphorylates Cdc25B,
activating CDK1-Cyclin B which then commits theldel mitosis resulting in
chromosome condensation and centrosome separtiaméret al. 2004).

MOPD II [microcephalic osteodysplastic primordiavarfism type Majewski
[] is another primary microcephalic disease andl$® characterised by the inability
to recruit CDK1-Cyclin B to the centrosome. MOPDsllcaused by mutations in
pericentrin [PCNT], a binding partner of microcelamh@Rauchet al. 2008; Tibelius
et al. 2009; Willemset al. 2009).

Other MCPH-associated genes include MCPH5/abnospiadle-like,
microcephaly associated [ASPM], MCPH6/centromerggin J [CENPJ], and the
recently identified MCPH7/STIL. ThB. melanogaster homolog of ASPMasp, has
been shown to be required for organisation of Mlth@ spindle poles and central
spindle during mitosis (Wakefielet al. 2001), and it is predicted that ASPM has a
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similar role. The STIL protein mutated in MCHP7shseen found to have a related
function, where it localised to the spindle-polesinlg metaphase in HelLa cells, and
IS required for mitotic spindle organisationDanio rerio (Pfaff et al. 2007).
MCPHG6/CENPJ is a centrosomal protein that is aasegiwith the~-TuRC.

Analysis of theC. elegans homolog suggests that CENPJ may have a role in

centrosome duplication in early mitosis.

1.11 Project aims and objectives

Many of the proteins involved in MT nucleation leaween identified. This
has allowed researchers to begin to determine hesetfactors may function
together to form an active nucleation complex. &sidn purifiedy-tubulin
containing-complexes in higher eukaryotes havetified two complexes that are
able to nucleate MTs. TheTuRC appears to be the main active complex inethes
organisms and has a nucleation activity that isiBggantly higher than its composite
y-TuSC. The situation is very different $acerevisiae, where the~-TuSC/Tub4
complex is the main nucleation complex. The natdirtdae nucleation complex
formed inS. pombe is less clear, as there is evidence to suggeisbtitia complexes
may be active.

The Sawin lab among others, have identified Mtod lslto2, which are
proteins required to recruit tlyeTuC to the MTOC. In this project | want to examine
the properties of the complex formed by Mtol an@24it was proposed that Mto2
may promote co-operative binding of (@ uSC components to Mto1/2 (Samejima
et al. 2008). | predict that this may result in the adsgmof a large complex
containing many molecules of Mto1/2 that may ac yTuRC-like fashion.

Deletion of the non-cornge TURC components results in a 30% reduction in MT
nucleation from non-SPB iIMTOCs, this is comparethwi00% reduction in
nucleation in eithemto24 or mto14. This suggests that the Mto1/2 complex may be
able to compensate for the loss of non-core commeri® promoting higher-order
assembly of thg-TuSC. Examination of the size of the Mto1/2 compieay offer
evidence to reinforce an Mto1/2 directe@uSC multimerisation, and provide a

better understanding of the nature of the nuclaat@mplexes formed i8. pombe.
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Additionally, | aim to investigate the role of Mt@2 Mto1/2 complex
multimerisation. It has been demonstrated that NKa®bt required to localise Mtol
to the MTOCs, therefore it does not act simply &rgeting factor. Instead, it is
proposed that Mto2 may promote Mto1/2 complex asbgrhplan to investigate the
effect of Mto2 on the multimerisation state of Mt@hd whether this is instigated by
its own multimerisation.

The Mtol/2 complex is responsible for nucleaticont MTOCs that are
active at different points in the cell cycle. Ensgrthat certain types of MT arrays
are restricted to specific stages of the cell cigkessential, as ectopic nucleation
events may have drastic effects. For example, atiole of a cytoplasmic array
during mitosis may titratef3-tubulin dimers away from the nucleus and compremis
the formation of the spindle. The changing pattdractive MTOCs suggests that the
Mto1/2 complex may be subject to levels of cellleydependent regulation. Several
mechanisms of regulation have been suggesteddingiyphosphorylation of both
Mtol and Mto2. In this thesis | am going to concatibn on Mto2 phosphorylation,
and investigate the consequence of this on the Mtw@P interaction as well as the
proposed Mto2 multimerisation.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 General materials used

Unless otherwise stated all analytical and reageade chemicals were
purchased from Sigma-Aldrich. General labware aspasables including plastic
and glassware were supplied by Fisher Scientifi§.Al. Nitrocellulose membrane
and broad range molecular weight markers, in amditb western blotting apparatus
for 8.3 x 7.3 cm and 16 x 20 cm gels were supdieddioRad [U.S.A.], larger 20.5
x 10 cm, low-wide gels were cast and run in apparatipplied by Helena
Biosciences, U.K. Oligonucleotide primers were et by Eurofins MWG
Operon, supplied as lyophilised material, which s re-suspended in 1 X TE to
100 uM and stored at -20. All DNA was amplified using the PCR performedan
DNA Engine Dyad Peltier Thermal Cycler [MJ Resear€lentrifugation of
microfuge tubes was performed at RT in a BiofugmPHeraeus, Germany], and at
4°C using a Biofuge Fresco [Heraeus, Germany]. Cegttion of 15 ml and 50 ml

tubes was performed in a 5810 R Centrifuge [Eppilad&ermany].

2.1.2 Grades of water used

All pure water was generated by the Purite Bid [FPurlte, U.K.]. Common
buffers [Section 2.1.4] were made up using Gradpudlity water [1-15 MD.cm].
Ultrapure deionised water with a resistivity of A81Q.cm was used for molecular

biology methods and addition to other sterile sohd.
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2.1.3 Solution sterilisation

All standard buffers [used for molecular biologilculture], media and
plastic/glassware were sterilised prior to usesTas done by autoclaving at 220
for 30 min at 15 psi [BMM Western, U.K.]. Speci&sbuffers were sterilized by
filtration through 0.22 um filter [VWR internatiolja

2.1.4 Common Buffers

TE [Tris EDTA pH 8.0] 10 mM Tris-HCI pH 8.0, 1 mEDTA pH 8.0

Tris-buffered saline [TBS] 50 mM Tris base, 150 mdCI. pH is adjusted to 7.6
with 10 N HCI

TAE 40 mM Tris base, glacial acetic acid, 1 rBMTA.

Laemmli Sample Buffer 2% [w/v] SDS, 10% [v/v] glyoé 100 mM DTT,
60 mM Tris-HCI pH 6.8, 0.01% [w/v] bromophenol
blue

Laemmli Running Buffer 25 mM Tris-base, 192 mM ghe; 0.1% [w/v] SDS.
pH is adjusted to 8.3 with 10 N HCI.

CAPS transfer Buffer 10 mM CAPS pH 11.0 [pH atijdswith 10 N NaOH],
10% [v/v] MeOH

Coomassie Stain 50% [v/v] methanol, 10% [v/v]tacacid, 0.25%
[w/v] Brilliant Blue R-250]

Coomassie Destain 25% [v/v] methanol, 10% [vidtaecacid

Ponceau S Stain 0.2% [w/v] Ponceau S, 3% [w/ehtaroacetic acid,

3% [w/v] sulfosalicylic acid]

Ponceau S Destain 5% [v/v] acetic acid

2.1.5 Antibodies used in this study

Primary antibodies Dilution
anti-Myc 9E10 mouse monoclonal 1:1000
anti-GFP sheep polyclonal (Sawin et al., data uhgidd] 1:500
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anti-Mtol sheep polyclonal (Sawahal. 2004)

anti-Mto2 sheep polyclonal (Samejiraaal. 2005)

anti-Alp4 sheep affinity purified polyclonal (Sarmeget al. 2008)
anti-Alp6 sheep affinity purified polyclonal (Sarmeg et al. 2008)
anti-y-tubulin GTU-88 mouse monoclonal [Sigma, U.S.A.]
anti-Nop1 mouse polyclonal [Gift from D. Tollervey]

anti-phospho-tyrosine mouse monoclonal [Upstat§, A).

Secondaryl/tertiary antibodies [Sigma, U.S.A.]

GT-34 mouse anti-sheep/goat IgG monoclonal
GT-34-HRP mouse anti-sheep/goat IgG monoclonal Hied
Sheep anti-mouse IgG

anti-mouse IRDye800 [Licor Bioscience, U.S.A.]

anti-mouse IRDye600 [Licor Bioscience, U.S.A.]

2.1.6 Yeast media

1:1000
1:1000
1:300
1:300
1:1000
1:1000
1:1000

Q0m,
1:10,000
1:10,000
:5000
:5000

Media used for fission yeast growth and manipatatire as described in

Morenoet al (Morenoet al. 1991).

YES5S/AXYESS 0.5% [w/v] Difco Yeast Extract, 3.0%/{yglucose,
250 mg/l adenine/leucine/histidine/lysine hydhiocide,

and uracil. Where 4 X applies to all ingrediestsng/I
phloxin B, 150 mg/l G418 [Geneticin], 100 pg/mi
hygromycin/neomycin were added where required.

EMM-N [Edinburgh Minimal Media]

NH,CI [2.2 g/I] or L-glutamic acid monosodium salt
[3.75 g/l]. 14.7 mM potassium hydrogen phthaljat

15.5 mM NaHPGO,, 2% glucose, 1 X salts [50 X stock
solution: 52.5 g/l MgG#6H,0, 0.735 mg/l CaGt2H,0, 50
g/l KCI, 2 g/INaxSQy], 1 X vitamins [1000 X stock: 1 g/l
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pantothenic acid, 10 g/l nicotinic acid, 10 nigdtin] and
1 X minerals [10,000 X stock:5 g/l boric acidg4 MnSQ,,
4 g/lZnSQe7H,0, 2 g/l FeCle6H,0, 0.4 g/l molybdic
acid, 1 g/l Kl, 0.4 g/l CuSgbH,0 and 10 g/l citric acid].

SILAC media EMM + 6 mM NHCI, 40 mg/mI**C6"™N4-arginine, 30
mg/mI**C6"N2-lysine

SPA agar 1% glucose, 1 §H.PQO,, 1 X vitamins [as above], 45
mg/lamino acid supplements [as above], 2% [w/v] Difco

Bacto agar.
2.1.7 Bacteria Media

SOC (Sambrookt al., 2001)
Difco Bacto tryptone [20 g/l], Difco Bacto yeasttract
[5 g/l], NaCl [10 mM], KCI [2.5 mM]. After autdaving and
cooling to 50C, sterile MgC} and MgSQ were added to a
final concentration of 10 mM. Sterile glucosesvealded to a

final concentration of 20 mM.

Luria-Bertani Medium [LB] [Miller, 1972]
Difco Bacto tryptone [10 g/l], Difco Bacto yeasttract
[5 g/l], NaCl [5 g/l]. Before autoclaving the pkas
adjusted to 7.2 using 10 M NaOH. Solid LB agatgs are
made by adding 2% [w/v] Difco Bacto agar to thedia.

2.1.8 Antibiotics used this study

Antibiotics were supplied by Melford, U.K. Antibios used for bacterial selection

were Ampicillin [100 pg/ml], Chloroamphenicol [29/ml] and Kanamycin [50
png/ml].
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2.1.9 Escherichia coli strains and genotypes

One Shot® TOP10 Chemically competéntoli [Invitrogen]
F- mcrAAe80lacZAM15 AlacX74 recAl araD13@[ara-leu] 7697
galU galK rpsL [StrR] endAl nup&

XL10-Gold Ultracompeteri. coli [Stratagene]
TetrD[merA] 183 D[ mcr CB-hsdSMIR-mrr] 173 endAl supE44 thi-1
recAl gyrA96 relAl lac Hte [F" proAB laclgZDM15 Tnl0 [Tetr] Amy
Camr].

BL21-CodonPlus[DE3]-RILE. coli [Stratagene]
B F—ompT hsdjrB— mB—] dcm+ Tetrgal endA Hte [argu ileY
leuWCamr]

2.2 MOLECULAR BIOLOGY METHODS

2.2.1 Manipulation of bacteria

2.2.1.1 Growth of E. coli strains

All bacterial strains were grown at°®7 unless otherwise stategl.coli
grown on LB-Agar was incubated for 1 - 2 days temed at 4C. Liquid cultures
were grown in LB on a shaker at 200 rpm. Cellsndes for plasmid purification

were grown until stationary phase.

2.2.1.2 Preparation of transformation-competent cells

Single colonies were used to inoculate 5 ml ofdulBure. The resultant
stationary phase culture was used to inoculaten®@ff LB which was grown to
ODegsonm= 0.5. Culture was transferred into 450 ml ceag# bottles and incubated
on ice for 10 min. Culture was then spun at 24@00 at 4°C for 15 min [Beckmann
Avanti J-25 centrifuge using a JLA 10-500 rotonjp8rnatant was removed and

pellet re-suspended in 165 ml Buffer A. Cells wieibated on ice for 45 min.
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Culture was then spun at 24000 rpm at 4°C for Ib[Béckmann Avanti J-25
centrifuge using a JLA 10-500 rotor] and cells wereuspended in 40 ml Buffer B,
and incubated on ice for a further 15 min. Aliquot200 ul were transferred to a
screw-cap tube, then frozen in liquid nitrogen atated at -80°C. Buffer A: 100
mM RbCI, 50 mM MnC}, 30 mM potassium Acetate, 10 mM Cal5% [v/v]
glycerol. Buffer B: 10 mM MOPS, 10 mM RbCI75 mM CaCl, 15% [v/v] glycerol.
Buffers were pH adjusted to 5.8 and 6.8 respegtivel

2.2.1.3 Transformation of E. coli

200 pl aliquots of frozen competent cells werevndon ice. 50 — 200 ng of
DNA was added to the cells, mixed by inversion sredibated on ice for 30 min.
Cells were then transferred to 42°C heat-blockitosec then incubated on ice for a
further 2 min. 0.8 ml of SOC medium was added &d#lls and incubated at 37°C
for 1 hr on an incubation shaker. Cells were themtrifuged [13,00@, 15 sec, RT]
and pellet was re-suspended in 200 ul of SOC. Tikpension was spit 1:9 between
two LB-agar plates containing an appropriate aotibi Acid-washed glass beads

were used to spread the cells on to the platesvanel incubated O/N.

2.2.1.4 Isolation of plasmid DNA from E. coli

Plasmid DNA was isolated from bacteria using theldospin Plasmid Kit
[Machery-Nagel, Germany]. Cells from 1 - 2 ml oftave were centrifuged [11,000
g, 1 min, RT], and re-suspended in 250 ul P1 comgiRNAse. 250 ul of buffer P2
was added and the cells were mixed by inversiop.ddbris was removed by
centrifugation [11,00@, 10 min, RT], and the clear supernatant was agpptiex
QIAprep spin column. The plasmid DNA was boundh® tolumn by centrifugation
[11,0009, 1 min, RT], and the eluate was discarded. 756f puffer PE was applied
to the column and the column was washed twice byrifegation [11,000y, 30 sec
RT then 11,00@, 1 min, RT]. The column was transferred to a karicrofuge

tube. 30 pl of buffer EB was applied to the cepfrthe column matrix and left to
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stand at RT for 1 min. The plasmid DNA was elutei the microfuge tube by
centrifugation [11,00@, 1 min, RT] and stored at -20.

2.2.2 Manipulation of DNA

2.2.2.1 Calculation of oligonucleotide primer concentration

To calculate the amount of each oligonucleotidser to be added to each
PCR reaction [in pmoles] the following equation wiged to normalise the amount
of oligonucleotide primer present in each PCR iieaatvhere the length in
oligonucleotide was different by > 20%. 330 Dahie average Mw of a nucleotide

base.

ng of oligo
X pmoles of oligo = X 1000
330 x No. of bases in the olig.

2.2.2.2 PCR amplification from plasmid DNA

PCR from plasmid DNA was used to add HTB/TAPS fafjewing the
protocol described by Bahler and colleagues (Badtlal. 1998). DNA containing
HTB/TAPS tag flanked by pFA6 multiple cloning séad the kanamycin resistance
gene [KanMX6] were amplified from pKS466 (Tagwerkeal. 2006) and pKS422
(Cheesemast al. 2001), respectively. Oligonucleotide primers OK%2hd
OKS258 were used for the amplification form botagphids. OKS257 contained in
5’-3’ direction, 80bp of the SPBC902.06 exon, erahg the TAG STOP codon, and
20bp of the pFA6a module. OKS258 contained in 3di%ction, 80bp of the
SPBC902.06 3'UTR and 20bp of the KanMX6 module sTdllowed amplification
of TAG-KanMX6 from each plasmid flanked by homologdvito2 sequence. The
polymerase reaction contained 400 ng of plasmiglai® DNA, 0.2 uM of each
oligonucleotide, 500 uM of each dNTP, 3.5 mM MgGb mM Tris-HCI pH8.8, 20

39



MM [NH4].SOs, 0.01% [v/v] Tween® 20, 200 units of Taqg DNA Polgrase, 250 U
of Pwo diluted 1:60 in Pwo buffer [200 mM Tris-H@H 8.8, 100 mM KCI, 100 mM
[NH4]2SOy, 20 mM MgSQ, 1.0% [v/v] Triton X-100 and 1 mg/ml nuclease-free
BSA] in a total volume of 1 ml. Cycling parametarsre as follows: 1] 2 min at
95°C, 2] 15 sec at 95°C. 3] 30 sec at 60°C, 4] 2 exitension at 72°C, which was
repeated 25 times from step 2, then final exteniod min at 72°C.

2.2.2.3 PCR amplification from cell lysate (Chen et al. 1995)

A match-head sized patch of cells from a colonyengispended in 30 pl of
0.25% [w/v] SDS, 1 X TE pH 8.0. Solution was thanubated at 100°C for 5 min.
Boiled cells were then spun in a centrifuge [13,00 min, RT] and 20 ul of the
supernatant was transferred to a fresh tube. Tdwiom mix contained 1 pl of
genomic template DNA, 75 mM Tris-HCI pH8.8, 20 mMH4].SOs, 0.01% [v/V]
Tween® 20, 0.5 pM of each oligonucleotide prim&0 M dNTPs, 1.5 mM MgG]|
1% [v/v] Triton X-100, 5 U Taq polymerase, 0.07%fXhe proof-reading
polymerase fronfPyrococcus furiosus Pfu [Promega, USA] diluted 1:60 in Pfu buffer
[200 mM Tris-HCI pH 8.8, 100 mM KCI, 100 mM [NfSQOq, 20 mM MgSQ, 1.0%
[v/v] Triton X-100 and 1 mg/ml nuclease-free BS&)cling parameters used for
amplification were as follows: 1] 94°C for 2 min],24°C for 15 sec, 3] 50°C for 30
sec, 4] 68°C for 3 min, which was repeated 35 tifma® step 2 followed by a final

extension at 68°C for 10 min.

2.2.2.4 Site Directed Mutagenesis

Site Directed Mutagenesis was performed usinggkitsided by Stratagene,
USA. Amplification was performed using the followiparameters: 1] 95°C for 30
sec, 2] 98C for 30 sec, 3] 55°C for 1 min, 4] 88 for 5 min, this was repeated 12
times from step 2 with a final 5 min extension &t®. 10 U of Dpn1 restriction
enzyme was added to the mix and incubated at 33F°C liir to digest un-
mutagenised, methylated dsDNA template. The nickathgenised dsDNA was

then transformed into XL1-Blue super-competentsc@ingle-site directed
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mutagenesis reactions contained 50 ng of dsDNA letm@dl 25 ng of each
oligonucleotide primer. 1 pl of the dNTP mix progdlin the kit was used per
reaction in addition to 1 X Reaction Buffer [10 midCl, 10 mM [NH4]2SCOy, 20 mM
Tris-HCI pH 8.8, 2 mM MgSQ 0.1% [v/v] Triton X-100, 0.1 mg/ml nuclease-free
BSA]. Multi-site directed mutagenesis was perfornred final volume of 25 ul and
contained 100 ng of dsDNA template, 100 ng of ediggonucleotide primer. 1 pl of
the dNTP mix provided in the kit was used per rieadn addition to 2.5ul of 10 X
Reaction Buffer, 0.5 pl of QuickSolution [comporeaonknown] and the 1ul of the
QuickChangeél Multi enzyme mix [other than the presencd>ai Turbo DNA
polymerase, the exact components are unknown]eTalillists the oligonucleotide

combinations used for the generation of all mutaneysed in this study.

2.2.2.5 Sequencing of plasmids

DNA sequencing was carried out on in house ABI®BZ&pillary sequencing
instruments [Applied Biosystems, USA]. The sequegceaction contained 250 ng
plasmid DNA, 3.2 pmol of primer, 1 X BigDye Terminav3.1 [Applied
Biosystems] 10 mM Tris-HCI pH 8.5, 2.5 mM MgGh a final volume of 10 pl. The
sequencing reaction was carried out using thewiatig parameter: 24 cycles of 1]
96°C for 30 sec, 2] 50°C for 15 sec and 3] 60°C4fonin. Digital output file of the
DNA sequence was then further analysed using Sege@urence analysis software
[DNASTAR Inc.]

2.2.2.6 Extraction of amplified DNA fragments from agarose gel

PCR products that had been separation by elearepis were purified using
the QIAquick PCR Purification Kit [Qiagen, USA]. &lband of DNA was cut from
the agarose gel, placed in a sterile microfuge arskweighed. 3 volumes of buffer
QC were added, where 1 g of DNA / gel = 1 ml bu@€. The mixture was
incubated at 5@ for 10 min, until the agarose had fully dissolvadd 1 X volume
of 100% [v/v] isopropanol was added. The DNA waarmbto the column by
centrifugation [11,00@, 10 min, RT] and the eluate was discarded. 738ufter PE
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Mutant Oligonucleotide primers Template Construct
Plasmid Plasmid

T35A OKS1251, OKS1252 [sdm] pKS535 pKS1059

S179A OKS1253, OKS1254 [sdm] pKS535 pKS1060

S220A OKS1255, OKS1256 [sdm] pKS535 pKS1061

S366A OKS1257, OKS1258 [sdm] pKS535 pKS1062

T396A OKS1259, OKS1260 [sdm] pKS535 pKS1063

5A: T35A, S179A, | OKS1252, OK1254, OKS1256, pKS1062 pKS1064

S220A, OKS1260 [msdm]

S366A , T396A

Y168F OKS1408, OKS1409 [sdm] pKS535 pKS1084

Y269F OKS1410, OKS1411 [sdm] pKS535 pKS1085

Block 1 : S159A, OKS1780 [msdm] pKS535 pKS1071

S169A, T174A,

S176A, S179A,

T185A

Block 2: S275A, OKS1781 [msdm] pKS535 pKS1072

S276A, S282A,

S284A

Block 3: S361A, OKS1782 [msdm] pKS535 pKS1073

S362A, S366A,

S369A

Block 1: S169D, OKS1783, OKS1831, OKS1832 pKS535 pKS1074

T174D, S176D, [msdm]

S179D

Block 2: S282D, OKS1784 [msdm] pKS535 pKS1075

S$284D

Block 3: S366D, OKS1785 [msdm] pKS535 pKS1076

S369D

Table 2.1 Oligonucleotide primer combinations used for sitected
mutagenesis [sdm] and multi-site directed mutagemssdm] reactions

performed in this study.

was applied to the column twice [11,0§30 sec, RT then 11,0@Q 2mins, RT].

The column [bound with plasmid DNA] was transfertec sterile microfuge tube.
30 ul of buffer EB was applied to the centre oftbumn and left to stand at RT for
1 min. The DNA was eluted into the microfuge tulyecbntrifugation [11,000, 1
min, RT] and stored at -2Q.

2.2.2.7 Phenol chloroform extraction

This technique was used to isolate 5-20 pg of C#plified by PCR. An

equal volume of phenol/chloroform/isoamyl alcoi2b24:1] was added to the PCR
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reaction in a microfuge tube, mixed and spun ialkdettop centrifuge [13,00§) 5
min, RT]. The upper aqueous layer was recoveredrigahe phenol, chloroform
and isoamyl alcohol in the tube. This was reped@atbroform alone was then
added to the supernatant, mixed, spun [13@@min, RT] and new supernatant
was recovered. NaOAc was added to a final condémiraf 0.3 M, solution mixed
and then 2 X volumes of ethanol was added. Thisagéated at RT for 5 min.
Precipitated DNA was then spun in a centrifuge(Q@8g, 1 min, £C]. The DNA
pellet was washed with 1 ml 70% ethanol, and swgiam removed leaving the

pellet to air dry. DNA was then re-suspended iub@ X TE, and stored at -20.

2.2.2.8 Determination of DNA concentration

Absorbance at 260nm was measured using a Nanodig)@0"
Spectrophotometer [Thermo Scientific, USA]. Concation was calculated using
the Beer-Lambert Law:

c =[Axe] /|

Wherec is the nucleic acid concentration in ndpA is the absorbance in
AU, ¢ is the wavelength-dependent extinction coefficiamg*cmpl* andl is the
length of the light path in cm. The extinction déigent for dsDNA is 50 ngcmpi™.
Nanodrop™ 1000 Spectrophotometer is washed withdHpO, then blanked with 1
ul buffer EB [or dHO]. 1 — 2 pl of DNA solution is then used per meament,
which is taken 3 times, and the instrument is béahkith buffer EB or 1 X TE

between each measurement.

2.2.2.9 Electrophoresis of DNA on agarose gels

1% [w/v] agarose gels were prepared using agdr@saresco, USA].
Agarose was dissolved in 1 X TAE buffer by heaiim@ microwave then cooled to
approximately 60°C. 0.4 pg/ml EtBr was added tosthletion and it was poured into
a gel tray and left to solidify at RT. DNA was diéd in 6 X DNA loading buffer
[0.05% [w/v] Orange G, 5% [w/v] glycerol] and loatiento the gel which was run at
100 V. DNA was examined under UV illumination aO8én. 1 kb ladder was used
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for all applications containing; 10.0 kb, 8.0 ki &b, 5.0 kb, 4.0 kb, 3.0 kb, 2.0 kb,
1.5 kb, 1.0 kb and 0.5 kb fragments. 0.5 pg of mavwas loaded per gel.

2.2.2.10 Restriction enzyme digestion

Reactions were set up that contained 5 pg of pthBINA, 2 pl of 10 X NE
Buffer 3 [L00 mM NaCl, 50 mM Tris-HCI, 10 mM Mg&I11 mM DTT pH 7.9] and
10 U of restriction enzyme [typically Not I] in an&l volume of 20 pl. This was
incubated at 37°C for 1 hr. Digestion efficiencysvamalysed on a 1% [w/v] agarose

gel.

2.2.3 Gateway® cloning

The Gateway® cloning Technology developed by hagén is based on site-
specific recombination system used by Phage Itegnate DNA intcE. coli
chromosomes. Both Phage d@adtoli DNA contain specific recombination sites,
attP andattB, respectively. Additionally, they each encodentysnic enzymes: the
phage I Int [Integrase] and tlie coli protein IHF [Integration Host Factor].
Following integration into the bacteria, recombioatoccurs betweeattB andattP
sites to generatatL andattR sites that flank the integrated piece of Phage @NA
theE. coli chromosome (Landy 1989). This reaction has beed tesdevelop am
vitro system which allows efficient transfer of DNA be®wn plasmids containing
modified versions of the recombination sites (Hgrét al. 2000). The Gateway
recombination system is schematically represemiédgure 2.1.

2.2.3.1 Construction of Entry vectors

2.2.3.1.1 Generation of Mto2 containing attB1/2 flanking sites

Primer design and amplification procedure wereetiam guidelines from

accompanying literature from BP Clonase™ Il mixvjtrogen, USA] and Phusion®
Hot Start High-Fidelity DNA Polymerase [Finnzymé&snland]. Amplification of
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A BP recombination

aft P af L

atiB attB atp attL attR attR

Ol — 4 CEE=I

attB-flanked PCR donar . entry by-product
wvector

product or attB clone
expression clone

B LR recombination

affL atL attR aftR atfB attB attP aftP
ey gene ceafB
i R "
entry destination —_— expression by-product
clone vector clone

Figure 2.1 The Gateway Recombination system. Figure modified from
Invitrogen. [A] Schematic representation of the lBombination reaction to
create entry clone from DNA amplified witttB1 andattB2 flanking sequence.
[B] LR recombination where genes within entry clsmman be transferred to
expression clones usimatfL 1 andattL2 sequences.

DNA containing flankingattB1/2 sites, required oligonucleotides incorporating
sequence covering 31bp atB1/2 sequence and ~20 bp of template specific
sequence. In order to avoid the use of long [ >pb0Obgonucleotide primers a two-
step amplification strategy was used. Reactionforistep 1 contained 10 ng of
template DNA, 1 X Phusion HF Buffer [containing T8 MgCl,], 10 pmoles of
primers, 200 uM dNTPs, and 1 U of Phusion® HottStizgh-Fidelity DNA
Polymerase [Finnzymes, Finland] in a final volumé&®@yul. Thermal cycling
parameters for step 1 were set as follows: 1] 98f@G0 sec, then 20 cycles of a 2]
98°C for 10 sec, 3] 50°C for 30 sec, 4] 72°C forse@, then a final extension at
72°C for 5 min. In step 2 of the amplification réan, 10 ul of the reaction mix from
the first step was transferred to 15 ul of the @@action mix, containing 40
pmoles of each adaptor primer [OKS1204 and OKS12D¥ling parameters for
the second step were set as follows: 1] 98°C fase3f) then 5 cycles of 2] 98°C for
10 sec, 3] 45°C for 30 sec, 4] 72°C for 20 seaq) théurther 20 cycles at an
annealing temperature of 55°C before a final exten®r 10 min at 72°CAttB1/2

45



flanked DNA was then run on 1% [w/v] agarose gel BINA band was excised
from the gel and purified. Using primers OKS1208l &@KS1202, this method was
used to create DNA encoding faitB1/2 flanked Mto2 that contained 2 X TAG
STOP codons. This DNA was then used to generasenidis containing N-terminal
tagged and un-tagged Mto2.

2.2.3.1.2 Generation of Mto2 truncations containing attB1/2 flanking sites
Mto2 truncations were constructed using PCR amoptibn of Mto2 ORF

sequence flanked @ttB1/2 sites. Positions of oligonucleotide primers usadtie

amplification are described in Figure 2.2.

attBi

OE31201 \<v

995 attB2
pES121 o
Cl
1
803bp OK51340
C2
1
S65bp OKES1341
C3
1
OKS1342
attBl
OK51343 F\‘i;/,
x‘ pES121 1194bp attBl
N1
e pat3ag _\
L 1194bp  OKS1202
N2
P opgiaas
L 1194byp
N3

805bp

Figure 2.2 Construction of Mto2 truncations. Schematic diagrapresenting
PCR amplification of C1-3 / N1-3 truncations fromd$il21 using oligonucleotide
primers OKS1201, OKS1202 and OKS1340-45. Primergwesigned to include
18 bp ofattB1/2 sequence which is extended to the full 36 fgnua second
round of PCR using adapter primers OKS1203 and QR&1
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2.2.3.1.3 Generation of TEV-Mto2 containing attB1/2 flanking sites

AttB1/2 flanked DNA was synthesised using oligonucleofideners
OKS1684/0KS1202 and adaptor primers OKS1203/OKS1P0# placed the TEV
site 5’ of the start methionine of th&o2 ORF.

2.2.3.2 BP recombination reaction

The reaction mix contained 50 fmolesattB1/2 flanked PCR product and 50
fmoles of pPDONR™221 donor vector, 1 X TE Buffer @) and 2 pl BP Clonase™
[ enzyme mix in a final reaction volume of 10 the recombination mix was
incubated at 25°C O/N. The reaction was stoppeadoyng 2 pg of Proteinase K
and incubating the mix at 37°C for 1 hr. 5 ul of teaction was then transformed
into TOP10E. cali, where theccdB gene from the pDONR211 plasmid provided

negative selection against empty vector.

2.2.3.3 Construction of Destination vectors

2.2.3.3.1 LR recombination reaction

The reaction mix was prepared in a microfuge #svis: 150 ng of
pDONR 221 containing Mto2 template flanked &iyL1/2 sites, 150 ng of
Destination vector containirgtR1/2 sites, 1 X TE pH 8.0 and 2 pl of LR Clonase™
Il enzyme mix in a final volume of 10ul. Microfugebe was gently agitated and
then incubated O/N at 25°C. 2 ug of Proteinase K adgded to the mixture and
incubated for 1 hr at 37°C. 10 ul of the reactidr was then transformed into One
Shot® TOPL1(E. coli which were plated onto LB agar plus the approerattibiotic.
TheccdB gene from the pDONR211 plasmid and destinationove@rovided
negative selection against empty vector.
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2.2.3.2.2 LR recombination using pDUAL tagging vectors (Matsuyama et al.
2004)

pDUAL vectors allow addition of a number of diféait tags under different
strengths of thiamine inducible promotems{81/nmt41/nmt1] on both the N- and C-
termini. These plasmids can then be integratedas.tpombe genome by
homologous recombination at treeil locus. Integrants are maintained due to the
presence of 5'region déul ORF, which when integrated into strains contairthng
leul-32 autotrophic allele, results in leucine prototrophgble 2.1 lists the LR

recombination reactions that were performed wittupD plasmids.

pDUAL vector pDONR vector = Construct
pDUAL-HFGS81c | pKS1032 nmt81:HFG-Mto2
pDUAL-HFG81c | pKS1036 nmt81:HFG-Mto2 N1
pDUAL-HFG81c | pKS1037 nmt81:HFG-Mto2 N2
pDUAL-HFGS81c | pKS1039 nmt81:HFG-Mto2 C1
pDUAL-HFGS81c | pKS1048 nmt81:HFG-Mto2 L133DL137D
pDUAL-HFG41c | pKS1048 nmt41:HFG-Mto2 L133DL137D
pDUAL-HFGS81c | pKS1071 nmt81:HFG-Mto2 1A
pDUAL-HFGS81c | pKS1072 nmt81:HFG-Mto2 2A
pDUAL-HFGS81c | pKS1073 nmt81:HFG-Mto2 3A
pDUAL-HFGS81c | pKS1074 nmt81:HFG-Mto2 1D
pDUAL-HFGS81c | pKS1075 nmt81:HFG-Mto2 2D
pDUAL-HFGS81c | pKS1076 nmt81:HFG-Mto2 3D
pDUAL-HFGS81c | pKS1059 nmt81:HFG-Mto2 T35A
pDUAL-HFGS81c | pKS1060 nmt81:HFG-Mto2 S179A
pDUAL-HFGS81c | pKS1061 nmt81:HFG-Mto2 S220A
pDUAL-HFGS81c | pKS1062 nmt81:HFG-Mto2 S366A
pDUAL-HFGS81c | pKS1063 nmt81:HFG-Mto2 T394A
pDUAL-HFGS81c | pKS1064 nmt81:HFG-Mto2 5A
pDUAL-HFGS81c | pKS1084 nmt81:HFG-Mto2 Y168F
pDUAL-HFGS81c | pKS1085 nmt81:HFG-Mto2 Y269F

Table 2.2 LR recombination reactions between pDONR entryareand pDUAL

plasmids and their resulting constructs.

2.2.3.2.3 LR recombination into pHGWA bacterial expression vectors (Busso
et al. 2005)

Plasmids pKS1034 and pKS1035 encoding N-termagded versions of
Mto2 were created by an LR recombination reactievben pKS1032 and
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pHNGWA / pHMGWA. 2 — 3 single colonies from eaclacgon were isolated and
the protein expression was tested by SDS-PAGE sisaby total protein from 1 mi
of cells induced using 1 mM IPTG. MBP-TEV-Mto2 wagated through the LR
recombination reaction with pKS1057 containatti.1/2 flankedmto2 with amino
terminal TEV cleavage and pHMGWA.

2.2.4 Gene synthesis

Mto2 mutants were supplied by GENEART [Germanyjojhilised plasmid
DNA was re-suspended in 1 X TE to 100 ng/ul. Segesrontained the
mutagenised Mto2 ORF, within a pMK [KanR] derivesttor. This was used as a
template for PCR amplification to generattB1/2 flanking sequence [section
2.2.3.1.1]. Linear DNA was purified by agarose g@draction and used in a BP

recombination reaction with pKS535.

2.3 FISSION YEAST METHODS

2.3.1 Growth on Agar

Non-s strains were grown at 30. Once woken up from -8CQ storage, yeast
cells were grown on YE5S-agar until colonies wasible. For strains containing
selective markers, these were replica-plated onteselective plates then back onto
selective media and YES5S plus phloxin B to testtability, where dark pink
phloxin B staining indicated dead cells. Once gaitains were acquired, these were
incubated at RT for a maximum of 1 week, after \utptates were stored at@ for

up to 1 month.
2.3.2 Growth in media
When proteins were expressed unater4d1l/nmt81 thiamine repressible

promoters, following initial inoculation of 5 ml &MM plus appropriate nitrogen

source and amino acid supplements, cultures werergO/N at 32C. To ensure
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expression culture was diluted 1:50 and cells vgeogvn O/N or for at least 16 hrs at
32°C (Maundrell 1990).

2.3.3 Growth of SILAC strains

Pre-cultures of KS5477 and KS5479 were diluted the required amount of
media, and were grown for at least six generatior@ OBgs,m0.4. KS5477, which
did contain thenda3-KM311 allele was grown in unlabelled SILAC media and
KS5477, which did not contamda3-KM311 was grown in heavy labelled SILAC
media. Cultures were agitated in a temperatureralbed incubator at 1& for 9 hr.
After 9 hr cultures had reached mid-log phase{§k,= 0.8]. Normalised cells

cultures were combined and then harvested.

2.3.4 Strain construction

2.3.4.1 Transformation of yeast by lithium acetate (Bahler et al. 1998)

Yeast strains were cultured in YE5S medium at 32°@n ORgs,mof 0.8. 20
ml [~ 10 cells] were used per transformation. Cells hapasly centrifugation
[4,000g, 3 min, RT]. Cell pellet was re-suspended in 2@RrYO and spun again
[4,0009, 3 min, RT]. Pellet was re-suspended in 1 mj@tand transferred to a
microfuge tube. Cells were spun again [5,00Q min, RT] then re-suspended in 1
ml 100 mM LiOAc, 1 X TE pH 7.5. Cells were spun egi,000g, 1 min, RT] and
re-suspended in 100 mM LiOAc, 1 X TE pH 7.5, umteolume of 100 pl. 20 pug of
DNA was then added to the cells and incubated afoRTO min. 260 pl of 40%
[wiv] PEGww4000, 100 mM LIOAc, 1 X TE pH 7.5, was then addethe cells,
mixed then incubated at 30°C. After 45 min, 43 UDMSO was added and cells
were heat-shocked at 42°C for 5 min in a heat bldcknsformed cells were then
spun in a microfuge [5,00§) 1 min, RT] and washed in 1 ml gB, cells are then
spun again and re-suspended in 0.5 ml. 2 X 250 ge¢ll suspension are then plated
out onto YES5S agar using acid washed glass beastgé¢ad the cells, and the plates

are incubated overnight at 32°C.
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2.3.4.2 Transformation of linearised Mto2 from pDUAL vectors

5ug of pDUAL plasmid containing Mto2 was subjexiNot | restriction
enzyme digestion, then linear DNA was transfornméd imto24 strains. Following
transformation, yeast were spread onto EMM agad mb1 glutamate +

ade/ura/his/lys [250 pg/ml]. Integrants were selédor leucine prototrophy.

2.3.4.3 Mating of yeast

h* andh fission yeast mating type strains are spotted arB®A agar plate
and mixed together with 5 pl of dB. Plates are incubated at 30°C for 48 hr. For
mating determination, mated cells are examined adight microscope or are
exposed to iodine vapour from iodine pellets spi@athe lid of a petri-dish,
whereby the iodine strongly stains spore walls tbumcells that have undergone

meiosis.
2.3.4.4 Tetrad dissection

Mated cell populations are streaked down the reidflla YE5S agar plate
and incubated for 1 hr at 37°C. Spores are thearatgd using a Singer MSM 300

dissection microscope [Singer Instruments, U.Kppt®s from noris mutants are

incubated at 3W for 3-4 days, or until colonies are visible.

2.4 PROTEIN BIOCHEMISTRY

2.4.1 Preparation of protein extracts
2.4.1.1 Preparation of soluble native extracts from yeast
Typically 50 ml of yeast were grown to an §Emof 0.8 [mid-log phase ~

10’ cells mi*]. Cells were then harvested using centrifugatiaf§0g, 4 min, RT].

Cell pellet was transferred to a 2 ml conical scoayw tube and washed with 1 ml of
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lysis buffer by centrifugation [5,008) 4 min, RT]. Pellet was then re-suspended in
equal volume of lysis buffer. 0.5 mm Zirconia/Silibeads [BioSpec Products,
U.S.A.] were added to the meniscus and cells wisreted in a Ribolyser [Hybaid,
U.K.] for 30 sec at a speed of 6.5 &€4 The bottom of the tube was then pierced
with a hot sterile needle and the tube was placeds ml polyethylene tube and
extract was collected by centrifugation [1,5)@ min, RT]. Isolated cell extract was
transferred to a fresh microfuge tube and cleayeckbtrifugation [13,00@, 15 min,

4°C]. Supernatant was transferred and lysates weredsat -20C.

2.4.1.2 Preparation of total protein extracts from yeast

Typically 20 ml of yeast were grown to an &mof 0.8 [mid-log phase ~
10" cells mt*]. Cells were then harvested using centrifugatib80g, 4 min, RT].
Cell pellet was transferred to a 2 ml conical scoayw tube and washed with 1 ml of
dH,O by centrifugation [5,000 g, 4 min, RT]. Pelletsathen re-suspended in equal
volume of dHO and incubated at 100°C for 7 min. 0.5 mm Zirc(Bileca beads
[BioSpec Products, U.S.A.] were added to the bagetlact up to the meniscus and
cells were disrupted in a Ribolyser [Hybaid, U.f0 30 sec at a speed of 6.5. The
bottom of the tube was then pierced with a hot leeadd the tube was placed ina 5
ml polyethylene tube and extract was collecteddmtrifugation [1,50@, 2 min,
RT]. Isolated cell extract was the diluted with ¥®lume of 2 X Sample buffer [ -
DTT and bromophenol blue] and transferred to ahfragcrofuge tube and boiled for
5 min. Extract was then cleared by centrifugatit®,(00g, 15 min, RT].

Supernatant was transferred to a fresh tube aneldsé -20C.

2.4.1.3 Preparation of large scale fission yeast extracts

Culture was grown to an QBym= 0.8 [1 X YE5S] or Oysnm= 12 [4 X
YES5S]. For cultures [ < 6 L] cells were harvestaihg Beckmann Avanti J-25
centrifuge using a JLA 10-500 rotor [10,000 rpm,ndi@, 4 C], for culture > 6 L,
cells are harvested using a Beckmann Avanti J-8&iéege using a JLA 8.1000
rotor [5,000 rpm, 15 min,°€]. Pellet was re-suspended in 0.1 X culture vokiafe
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20 mM HEPES pH 7.6, and cells were collected asrbefCell pellet was then re-
suspended in 0.3 X cell volumes of 20 mM HEPES @ Cell solution was then
frozen, drop-wise into a sieve immersed in liquittlagen. Balls of cells were then
stored in 15/ 50 ml tubes at -80°C. 5 — 40 g otén cells were ground in a Retsch
RM100 electric mortar-grinder [Retsch, GermanyJe Halls of cells were poured
into the Retsch Grinder, which had been pre-cotwe80°C with liquid nitrogen.
Cells were ground until > 70% disruption had beemeved as assessed by
examination under light microscope. Cell powder tes stored at -80°C. The
required amount of disrupted cell powder was aegliby weighing aliquots into a
cooled tube. Powder was then thawed on ice forrf amd re-suspended in 2 X lysis
buffer [50 mM HEPES pH 7.6, 75 mM KCI, 1 mM MgCLmM EGTA, 0.1% [v/V]
Triton X-100, 0.5 mM DTT, 1 mM PMSF, 1 mM benzanmej 10 pg/ml CLAAPE].
Cell suspension was cleared in a table-top cegeifd 3,000y, 5 min, £C], extract
supernatant was transferred to a fresh tube andagpain [13,00@, 10 min, 4C].

The cleared supernatant was recovered and traedfeeria fresh microfuge tube.

2.4.1.4 Induction of protein expression in E. coli

BL21- CodonPlus® competeht coli [Stratagene, USA] were chosen as an
expression strain as they express from a pACY Cdhplssmid containingrgu,
ileY, leuW tRNA genes to provide extra copies of rare tRNAsc frequently limit
translation during high-level expression. Thecoli strain also contains the T7
promoter where expression of the T7 phage RNA pehase is driven by the
lacUV5 promoter in response to IPTG. Stationaryurelwas diluted 1:50 and
grown for 2 hr at 37°C. Protein expression was thdaoced using 0.05 mM IPTG
[Melford, U.K.] and shifted to 18°C and incubatefNOFor small cultures [ < 200
ml] cells pellets from 1-5 ml aliquots are collettey centrifugation [13,000, 2 min,
RT] and stored in microfuge tube. For large culsyre 200 ml] cells were harvested
using Beckmann Avanti J-25 centrifuge and JLA 10-E&ftor [10,000 rpm, 10 min,
4°C], for culture > 6 L, cells are harvested usifgegkmann Avanti J-25 centrifuge

using a JLA 8.1000 rotor [5,000 rpm, 15 miAC4 Cell pellet was then collected
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with a spatula and spread onto a polythene sheéitp@llet was sealed within the

sheet using an Impulse heat sealer. Bags weralsibr80C.

2.4.1.4.1 Preparation of native extracts from bacteria

Aliquots of frozen cells were thawed on ice anlll pellet was re-suspended
in a Tris-based binding buffer [see section 2.4.41Q0 ul of buffer was added to the
cell pellet for every 1 ml of culture. Suspensioaswhen sonicated using a Branson
Sonifer at 4 X 10 sec cycles at 30% output, dutjecpf 3. Lysate was cleared by
centrifugation [13,00@, 15 min, 4C].

2.4.1.4.2 Preparation of total protein extracts from bacteria

Total protein extracts were made to test protepression levels. Cell pellets
from induced BL21-RIL strains were re-suspendetl X1 TBS [200 pl per ml of
cultured cells]. Re-suspended cells were boiletDatC for 5 min. Lysate was
cooled to RT then sonicated using a Branson SoaiférX 10 sec cycles at 30%
output, duty cycle of 3. Equal volume of 2 X SB wasn added to the lysate, and
boiled at 100C for 5 min.

2.4.2 Measurement of protein concentration

2.4.2.1 Bradford Assay (Bradford 1976)

The Bradford Assay was used to determine prot@ntentration for soluble
native extracts. Protein solution was diluted lithwiH,O and 2 pl was added to 1
ml of the Bradford reagent [diluted 1:5 with gP] [BioRad, U.S.A.]. OR¢s nmwas
measured using a spectrophotometer. Concentratisrcalculated based on
calibration with BSA [data not shown] where 30 U@fiBSA gave an OBsym=
0.8.
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2.4.2.2 Bicinchoninic acid protein assay (Smith et al. 1985)

The BCA assay was used to measure protein coatientrfor total protein
extracts. 20 ul of 4% [w/v] copper [ll] sulphatdwgmn was added to 1 ml
Bicinchoninic acid, 1 ul of protein solution wasdad to the assay and incubated at
65°C for 15 min. O, nmwas then measured using a spectrophotometerirProte
concentration was based on calibration with BSAgdet shown] where 1 pg/pl of
BSA gave an OB}2 nm= 0.04.

2.4.2.3 Determination of protein concentration by comparison with BSA

calibration curve

10 mg/ml BSA [NEB, U.S.A.] was used to createlatdin series from 0.01
pg/ul to 1 pg/pl. 10 pl of each BSA solution wasded onto a 10% SDS-PAGE gel.
Gel was stained with Coomassie, and the signalgwastified using Odyssey V3.0
software. Gels were placed in the Odyssey flatioadrser and were kept moist with
1 X TBS during the analysis. Scans were perfornseaguthe 700 channel under
medium quality resolution [192 um]. The integraitet@nsity for each band was

measured and used to create a standard curve tggaitesn concentration.
2.4.3 Western blot analysis
2.4.3.1 SDS-PAGE
2.4.3.1.1 Preparation of polyacrylamide gel

Separating gel was poured and over-layed with-G5nl dHO saturated n-
butanol, and gel was incubated until polymerisegha®ating gel was then rinsed
with dH,O, and the stacking gel poured on top. Appropiiateb was inserted into
the stacking gel and assembly was incubated atri&llgel had polymerised. Comb

was removed and wells were washed out with 1 X lrakmunning buffer (Laemmli
1970).

55



8% 5ml | 10ml | 20ml || STACKING iml | 2ml | 5ml
Hz0 23 146 193 IFHoO 0.68 | 14 |34
30% Acrylamide Mix | 1.3 2.7 5.3 30% Acrylamide Mix | 0.17 | 0.33 | 0.83
1L5MTrispH88 |13 |25 150 1MoV TrispH6.8 |0.13 | 025 | 0.63
10% SDS 0.05 |0.1 0.2

10% SDS 0.01 |[0.02 |0.05

0,
10% APS 0.05 jol 0.2 10% APS 0.01 [0.02 |0.05
TEMED 0.003 | 0.006 | 0.012 || TEMED 0.001 | 0.002 | 0.005
10% 5ml | 10ml | 20ml
Table 2.3. Recipe for polyacrylamide

H,O 20 |40 7.9 P polyacty
30% Acrylamide Mix | 1.7 33 6.7 gel solutions. Modified from Harlow,
1.5M Tris pH 8.8 1.3 25 5.0 E and Lane, D. 1988.
10% SDS 0.05 |0.1 0.2
10% APS 0.05 | 0.1 0.2
TEMED 0.002 | 0.004 | 0.008
12% 5mi 10ml | 20ml
H,O 1.6 3.3 6.6
30% Acrylamide Mix | 2.0 4.0 8.0
1.5M Tris pH 8.8 1.3 2.5 5.0
10% SDS 0.05 | 0.1 0.2
10% APS 0.05 | 0.1 0.2
TEMED 0.002 | 0.004 | 0.008

2.4.3.1.2 Loading of samples and electrophoresis

All protein samples were diluted in SB and boiled5 min at 100C before
loading onto the acrylamide gel. 60 pg of totalipimowas loaded for all input
samples. 1 X SB was used to fill empty lanes. NHROTEAN gels were run at 35
mA per gel, low-wide gels were run at 60 mA peraall PROTEAN Il XL gels
were run at 300 V, or until the loading buffer dy@nt had run off the gel.

2.4.3.1.3 Staining with Coomassie

Coomassie brilliant blue stain was used to dgissteins at levels > 0.1 ug.
SDS-PAGE gel was incubated in a tray containing h00f Coomassie stain then
placed in a microwave [900 W] for 30 sec on higiwen The tray was then
incubated on a gyro-rocker at RT for 10 min. Stagnéolution was replaced with

100 ml Coomassie destain, absorbent paper toweplaasd in the tray and gel was
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then microwaved for 30 sec at high power. Gel wasbated in destain on a gyro-
rocker at RT for 10 min. The destain wash was riggkantil adequate contrast was
achieved between gel and protein bands.

2.4.3.1.4 Staining with silver nitrate

Silver staining was used to detect protein in SBP&sE gels at levels > 0.5
ng. Gel was washed on a gyro-rocker for 10 minTatrRLOO ml of successive
solutions: 1] 50% [v/v] methanol, 2] 5% [v/v] meti@, 3] 3.2 ul of 1 M DTT in 100
ml of dH,O, and 4] 0.2% [w/v] AgN® The gel was then washed 3 X 5 sec in 100 ml
dH,O. Following a brief wash in developer solution [B#év] Na,COs, 50 pul 37%
[v/v] formaldehyde in 100 ml], the gel was re-inat#xd in dHO. Gel was then
transferred to developer solution and incubateRiTafor up to 10 min or until
adequate contrast is observed between gel andrphateds. Reaction was quenched

by incubating the gel in 5% [v/v] acetic acid fd¥ tin.

2.4.3.2 Immuno-blotting

2.4.3.2.1 Transfer onto Nitrocellulose Membrane

A wet-transfer system was used to transfer SDSHP4€ls onto
nitrocellulose membrane. A transfer sandwich soak&APS transfer buffer was
set up inside a gel holder cassette to be aligred hegative electrode to positive
electrode as follows: 1 X 10 cm x 9 cm fibre p&iX 10 cm x 9 cm 3MM paper
[Whatmann, USA], polyacrylamide gel, 10 cm x 9 citnatellulose membrane, 2 X
10 cm x 9 cm 3MM paper, 2 X 10 cm x 9 cm fibre pasndwich was then placed
in buffer tank and immersed in CAPS transfer buff&hen using the Mini Trans-
Blot Cell [BioRad] a Bio-Ice cooling unit is plac&dthe tank during transfer.
Voltage and transfer times were tailored for eagteement. When immunoblotting
against Mto2 [45 kDa], proteins were transferredd® min at 60 V, when
immunoblotting against Mtol [120 kDa] the gel wesnsferred at 90 V for 90 min.
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Other proteins analysed had a molecular weight éetwl5 kDa and 120 kDa and
their transfer parameters were adjusted accordingly

2.4.3.2.2 Ponceau S Staining

Membrane was incubated in 1 X Ponceau S staibonin at RT on shaker.
Stain was then replaced with destain and inculfatea further 10 min or until there
is adequate contrast between the membrane andrpbateds. To remove the protein
staining completely, the membrane was washed u®Odkhd then incubated in 1 X
TBS.

2.4.3.2.3 Antibody incubation

All short [1-2 hr] incubations were carried outRak and longer incubations
were carried out at°€. Membranes were first incubated in blocking sotu{2%
[w/iv] milk, 0.2% [v/v] Tween-20, 1 X TBS]. Membraseavere then incubated with
primary antibody diluted in buffer [2% milk, 0.02p&#'v] Tween-20, 1 X TBS].
Following incubation, membranes were washed 3 Xrh0@ash buffer [1 X TBS,
0.02% [v/v] Tween-20]. Membranes were then tramsféto secondary antibody
diluted in buffer [2% [w/v] milk, 0.02% [v/v] Tweef0, 1 X TBS]. Following
incubation, membranes were washed 3 X 100 ml wafferj1 X TBS, 0.02% [v/v]
Tween-20]. For membranes incubated with IRDye ogaiied 1gG, the final wash

was without Tween-20.

2.4.3.2.4 Enhanced Chemiluminescence [ECL] detection

Excess wash buffer was blotted off the membrawketizen the membrane
was incubated in 10 ml ECL [100 mM Tris-HCI pH 8255 mM luminol, 0.4 mM p-
coumaric acid, 0.02% [v/v] ¥D,] for 5 min. Excess ECL was removed and
membrane was placed between a Saran wrap sandmitisecured into an exposure

cassette with tape. Blue sensitive X-ray film [Angerville Ltd. U.K.] was then
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placed on top of the membrane before being proddsséhe SRX-101A tabletop
film processor [Konica, U.S.A.].

2.4.3.2.5. Protein quantification by fluorescence

Donkey anti-mouse IRDye800 were used for fluoreseejuantification by
the Odyssey Scanner and software [Odyssey V2.0{3%3econdary was used
[mouse anti-sheep IgG] for immunoblots probed \aiti-sheep polyclonal
antibodies. IRDye800 was directly incubated withnmbeane probed with mouse
monoclonal antibodies [GTU-88, 9E10]. Membranesen®aced in the flatbed
scanner and were kept moist with 1 X TBS duringahalysis. Scans were
performed using the 800 channel under medium guagolution [192 um] Images
were adjusted using only linear contract enhancémigh Odyssey V2.0 or

Photoshop [Adobe] software.

2.4.4 Protein-Protein Interaction Assays

2.4.4.1 MBP pulldown assay

Soluble extracts are made from 1 — 2 ml of induBe@1- CodonPlus®
Competent cells [Stratagene, U.S.A] containing MBPNusA-tagged protein.
Concentration of the tagged protein was estimayetbmparison with a BSA
calibration curve. 50 ul of packed amylose resis wsed per pulldown. Beads are
washed with 3 X 1 ml d© by centrifugation [4,000, 1 min, RT] and pre-
equilibrated by centrifugation [4,0@) 1 min, £C] in 1 X 1 ml binding buffer
containing 50 mM Tris-HCI pH 8.0, 150 mM NacCl, 5%\ glycerol, 1 mM BME,
0.2% [v/v] Triton X-100, 1 mM PMSF, 1 mM aprotiniNormalised levels of
cleared cell lysate [~400 ul] were added to thenrasd incubated for 1 hr at 4°C on
a rotating wheel. Following incubation, amylosemasas washed 5 X 1 ml binding
buffer by centrifugation [4,009, 1 min, £C]. Protein was eluted by adding 20 ul of
binding buffer plus 10 mM maltose to the resin amlibating on a rotator for 10
min at 4°C. Eluate was collected boiled at 100°C5fanin in 50 pl 2 X SB.
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2.4.4.2 Antibody immunoprecipitation

Soluble extracts were made from 0.5 g of grourasystrains.
Approximately 3 x 10of Protein G-Dynabeads [Invitrogen, U.S.A.] werediper
IP. Beads were washed 3 X 1 mlAgMHby performing a brief centrifugation [< 4,000
g] to remove solution from the lid of the tube theoubated on a Magnetic Particle
Concentrator [Invitrogen, U.S.A.]. Dynabeads wérentequilibrated with 2 X 1 ml
IP buffer using the same method. 1.2 pug of shegg=P 3.0 antibody or affinity
purified anti-Mto2 were used per IP. Antibody wasled to the beads in 500 ul of IP
buffer and incubated for 30 min on a rotator at Rdllowing incubation with
antibody, beads were washed with 2 X 1 ml IP buf@ng the same method as
described above. Normalised amounts of cleareceg#lhct [typically 20 — 40 mg
total protein] were added to the Protein G-Dynabead incubated on a rotator at
4°C for 1 hr. After incubation, the supernatant wemoved, and each IP was
washed 3 X 1 ml IP buffer, using the method descridbove. Beads were
transferred into a fresh screw-cap tube and theshega further 3 X 1 ml IP buffer.
Beads were then re-suspended in 30 pl of 1 X SBTF and bromophenol blue]
and incubated at 50°C for 10 min. Eluate was temafl to a fresh tube and DTT
and bromophenol blue was added to a final concgortraf 100 mM and 0.01%
[w/v] respectively. Samples were then incubateticé°C for 5 min and stored at -
20°C.

2.4.4.3 TAPS affinity tag pulldown

Soluble extracts were made from 0.5 g of cell pamfcom a strain
containing TAPS tagged protein. Resultant proteimcentration of extract was
typically 20 — 50 pg/pl. ~3 x 10f IgG-linked-Dynabeads [Invitrogen, U.S.A.] were
used per pulldown. Dynabeads were washed with 3y dH,O by performing a
brief centrifugation [< 4,000] to remove solution from the lid of the tube then
incubation on a Magnetic Particle Concentratorifhogen, U.S.A.]. Dynabeads
were then equilibrated with 2 X 1 ml IP buffer ugithe same method. Normalised

extract [typically 20 — 40 mg] was added to thedseand agitated af@ for 1 hr.
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After incubation, the supernatant was removed aoth &2 was washed 3 X 1 ml IP
buffer using the method described above. Beads trensferred into a fresh screw-
cap tube and then washed a further 3 X 1 ml IPébuBeads were then re-suspended
in 30 ulof 1 X SB [ - DTT and bromophenol bluedancubated at 50°C for 10 min.
Eluate was transferred to a fresh tube and DT Thaochophenol blue was added to a
final concentration of 100 mM and 0.01% [w/v] resipeely. Samples were then
incubated at 100°C for 5 min.

2.4.5 Large scale protein purification

2.4.5.1 Large scale purification of Mto2 from bacteria

4 X pellet volumes of lysis buffer [50 mM Tris-H@H 8.0, 150 mM Nacl,
0.2% [v/v] Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mMMSF, 1 mM
benzamidine, 10 pg/MILAAPE] were added to fragmented bacterial peliet°&.
Once cells were re-suspended, they were passadjtheoglass homogeniser [VWR
International, U.S.A] 30 X loose pestle, 30 X tigiaistle. Cells were disrupted using
a cooled French Pressure Cell Press [ThermoSpextidrs.A.]. 30 ml of cell
suspension were passed through the press in etithdid 5,000 psi between 3 — 5
times, until the viscosity of the solution was suéntly reduced that it passed drop-
wise in to the collecting vessel. 3 U of benzonasedease [Novagen, Germany]
were added per ml of culture, in addition to 6 mMVigCl, and incubated at 4°C for
1 hr. Cell lysate was then cleared by centrifugatieing a Beckmann Avanti J-25
centrifuge with a JA-20 rotor [Beckmann] [20,000m@20 min, 4C]. Supernatant
then underwent a second clearing step in a Beckrdant00 Ultracentrifuge with a
Type 45Ti rotor, [40,000 rpm, 1 hr;@]. Amylose resin was added to a 20 ml
general purpose chromatography column to a 2 nd kelume [one column per 20
ml lysate] which was washed with 50 ml of lysisfieuf 20 ml of cleared extract was
added to each column which was then sealed an8ated on a rotator O/N at 4°C.
Column was secured and stopper was released o thiéolysate to drain through.
Resin was then washed with 100 ml TEV cleavageehbH50 mM Tris-HCI pH 8.0,
150 mM NacCl, 0.2% [v/v] Triton X-100, 1 mM EDTA,mM DTT] or until ODysgo
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nm = 0.00 for three consecutive readings followingrlGvashes measured using a
NanoDrop Spectrophotometer. Resin from each colwasicombined into a single
10 ml column and re-suspended in 5 ml TEV Cleagféer. 500 U of ACTEV
protease [Invitrogen, U.S.A.] was added to the sasjpn. Cleavage reaction was
incubated for 72 hr at 4°C. Column was placed 1% anl falcon tube and
supernatant was recovered by centrifugation [Lg@min, £C]. Isolated cleavage
product [~5 ml] was then transferred to an AmicdtrdJ4 Centrifugal Filter Device
30,000 NMWL [Millipore, U.S.A.], and centrifugedf¢4,000 g, 20 min, 4C] after
which the final volume of cleavage product had bessluced to 250 pl. 250 pl of
100% [v/v] glycerol was added to the purified protend this was stored at -80°C.

2.4.5.2 Large Scale purification of Mto2 from yeast

2.4.5.2.1 Two-step denaturing purification of Mto2

Denaturing purification was performed using 35 grmund cell powder.
Powder was re-suspended in 70 ml denaturation bj@fel GUHCI, 25 mM Tris-
HCI pH 7.5, 300 mM NaCl, 20 mM imidazole]. Extraeas cleared in a Beckmann
Avanti J-25 centrifuge using a JA25.50 rotor [80ph, 20 min, 4C], then
supernatant was transferred to a fresh tube artdfogation step was repeated at
[20,000 g, 30 min, 4C]. 1 ml bead volume HisBind Fractogel [NovagenyrGany]
was washed with 3 X 10 ml dB by centrifugation [4,009, 3 min, RT] and
activated with 1 ml 0.5 M NiS©and incubated for 10 min at RT. Resin was then
washed 6 X 5 ml dO [4,000g, 3 min, RT], and 2 X 5 ml denaturation buffer
[4,000g, 3 min, RT]. Beads were split between two 50 rbetiand 35 ml of cell
extract was added to both, and tubes were agitatedihr at 4°C. Resin was then
batch washed with consecutively weaker concentraifaGuHCI. 2 X 10 ml Buffer
1[6 M GuHCI, 25 mM Tris-HCI pH 7.5, 300 mM NaCl) 2nM imidazole], 2 X 10
ml Buffer 2 [3 M GuHCI, 25 mM Tris-HCI pH 7.5, 306M NaCl, 20 mM
imidazole], 2 X 10 ml Buffer 3 [1 M GuHCI, 25 mM iskHCI pH 7.5, 300 mM
NaCl, 20 mM imidazole], then 3 X 10 ml Buffer 4 [88M Tris-HCI pH 7.5, 300

mM NacCl, 20 mM imidazole]. Protein was eluted frtme Fractogel in 5 ml elution
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buffer [25 mM Tris-HCI pH 7.5, 300 mM NacCl, 300 miktidazole. 1 mM DTT, 1
mM PMSF, 1 mM benzamidine, 10 pg/ml CLAAPE, 60 rfiMlycerol phosphate,
15 mM PNPP, 10 mM sodium orthovanadate]. ~4.5%0&@ds of MyOne
Streptavidin C1 Dynabeads [Invitrogen, U.S.A.] wased in the second purification
step. Dynabeads were washed with 3 X 1 mi@Hy performing a brief
centrifugation [< 4,00@] to remove solution from the lid of the tube theaubation
on a Magnetic Particle Concentrator [Invitrogen$SA.]. Dynabeads were then
equilibrated with 2 X 1 ml IP buffer using the samethod. 5 ml Fractogel elution
was added to the beads and incubated on a rotat@rhr at 4°C. Dynabeads were
washed as described above with 3 X 2 ml Tris bigdiunffer [ - protease inhibitors],
then 3 X 2 ml of TEV cleavage buffer [25 mM Tris-H&H 8.0, 150 mM NacCl,
0.1% [v/v] Triton X-100, 0.5 mM EDTA, 1 mm DTT]. Bels were re-suspended in
500 ul of TEV cleavage buffer and 500 U of AcTEWigase [Invitrogen, U.S.A.]
was added. The cleavage reaction was left O/N@t #EV cleavage product was
recovered from the beads and concentrated usingr€épitation. Protein pellet

was re-suspended in 30 pl 1 X SB.

2.4.5.2.1.1 Trichloroacetic acid precipitation [TCA]

100% [w/v] TCA was added to the protein solutioratfinal concentration of
10% and incubated for 30 min on ice. If solutiomtaned urea or guanidine, it was
diluted to < 0.2 M before addition of TCA. Precgigd protein was collected by
centrifugation [13,00@, 15 min, 4°C]. Protein pellets were then washeith @iX 1
ml ice-cold wash buffer [70% [v/v] acetone, 20%v[v¢thanol, 10 mM Tris-HCI pH
7.5, 0.0025% [w/v] bromophenol blue] using cengdtion [13,00Q, 10 min, 4C].
Pellets were then left to air dry. Acidic pelletere neutralised with ammonium

hydroxide vapours then re-suspended in 1 X SB aiddfor 5 min.

2.4.5.2.2 Large Scale Mto2-TAPS affinity purification from SILAC strains

15 g of cell powder containing cells from bothatiit non-labelled and

isotope labelled asynchronous culture were usethéopurification. Cell powder
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was re-suspended in 20 ml of phosphate buffer [bNa,HPO,, 10 mM NaHPO,,
150 mM NaCl, 2 mM EDTA, 1% [v/v] NP-40, 2 mM benzane, 2 mM PMSF, 1
mM DTT, 60 mMp-glycerol phosphate, 5 mM sodium azide, 10 mM swodiu
fluoride, 1 mM sodium orthovanadate, 50 nM calyeutOo nM okadaic acid, 10 uM
cyclosporin, 10 ug/mMCLAAPE]. Cell lysate was then clarified by centgation
using a JA 25-50 rotor in a Beckmann Avanti J-25ticiige [20,000 rpm, 10 min,
4°C]. 1.5 x1G 1gG-linked Dynabeads [Invitrogen, U.S.A.] were Wwed with 3 X 1
ml dH,O by performing a brief centrifugation [< 4,0§Pto remove solution from
the lid of the tube then incubation on a MagnetdiBle Concentrator [Invitrogen,
U.S.A.]. Dynabeads were then equilibrated with 2 Xl lysis buffer using the same
method. Beads were added to cleared cell lysaténantated on a roller for 1.5 hr
at £C. Supernatant was removed and Dynabeads were avestie5 X 10 ml lysis
buffer [without protease inhibitors], using the Niagpot large volume separation
device [Promega, U.K.]. TAPS-tagged protein waseelby re-suspension in 1 X
SB and incubated at %0 for 15 min. Eluate was recovered into a freshrafige

tube and stored at -20.

2.4.6 Hydrodynamic analysis

2.4.6.1 Sucrose Density Gradient Analysis

2 ml gradients were made in Ultra-Clear Tubes{B% mm] [Beckman,
U.S.A.]. 0.5 ml of 20%, 15%, 10%, 5% [w/w] sucras®utions were carefully
layered into the tube with a blunt P1000 pipefte Siucrose solutions were made up
with the same buffer as the sample to be analysach gradient was incubated at
RT for 1 hr, then prior to centrifugation incubatadan ice-water bath for 10 min. A
gradient containing molecular weight markers [Sighh&.A.] accompanied each
analysis [see Appendix | and I1]. 2 ml gradientgevepun in an OptimaMax
Ultracentrifuge [Beckman Coulter, U.S.A.] using BSF55 swinging bucket rotor
assembly. 2 mg of total soluble protein was analysesach gradient. Analyses of
complexes > 20 S gradients were spun at 55,00GapB0 min. Analyses of

complexes < 20 S gradients were spun at 55,00GapM5 hr. Following
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sedimentation, 100 ul gradient fractions were miywamoved with a blunt P200
pipette tip and were stored at 4°C. For immediatdyesis fractions were added to
100 pl 2 X SB and boiled for 5 min. Pellet fractwas obtained by re-suspending
pellet in 200 ul 1 X SB.

2.4.6.1.1 Preparative sucrose gradients

14 ml gradients were made in polyallomer centeftigoes [14 x 95 mm]
[Beckman, U.S.A.]. 7 ml of 20% and 5% sucrose soh#, made with TEV cleavage
buffer, were poured into the tube. Solutions weaed inside the tube and the
gradient was established using a Gradient Masté{Bi@dcomp, U.S.A.]. Gradients
were incubated in an ice-bath for 10 min prior $&..600 ml of sucrose solution was
removed from the top of the gradient to allow spacesample. Centrifugation was
carried out in a Beckmann XL-100 UltracentrifugengsSW-40 Ti swinging bucket
rotor [Beckman, U.S.A]. This was spun for at 35,006 for 16 hr at 4C.

Following sedimentation 0.5 ml fractions were cotél, these were stored at 4°C.
For immediate analysis fractions were added tard.8 X SB and boiled for 5 min.

2.4.6.2 Size-exclusion gel chromatography

Size-exclusion gel chromatography was performedsang a BioLogic
Duoflow chromatography system [BioRad, U.S.A], whprotein samples were
analysed on a Superose 6 10/300GL high performemioenn [GE healthcare,
U.S.A]. The HPLC system and column were storeddi¥b 2v/v] ethanol at 4C. All
water and buffers were filter sterilised using 2u0n filter unit [Nalgene, U.S.A.]
and de-gassed using a vacuum pump. Prior to uséjPh.C system and column
were washed with 70 ml @B. System and column were then equilibrated with 48
ml lysis buffer. Yeast lysates were run on KS1 Sape 6, and purified protein was
run on KS2 Superose 6. Soluble native extracts sugect to a pre-clearing
centrifugation step [13,000 g, 15 miriC}. Then a second clearing step was
performed using the OptimaMax Ultracentrifuge iflaA-100.3 fixed angle rotor
[50,000 rpm, 20 min,€C]. Supernatant was collected and filtered throa@?22um
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cellulose acetate membrane by centrifugation [B@® min, 4C]. Protein
concentration of the flow through was measured adBrd assay, and solution was
diluted to 0.2 mg/ml. 100 pl [2 mg] of protein eadt was loaded onto the column
using an AVR7-3 sample injection valve. For KSbwilrate was established at 0.3
ml/min [136 psi], for KS2 for fractionation of pd@ied protein, column was run at 0.4
ml/min [107 psi]. 30 ml of lysis buffer was pasdbdbugh the column. 1 ml fractions
were collected using an automated fraction colle&ollection started at 6 ml where
void volume eluted at 7 ml [KS1] and 8 ml [KS2]. 2QL ml fractions were collected
in total. 25 pl of 5 X SB [- DTT] are added to thactions and stored at -80.
Molecular weight standards [GE Healthcare/Sigmajewan on both columns to
determine a calibration curve [see Appendix Il & Loading of cell lysate to the
Superose-6 column [GE Healthcare] and subsequastidnation was performed by
A. Anders. All samples from sucrose gradient analgad gel-filtration
chromatography were analysed by western blot ofothevide system.

2.4.7 Protein Phosphorylation Analysis

2.4.7.1 A\PPase treatment

Total protein extracts were prepared from KS52@rdet buffer contained 20
mM Tris-HCI pH7.5, 150 mM NacCl, 0.1 mM EGTA, 2 mMID, 0.01% TX-100, 2
mM MgCl,, 1 mM PMSF, 1 mM benzamidine, 10 ug@lAAPE. In buffer that
contained phosphatase inhibitors the following alas added: 10 mM N¥Og4, 10
mM EDTA, 60 mMp-glycerol-phosphate, 5 mM NaNLO mM NaF, 50 nM
calyculin, 50 nM, okadaic acid. For extract to leated with phosphatase 2 mM
MnCl, was also added. The protein concentration of etdnaas measured by
Bradford Assay. 400 U of-PPase [N.E.B., U.S.A] was heat inactivated by
incubation with 10 mM EDTA at 6% for 1 hr. 400 U oA-PPase or HI enzyme was
then added to normalised protein extracts in Sihal volume and incubated at
30°C for 30 min. The reaction was stopped by the adnf 50 pl 2 X SB and

boiled for 5 min.
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2.4.7.2 CDK1-Cyclin B kinase assay of purified Mto1/2 complex

0.5 g of cell powder from KS3476 [Mtol [1-800]-TAPand KS516 were re-
suspended in lysis buffer [20 mM Tris-HCI pH 7.5m8 MgCl,, 150 mM Nacl,
0.05% [v/v] Triton X-100, 2 mM DTT, 10% [v/v] glyeel, 1 mM PMSF, 1 mM
benzamidine, 10 pg/ml CLAAPE]. A TAPS affinity pfication was performed
using lgG-linked-Dynabeads [Invitrogen, U.S.A.] &fincubation, the beads were
transferred into a fresh screw-cap tube re-suspkeimdg0 ul of extract buffer and
200 uM final concentration of dATP was added tahesample. 5ul of beads were
then taken and protein eluted for input. 100 n@DK1-Cyclin B [Invitrogen,
U.S.A.] was added to the beads, and agitated foni&8 in a 30C water bath. CDK
kinase supernatant was recovered into a fresh fagedube. 50 ul of 2 X SB was
added and incubated at 2@Dfor 5 min. The remaining beads were washed in13 X
ml extract buffer by centrifugation using the mettiescribed above. Dynabeads
were re-suspended in 100 pul of 1 X SB and incubat&d?C for 10 min.
Supernatant was recovered using a brief centrifmigdt 3,000g] and incubation on

the Magnetic Particle Concentrator. Eluate was theubated at 10 for 5 min.

2.4.7.3 cdc25-22" G, block and release

cdc25-22" strains were grown at 25°C O/N to an £3»= 0.2. Temperature
was shifted to 35.5°C and culture was grown for.Lulture was then returned to
permissive temperature by brief incubation in anshurry, then into a water bath at
25°C. Tp time point was taken on temperature shift, suceessne point were taken
every 20 min for 180 min. At each time point 40cohtulture was collected and
washed with 10 ml STOP buffer [150 mM NaCl, 50 mM\ 10 mM EDTA, 1 mM
NaNs] and 5 ml HB salts buffer [25 mM MOPS pH 7.2, 18MrivigCl,, 15 mM
EGTA, 1 mM DTT] using a Buchner funnel and 0.45 Parapore membrane filters
[MILLIPORE, U.S.A.]. Cells are transferred to a®arcap microfuge tube in 1 ml

HB salts, and cell pellet was snap frozen in liquitogen.
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2.4.7.3.1 Determination of septation index

500 pl aliquots were taken from each cell cycteckland release time point.
0.1% [w/w] glyceraldehyde final concentration walsled to the cells and they were
incubated on a rotator at RT for 20 min. Fixedselere washed with 1 ml 1 M
sorbitol using a tabletop centrifuge, re-suspende&d® ul of 1 M sorbitol and stored
at 4°C. 5pl of cell solution were incubated witH 8porescent brightener [0.1%
fluorescent brightener, 10 mM Tris HCI pH 7.5] fidd min at RT. 5 pl of cells were
placed on a microscope slide and examined undewitteefield microscope using a
DAPI filter set. ~ 200 cells were counted wherepieecentage of cells which had a
septum was calculated for each time point. ThoBs which had formed a septum,
but had started to separate or had been releasadsfster cells were not counted.

2.4.7.4 nda3-KM311 metaphase arrest

nda3-KM311 cold-sensitive allele was used to arrest cellmétaphase.
Cultures were grown at 32 to an ORys nm= 0.2. Cultures were then quickly cooled
to 18C using an ice bath and incubated &C.&r 9 hr. The extent of the arrest was
assessed by light-microscopy, where arrested wells longer than wild-type and

had a low septation index.

2.5 MASS SPECTROMETRY ANALYSIS

All mass spectrometry analyses were performed ayi&lAlves and Juri Rappsilber.

2.5.1 Sample Preparation

Protocol as described in (Pidoebal. 2009). Coomassie strained band
corresponding to the expected molecular weightexassed from the gel cut into
small pieces. Proteins were then reduc&DimM DTT for 30 min at 37°C,
alkylated in 50nM iodoacetamide for 30 min at RT in the dank¢ incubated with
12.5 ng/ul trypsin O/N at 37°C (Shevchergtal. 1996). The digestion medium was
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then acidifiedo 0.1 [v/v] % of trifluoroacetic acid and spun or8tageTips
(Rappsilberet al. 2003). Peptides were eluted in 20 pl 80% [v/viackrile,0.5%
[v/v] acetic acid and were concentrated to 2 phfntrato6301; Eppendorf AG,
Hamburg, Germany]. They were then diluted pl with 0.1% [v/v] trifluoroacetic

acid for liquid chromatography-tandemnass spectroscopy [LC-MS-MS] analysis.

2.5.2 Mass spectrometry analysis

LC MS/MS was performed on an LTQ-Orbitrap massspeneter
[ThermoElectron] that was coupledline to an Agilent 1100 binary nanopump [Palo
Alto, CA] andan HTC PAL autosampler [CTC, Zwingen, Switzerlandl[C18
material LC column [3-pum ReproSil-Pur C18-AQ; MdsembH, Ammerbuch-
EntringenGermany] was used to separate peptides prior toREsV files were
processed using DTAsupercharge 0.62 [a kind gfnfM. Mann]. The generated
peak lists were searched against protein datalbages Mascot 2.0. The results were
parsed through MSQuant [http://msquant.sourcefaedg. A significance score was
given to each phosphorylated residue based on a@sopawith a target-decoy
database (Eliagt al. 2007). Peptides with scores 25 and higher wererteg and

individual cases manually validated.

2.6 MICROSCOPY

2.6.1 Equipment and image analysis

Prior to imaging, cells were placed on a 2% [vaghrose/EMM pad.
Coverslips were secured onto the slide using lifALAP [33% [w/w] Vaseline,
33% [w/w] lanolin, 33% [w/w] paraffin] which had ba melted at AT.

Wide-field images were acquired used a Nikon 1080 NA Plan Apo objective on
a Nikon TE300 inverted microscope. This was coretetd a Coolsnap HQ CCD
camera [Photometrics]. Confocal images were acdquising a Nikon 100x/1.45 NA
Plan Apo objective on a Nikon TE2000 inverted msc@pe, connected to a
Yokogawa CSU-10 spinning disc confocal head [Vdileand a Coolsnap HQ CCD
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camera. Image acquisition, processing and analesie carried out using
Metamorph software [Molecular Devices]. Microscapages were adjusted using
only linear contract enhancement with Metamorph Ipdalar Devices] or
Photoshop [Adobe] software. Time-lapse images topare samples were imaged
under identical illumination conditions; the brighss and contrast was later scaled

using consistent values to allow accurate compasiso be made.

2.6.2 Image parameters

All wide-field images in this study are maximabpactions of Z-sections. 8
Z-sections were taken over a range of 4.2 um, &6 pm step size. 800 ms
exposure time was used for illumination at 488 hmages were subject to 2X2 pixel
binning.

All images taken on the spinning disk confocalrmeximal projections of Z-
sections. 11 Z-sections were taken over a rangeuan, with a 0.4 um step size. 200
ms exposure time was used for illumination at 488 800 ms exposure time was
used for illumination at 561 nm. EM Gain was 30Q iftsese images were subject to

1X1 pixel binning.

2.7 BIOINFORMATIC ANALYSIS

2.7.1 Mto2 homolog identification using BLASTP

TheS. japonicus homologues o08. pombe Mto2 was identified as
SJAG_03264.2 by performing a BLASTP search (Alt$ehal. 1997) with
SPBC902.06 against ti&japonicus genome available online from the Broad
Institute Sequencing database at: http://www.bregtdute.org/annotation/genome/
schizosaccharomyces_group/MultiHome.html. Thearesfor the High Scoring
segment pairs [HSPs] alignment waglé\n E - score describes the number of
sequence Pairs in the database which would aliggoad as or better by chance,
therefore the lower the e - score the higher therifsitance of the hit. SIAG_03264.2

and Mto2 amino acid sequences were entered intGtRESTALW?2 alignment
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program (Larkiret al. 2007) available from the European Bioinformatiestitute
[http:/www.ebi.ac.uk/]. Thé&chizosaccharomyces octosporus homolog
SOCG_01774.2 was identified from the BLASTP seatdhe Broad Institute as
described above. Other fungal homologs of Mto2 videatified using a BLASTP
search using SPBC902.06 as bait against all naimdtht sequence databases

available from the NCBI [available online at httptast.ncbi.nlm.nih.gov/Blast.cqgi].

2.7.2 Coiled-coil prediction by PAIRCOIL2

The PAIRCOIL2 coiled-coil prediction software wasveloped at the
Massachusetts Institute of Technology to predietdresence of coiled-coils in
amino acid sequences (McDonretlbl. 2006). The program algorithm is based on
pairwise residue correlations from a coiled-coilati@se (Bergest al. 1995).
PAIRCOILZ2 is available at http://groups.csail.miluécb/paircoil2/.

Helical wheel projections were generated usingnentioftware available at
http://cti.itc.virginia.edu/~cmg/Demo/wheel/whegbphtml. Sequential 18aa
regions of the coiled-coil sequence identified BWRCOIL2 were entered into the

applet generating a series of wheel projections.

2.7.3 Mto2 secondary structure prediction by Jpred3

Secondary structure was predicted using onlinevsoé Jpred3 (Colet al.
2008). Jpred3 is available at http://www.compbiodgiee.ac.uk/www-jpred/.

2.7.4 Phosphorylation site scoring using NetPhos 2.0

The NetPhos 2.0 software is available at
http://www.cbs.dtu.dk/services/NetPhos/ (Blehal. 1999). The NetPhos program is
a neural network that uses sequence and struckatalfrom a database of known
phosphorylated sites to NetPhos was used to gengiatore for each S/T/Y amino

acid that describes the probability that that nesis phosphorylated.

71



Table 2.4 List of plasmids used in this study. Database naj@eotype, source and

are listed.

Plasmid Description/ Markers Source
pKS422 | PFAB-TAPS:KanMX6 (Brune et al. 2005)
pKS466 pFAG6-HTB:KanMX6 (Tagwerker et al. 2006)
pKS121 €902 cosmid Sanger Institute, U.K
pKS535 pDONR221 Kan® Invitrogen, U.S.A.
pKS1032 | pDONR221 Mto2-STOP Kan® This study
pKS537 pOGWA N-terminal His6 Amp" (Busso et al. 2005)
pKS545 pHNGWA His6-NusA Amp~ (Busso et al. 2005)
pKS544 pHMGWA His6-MBP Amp" (Busso et al. 2005)
pKS1034 | His6-MBP-Mto2 Amp" This study
pKS1035 | His6-NusA-Mto2 Amp" This study
pDUAL29 | pDUAL-HFG41c Amp" (Matsuyama et al. 2004)
pDUAL31 | pDUAL-HFG81c Amp" (Matsuyama et al. 2004)
pDUAL40 | pDUAL-GFH81c Amp" (Matsuyama et al. 2004)
pKS1036 | pDONR221 Mto2 N1 Kan" This study
pKS1037 | pDONR221 Mto2 N2 Kan" This study
pKS1038 | pDONR221 Mto2 N3 Kan" This study
pKS1039 | pDONR221 Mto2 C1 Kan" This study
pKS1040 | pDONR221 Mto2 C2 Kan" This study
pKS1041 | pDONR221 Mto2 C3 Kan" This study
pKS1042 | His6-MBP-Mto2 N1 Amp" This study
pKS1043 | His6-MBP-Mto2 N2Amp" This study
pKS1044 | His6-MBP-Mto2 N3 Amp" This study
pKS1045 | His6-MBP-Mto2 C1 Amp" This study
pKS1046 | His6-MBP-Mto2 C2 Amp" This study
pKS1047 | His6-MBP-Mto2 C3Amp" This study
pKS1048 | pDONR211 Mto2-L133DL137D Kan" This study
pKS1049 | His6-MBP-Mto2 L133DL137D Amp" This study
pKS1050 | nmt81:HFG-Mto2 Amp~ This study
pKS1051 | nmt81: HFG-Mto2 L133DL137D Amp" | This study
pKS1052 | nmt41: HFG-Mto2 L133DL137D Amp" | This study
pKS1053 | nmt81: HFG-Mto2 N1 Amp" This study
pKS1054 | nmt81: HFG-Mto2 N2 Amp" This study
pKS1055 | nmt81: HFG-Mto2 C1 Amp" This study
pKS1056 | His6-MBP-TEV-Mto2 Amp" This study
pKS1057 | pDONR221 TEV-Mto2 Kan" This study
pKS1059 | pDONR221 Mto2 T35A Kan" This study
pKS1060 | pDONR221 Mto2 S179A Kan" This study
pKS1061 | pDONR221 Mto2 S220A Kan" This study
pKS1062 | pDONR221 Mto2 S366A Kan" This study
pKS1063 | pPDONR221 Mto2 T395A Kan" This study
pKS1064 | pPDONR221 Mto2 5A Kan" This study
pKS1065 | nmt81: HFG-Mto2 T35A Amp" This study
pKS1066 | nmt81: HFG-Mto2 S179A Amp" This study
pKS1067 | nmt81: HFG-Mto2 S220A Amp" This study
pKS1068 | nmt81: HFG-Mto2 S366A Amp" This study
pKS1069 | nmt81: HFG-Mto2 T395A Amp" This study
pKS1079 | nmt81: HFG-Mto2 5A Amp" This study
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pKS1071 | pDONR221 Mto2 1A Kan" This study
pKS1072 | pDONR221 Mto2 2A Kan" This study
pKS1073 | pDONR221 Mto2 3A Kan" This study
pKS1074 | pDONR221 Mto2 1D Kan® This study
pKS1075 | pDONR221 Mto2 2D Kan" This study
pKS1076 | pDONR221 Mto2 3D Kan® This study
pKS1077 | nmt81: HFG-Mto2 1A Amp" This study
pKS1078 | nmt81: HFG-Mto2 2A Amp" This study
pKS1079 | nmt81: HFG-Mto2 3A Amp" This study
pKS1080 | nmt81: HFG-Mto2 1D Amp~ This study
pKS1081 | nmt81: HFG-Mto2 2D Amp~ This study
pKS1082 | nmt81: HFG-Mto2 3D Amp~ This study
pKS1083 | His6-MBP-Mto2 1D Amp~ This study
pKS1084 | pDONR221 Mto2 Y168F Kan" This study
pKS1085 | pDONR221 Mto2 Y269F Kan® This study
pKS1086 | nmt81: HFG-Mto2 Y168F Amp" This study
pKS1087 | nmt81: HFG-Mto2 Y269F Amp" This study
pKS1088 | pDONR221 Mto2 V1 STOP Kan" This study
pKS1089 | pDONR221 Mto2 V2 STOP Kan" This study
pKS1090 | pDONR221 Mto2 V3 STOP Kan" This study
pKS1091 | pDONR221 Mto2 V4-STOP Kan" This study
pKS1092 | pDONR221 Mto2 V5-STOP Kan" This study
pKS1093 | pDONR221 Mto2 V6-STOP Kan" This study
pKS1094 | pDONR221 Mto2 V7-STOP Kan" This study
pKS1095 | nmt41:Mto2-V1-STOP Amp" This study
pKS1096 | nmt41:Mto2-V2-STOP Amp" This study
pKS1097 | nmt41:Mto2-V3-STOP Amp~ This study
pKS1098 | nmt41:Mto2-V4-STOP Amp~ This study
pKS1099 | nmt41:Mto2-V5-STOP Amp~ This study
pKS1100 | nmt41:Mto2-V6-STOP Amp~ This study
pKS1101 | nmt41:Mto2-V7-STOP Amp" This study

Table 2.5 List of fission yeast strains used in this stUdgtabase name, genotype,

and source are liste

Strain

Number Genotype Source
515 ade6-M216 ura4-D18 leul-32 h+ Laboratory Stock
516 ade6-M210 ura4-D18 leul-32 h- Laboratory Stock
976 h- mto2A::kanMX6 ade6-M216 leul-32 ura4-D18 Laboratory Stock
977 h+ mto2A::kanMX6 ade6-M216 leul-32 ura4-D18 Laboratory Stock
1017 h+ mtolA::kanM X6 ade6-M216 leul-32 ura4-D18 Laboratory Stock
1235 h+ kanMX::nmt81::GFP-atb2 ade6-M210 leul-32 ura4-D18 | Laboratory Stock
1238 h- nda3-km311 ade6-M210 leul-32 ura4-D18 Laboratory Stock
h- mtolA::kanMX nda3-km311 ade6-M210 leul-32 ura4- Laboratory Stock
1239 D18
1280 h- cdc25-22 ade6-M216 leul-32 ura4-D18 Laboratory Stock
h- mto2A::kanMX6 kanMX:nmt81:GFP-atb2 ade6-M210 Laboratory Stock
1409
leul-32 ura4-D18
h- mto2:GFP:KanMX mtolA::kanM X6 ade6-M216 ura4- Laboratory Stock
1457 D18
1460 h- mto2:GFP:KanMX6 Laboratory Stock
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1504 h— mto2:myc:kanMX ade6-M210 leul-32 ura4-D18 m Laboratory Stock
1507 h+ mtol-13myc:kanMX ade6-M216 leul-32 ura4-D18 Laboratory Stock
1567 h- alp16A::kanMX ade6-M210 leul-32 ura4-D18 Laboratory Stock
1956 h+ mtol [1-800]:ura4+ ade6-210 leul-32 Laboratory Stock
1999 h- mtol [1-800]-GFP:kanMX6 ade6-M210 leul-32 ura4-D18 | Laboratory Stock
2007 h+ mto1[9A1] ade6-M216 leul-32 ura4-D18 Laboratory Stock
2739 h- teal-TAPS:kanMX6 ade6-M210 leul-32 ura4-D18 Laboratory Stock
h+ mtol [1-1051]-TAPS:kanMX6 ade6-M216 leul-32 ura4- | Laboratory Stock
3475 D18
h+ mtol [1-800]-TAPS:kanMX6 ade6-M216 leul-32 ura4- Laboratory Stock
3476 D18
3524 h+ mtol-TAPS:kanMX6 ade6-M216 leul-32 ura4-D18 Laboratory Stock
h+ mtol-TAPS:kanMX6 nda3-km311 ade6-M216 leul-32 Laboratory Stock
3575
ura4-D18
h+ mto1[1-1051]-TAPS:kanMX6 nda3-km311 ade6-M216 Laboratory Stock
3577 leul-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2 mto2A::kanMX6 ade6-M216 | This study
3915 leul-32 urad-D18
h- nmt81:His6FLAG:GFP-mto2 mto2-myc:kanMX6 ade6- This study
3920 M210 leul-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2-T35A mto2A::kanMX6 This study
3923 ade6-M216 leu1-32 urad-D18
5 h- nmt81:His6FLAG:GFP-mt02-S179A mto2A::kanMX6 This study
3925 ade6-M216 leu1-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2-S220A mto2A::kanMX6 This study
3927 ade6-M216 leu1-32 urad-D18
h- nmt81:His6FLAG:GFP-mt02-S366A mto2A::kanMX6 This study
3929 ade6-M216 leu1-32 urad-D18
h- nmt81:His6FLAG:GFP-mto2-T394A mto2A::kanMX6 This study
3931 ade6-M216 leu1-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2-5A mto2A::kanMX6 ade6- This study
3933 M216 leul-32 urad-D18
3943 h+ cdc25-22 mto2A::kanMX6 ade6-M216 leul-32 ura4-D18 | Laboratory Stock
3953 h- mto2-HTB:kanMX6 ade6-M210 leul-32 ura4-D18 This study
h- mto2-TAPS:kanMX6 kanMX6 ade6-M210 leul-32 ura4- This study
3956 D18
h- nmt81:His6FLAG:GFP-mto2-Y168F mto2A::KanMX6 This study
4185 ade6-M216 leu1-32 urad-D18
h- nmt81:His6FLAG:GFP-mto2-Y269F mto2A::KanMX6 This study
4186 ade6-M216 leu1-32 urad-D18
h- nmt41:mto1-GFP-FLAG-His ade6-M216 leul-32 ura4- This study
4230 D18
h- mto1l-TAPS:kanMX6 mto2A::kanMX6 ade6-M216 leul-32 | This study
4323 urad-D18
h- nmt41:mtol-GFP-FLAG-His; mto1-13myc:KanMX6; This study
4373 mto2A:KanMX6 ade6-M216 leul-32 urad-D18
h- nmt81:His6FLAG:GFP-mto2 mto2A::kanMX6 This study
4450 mtolA::kanMX6 ade6-M216 leul-32 ura4-D18
4461 h- nmt81:His6FLAG:GFP-mto2L133DL137D This study

mto2A::KanMX6 ade6-M216 leul-32 ura4-D18
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h- nmt81:His6FLAG:GFP-mto2L133DL137D This study
4463 mto2A::KanMX6 nmt81:ath2-GFP ade6-M216 leul-32 ura4-

D18
4466 h- nmt81:His6FLAG:GFP-mto2-1A mto2A::KanMX6 This study

nmt81:ath2-GFP ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mto2-2A mto2A::KanMX6 This study
4469 nmt81:atb2-GFP ade6-M216 leul-32 ura4-D18
4479 h- nmt81:His6FLAG:GFP-mto2-3A mto2A::KanMX6 This study

nmt81:ath2-GFP ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mto2-1D mto2A::KanMX6 This study
4475 nmt81:atb2-GFP ade6-M216 leu1-32 urad-D18

h- nmt81:His6FLAG:GFP-mto2-2D mto2A::KanMX6 This study
4478 nmt81:atb2-GFP ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mto2-3D mto2A::KanMX6 This study
4481 nmt81:atb2-GFP ade6-M216 leul-32 ura4-D18

h+ mto2A::kanMX6 mtol-13myc:kanMX ade6-M216 leul- Laboratory Stock
4596 32 ura4-D18

h- nmt81:His6FLAG:GFP-mto2-1D+2 mto2A::KanMX6 This study
4600 nmt81:atb2-GFP ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mt02-1-320 [T1] mto2A::KanMX6 | This study
4603 ade6-M216 leul-32 urad-D18

h- nmt81:His6FLAG:GFP-mto2-89-397 [T4] This study
4606 mto2A:;KanMX6 ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mt0o2-180-397 [T5] This study
4609 mto2A::KanMX6 ade6-M216 leul-32 urad-D18

h- nmt81:His6FLAG:GFP-mt02-1-320 [T1] mto2A::kanMX6 | This study
4612 nmt81:GFP-ath2 ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mt02-89-394 [T4] mto2A::kanMX6 | This study
4615 nmt81:GFP-ath2 ade6-M216 leul-32 ura4-D18

h- nmt81:His6FLAG:GFP-mt02-180-394 [T5] This study
4618 mto2A::kanMX6 nmt81:GFP-ath2 ade6-M216 leul-32 ura4-

D18

h- nmt41:His6FLAG:GFP-mto2L.133DL137D This study
4621 mto2A::KanMX6 ade6-M216 leul-32 urad-D18

h- nmt41:mtol-GFP-FLAG-His; mtol-13myc:KanMX6 ade6- | This study
4627 M216 leu1-32 urad-D18

h- mtol-TAPS:kanMX6 nmt81:His6FLAG:GFP-mto2 This study
4973 mto2A::kanMX6 ade6-M216 leul-32 ura4-D18

h- mto1l-TAPS:kanMX6 nmt81:His6 FLAG:GFP-mto2- This study
4976 L133DL137D mto2A::KanMX6 ade6-M216 leul-32 urad-

D18
5050 h+ arg1-230 car2A::KanMX4 lys3-37 nda3-km311 Laboratory Stock

h+ mtol [1-549]-GFP:kanMX6 mto2A::kanMX6 ade6-M216 | Laboratory Stock
349 leul-32 ura4-D18

h- mtol [1-800]:urad+ mto2A::kanMX6 ade6-M210 leul-32 | Laboratory Stock
5354

ura4-D18

h+ mtol-TagRFP-T:natMX6 hphMX6:nmt81-GFPabt2 ura4- | Laboratory Stock
2470 D18 leul-32 ade6-M210

h- car2A::KanMX4 mto2-TAPS:KanMX6 lys3-37 arg1-230 This study
5477 nda3-KM311
5479 h- car2A::KanMX4 mto2-TAPS:kanMX6 arg1-230 lys3-37 This study
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h- nmt81:His6FLAG:GFP-mto2 L133DL137D This study
5572 mto2A::kanMX6 mtolA::kanMX6 ade6-M216 leul-32 ura4-
D18
h+ mtolA::kanMX6 mto2-13myc:kanMX ade6-M216 leul- This study
5573 32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2 mto2-13myc:kanMX This study
5574 mtolA::kanMX6 ade6-M216 leul-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2 L133DL1337 mto2- This study
5575 13myc:kanMX6 mtolA::kanMX6 ade6-M216 leul-32 ura4-
D18
h- mtol-TagRFP-T:natMX6 hphMX6:nmt81-GFP-abt2 This study
5576 mto2A::kanMX6 urad-D18 leul-32 ade6-M210
h- mto1[1-1051]-TAPS:kanMX6 mto2A::kanMX6 ade6- Laboratory Stock
o578 M216 leul-32 urad-D18
h- mto1l-TAPS:kanMX6 nda3-km311 mto2A::kanMX6 ade6- | Laboratory Stock
5579 M216 leu1-32 urad-D18
h- mto1[1-1051]-TAPS:kanMX6 nda3-km311 Laboratory Stock
5580 mto2A::kanMX6 ade6-M216 leu1-32 urad-D18
5609 h+ mto1[1-549]-GFP:kanMX6 ade6-M210 leul-32 ura4-D18 | Laboratory Stock
h- natMX6:nmt81:mto1[1-549]-GFP:kanMX6 ade6-M210 Laboratory Stock
o647 leul-32 ura4-D18
h- nmt81:His6FLAG:GFP-mto2 mto2A::kanMX6 This study
5712 kanMX::nmt81::GFP-ath2 ade6-M210 leul-32 ura4-D18
h- nmt81:mto2-L133DL137D mto2A::KanMX6 ade6-M216 This study
o784 urad-D18
h- nmt81:mto2-L133DL137D mto2A::KanMX6 This study
o785 mtolA::KanMX6 nda3-km311 ade6-M216 urad-D18
h- nmt81:mto2-L133DL137D mto2A::KanMX6 This study
5787 mtolA::KanMX6 ade6-M216 ura4-D18
5795 h- mto1l-TAPS:kanMX6 cdc25-22 ade6-M216 ura4-D18 This study
h- natMX6:nmt81:mto1[1-549]-GFP:kanMX6 This study
801 kanMX6:nmt41:mto2 ade6-M210 leul-32 urad-D18
h- natMX6:nmt81:mto1[1-549]-GFP:kanMX6 This study
2802 mto2A::KanMX6 ade6-M210 leul-32 urad-D18
h- mto1[1-549]-GFP:kanMX6 kanMX6:nmt41:mto2 ade6- This study
5803 M210 leul-32 urad-D18
5920 h- mto2A::KanMX6 cut-12tdT:KanMX6 natMX6:nmt81:mtol | Lynch et al.,
[1-549]-GFP:KanMX6 ade6-M210 leul-32 ura4-D18 data unpublished
h- nmt81:mto2-varient 1 mto2A::KanMX6 mtolA::KanMX6 | This study
2972 nda3-km311 ade6-M216 urad-D18
h- nmt81:mto2-varient 2 mto2A::KanMX6 mtolA::KanMX6 | This study
9973 nda3-km311 ade6-M216 ura4-D18
h- nmt81:mto2-varient 3 mto2A::KanMX6 mtolA::KanMX6 | This study
o974 nda3-km311 ade6-M216 urad-D18
5975 h- nmt81:mto2-varient 4 mto2A::KanMX6 mtolA::KanMX6 | This study

nda3-km311 ade6-M216 ura4-D18
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Table 2.6 Oligonucleotides used in this study. Allocated em sequence and

section reference for all of the oligonucleotidsesdliin this stud

Oligonucleotide
Primer

5'-3’ Sequence

M13

sequencing GTAAAACGACGGCCAGT

primer fwd

M13

sequencing AACAGCTATGACCATG

primer rev

OKS248 CGTCCTAGTAGGATTAGCAACTTCTT
GAGTTGCTCATCCTATTATCCCCCAGAGGGCGTCTCCAGCATCAC

OKS257 AGTCTTTTCCTTCTCTTCAAGACACTCCTTCCCCCCGGATCCCCG
GGTTAATTAA
TCCTCAATCAATGTTTGTATGAACTTACATGTATGAGAAGAACCTG

OKS258 ATTTACTTGATAAACACAAAGAAAAATTGATTCAGAATTCGAGCTC
GTTTAAAC

OKS505 CCTCTTCCGACCATCAAGCATTTTATCC
AAAAAGCAGGCTTCGAAGGAGATATTCGCATGTCTGAACATAATT

OKS1199
ACCAG

OKS1200 AGAAAGCTGGGTCGGGGGAAGGAGTGTCTTGAAG

OKS1201 AAAAAGCAGGCTTCATGTCTGAACATAATTACCAG

OKS1202 AGAAAGCTGGGTCTACTAGGGGGAAGGAGTGTCTTGAAG

OKS1203 GGGGACAAGTTTGTACAAAAAAGCAGGCT

OKS1204 GGGGACCACTTTGTACAAGAAAGCTGGGT

OKS1340 AGAAAGCTGGGTCTACTAGGAATCATCAGAAAAGAGAGT

OKS1341 AGAAAGCTGGGTCTACTATAAAGAGTTTGAGCTTTCCTG

OKS1342 AGAAAGCTGGGTCTACTACGGTGAGTGAGGTGAATGAGT

OKS1343 AAAAAGCAGGCTTCATGGCAAACGTGAATTCAATGAAG

OKS1344 AAAAAGCAGGCTTCATGGCGCCGCTAAGCACGATGCAA

OKS1345 AAAAAGCAGGCTTCATGGATCTTGTCCGTCATACACCA

OKS1251 CAAATTCGCGAATCTGCTCCAAGAGGTTCACCA

OKS1252 TGGTGAACCTCTTGGAGCAGATTCGCGCGAATTTG

OKS1253 CATTCACCTCACGCACCGGCGCCGC

OKS1254 GCGGCGCCGGTGCGTGAGGTGAATG

OKS1255 CACCTTGGTAAACACCGCTCCATCGAGTGTGGT

OKS1256 ACCACACTCGATGGAGCGGTGTTTACCAAGGTG

OKS1257 ATCGAGCTTGCATCCAGCACCAACGTCTTTGCG

OKS1258 CGCAAAGACGTTGGTGCTGGATGCAAGCTCGAT
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OKS1259

TTCCTTCTCTTCAAGACGCTCCTTCCCCCTAG

OKS1260 CTAGGGGGAAGGAGCGTCTTGAAGAGAAGGAA

OKS1408 CATATCGTTCTCCTAACAGTTTCCCTTCTCTTTTACCCT

OKS1409 AGGGTAAAAGAGAAGGGAAACTGTTAGGAGAACGATATG

OKS1410 TGTCCGTCATACACCACCATTGAATTTTACCAGTTCTGTTG

OKS1411 CAACAGAACTGGTAAAATTCAATGGTGGTGTATGACGGACA

OKS1683 AAAAAGCAGGCTTCGAAAATCTTTACTTTAATGGTATGTCTGAACA
TAATTACCAG
TATCATAACAATCTTGCTCCATATCGTTCTCCTAACAGTGCCCCTG

OKS1780 CTCTTTTACCCTCTGCTCATGCACCTCACGCACCGGCGCCGCTAA
GCGCGATGCAAACGGCTC
ATCTTGTCCGTCATGCACCACCATTGAATGCTACCGCTGCTGTTG

OKS1781 ATGCTGCACCACAACGTATGGCCGCTGATGCTTATGGTAGGCCTT
C

OKS1782 AATTCTACAAACAAAGCGGCCTTGCATCCAGCACCAACGGCTTTG
CGAGTTGCTC
TATCATAACAATCTTGATCCATATCGTTCTCCTAACAGTTACCCTG

OKS1783 ATCTTTTACCCTCTGATCATGACCCTCACGATCCGGCGCCGCTAA
GCGATATGCAAACGGCTCTT
GATCTTGTCCGTCATGATCCACCATTGAATTATACCGATGATGTTG

OKS1784 ATGACGATCCACAACGTATGGCCGACGATGACTATGGTAGGCCTT
CT

OKS1785 AATTCTACAAACAAAGATGACTTGCATCCAGACCCAACGGATTTG
CGAGTTGCTCA

OKS1786 CAGGAGCTTGAAAATAAGCGAGAACGCAAGAATCAAGTAGAGCTT

OKS1787 CAGGAGCTTGAAAATGATCGAGAACGCGATAATCAAGTAGAGCTT

OKS1831 GAGCGACCCTCTGACTACTTAGGC

OKS1832 CATAACAATCTTGATCCATATCGTTC
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CHAPTER THREE

BIOCHEMICAL ANALYSIS OF MTO1/2 COMPLEX

3.1 INTRODUCTION

In higher eukaryotes several copies of{fieiSC in addition to a number of
non-core components [e.g. GCP4/5/6 and GCP-WDéassembled into a large
complex called thg-TURC (Oegemat al. 1999; Gunawardaret al. 2000b).
Electron microscopy studies have shown thaitheRC forms a 3-start helix or
ring structure that can associate with the minuseri MTs(Moritz et al. 1995a;
Oegemaet al. 1999; Moritzet al. 2000). Two models have been proposed that
describe the mechanism by which tREuRC is able to facilitate the nucleation of
MTs, and both of these models involve some levgtbiSC multimerisation
(Zhenget al. 1995; Ericksoret al. 1996a). In budding yeast, thguSC/Tub4
complex is the only source of MT nucleation asphweins required foy-TURC
assembly are not conserved (Geisslal. 1996; Spangt al. 1996). The nature of
the nucleation complex formed by )@ uSC components i pombe has yet to be
determined. Conservation of many of tREURC components suggests that, like
higher eukaryotes, a ring structure is formed. Hewedeletion of non-corg TURC
components has only minor effects on MT nucleatiom non-SPB iMTOCs, and
nucleation from other MTOCs remains unaffectedit&et al. 2002; Venkatranet
al. 2004; Anderst al. 2006). This indicates that either formation of faEURC is

not required for MT nucleation I8 pombe, or that the cell is able to compensate for

79



the loss of non-core component- mediated assenfilyyTaRC by promoting-
TuSC multimerisation via other mechanisms.

| predict that multimerisation of the complex fadby Mtol and Mto2 [the
Mto1/2 complex], due to the presence of yHEUSC interaction domain in the N-
terminus of Mtol, could potentially interact witranmyy-TuSCs and promotg
TuSC multimerisation. Unlike the non-core compoasetite deletion phenotype of
both Mtol and Mto2 suggest that the Mto1/2 comeadbsolutely required for MT
nucleation at non-SPB IMTOCSs. This could indicdiat the Mto1/2 complex may
form the primary template structure, and the efficly of the subsequent assembly
and/or stabilisation of-TuSCs is increased by the presence of the non-core
components.

Alternative to acting as a direct template, theM2 complex may instead
function as a targeting factor and, by increasimgglocal concentration of the
TuSC at the MTOC, may promote self-assembly offie@RC [in the presence or
absence of non-core components].

A structural analysis of the Tub4 complex has destrated that the lateral
distance betweeyptubulin molecules is too large to facilitate théekral association
of af3-dimers (Kollmaret al. 2008). This has suggested that an additional aghang
conformation in thg-TuSC may be required for MT nucleation. | hypoteeghat
the interaction with the Mto1/2 complex, as wellpasmotingy-TuSC assembly,
may also induce the structural rearrangement of-theSC required to form an

active MT nucleation complex.
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3.1.1 Aims and Obijectives

In this chapter | aim to investigate the naturéhefMtol1/2 complex,
concentrating on the copy number of each protajoired to form an active
nucleation complex, with the hope of providing gidiinto the structure of the
complex and how it might relate to the assemblthef-TuSC. For example, if the
Mto1/2 complex is comprised of several copies ocbMthis might support a

template model foy-TURC assembly via the Mto1/2 complex.

I will use the following approaches to address fnsblem:

* Hydrodynamic analysis of the Mto1/2 complex to isigate the size of the
complex, and whether it is altered by the presefitkey-TuSC.

* Hydrodynamic analysis of an Mto1/2 complex whosmlisation is restricted
to non-SPB IMTOCs and is predicted to be unablerim large multimeric

associations.
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3.2 RESULTS

3.2.1. Mtol and Mto2 co-fractionate within a 60 — 80 S complex

In order to investigate the size and stoichiomefriltol and Mto2 proteins
within the Mto1/2 complex, a fission yeast extraets subject to sucrose density
gradient centrifugation. Figure 3.1, Panel A shdvet the majority of signal from
Mtol and Mto2 did not co-fractionate, indicatingthhe proteins are present in
independent complexes. The peak fractions were aoedpwith a calibration curve
based on markers of known S-value [Appendix IlJoRlsedimented at ~5.6 S, while
Mtol sedimented at between 10 — 14 S. In both dasedistribution of protein was
spread across multiple fractions, indicating thatd¢alculated S-values are likely to
represent the average size of a mix of heterogengmiein complexes. Despite a
pre-clearing spin to remove large particles [ > $)there was a large proportion of
both Mtol and Mto2 in the pellet fraction. The matof the pellet material was
investigated by subjecting the sucrose gradiengsdiaort spin that allowed
resolution of complexes larger than 20 S. Commbycaailable molecular weight
markers are limited to 19 S, therefore the 90 Srip@somal component Nopl
(Schimmangget al. 1989) was used to resolve the gradient withinridunge. Figure
3.1, Panel B shows that in wild-type extract, thegarity of both Mtol and Mto2
were found in fractions corresponding to 60 — 8UI& sedimentation pattern of
Mtol was not altered imto24, indicating that Mto2 is not required for Mtollie
present in this large complex. However, Mtol wagined for the inclusion of Mto2

in the 60 — 80 S complex, asmitol4 extracts Mto2 peaked in a fraction

82



representing protein complexes smaller than 1h8.pFesence of an Mto2-
independent Mtol 60 - 80 S complex was unexpedquevious observations have
suggested that Mto2 may act to promote assemtilyedftol/2 complex (Samejima
et al. 2005; Samejimat al. 2008). For the purpose of this study the 60 — 80 S
complex formed by Mtol will be called the Mto1/2 680 S complex.

Mtol and Mto2 were distributed over several fraasi of the gradient,
suggesting that the 60 — 80 S complex is unlikelgdntain proteins in a defined
stoichiometry. The unusually large size of the M2o80 — 80 S complex indicates
that it is likely to contain multiple copies of Mtan addition to several other protein
complexes. Alternatively, it is possible that tife-680 S may arise from the

association of Mtol with large fragments of celiudabris such as the SPB.

3.2.2 Mto2 and Mtol interact within the 60 — 80 S complex

Mtol is required for Mto2 to be present within 8- 80 S complex. To
confirm that Mtol and Mto2 interact within this gan Mtol-TAPS pulldown was
performed on an extract pre-fractionated by sucgoadient centrifugation. Figure
3.2 shows that the inputs of Mto1-TAPS and Mto2emenesent in fractions 6 - 12,
corresponding to 60 — 80 S, as previously obseirv&igure 3.1. The distribution of
Mtol in the eluates reflected the distribution afterial in the input, however, only
Mto2 present within the 60 — 80 S range was foancbtprecipitate with Mtol. This
result confirms that the inclusion of Mto2 withimet60 — 80 S is likely to occur as a

result of an interaction with Mtol.
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Figure 3.1 Sucrose gradient centrifugation analyses of entmgeMtol and Mto2.

An extract was subject to centrifugation at 55,880 for [A] 3.5 hr or [B] 30 min
in a Beckman TLS-55 rotor [Strains KS516, KS976 K&d.017]. The fractions
including the pellet [P] were analysed by 10% SD¥5E and the western blot was

probed with anti-Mto1 and anti-Mto2 antibodies. ®ignal intensities were

detected using the Odyssey V3.0 software. The [oeations for molecular weight

standards run on parallel gradients are indicditk arrows]. The western blot

was also probed with anti-Nopl antibody. Nopl pesnsity is also indicated

[90S]. Images represent typical results obtainethftwo experiments.
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Figure 3.2 Analysis of the Mto1-Mto2 interaction within th@ 6 80 S complex.

The extract [KS3524] was fractionated by sucroselignt centrifugation at 55,000
rpm for 30 min in a Beckman TLS-55 rotor. Everyrdhiraction was pooled and
incubated with 1gG-linked Dynabeads. Non-fracti@ibéxtract from untagged
Mtol was used as a negative control [KS516]. Tpatisample was taken from
non-fractionated extract prior to centrifugatiomelsamples were analysed by 10%
SDS-PAGE and the western blot was probed with lditdit and anti-Mto2
antibodies. The signal from GT-34-HRP was detebieBCL. The peak locations
for Thyroglobulin [19S] and Nop1 [90S] are indicd{black arrows]. Images

represent typical results obtained from two experits.
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3.2.3 The Mto1/2 60 — 80 S complex is formed independently of the y-TuC

The Mto1/2 60 — 80 S complex potentially couldunie several copies of the
y-TuSC, and therefore represent @uRC-like complex. This would support my
proposed template model for Mto1/2 indugeuRC assembly. To test this idea, the
fractionation patterns of members of {a€uSC were compared in wild-typetolA
andalpl64 backgrounds. Alp16 is required for the interactdithe other non-core
components with the TuC (Anderset al. 2006). Therefore, as the non-core
components of the TURC are not able to associate in the absencdpdiéAthe size
of the resulting Mto1/2 60 — 80 S complex may uced. This does not exclude
the possibility that several copies of taguSC may be able to associate with Mtol
independently of non-corgeTURC components.

Figure 3.3 shows that in the wild-type extractbgtubulin and Alp6
proteins were distributed along a number of fratiwithin the same 60 — 80 S
range as Mtol, indicating that tiRguSC proteins are present in a complex of
similar size. The distribution gftubulin and Alp6 was not significantly altered in
mtol4, implying that Mtol is not required for the inclois of they-TuSC proteins in
the 60 — 80 S complex. This observation is suppdstethe analysis of Mto1-9A1, a
variant of Mto1 that contains mutations in the Ctiiimain that prevent Mtol from
interacting with the-TuSC (Samejimat al. 2008). Mto1-9A1 was also found
within the 60 — 80 S range, which suggests thay{heSC components are not
required for the inclusion of Mtol in the Mto1/2 60 S complex. The

sedimentation pattern of Mtol ahp164 was similar to wild-type, indicating that the
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non-core components also do not contribute signitiy to the presence of Mtol
within the Mto1/2 60 — 80 S complex.

Interestingly inalpl64, Alp6 andy-tubulin peaked in a fraction representing
a smaller molecular weight complex than observedliid-type extracts. This
suggests that assembly of the 60 — 80 S compleaioamy they-TuSC is partly due
to the inclusion of non-core components. Previaismates have indicated that the
y-TURC fromD. melanogaster has an S-value of approximately 35 S (Oegenah
1999). Therefore the unusually large size ofShaombe 60 — 80 S-TuC is unlikely
to reflect the equivalent TURC of higher eukaryotes. It is possible thatGBe- 80 S
y-TuC complex includes other protein complexes asillilar debris. Alternatively,
the substantial distribution of material along ¢inadient suggests that the 60 — 80 S
complex may represent several unstable copieegfTuC that may have
associated during the cell lysis procedure.

Unfortunately the poor resolution of the gradiant&igure 3.3 has prevented
any conclusive statements from being made regattim@ehaviour of the TuSC
and the Mto1/2 complex within the 60 — 80 S rargpiditionally, without knowing
the copy number of proteins present within the demifi is not possible to
distinguish between Mtol 60 — 80 S complex formratie a result of protein
aggregation or association with large fragmentsetifilar debris. This is important
as removal of proteins present in low copy nhumbeuld not significantly alter the
size of the 60 — 80 S complex and correlate wighrésults described above. In order
to determine the true nature of both the Mto1/2wmdSC complexes this analysis

needs to be performed with reconstituted complestracted from purified protein.
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3.2.4. The Mto1/2 60 — 80 S complex formation is promoted by Mtol

localisation to the SPB

In addition to potential protein aggregationgsipostulated that the Mto1/2 60
— 80 S complex may result from association witlukld fragments of the SPB
and/or other soluble cellular debris. This assamatay be physiologically relevant
to Mto1/2 function, e.g. it may provide a way tasolidate excess Mtol protein, in
order to restrict the number of cytoplasmic MTgefhatively localisation to the
SPB may promote Mtol aggregation due to an incregleeal concentration. To
test SPB-dependent Mto1/2 60 — 80 S formationjrctted version of Mtol [1-
1051] was analysed that lacks the C-terminal domexjnired for Mtol localisation
to the eMTOC and SPB (Samejirdzal., manuscript in preparation). If the Mto1/2
60 — 80 S complex is formed as a consequence otiassn with the SPB, then it
should not be present in Mtol [1-1051].

Figure 3.4 shows that compared with full lengtbtein, the amount of Mtol
[1-1051]-TAPS found within fractions 1-3 [< 20 Shwincreased. This result
suggests that formation of the Mto1/2 60 — 80 Splernis partially due to
localisation of the Mto1 to the SPB. This indicatiest either Mtol aggregation is
promoted by SPB association, or the Mto1/2 60 S &0mplex may represent Mtol
association with fragments of the SPB. To testahis could examine the
sedimentation pattern of other SPB-associated ipgogeich as Sadl (Hagetral.
1995). The presence of residual 60 — 80 S complicates that Mtol can also form

large associations in the absence of SPB localisati
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Figure3.360 — 80 S complex formation yaTuC mutants. The extracts were

subject to sucrose gradient centrifugation at 55/@dn for 30 min in a Beckman
TLS-55 rotor. [Strains KS516, KS1017, KS2007 andLB&/]. The fractions
including the pellet [P] were analysed by 10% SDsE and the western blot
was probed with anti-Mtol, anti-Alp6, and awiubulin [GTU-88] antibodies.
The signals from GT-34-HRP and anti-mouse 1gG-HRiibadies were detected
using ECL. The peak locations for Thyroglobulin §1&nd Nopl [90S] are

indicated [black arrows]. Image represents resatthioed from a single

experiment.
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Figure 3.4 60-80 S formation in Mtol [1-1051]-TAPS. The extsawere subject
to sucrose gradient centrifugation at 55,000 rpn8fbmin in a Beckman TLS-55
rotor. [Strains KSKS3475 and KS5578]. The fractiorduding the pellet [P]
were analysed by 10% SDS-PAGE and the westernlalstprobed with anti-
Mtol antibody. Integrated intensity of the sigrfatsn IRDye800 were measured
using Odyssey V3.0. The peak locations for Thyrbglm [19S] and Nopl [90S]
are indicated [black arrows]. Image representslredtained from a single

experiment.

89



3.2.5 Foci formed by Mtol-tdRFP at non-SPB IMTOC are weakened in the

absence of Mto2

To investigate the function of the Mto1/2 60 -8@omplexn vivo, the
properties of fluorescently tagged Mtol were exadimmto2” andmto24
backgrounds. As biochemical analysis has showrthieal#itol 60 - 80 S complex is
assembled in bothito2” andmto24, only Mto1l structures present in both
backgrounds [apart from SPB/eMTOC associated prptain be considered as
Mto1/2 60 — 80 S candidates.

Figure 3.5, Panel A, demonstrates that wild-tytp&irss contained the
canonical 3 — 4 bundles of MTs per cell and MtoRF& satellite foci decorated the
whole length of each MT bundle in addition to btiglgnals at the SPB and eMTOC
[fig 3.5, Panel B]. As previously documenteatp24 cells contained 1 — 2
hyperstable MT bundles, which curved around thetige(Samejimaet al. 2005).

Only a small proportion of MT bundles were decadatgth Mto1-tdRFP satellite

foci, and the signal from these foci was signifitytess intense than wild-type. The
presence of bright Mto1-tdRFP signals from the &R8 eMTOCs inmmto24

supports the conclusion that a proportion of theIVR 60 — 80 S complex may
result from Mtol association with the SPB and eMT[@¢ 3.5, Panel B]. The only
non-SPB/eMTOC associated Mto1-tdRFP foci presehbth backgrounds were
faint satellites found along pre-existing MTs.dipossible that these structures may
represent the 60 — 80 S complexes. The intensitiyesie foci suggest that they
represent a relatively small number of Mtol molesuthat are stably associated with

other large cellular debris or protein complexed Hre yet to be identified.
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Figure 3.5 Microscopic analysis of Mto1l-tdRFP demonstrates k@2 is
required for the assembly of bright foci at non-SFBOCs. Images were taken
on a spinning disk confocal microscope. Maximumgutions of [A] whole field
or [B] single cells expressimgmt81: mtol-tdRFP andnmt81:atb2-GFP in either
mto2” or mto24 background [Strains KS3470 and KS5576]. Singlé cel
projections are representative of three differefitaycle stages as indicated.

Scale bars = 10pum.
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Due to the size of the complex, | believe thatGBe- 80 S complex most
likely represents an aggregated form of Mtol forrdedng the cell lysis procedure.
Mtol may be prone to aggregation due to the presehextensive regions of coiled-
coil along the length of the protein. Aggregatioaynibe promoted when Mto1l is
present at high concentrations, [for example, @SRB and eMTOC], which is
consistent with the observation that Mtol 60 — 0rBation is reduced in Mtol [1-
1051]. To test this prediction, one needs to exarbili- 80 S formation in a version
of Mto1l that lacks its coiled-coil domains.

In addition, thisn vivo analysis has demonstrated that Mto2 functionsias a
Mtol1/2 complex assembly factor, as in the presefdéto2 the Mtol-tdRFP
satellite foci observed at non-SPB iMTOCs were ificgmtly brighter. The function

of Mto2 within the Mto1/2 complex will be discusskadther in chapter four.

3.2.6 Mtol [1-800] interacts with Mto2 to form a complex smaller than 60 —

80 S

Evidence collected so far suggests that the Mt6@/2 80 S complex may
not be assembldd vivo and instead may result from aggregation of pretdinring
cell lysis. To test this, an extract containingumtation mutant of Mtol, Mtol [1-
800], that lacked a large portion of the C-termit@led-coil domains predicted to
promote Mtol aggregation [fig 3.6, Panel A], waalgsed by sucrose gradient
centrifugation. Figure 3.6, Panel B shows thatamparison to full length GFP-
Mtol, the majority of GFP-Mtol [1-800] was foundtkn fractions 1-6, which

correspond to protein complexes < 20 S. This irtdgghat removal of sections of
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coiled-coil from Mtol prevent it from forming tharlye 60 - 80 S complex. To
confirm that Mto1 [1-800] and Mto2 form a complévat is smaller than 60 - 80 S,
an interaction assay was performed with an exfranot Mtol [1-800]-TAPS that
had been pre-fractionated by sucrose density degation. Figure 3.6, Panel C
shows that only Mto2 present in fractions 1-6 wierend in the co-precipitate, and
confirms that the complex formed by Mtol [1-800favito2 is smaller than 60 - 80
S.

These results support the prediction that theededloil domains in the Mtol
C-terminus lead to the formation of the Mtol 600-SBcomplex. Analysis of Mtol
[1-800] phenotype has demonstrated that Mtol [1}-8&08ufficient to induce MT
nucleation (K. Sawin, personal communication). sTihdicates that Mtol and Mto2
do not need to be present within a 60 — 80 S cantpléorm an active complex, and
further demonstrates that the 60 - 80 S complex maaype a physiological

phenomenon.

3.2.7 Hydrodynamic analysis of the Mtol [1-800] / Mto2 complex indicates

that it is a heterotetramer

Analysis of the MTs behaviour in an Mtol [1-80@|ckground indicate that
the truncated protein is able to promote MT nuadeatBiochemical analysis has
shown that when in complex with Mto2, Mtol [1-800ims a complex that is
smaller than 20 S. This smaller complex lies witihi@ resolution range of the
sucrose gradient centrifugation and gel filtrat@alyses, therefore one can

accurately measure its molecular weight. This mi@iion can then be used to
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Figure 3.6 Removal of Mtol coiled coil prevents Mto1/2 606-8 formation. [A]
Schematic map of Mtol depicting PAIRCOIL2 predicteded-coil domains
[pink] and regions of overlap [purple] with protemeraction domains [blue].
Amino acid residue numbers are indicated includimey1-800 truncation [black
arrow]. [B] The extract was analysed by sucroseligra centrifugation at 55,000
rpm for 30 min in a Beckman TLS-55 rotor. [StrakKS4230 and KS1999].
Fractions including the pellet [P] were analysedlby SDS-PAGE and the
western blot was probed with anti-Mto1 antibodyeBignal from GT-34-HRP
secondary antibody was detected by ECL. Image septs result obtained from a
single experiment. [C] The extract from KS3476 \rastionated by sucrose
gradient centrifugation at 55,000 rpm for 30 miraiBeckman TLS-55. Every
third fraction was pooled and incubated with Ig@kéd Dynabeads. Non-
fractionated extract from untagged Mtol [KS516] wiased as a negative control.
The input sample was taken from a non-fractionatécact prior to
centrifugation. The samples were analysed by 10%-BBGE and the western
blot was probed with anti-Mto1 and anti-Mto2 antlies. Signal from GT-34-
HRP was detected by ECL. Peak locations for Thyimgjin [19S] and Nop1
[90S] are indicated [black arrows]. Image represéyytical result obtained from

two experiments.
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calculate the number of molecules present withindbmplex. Figure 3.7, Panels A
and C show the sucrose gradient centrifugatiornyaealwhere imto2" background
Mtol [1- 800] peaked in fraction 8.2 whereas Mt@2lked in fraction 7. When
compared with a calibration curve in Appendix lhistcorresponded to a
sedimentation co-efficient for Mto1 [1-800] of 818.mto24, Mtol [1-800] peaked
in fraction 6.2 which corresponded to an S-valu.8fS. The incomplete co-
fractionation of Mto2 is likely to represent a mir¢ of complexed Mto2 [8 S] and
un-complexed Mto2 [5.6 S] [fig 3.1, Panel A]. Exttgafrom Mtol [1-800] were also
analysed by gel filtration. Figure 3.7, Panels B &nshow that in both the presence
and absence of Mto2, Mto1 [1-800] peaked in fracbdb, which, when compared to
a calibration curve generated from molecules wengdutkers of known Stokes’
radius [Appendix Il1], corresponded to a Stokestkia of 10.1 nm.

A theory developed by Seigel and Monty allows tmealculate the
molecular weight of proteins based on their Seditaten coefficient and Stokes’

Radius using the equation below (Siegedl. 1966):
M = 6rmNeaes / [1vzp]
Where M is molecular mass,is viscosity [0.01g cis® for weak aqueous
solutions], N is Avogadro’s constant [6.02%30a is the Stokes radius [cm], s is the
sedimentation co-efficient [seql,is the density of the solvent [1.0 gf&for dH;0],

andv is the partial specific volume4 = 0.73 cnig™].

Given the constants of known value the equationbeasummarised as:
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M=3909ea-°s

Mtol [1-800] / Mto2:
M=3909ea-s
M=3909+10.1nm+8.0S

M = 315.9 kDa

Mtol [1-800]:
M=3909eaces
M=3909+10.1nme+59S

M = 232.9 kDa

The presence of Mto2, which has a theoretical ouddeweight of 44kDa,
increases the molecular weight of the Mto1 [1-83@hplex by 83 kDa, indicating
that there are approximately 1.88 molecules of MiaZent.

Therefore, given that the theoretical molecularghiedf Mtol [1-800] is 92.27 kDa,
this indicates that there are approximately 2.5mdes of Mtol [1-800] per
complex.

These calculations assume that Mtol and Mto2herenly proteins that
contribute to the molecular weight of the compRased on this result it is likely
that the complex formed by Mtol [1-800] and Mto2itzon two molecules of Mto2
and two molecules of Mtol. This result suggestsMtal [1-800] is able to form
dimers in the absence of Mto2, therefore thereegmns of the protein outside of

the coiled-coil domain [800-1115 aa] that contrébtd the Mto1-Mtol interaction.
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Figure 3.7 Hydrodynamic analysis of the Mtol [1-800] / Mto@aplex indicates
that it is a heterotetramer. [A] Extracts were sabjo sucrose gradient
centrifugation at 55,000 rpm for 30 min in a BecknTd.S-55 rotor. [B] Extracts
were analysed by gel filtration on a Superose-6rool [KS1] [Strains KS1956
and KS5354]. Fractions including the pellet [P] &ganalysed by 10% SDS-
PAGE and the western blot was probed with anti-Maod anti-Mto2 antibodies.
[C and D] The integrated intensity of signal froRDOye800 was measured using
Odyssey V3.0. The peak locations for molecular Wesgandards run on parallel
gradients are indicated [black arrows]. StandandB8] are indicated in nm.

Mto2D =mto24. Images represent typical results obtained fromdwmeriments.
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The small size of the Mtol [1-800] / Mto2 heteradeter indicates that it may
represent a ‘sub-complex’ or minimal function uitits likely that the C- terminal
coiled-coil domains of full length Mtol, in additido association of Mto2

with Mto1l, facilitate the multimerisation of the Mt/2 heterotetramers into larger

assemblies that may resemble a template struciuyeliuSC association.

3.2.8 Mto2 interaction efficiency with Mtol [1-800] is comparable to full length

protein

Hydrodynamic analysis of the Mto1 [1-800] / Mto@neplex has
demonstrated that it is smaller than the Mto1/2 glemcontaining full length Mto1.
To test whether the efficiency of the Mtol-Mto2ardction has been altered in the
Mtol [1-800] / Mto2 complex, the levels of Mto2 poecipitated by Mto1l-TAPS
were compared between full length Mtol and MtoB(QD]. Figure 3.8 Panel A and
B show the integrated intensity of the Mto2 signahe pulldown, which has been
normalised relative to the levels of Mto1-TAPS. Téeels of Mto2 pulled down by
full length Mto1-TAPS and Mtol [1-800]-TAPS werensparable, indicating that
truncation of Mtol does not affect the stabilitytio¢ interaction with Mto2. This
data also suggests that the ratio of Mtol to Mta®egules within the Mtol1 [1-800] /
Mto2 complex is comparable to full length Mto1/Aig supports the prediction that
the full length Mto1/2 complex is composed of saveppies of the Mto1/2

heterotetramer.
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Figure 3.8 The efficiency of the Mto1-Mto2 interaction is reffected by
heterotetramer formation. Extracts were incubateld lgG-Dynabeads [Strains
KS516, KS3524, KS4323 and KS34760]. [A] Eluatesenamalysed by 10%
SDS-PAGE and the western blot was probed with ditd2 and anti-Mto2
antibodies. [B] Integrated intensities of IRDye&@nal were measured using
Odyssey V3.0. Mto2 signal was normalised relatovéhe signal from Mtol.

Mto2D = mto24. Image representssult obtained from a single experimi
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3.2.9 The Mto1-Mto1l interaction is independent from Mto2

Hydrodynamic analysis of the Mto1 [1-800] / Mto@neplex has suggested
that Mtol [1-800] exists as a dimer and that thisraction is independent from
Mto2. The Mtol1l-Mtol interaction was confirmed byfpeming an anti-GFP
immunoprecipitation in a strain that contained MGEH expressed from ammt41
thiamine repressible promoter at tkal locus and Mtol-13myc expressed from the
endogenouatol promoter. Figure 3.9 shows that in the absendétoi-GFH,
Mtol1-13myc was not co-precipitated, however, inghesence of Mtol-GFH, Mto1-
13myc was present in the eluate. The levels of Mt8ryc that interacted with

Mtol-GFH did not change imto2A4. This result confirms that Mtol can self-interact.

3.2.10 Mto2 can self-interact in vitro

The presence of dimeric Mto2 within the Mtol [1680Mto2 heterotetramer
suggests that Mto2 can also self-interact, however not known whether Mtol is
required for this interaction. To investigate tlag,interaction assay was performed
invitro. Mto2 was tagged with N-terminal MBP by Gatewagombination (Busso
et al. 2005), to allow expression of soluble protein tt@ild be purified on amylose
resin. Mto2 was also tagged with NusA to allow egsion of soluble protein with a
larger molecular weight that could be distinguisfredh MBP-Mto2 upon SDS-
PAGE analysis. Figure 3.10 shows the CoomassieestesDS-PAGE gel of the
MBP-pulldown assay. When NusA-Mto2 was incubatethwhe MBP-Mto2 bound

amylose resin, significantly more NusA-Mto2 wasgamt compared with amylose
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resin alone. This result indicates that recombiM&BP-Mto2 can interact with
NusA-Mto2, although it does not discount the pasigitthat the NusA tag may be
binding to MBP-Mto2 and not Mto2. This discrepamay be clarified in future
experiments by using a NusA only control. Timsitro experiment indicates that the

Mto2-Mto2 interaction is direct.

3.2.11 The Mto2-Mto2 interaction is independent from Mtol

To confirm the Mto2-Mto2 interactiom vivo, an anti-GFP
immunoprecipitation was performed on a strain twattained two copies of Mto2,
either endogenously tagged with 13myc or taggel aviHFG-tag. HFG-tagged
protein was constructed by Gateway recombinatiadtoR intonmt81: HFG
tagging vector. This sequence was transformed into@24 strain at théeul locus
and was then crossed with Mto2-13myc. Figure 3hbinvs that Mto2-13myc did not
bind to the anti-GFP linked Dynabeads in the abseftiFG-Mto2. However,
Mto2-13myc was found in the co-precipitate of HFGe®RI both inmtol” andmtolA.
This indicates that Mto2 is able to self-interarctivo, and confirms that this
interaction is independent from Mtol. This Mto2-Ktmteraction may be required
for multiple aspects of Mto2 function within the &2 complex. This interaction

will be investigated further in chapter four.
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Figure 3.9 Mtol can self-interact independently from Mto2 ageextracts were
incubated with anti-GFP linked Protein G Dynabg&lrains KS4230, KS1507,
KS4627 and KS4373]. The eluates were analysed bar@¥d0% SDS-PAGE
and the western blot was probed with anti-Myc [9E26ti-GFP and anti-Mto2
antibodies. The signal from GT-34-HRP and anti pHg&-HRP secondary
antibodies were detected by ECL. * = non-specifind Image represents a

typical result obtained from three experiments.
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Figure 3.10 Mto2 can self-interadn vitro. Bacterial extracts expressing MBP-

Mto2, NusA-Mto2 or a combination of both taggedtpmos were incubated with

amylose resin. Eluates were analysed by 10% SDSEP#&(& gel was stained

with Coomassie. Image represents a typical resuidtioed from three

experiments.
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Figure 3.11 Mto2 can self-interadh vivo independently of Mtol. Yeast extracts
were incubated with anti-GFP linked Protein G Dyeeadis [Strains KS1504,
KS3915, KS3920, and KS5574]. The eluates were aadlpy 10% SDS-PAGE
and the western blot was probed with anti-Myc [9E&@ti-GFP and anti-Mtol
antibodies. The signal from GT-34-HRP and anti pHg&-HRP secondary
antibodies were detected by ECL. Image represetyfsical result obtained from

three experiments.
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3.3 SUMMARY OF RESULTS

In this chapter | have investigated the propeniaghe Mto1l/2 complex.
When analysed by sucrose density gradient cengiifoig | demonstrated that both
Mtol and Mto2 are present within a very large asdgmf approximately 60 — 80 S.
Inclusion of Mto2 in the 60 — 80 S complex requiMtbl but not vice versa. The
size of the complex was not affected by the faibfr®itol to interact with thg-

TuSC or by the absence wTuRC non-core components, indicating that thigdar
complex does not represent the Mto§#ZuRC complex that | predict may be
present at the minus ends of MTs.

There are two reasons why the Mto1/2 complex hag-TuSC might be
found within separate 60 — 80 S complexes. Firtltlgse complexes may arise from
protein aggregation. Analysis of purifigefuSC in other systems has shown that it
is prone to aggregation (Oegemtal. 1999). The presence of extensive regions of
coiled-coil in Mto1 is likely to encourage proteassociation as demonstrated for
other structural elements of the cytoskeleton ¢batain coiled-coils e.g. myosin and
intermediate filament proteins (Albessal., 2002). Secondly, the Mto1/2 complex
and they-TuSC may associate with large cellular particlebfd that sediment
within an S-value of 60 — 80 S. The presence ofIMtihin the 60 — 80 S complex
was patrtially disrupted when Mtol was unable t@lse to the SPB and eMTOC,
indicating that the 60 — 80 S complex is partidlle to association with the SPB. As
they-TuSC localises to the SPBntol4, this suggests thggTuSC 60 - 80 S

complex formation may also be promoted by its assion with the SPB.
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Attempts to visualise the 60 — 80 S complexivo revealed that weak Mto1l-
tdRFP foci were visible imto24 at non-SPB/eMTOC sites. It is possible that these
weak foci represent the 60 — 80 S patrticles, pdeity as they are highly variable in
signal intensity. This correlates with the heteregmis nature of the complex
analysed by sucrose density gradient centrifugatgithout knowing how many
molecules of Mtol-tdFRP are present within thesg find what other protein
complexes they may be associating with, it is cliffi to say whether these particles
correspond to the 60 — 80 S complex and whethgrahephysiologically relevant to
MT nucleation. However, phenotypic analysis of &aeotMtol truncation mutant,
Mtol [1-800], which was not present with a 60 -S86omplex but was able to
nucleate MTs (Sawigt al., data unpublished), has shown that the presenites of
Mto1/2 60 — 80 S complex is not required for Mtoddnplex activity.

Alternatively, it is possible that the Mto1/2 6@6 S may be a result of
protein aggregation. During cell harvesting cets @ooled to 4C and at this
temperature the MT bundles depolymerise which caagse-distribution of Mtol to
the surface of the nucleus (Sawtral. 2004). By concentrating Mtol at the nuclear
envelope, this may exacerbate the aggregationy8eslof théD. melanogaster
Mtol homolog, Centrosomin [Cnn], have shown thatmwbver-expressed it forms
large aggregates within the cell, which supportsidea that aggregation of these
proteins may be promoted by increases in concémtrétofronet al. 1998; Terada

et al. 2003).

In summary, attempts to determine the copy nuraberolecules within

Mto1/2 complex containing full length Mtol have haesuccessful due to the

108



formation of the Mto1/2 60 — 80 S complex. Additidig, due to its size and
heterogeneity, it has not been possible to determimether the Mto1/2 60 — 80 S

complex has a physiological rdlevivo.

In the second part of this chapter, | performégydrodynamic analysis of the
Mtol [1-800] / Mto2 complex and demonstrated thé likely to be composed of
two molecules of Mtol and two molecules of MtoBemonstrated that both Mtol
and Mto2 are able to self-interact, independentiyazh other. This suggests that the
heterotetramer is composed of independent dimdstbf Mto1l and Mto2. | predict
that this heterotetramer represents the major subtithe Mto1/2 complex, which
may then multimerise to provide a template-likeicture that can promoteTURC
assembly. Comparison of the purified Mtol [1-80Mt62 complex with the full
length Mto1/2 complex indicates that the stable glexes from both contain similar
levels of Mtol and Mto2. This further supports ithea that the Mto1/2 complex
containing full length Mtol is composed of sevampies of the heterotetramer.

Examination of the Mto1-GFP fom vivo has demonstrated that the intensity
of non-SPB iIMTOC foci are comparable between fitigth Mto1-GFP and Mtol
[1-800]-GFP (Sawiret al., data unpublished). The bright signals in both
backgrounds indicate that many molecules are liteelye present at each iMTOC,
and that the quantitative levels of the Mto1/2 ctempt the MTOCs are the same.
However, as only single heterotetramers were obskrvthe biochemical analysis
[most likely as a result of dissociation followitige reduction in temperature during
the cell harvesting and lysis procedure] it hashe®n possible to determine the copy

number of each protein within the active nucleatomplex.
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However, it is also possible that Mtol [1-800] o2 heterotetramers could
supporty-TURC assembly without multimerising e.g. by indivally targeting small
numbers of-TuSC to the non-SPB iIMTOC to a concentration sidfit to promote
y-TURC self-assembly. Alternatively, as obserugditro, a complex containing one
or twoy-TuSC may be sufficient to nucleate MTs (Oegetra. 1999). This would
support the Protofilament Model of MT nucleatiomi¢Esonet al. 1996a).

Invitro reconstitution from purifieg-TuSC and the Mto1 [1-800] / Mto2
heterotetramer would be one way to determine th&@af the complex formed by
Mto1/2 andy-TuSC. This would allow examination of the hydrodymc properties
of Mto1 [1-800] / Mto2 complex in association withey-TuSC. If complexes > 35 S
were observed, this would favour Mtol/2-direcfeBuRC assembly, if complexes <
35 S were observed this would indicate that comgdecontaining a small number of
y-TuSC are sufficient for MT nucleation.

The model in Figure 3.12 describes possible amamegts of the Mto1/2
complex. Panel A depicts the arrangement of Mtod. Mto2 in the Mtol [1-800]
heterotetramer. This assumes that the Mtol dimawnfigured in a parallel
arrangement, with the N-terminglTuC interaction domains facing in the same
direction. Panel B describes a potential explandto what happens to Mtol when
the 60 — 80 S complex is formed. Multimeric asstamof Mtol via its C-terminal
coiled-coil domains facilitates protein aggregatidhis process is promoted by
localisation to the SPB due to the increase inllooacentration of Mtol. Panels C
and D suggest potential arrangements of the muiiinhto1/2 heterotetramer

containing full length Mto1l.
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There are a number of key points that need tobestigated in order to
conclusively demonstrate the Mto1/2 complex corfigjon. The analysis of the
Mtol 60 — 80 S complex described in this chaptdicates that the oligomerisation
state of Mto1l is going to be very difficult to detene biochemically. Alternatively,
by usingin vivo methods such as Fluorescence Correlation SpecppECS) to
measure the fluorescence of single molecules, ytimegpossible to estimate the
numbers of Mto1l-GFP at iMTOCSs. The orientationtef Mtol dimers is most likely
to be parallel, as this would consolidate bothNkerminaly-TuC interaction
domain and the C-terminal localisation signal. Expents that involve cross-
linking regions of the protein as described in (@&t al. 2006) would be one way
of addressing this problem.

One also needs to address the oligomeric stdaft. In Figure 3.5, |
demonstrated that Mto2 facilitates the multimerssabf Mtolin vivo, based on the
increase in Mto1-tdRFP signal in the presence a2viMto2-induced Mtol
multimerisation could occur by two mechanisms,asitkto2 binding induces a
structural change in Mtol that promotes its multisaion e.g. exposure of coiled-
coil, or Mto2 itself multimerises and brings mulépnolecules of Mtol together.
The role of Mto2 oligomerisation in Mto1/2 compltmation will be investigated

further in chapter four.
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Figure 3.12 Model of Mto1/2 complex conformation. [A] Heterotemer

formation in Mtol [1-800], where lack of the C-temal coiled-coil prevents

multimerisation. [B] Possible configuration of t68-80S complex which is likely

to assemble during cell lysis. [C-D] Potential canhations of the Mto1/2

complexin vivo.
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CHAPTER FOUR

ANALYSIS OF THE MTO2 SELF INTERACTION

4.1 INTRODUCTION

The research presented in the previous chaptanptéd to address whether
the Mto1/2 complex is able to assemble into a larggmplate structure that can
directy-TuSC multimerisation. | found that the Mtol [1-80®/1to2 complex is
likely to be composed of two molecules of Mtol @wd molecules of Mto2. Mtol
Is dimeric and, as Mto2 can self-interact indepeatigeof Mto1, it is likely that Mto2
is also present within the complex as a dimer. @&ltfh not shown biochemically, |
predict thain vivo, several copies of the Mto1/2 heterotetramer agtomto a large
complex. Evidence from chapter three suggestshilgaer-order multimerisation of
Mtol is most likely to be facilitated via its C-teinal coiled-coil domain. However,
analysis of the signal of Mto1-tdRFP at non-SPB @®sin vivo, show that Mto2
also contributes to the multimerisation of Mto1.

Mto2 may promote Mtol multimerisation in one obtways. Firstly, it is
possible that Mto2 may induce multimerisation tlgieinteraction-induced
structural changes that expose domains on Mtolatleatequired for multimerisation.
Secondly, Mto2 may promote Mtol multimerisatiorotigh its own multimerisation,

e.g. Mto2 tetramerisation may cause the associafibno Mto1/2 heterotetramers.
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Biochemical evidence has shown that Mto2 is rexglfor Mto1l to efficiently
interact with the~TuSC (Samejimat al. 2008). However, the mechanism by which
this occurs, and whether it requires the Mto2-Mtd2raction is unknown. It is
possible that Mto2-mediated multimerisation of Mtelufficient to induce a co-
operative increase in the efficiency of MtogTuSC interaction. Alternatively,

Mto2 may have a more direct role in fa@uSC interaction, e.g. by inducing a
conformation change in Mtol that may increase theity of Mto1 for they-TuSC

or Mto2 itself may contribute to theTuSC interaction interface.

4.1.2 Aims and Objectives

In this chapter | aim to investigate the stoichebm of the oligomeric form
of Mto2 and examine whether disruption of the M2 interaction has adverse
effects on the function of the Mto1/2 complex eittteough loss of Mtol

multimerisation or loss of interaction efficiencytiwthey-TuSC.

| will take the following approaches to investig#tes problem:

* Hydrodynamic analysis of Mto2 to determine the mim#tisation state of

purified recombinant protein and endogenous yeasein

e Mapping of the Mto2-Mto2 interaction

» Construction and analysis of Mto2-Mto2 interactioatants
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4.2 RESULTS

4.2.1 Hydrodynamic analysis of recombinant Mto2 purified from E. coli

Hydrodynamic analysis of the active Mtol [1-8004tb2 complex has
revealed that there are two copies of Mto2 preaghin the complex. | have shown
that Mto2 is able to self-interact independentlWwiib1, which suggests that Mto2 is
able to form some higher-order structure. | pretiat further multimerisation of
Mto2 may contribute to the association of Mtol/#hetetramers.

To examine stoichiometry of the Mto2 oligomer,aebinant Mto2 was
purified and subject to hydrodynamic analysis. FegdL1, Panel A and B show that
Mto2 peaked in fraction 17. When compared to tHdion curve generated from
molecular weight standards of known S-value [Appeficcorresponded to 7.25 S.
Purified Mto2 was also subject to gel filtratiorramatography. Figure 4.1, Panel C
and D show that the integrated intensity of the Mtmnal peaked in fraction 9.2.
This was compared with a calibration curve cre#teeh markers of known Stokes’

radii [Appendix 1V] and was found to correlate t&tokes’ radius of 7.7 nm.

4.2.2 Recombinant Mto2 is tetrameric

Using the values calculated in section 3.2.7 ntlséecular weight of

endogenous Mto2 was calculated as described below:
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Figure 4.1 Hydrodynamic analysis demonstrates that purifeembinant Mto2

is a tetramer. [A] 2.5 pg of purified Mto2 was setijto 5 — 20% sucrose density
gradient centrifugation at 55,000 rpm for 3.5 haiBeckman TLS-55 rotor. The
fractions were analysed by 10% SDS-PAGE and thevgslstained with
Coomassie stain. A western blot was probed withMtd2 antibody. [B] The
integrated intensity from IRDye800 signal was meadwsing Odyssey V3.0 and
plotted against gradient fraction. [C] 2.5 pg ofifsed recombinant Mto2 was
fractionated by gel filtration using a Superosesfumn [KS2]. The fractions were
analysed by SDS-PAGE. Silver staining of the getated a protein that was
confirmed as Mto2 by western blot probed with ate2 antibody. [D] The
integrated intensity of signal from IRDye800 wasasigred using Odyssey V3.0
and plotted against gradient fraction. The peaktioas for molecular weight
standards run on parallel fractionations are inditgblack arrows]. Standards in
[C] indicated in nm. ¥ = void volume. Images represent typcial resultsioled

from two experiments.
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Recombinant Mto2:
M=6rmNeaes/[1lvp]
M=3909-a-°s
M=3909¢7.7nme7.25S

M =218.2 kDa

The theoretical molecular weight of Mto2 is 44 kiras would correspond to
4.96 molecules of Mto2 per oligomer. This large Ritmmplex lies at the high end
of the resolution range of the Superose-6 columergefore it is difficult to assign an
exact number of molecules to the complex. Subsdlyyéns only possible to say
that purified Mto2 exists as a complex containing #holecules. Evidence from
chapter three has demonstrated that the Mtol/2dteteamer contains two copies of

Mto2, therefore it is likely that purified Mto2 tetrameric.

4.2.3 Hydrodynamic analysis of endogenous Mto2

Purified recombinant Mto2 forms a homomeric compleat most likely
contains 4 molecules of Mto2. To confirm this ols¢ionin vivo, endogenous Mto2
from yeast extract was also subject to hydrodynamalysis. Figure 4.2, Panel A
shows that following fractionation by sucrose geadicentrifugation, Mto2 peaked
in fraction 8.5 [obtained by visual estimation].itfsthe calibration curve generated
from molecular weight markers of known S-value [&pdix I1], the sedimentation
co-efficient for Mto2 was calculated as 7.6 S. Mte2 signal from extract

fractionated by gel filtration peaked in fractioffi§ 4.2, Panel B and C]. When
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compared to a calibration curve [Appendix Ill],4ltorresponded to a Stokes radius

of 7.5 nm.

4.2.4 Endogenous Mto2 is the same size as recombinant Mto2

Using the values calculated in section 4.2.3ntlséecular weight of

endogenous Mto2 was calculated as described below:

Native Mto2:
M=6rmNea-ess/[1lvp]
M=3909-a-°s
M=390975nme7.6S

M = 222.8 kDa

The theoretical molecular weight of Mto2 is 44 kiras would correspond to
5.06 molecules of Mto2 per oligomer. Assuming th@bther proteins co-precipitate
with Mto2, this figure is consistent with the sigecomplex calculated for purified
recombinant Mto2 [section 4.2.2].

Bothin vitro andin vivo analyses have demonstrated that Mto2 oligomerises
to form a complex that contains 4-6 molecules ab24{This supports the prediction
that multimerisation of Mto2 may promote the asaben of the Mto1/2

heterotetramers.
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Figure 4.2 Hydrodynamic analyses of endogenous Mto2 demdsstthat it is
tetrameric. [A] An extract from KS1017 was subjecsucrose density gradient
centrifugation at 55,000 rpm for 3.5 hr in a Beckna.S-55 rotor. Fractions
including the pellet [P] were analysed by 10% SDS5E and the western blot
was probed with anti-Mto2 antibody. The signal fr&h-34-HRP secondary
antibody was detected by ECL. Image representpieayresult obtained from
two experiments. [B] Extract was fractionated bY/fgegation using a Superose-6
column [KS1]. Fractions were analysed by 10% SDS$sBAand the western blot
was probed with anti-Mto2 antibody. [C] The integaintensity from the
IRDye800 signal was detected using Odyssey V3.aglrepresents result
obtained from a single experiment. The peak loocatior molecular weight
standards run on parallel fractionations are inditgblack arrows]. Standards in
[C] indicated in nm. ¥ = void volume. Mto1D smtolA.
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4.2.5 Mto2 forms a dimer in mitosis

In addition to investigating the contribution otd2 to the nucleation activity
of the Mto1/2 complex, how this activity is regudtis also of key interest.
Disruption of the Mto1/2 interaction is the mogelly mechanism of Mto1/2
complex regulation; however, the oligomerisatiatesbf Mto2 may also be
regulated. Given that non-SPB MTs are not presentiiosis, it is likely that the
activity of the Mto1/2 complex is down-regulatedtais point during the cell cycle.
To investigate whether the stoichiometry of Mto2liered in mitosis, an extract
from an asynchronous culture was compared withxénaa from cells arrested in
metaphase using tmela3-M311 cold sensitive tubulin allele (Hiraolehal. 1984).
Both sucrose gradient centrifugation and gel fikkra chromatography demonstrated
that the mitotic Mto2 oligomer is smaller than Mtm@m an asynchronous extract.
Sucrose gradient analysis showed that the reductioomplex size was independent
of Mto1 [fig 4.3, Panel A and C]. Mitotic Mto2 peaxdt in fraction 5.2, which
corresponded to a sedimentation co-efficient ofS{[8ppendix Il]. By gel filtration,
Mto2 peaked in fraction 9, which corresponded &iakes’ radius of 6.4 nm
[Appendix Ill] [fig 4.3, Panel B and D]. This wasmpared to Mto2 from

asynchronous extract that had an S-value of 7.@amkes’ radius of 7.5 nm.

Using these values the molecular weight of mitbtto2 was calculated as described

below:
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Mitotic native Mto2:
M=6rmNeaes/[1lvp]
M=3909-a-°s
M=39096.4nm+4.3S

M = 107.5 kDa

The theoretical molecular weight of Mto2 is 44 kiras would correspond to
2.44 molecules of Mto2 per oligomer. This is exablf of the value obtained for
Mto2 from asynchronous cultures, indicating thatiotic Mto2 is likely to be dimeric.

This result confirms the prediction that the ofiggrisation state of Mto2 is
altered during mitosis. The properties of mitotico® will be investigated further in

chapter five.

4.2.6 HFG-Mto2 is dimeric

In addition to endogenous protein, the oligomeiesestate of tagged Mto2
was also analysed. An extract from HFG-Mto2 wagexiilio sucrose density
gradient centrifugation [fig 4.4, Panel A]. Thersdfrom the anti-Mto2 antibody
peaked in fraction 7.75 [as determined by visuthregtion], which, when compared
to a calibration curve [Appendix Il] correspondedatsedimentation coefficient of
6.8 S. Extract containing HFG-Mto2 and extract frarstrain that contained Mto2-
GFP were analysed by gel filtration [fig 4.4, PaBglSignals from HFG-Mto2 and
Mto2-GFP peaked in fraction 10 [determind by visestimation], which

corresponded to a Stokes’ Radius of 5.4 nm [Appehii
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Figure 4.3 Comparative hydrodynamic analysis of asynchrormmasmitotic

Mto2 demonstrates that Mto2 is dimeric during mgofA] The extracts were
subject to sucrose density gradient centrifugadio®s,000 rpm for 3.5 hrin a
Beckman TLS-55, or [B] fractionated by gel filtrai using a Superose-6 column
[KS1]. [Strains KS1017, KS1238, and KS1239]. Theefions including the pellet
[P] were analysed by 10% SDS-PAGE the westernvisdst probed with anti-
Mto2 antibody. [C and D] Integrated intensity oé tHlRDye800 signal was
measured using Odyssey V3.0. The peak locationmébecular weight standards
run on parallel fractionations are indicated [blaciows]. Standards in [B]
indicated in nm. ¥ = void volume. Mto1D =amtol4. Image represents result

obtained from a single experime
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The molecular weight of HFG-Mto2 was calculatediascribed below:

HFG-Mto2:
M=6rmNea-es/[1lvp]
M=3909-a-°s
M=3909¢54nm+6.8S

M = 138.22 kDa

The theoretical molecular weight of HFG-Mto2 iskida, this corresponds to
1.94 molecules of HFG-Mto2 per oligomer. Therefanehe absence of Mtol, HFG-
Mto2 exists as a dimer. This is a significantly #eracomplex than the 4-6 molecule
complex formed by untagged protein battvivo andin vitro. This data suggests that
the 34 kDa GFP protein tag appears to have disiuptetetrameric Mto2 protein
complex. The similar behaviour of the C-termina#lgged protein indicates that the
position of the tag does not affect the oligomstate of Mto2. This is interesting, as
previous analyses have not detected altered MTrdiasan the presence of Mto2-
GFP (Samejimat al. 2005; Venkatranet al. 2005), and suggests that Mto2
tetramerisation is not required for Mto2 activiBrevious research has shown that
Mto1-YFP foci in the presence and absence of Mt&R-@re not significantly
different in localisation or intensity (Samejiraigal. 2005). This indicates that
higher-order multimerisation of Mto2 dimers do rontribute to Mtol
multimerisation. Rather, tetrameric Mto2 may bepheferred oligomerisation state
of un-complexed Mto2, particularly if the Mtol indéetion domain is highly

hydrophobic and consequently favours a more enesallgtsheltered conformation.
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This would suggest that tetrameric Mto2 is a sterffmgm of protein, and may not be
relevant to the stoichiometry of the Mto1/2 nud@atcomplex.

This hypothesis would indicate that Mto2 dimer-dirmterface overlaps
with the Mto1-Mto2 interaction interface such tbatding of Mtol to Mto2 would
disrupt the Mto2 tetramer. Subsequently, failureesteamerise may result in an
increase number of Mto2 dimers that more readi#paisite with Mtol. To test
whether the prevalence of Mto2 dimers affects Mtotlvity it is necessary to

compare the MT nucleation dynamics in HFG-Mto2 amoR* background.

4.2.7 MT nucleation efficiency and the Mtol / y-TuC interaction is wild-type in

HFG-Mto2 background

Biochemical analysis has demonstrated that HFG2Nioms a dimer and
native untagged protein forms a tetramer. To confhiat the constraint on the
oligomeric state of Mto2 does not have adversectsffen Mto1/2 complex activity,
the MT nucleation pattern of HFG-Mto2 was examiirestrains that contained
GFP-Atb2. Figure 4.5 and movies 3A and 3B show ithabth wild-type Mto2 and
HFG-Mto2, the MT arrays appeared identical. Thethtbad 3 - 4 bundles per cell,
which grew and depolymerised as expected. Thisates that the nucleation
capacity of HFG-Mto2 is not affected by the disiraptof the Mto2 tetramer, and
confirms that tetramerisation of Mto2 is not regdifor Mto2 function. The
presence of excess HFG-Mto2 dimers does not appedter MT dynamics at a

detectable level.
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This analysis also indicates that the nature @Miio2 dimers formed in
mitosis is different to the Mto2 dimers formed e tpresence of the HFG-tag, the
former being unable to support MT nucleation arell#titer able to promote MT
nucleation at wild-type levels. This suggests thatMto2-Mto2 tetramerisation is
not a direct target of cell cycle-dependent regaaper se and instead may be a
consequence of the disruption of the Mto1-Mto2raté&on.

The biochemistry of the nucleation complex fornmethe presence of
dimeric Mto2 was also analysed [fig 4.5, PanellBiegrated intensities for each
protein were normalised relative to Mtol levelsha eluate [data not shown]. Figure
4.5, Panels C-E show that when comparerita®2’, the interaction between Mto1l
and both Alp4 and Gtb1 mto24 has been reduced 4-fold. In the presence of HFG-
Mto2, the interaction of Alp4 and Gtb1 with Mtoledonot appear to have been
significantly compromised, however the levels ofGiMto2 pulled down by Mtol-
TAPS have been reduced by 50% compared to untgggésin.

As the levels of HFG-Mto2 pulled down by Mtol-TABH not increase
compared to wild-type Mto2, this indicates that pinesence of Mto2 in dimeric form
[compared to tetrameric protein] does not incre@spropensity to interact with
Mtol. This suggests that the majority of Mto2 icomplex with Mto1, which
correlates with their co-localisation when analybgdluorescence microscopy
(Samejimaet al. 2005)

The reduction of Mto2 levels in the pulldown maycor due to several
reasons. For example, loss of Mto2 molecules migctea destabilisation of the

Mto1l-Mto2 interaction as a result of steric resioies imposed by the GFP tag.
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Figure 4.4 Hydrodynamic analysis of tagged Mto2 demonstrttasit is
dimeric. [A] Extract from KS4450 was subject to sage density gradient
centrifugation at 55,000 rpm for 3.5 hr in a BecknTd.S-55. The fractions
including the pellet [P] were analysed by 10% SD¥sE the western blot was
probed with anti-Mto2 antibody. Signal from GT-348RH was detected with
ECL. Image represents typical results from two expents. [B] The extracts
were fractionated by gel filtration using a Superéscolumn [KS1] [Strains
KS4450 and KS1457]. The fractions were analysetid® SDS-PAGE the
western blot was probed with anti-Mto2 antibodyegrated intensity of the
IRDye800 signal was measured using Odyssey V3.8gémepresents result
from single experiment. The peak locations for roolar weight standards run on
parallel fractionations are indicated [black arrpvandards in [B] indicated in

nm. Vo = void volume.
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Figure 4.5 Dimeric HFG-Mto2 does not affect MT nucleationiggncy or the
Mtol /y-TuC interaction. [A] Images acquired using thenspg disk confocal
microscope. Maximum projections of Atb2-GFP lab@IMTs in the presence and
absence of HFG-Mto2 [Movie 3B and 3C]. Scale ba0gm [B] Extracts were
incubated with IgG-Dynabeads and the eluates waaysed by 10% SDS-PAGE
[Strains KS516, KS3524, KS4323, KS4973, and KS49Tb¢ western blot was
probed with anti-Mtol, anti-Mto2, anti-Alp4 and agttubulin [GTU-88]
antibodies. [C to E] Integrated intensities of siginom IRDye800 were measured
using Odyssey V3.0. Mto2D mto24. Images represent result from single

experiment.
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Alternatively, the loss may occur through disraptof the Mto2 dimer by the
HFG-tag [previous analysis has indicated that tilddngth Mto1/2 complex it is
likely to contain two molecules of Mto2]. If dimerMto2 was disrupted by the
HFG-tag, the Mto1/2 complex formed in the presesfddFG-Mto2 must contain
two molecules of Mtol and one molecule of HFG-MtdRis supports the model
that Mto2-induced multimerisation of Mtol occursaaesult of a conformational
change and not Mto2 multimerisation. The best wagddress this question is to
analyse the hydrodynamic properties of the Mto8Q0] / HFG-Mto2 complex to
determine the number of molecules of HFG-Mto2.

Despite the reduction in Mto2 levels, the Mto2TuC interaction remains
unaffected. This correlates with the microscopydetich shows that there are no

detectable changes in nucleation dynamics in tesgorice of dimeric HFG-Mto2.

4.2.8 Mapping of the Mto2-Mto2 interaction domain

4.2.8.1 Regions at the N- and C-terminus are required for the Mto2-Mto2

interaction in vitro

This work was performed with the assistance ai&trMurray [summer
project student, University of Oxford].

The research described above suggests that fomaitthe Mto1/2 complex
is unlikely to occur as a result of higher-ordertmerisation of Mto2. Alternatively,
it is possible that Mto2 binding may induce chanigelgltol structure that promote

Mtol self-association. It is unknown whether birgdof Mto2 in dimeric form is
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required or whether individual recruitment of Mt@®uld be sufficient [although
energetically less efficient, given that Mtol isnéric] to induce a change in
conformation of Mtol. To assess the contributiothefdimeric Mto2-Mto2
interaction to the function of the Mto1/2 complexnonomeric version of Mto2 is
required. Identification and mutagenesis of theriattion domains is complicated by
the fact that there are two Mto2-Mto2 interactiamdins, the dimer association
interface and the dimerisation interface. It islaacwhether Mto2 tetramerisation
occurs as a successive association of specificrdjmewever, | predict that the
Mto2 dimers that interact with Mtol are prefereliiformed, which then associate
into tetramers upon release from Mtol. Mutagenafsise correct Mto2-Mto2
interaction domain [or both] is essential to geteeraonomeric Mto2.

To identify regions that may be involved in thed#tMto2 interaction, an
interaction mapping was performed. The Mto2 proseiguence was divided into
five sections, each section encoding peptides appedely 90 aa in length. Protein
truncations were made by successive removal oiosecfrom the N- and C- termini
[fig 4.6, Panel A]. Mto2 truncations were desigredund regions of predicted
secondary structure in order to minimise the diounpof structural domains which
may be important for protein folding and stability.

Five of the six truncations were used in subsegengperiments as N3 [283 —
397 aa] was found to be expressed at a low lewatha[dot shown]. Mto2 truncations
were tagged with MBP and used as bait in a pulldagsay with full length Mto2
tagged with NusA. Figure 4.6, Panel B shows a C@simastained SDS-PAGE gel
of the MBP-pulldown assay. As previously demonsttah section 3.2.11, NusA-

Mto2 is pulled down by full length MBP-Mto2. Analgsof MBP-Mto2 truncations
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shows that only MBP-Mto2 N1 [89-397 aa] retained &bility to pull down NusA-
Mto2. Further truncation from the N-terminus anidGterminal truncations lead to
failure to interact with NusA-Mto2 above the lowét of non-specific binding
observed in the negative control.

This analysis indicates that there are areastimthhe N- and C-termini of
Mto2 that contribute to the Mto2-Mto2 interactigkssuming that MBP-Mto2 is
tetrameric, this may correspond to the Mto2 dinsmoaiation and the Mto2
dimerisation interaction. The fact that removakither of the interacting termini
disrupts the interaction with full length Mto2 icdies that either form of dimeric
protein is unstable under these conditions. Altevedy, it is possible that removal of
large sections of protein has induced a disruptigorotein folding that prevents the
assembly of an Mto2 interaction surface. In thisegc@ne can not make any
conclusions regarding the function of each 90 anaio.

It is possible that either Mto2-N2 or C1 trunca@are monomeric when in
complex with Mto1, therefore these truncations wexgressed in fission yeast cells,

in order to analyse their impact on MT nucleation.

4.2.8.2 Mto2 truncations have an mto24-like phenotype

To assess the phenotype of the Mto2 truncatiogsast, N-terminal
nmt81: HFG-tagged Mto2-N1/N2/C1 were constructed using Gayengaombination
and the pDUAL vector system (Matsuyastal. 2004). Sequences were integrated
into mo24 andGFP-Atb2;mto24 backgrounds at tHeul locus [KS976 and

KS1409]. Figure 4.7, Panel A shows that all of H&5-Mto2 truncations were able
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to localise to the SPB, eMTOC and to iMTOCs alorgrexisting MTs, although
compared to full length HFG-Mto2, the signal wasugfitatively reduced from all
MTOCs except the SPB. The MT arrays formed in tlesg@nce of truncated HFG-
Mto2 had fewer MT bundles than wild-type, particiyjan HFG-Mto2 N2 and HFG-
Mto2 C1 backgrounds, which typically had only 1 Midndle per cell. The
phenotype was less severe in HFG-Mto2 N1 positbrdrol, where 2 - 3 bundles
were present. This indicates that these protemsairable to efficiently promote
MT nucleation.

The localisation of the Mto2 truncations suggésts they have some
capacity to interact with Mtol, as Mto2 does naglese to MTOCS inmtolA4
(Samejimeet al. 2005). However, as a high level of cytoplasmiaalgs observed
for all truncations, including the HFG-Mto2 N1 pibge control, this suggests that
the majority of truncated Mto2 is unable to inténath Mtol.

Alternatively, it is possible that these protesms subject to a high level of
protein degradation. To assess the stability oHR&-Mto2 truncations the

expression level was quantified by western blot.

4.2.8.3 Mto2 truncation phenotype is due to reduced protein stability

Protein expression levels of HFG-Mto2 truncatiamse examined by
western blot of total protein extract. Figure £2@nel B and C show that theit81
driven protein expression was relatively consisbativeen truncation strains,
indicating that observed differences in the phepetyf each truncation were not due

to differences in Mto2 abundance. However, there avaix-fold reduction in protein
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Figure 4.6 Mapping of the Mto2-Mto2 interaction demonstrattest two regions
of Mto2 are involved in the Mto2-Mto2 interactid\] Schematic representation
of Mto2 truncationsa-helices [blue cylinders] antsheets [red arrows]. The
secondary structure of Mto2 was predicted usingdifirAmino acid residue
numbers are indicated. Coiled-coil at 117 - 14qBpBacterial extracts
containing MBP-Mto2 truncations and NusA-Mto2 wereubated with amylose
beads. MBP-Teal was used as a negative contratdsluvere analysed by 10%
SDS-PAGE and the gel was stained with Coomassiggdésirepresent typical

results from three experiments.
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Expression Analysis
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Figure 4.7 Mto24-like phenotypes of HFG-Mto2 truncations N1, N2 &idwere
due to low protein stability levels. [Strains KS86&KS4606, KS4609, KS4612,
KS4615 and KS4618]. [A] Maximum projection widetlémages of HFG-Mto2
truncations and in the presence and absence of@H2 Scale bar = 10um. [B]
Total extracts were analysed by 10% SDS-PAGE amdvistern blot was probed
with anti-Mto2 antibody. Two isolates from eachnication were analysed to
confirm protein stability. Left isolate was used imaging. [C] Integrated
intensity from the IRDye800 signals were measuedgiOdyssey V3.0.
Integrated intensity for C1, N1 and N2 are the m&une of the expression from
two isolates. Images represent results from sieggeeriment. WCE = whole cell

extract.
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levels compared withmt81: HFG-Mto2. The degradation products observed on the
western blot indicates that the majority of protieiss is due to a reduction in protein
stability [data not shown]. Unfortunately, the retian of Mto2 protein levels is

likely to explain the loss of nucleation efficienicythe Mto2 truncations therefore
conclusive statements regarding the relationshiyédsen the Mto2-Mto2 interaction

and the function of Mto2 cannot be made from thialgsis.

4.2.9 ldentification of the Mto2 coiled-coil domain [130 — 147aa]

The interaction mapping described in section 4ird&ates that there is a
region between 89-180 amino acids that is invoinetie Mto2-Mto2 interaction.
PAIRCOIL2 was used to identify a putative N-termioailed-coil domain within
this region [114-147aa]. PAIRCOIL2 prediction scfer Mto2 [104 — 152aa] are
listed in Appendix VI. Figure 4.8, Panel A shows tito2 sequence with the
predicted coiled-coil highlighted in red. A helicaheel projection was generated
from a section of the coiled-coil sequence [13@1#ah]. The projection contained a
non-polar face that followed a slight left handédhpcommon to all coiled-coils [fig
4.8, Panel B]. The heptad repeatiscdefg] within this sequence contain non-polar
residues at positiorssandd that are predicted to play key roles in the hydodpt

interaction interface [fig. 4.8, Panel C].
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Figure 4.8 PAIRCOIL2 coiled-coil prediction of Mto2 proteireguence. [A]
Mto2 sequence with high-scoring 34-residue domahlighted in red. [B]
Helical wheel projection of amino acids 130-147 enéhthe hydrophobic patch is
highlighted in yellow. [C] 34 aa coiled-coil domddentified by PAIRCOIL2
where amino acids used for helical wheel projecéicmunderlined with the
correspondingbcdefg heptad repeat.
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4.2.9.1 Introduction of the L133DL137D coiled-coil mutations disrupts the

Mto2-Mto2 interaction in vitro

Preliminary interaction mapping indicated thaegion of Mto2 around the
predicted coiled-coil [114 — 147 aa] may contribictéhe Mto2-Mto2 interaction. To
test this more rigorously a mutant was construtfiaticontained polar substitutions
within the coiled-coil domain, that have previoubsen shown to disrupt coiled-coil
interactions (Williamset al. 2008). | predicted that the introduction of palesidues
into the hydrophobic interface would have a disugeffect on the hydrophobic
coiled-coil interaction. Helical wheel projectioofa section of the predicted coiled-
coil sequence [130 — 147 aa], indicated that tiwene two structurally significant
hydrophobic leucine residues at positions 133 &¥] Which correspond to
positionsa andd of the heptad repeat [fig 4.9, Panel A]. A mutidwait contained
negatively charged aspartic acid substitutionbede sites [Mto2-L133DL137D]
was created by site-directed mutagenesis. Thetagsgene was recombined into an
N-terminal MBP-tagging vector (Busgbal. 2005), and the Mto2-Mto2 interaction
was tested by amylose pulldown with full length NeMto2. Figure 4.9, Panel B
shows that compared to pulldown with MBP-Mto2, cegipitation of NusA-Mto2
with MBP-Mt02-L133DL1337D did not occur above levsleen in the MBP-Teal
negative control, indicating that the interacti@ivieen NusA-Mto2 and MBP-
Mto2-L133DL137D has been disrupted. This resulfficors the hypothesis that the
coiled-coil domain is involved in the Mto2-Mto2 @raction and is consistent with
the results of then vivo mapping. However, due to the proposed instalulitiito2

dimersin vitro [section 4.2.8.1], this result does not distingustween the
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involvement of the coiled-coil in the Mto2 dimersasiation interaction or the Mto2

dimerisation interaction.

4.2.9.2 Introduction of the L133DL137D coiled-coil mutations did not disrupt

the Mto2-Mto2 interaction in vivo

The result of thén vitro MBP pulldown assay in section 4.2.9.1 indicated th
disruption of the hydrophobic face of the coiled-disrupts the Mto2 self-
interaction. To verify these resultsvivo, the interaction of Mto2-13myc with the
HFG-Mto2-L133DL137D was tested using anti-GFP imopnecipitation. Mto2-
L133DL137D was N-terminally tagged with HFG by redmination into a
nmt81: HFG tagging vector (Matsuyaneial. 2004). The sequence was then
integrated into amto24 strain at théeul locus and was crossed with Mto2-13myc
[KS1504]. All immunoprecipitations were performedthe absence of Mtol. Figure
4.10 shows that co-precipitation of Mto2-13myc was evident in strains that did
not contain HFG-Mto2. However Mto2-13myc was obserin the eluate of both
wild-type HFG-Mto2 and the HFG-Mto2-L133DL137D matat a comparable
level, which indicates that HFG-Mto2-L133DL137Dsidl able to interact with
wild-type Mto2.

Thein vitro interaction assay suggests that either the Mto#2dassociation
or Mto2 dimerisation interaction has been disruftedhe Mto2-L133DL137D
coiled-coil mutation. The presence of the HFG-tag previously been shown to
disrupt tetramerisation in section 4.2.6, theremwsddFG-Mto2-L133DL137D can

still self-interact, this indicates that the samieiaction is disrupted by both the
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Figure 4.9 TheMto2-Mto2 interaction is disrupted by Mto2 L133DLAE3 in

vitro. [A] Helical wheel projections of residues 13047lin WT Mto2 and Mto2-
L133DL137D showing the impact of the introductidrtize polar residues into the
hydrophobic face of the predicted coiled-coil. Ecterial extract containing
NusA-Mto2 and either MBP-Mto2 or MBP-Mto2-L133DL1B3%vere incubated
with amylose beads. MBP-Teal was used as a negatnteol. Eluates were
analysed by 10% SDS-PAGE and the gel was staingd@zomassie. Image

represents typical result from three experiments.
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Figure 4.10 The Mto2-Mto2 interaction was not disrupted by HM®?2
L133DL137Din vivo. Extracts were incubated with anti-GFP linked EiroG-
Dynabeads [Strains KS516, KS4450, KS5572, KS55B5374 and KS5575].
Eluates were analysed by 10% SDS-PAGE and the mdsiat was probed with
anti-Mtol, anti-Myc [9E10] and anti-GFP. SignalritdRDye800 was detected by

Odyssey V3.0. Image represents typical result filmr@e experiments.
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coiled-coil mutation and the HFG-tag. Based onitltes, one would predict that
both HFG-Mto2-L133DL137D and Mto2-L133DL137D woué dimeric through

disruption of the dimer association interaction égm

4.2.9.3 Mto2-L133DL137D coiled-coil mutant is dimeric

To definitively examine the effect of the coileddanutation on Mto2
stoichiometry, Mto2-L133DL137D was subject to hydlypamic analysis. An
untagged version of Mto2-L133DL137D was construdigdecombining the
sequence containing 2 X TAG stop codons into ar@iteal nmt81: GFH tagging
vector (Matsuyamat al. 2004). This sequence was then integrated detlidocus
into bothmto1” andmto14 backgrounds. Thetol4 strain was crossed witia3-
KM311 [KS1238] so that protein from both asynchronousuceland culture
arrested in metaphase could be analysed. Figuite Bahel A shows that Mto2-
L133DL137D from asynchronous extract peaked intfoacs in bothmtol” and
mtol4 strains, which corresponded to an S-value of 48ppendix Il]. Mto2-
L133DL137D from metaphase arrested cells, peakéeation 5.5, which
corresponded to an S-value of 4.7 S. The S-valfibsth asynchronous and mitotic
Mto2-L133DL137D correspond to a range similar te tiimeric complex formed by
wild-type Mto2 during mitosis [Section 4.2.5]. HAG02-L.133DL137D was also
analysed. This analysis would reveal whether theesislto2-Mto2 interaction that is
affected by the coiled-coil mutation is also digagpby the HFG tag. Figure 4.11,
Panel B shows that when tagged with HFG both tliled:@oil mutant and wild-type

proteins sediment with the same pattern, resuitirap S-value of 5.2 S. Analysis of
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HFG-Mto2-L133DL137D by gel filtration chromatograpfiig 4.11, Panel C]
showed a small difference between HFG-Mto2 and HWG2-L133DL137D, where
the mutant peaked in fraction 9 and wild-type propeeaked in fraction 10. When
compared to the calibration curve [Appendix lllisticorresponded to Stokes’ radii

of 5.2 nm and 6.4 nm for wild-type and mutant pirotespectively.

These measurements were used to calculate theutareveight for HFG-

Mto2-L133DL137D as described below:

HFG-Mto2-L133DL137D:
M=6rmNea-ess/[1lvp]
M=3909-a-°s
M=39096.4nme+52S

M =130.1 kDa

The theoretical molecular weight of HFG-Mto2 iskida, this corresponds to
1.76 molecules of HFG-Mto2-L133DL137D per oligoméhis demonstrates that,
like wild-type HFG-Mto2, HFG-Mto2-L133DL137D was able to form a tetramer
and confirms that the same dimer-dimer interfackseupted by the HFG-tag and
coiled-coil mutations. Additionally, as monomeri¢d2-L133DL137D is not present
in cells arrested in metaphase, this suggestshbatame Mto2 dimer-dimer

interface is also disrupted during mitosis.
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Figure 4.11 Hydrodynamic analysis of Mto2-L133DL137D coilediaoutant
demonstrates that it is dimeric. [Strains KS44584K61 KS5784, KS5785 and
KS5787]. Extracts were subject to sucrose denségignt centrifugation at
55,000 rpm for 3.5 hr in a Beckman TLS-55. Fradiorcluding the pellet [P]
were analysed by 10% SDS-PAGE the western blotprnased with anti-Mto2
antibody. [A] Integrated intensity of the signabdrimn IRDye800 was measured
using Odyssey V3.0. [B] The signal from GT-34-HR&svdetected by ECL. [C]
The extract was fractionated by gel filtration @gsanSuperose-6 column [KS1].
The fractions were analysed by 10% SDS-PAGE thdéemne$dlot was probed with
anti-Mto2 antibody. Integrated intensity of theragiffrom IRDye800 was
measured using Odyssey V3.0. The peak locationmdbecular weight standards
run on parallel fractionations are indicated [blackows]. Standards in [C]
indicated in nm. ¥ = void volume. Images represent results from glsin

experiment.
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These results confirm the observation in secti@®B42 which showed that the
coiled-coil mutant does not fully disrupt the MtbvRe2 interactionin vivo, as the
hydrodynamic analysis demonstrates that HFG-Mto230L 137D is still able to
form a dimer. Although the sedimentation pattedrMtol was not examined in this
analysis, the absence of HFG-Mto2-L133DL137D inghk#et fractions in all cases
indicates that the Mto1-Mto2 interaction may hala® deen disrupted in this mutant

[as predicted from the presence of the 60 — 80n$pobex described in chapter three].

4.2.9.4 HFG-Mt02-L133DL137D phenocopies mto24

To investigate the consequences of disruptingvite tetramer, the
phenotype of the Mto2-L133DL137D mutant was analy$e previous analysis |
have demonstrated that dimeric Mto2 is sufficientduce MT nucleation, therefore
| predict that this mutant should not have any ctatde changes in Mto2 function.
In addition to analysis oimt81: HFG-Mto2-L133DL137D this strain was crossed
with a strain that contained Atb2-GFP to allow alksation of MT dynamics
[KS1409]. Figure 4.11, Panel A; movie 3C and 3wlhat HFG-Mto2-
L133DL137D localised to the SPB, eMTOC and alorgtgxisting MTs. However,
this signal was considerably weaker than HFG-MEB@amination of the MTs
showed that the phenotype was similamto24 whereby only 1 - 2 MT bundles
were observed per cell. Astral MTs and the PAA weesent, but the cytoplasmic
MT bundles were thicker and appeared to be hypdesta. bending round cell tips,
resulting in the curved cell phenotype reminisagntito24. Cytoplasmic levels of

HFG-Mto2-L133DL137D were relatively high comparedaild-type, which
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suggests that a proportion of the protein was wntiblocalise, either through loss of
the Mtol interaction or through a reduction in piotstability/folding.

To address whether tiaio24-like phenotype is due to a reduction of Mto2
protein levels, HFG-Mto2 was placed undemam4l promoter, where it is predicted
that a proportional increase in Mto2 that is ablétalise to MTOCs should result in
a partial rescue of MT nucleation levels. Measumanoé the integrated intensity of
the Mto2 signal showed that the levelswit81:HFG-Mto2-L133DL137D were
higher than endogenous Mto2-GFP indicating thahifu24-like phenotype was not
due to a lower amount of protein. Expression uridenmt41 promoter gave a 4-fold
higher level of protein expression thamt81 and 7-fold increase in expression
compared to the endogenous promoter [fig 4.12, [Faed C]. The increased
expression ohmt41: HFG-Mto2-L133DL137D resulted in a higher signal from the
SPB, eMTOC and limited number of IMTOCSs, as weliraseasing the cytoplasmic
signal, but this did not result in a detectablgease in the number of HFG-Mto2-
L133DL137D foci at non-SPB iMTOCs [fig 4.12, Paidl

Failure of HFG-Mto2-L133DL137D to localise indieatthat a large
proportion of HFG-Mto2-L133DL137D may be unabldrteract with Mtol or
interacts very weakly with Mtol. Those MTOCs thahtained HFG-Mto2-
L133DL137D are likely to have unique properties flagilitate Mto2 localisation.
This is probably related to Mtol concentration &t@LCs; if the interaction of HFG-
Mto2-L133DL137D with Mtol were significantly weakeah areas of high
concentration of Mtol, such as the SPB, might beotiily place where HFG-Mto2-

L133DL137D could be detected.
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The phenotype of Mto2-L133DL137D mutant demonssdhat the coiled-
coil domain is required for Mto2 to function, whet@ppears to be involved in both
Mto2 dimer association and the Mtol- Mto2 interactiThe analysis of HFG-Mto2
indicates that dimeric Mto2 is sufficient to prom®T nucleation. Therefore, the
mto24-like phenotype of HFG-Mto2-L133DL137D suggestd iha disruption of
the Mto1-Mto2 interaction and not disruption ofréherisation that causes the

mto24 phenotype, although these events are not muteadlsive.

4.2.9.5 The Mtol / y-TuC interaction is disrupted in the Mto2-L133DL137D

coiled-coil mutant

To confirm biochemically whether tmao24 - like phenotype of HFG-Mto2-
L133DL137D results from the disruption of the MtbRe1 interaction, an Mto1-
TAPS pulldown was performed. Figure 4.13 shows ttmatevels of HFG-Mto2-
L133DL137D in the pulldown were reduced compareth&levels of wild-type
HFG-Mto2. This was also true for members of yheuSC. This result suggests that
the Mto1-Mto2 interaction has been weakened irctiled-coil mutant, leading to
the loss of interaction between Mtol andyiuC. This observation is consistent
with the reduction in the nucleation efficiency dod level of HFG-Mto2-
L133DL137D localisation in the cell [fig 4.12, P&rg.

This result indicates that the coiled-coil domaimMto2 is required for the
Mtol-Mto2 interaction and that this interaction domoverlaps with a region of the
protein that, based on thevitro interaction assays, is also required for the

interaction of Mto2 dimers.
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Figure 4.12 The phenotype of HFG-Mt02-L133DL137D is reminiscehmto2A.
[Strains KS516, KS3915, KS4461, KS4463, KS4621K88712] [A] Maximum
projections of wide-field images of HFG-Mto2-L133DR&7D expressed from
nmt81 andnmt41 promoters in the presence and absence of Atb2-BIEB .see
movie 3C. Scale bar = 10 um. [B] Total extracts|uding two isolates of
nmt81:HFG-Mto2-L133DL137D [left isolate used in mascopy], were analysed
by 10% SDS-PAGE and the western blot was probell aviti-Mto2 antibody.

[C] Integrated intensity of IRDye800 signal was sw@wad using Odyssey V3.0.
nmt81:HFG-Mto2-L133DL137D signal represents therage signal of the two
isolates. Image represents result from a singleraxent. WCE = whole cell

extract.
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Figure 4.13 Analysis of Mtol /-TuC interaction indicated that the interaction is
perturbed in the Mto2-L133DL137D mutant. [StrainS3915, KS4973 and
KS4976]. The extracts were incubated with 1gG-leshk®ynabeads. The eluates
were analysed by 10% SDS-PAGE and the westermlalstprobed anti-Mto2,
anti-y-tubulin [GTU-88], anti-Alp4 and anti-Mtol antibati. GT-34-HRP signal
was detected with ECL. Image represents typicallrebtained from two

experiments.
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4.3 SUMMARY OF RESULTS

The main objective of the research describedighdhapter was to
investigate the role of the Mto2-Mto2 interactionMito2 function and whether it
contributes to the assembly of the Mto1/2 compléta2 is required for
multimerisation of the Mto1/2 complex containingl fength Mto1, which is
believed to consist of several copies of the Mtdigferotetramer. | predicted that
Mto2 multimerisation may drive this association.

Using purified recombinant protein and endogendte?, | have shown that
in the absence of Mtol, Mto2 forms a complex teahost likely to contain 4
molecules of Mto2.

| observed that the oligomerisation state of Mtbanges during the cell
cycle, with Mto2 forming a dimer during mitosis. i$lwas interesting as it supported
the prediction that the Mto1/2 heterotetramers taynultimerising through the
association of Mto2 dimers, and this interactiothen disrupted during mitosis.
However, this idea was contradicted by the phenotgpalysis of HFG-Mto2, which
forms a dimer in the absence of Mtol but does fietc&MT nucleation from non-
SPB iMTOCs. Additionally, as the Mtol1-YFP foci pees at IMTOCSs in the
presence of either CFP-Mto2 or untagged Mto2 wssemtially the same, this
suggests that tetramerisation of Mto2 does notritute to the assembly of Mto1/2
complexes at IMTOCs (Samejinebal. 2005). Based on these results | believe that
tetrameric Mto2 is most likely to be the defaultnfoof Mto2 dimers when not
present in complex with Mtol. For example, if théolinteraction domains of the

Mto2 dimers are strongly hydrophobic, then dim®io2 may be unstable. This
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interpretation also suggests that the Mto2 dimerediinterface overlaps with the
Mtol interaction interface [fig 4.14, Panel A].

In summary, these results suggest that higherramailitimerisation of the
Mto2 dimer is unlikely to facilitate the associatiof Mto1/2 heterotetramers.
Alternatively, it is possible that Mto2 may promadto1/2 multimerisation through
other mechanisms, e.g. inducing a conformationahgk in Mtol that promotes
Mtol self-association. It is possible that recr@tihof monomeric Mto2 may be
sufficient to induce a conformation change in Mtbdt through Mto2 dimerisation
the cell is able make this process more efficient.

To test whether Mto2 dimerisation is requiredNtip2 activity, | attempted
to make a monomeric version of Mto2, which requidghtification and disruption
of both the Mto2 dimeric interaction domain, and Mto2 dimer association
interface. Thus, | identified a coiled-coil domairthe N-terminal region of Mto2
[114 — 147 aa]. Removal of a large section of Mttt contained the coiled-coil
domain disrupted the interaction with full lengthd?in vitro. Regions at the C-
terminus of Mto2 were also shown to be requiredtierMto2-Mto2 interaction. It is
likely that these two domains represent the MtoRettic and Mto2 dimer association
interaction domains. However, removal of eithethafse proposed interaction
domains did not preserve the Mto2-mto2 interactpmssibly due to a decrease in
stability from exposure of hydrophobic domains tivatild usually be internalised
within the Mto2 tetramer.

In addition, this interpretation assumes that MB#®?2 is tetrameric. The
oligomeric state of MBP-Mto2 was not determinedhiis analysis, as hydrodynamic

analysis of purified MBP-Mto2 was found to assembte large aggregates [data
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not shown]. Given that a tag of a similar size [HF@s been shown to disrupt the
Mto2 tetramer, it is possible that MBP-Mto2 is atBmeric. Unfortunately, further
analysis of the truncation mutamitsvivo was hindered by a decrease in protein
stability.

Targeted mutagenesis of the coiled-coil domainlted in a disruption of the
Mto2-Mto2 interactiorin vitro but notin vivo. | subsequently demonstrated by
hydrodynamic analysis of yeast extract that the2vita33DL137D coiled-coil
mutant was dimeric in the absence of Mtol. Theddstto2 dimerisationn vitro
may be a consequence of sub-optimal buffer conditiparticulary if the resulting
dimer contains sensitive hydrophobic regions thale not normally be exposed
through Mto2 tetramerisation/interaction with Mtdiowever, it is unclear why this
would not also be observed in yeast extract.

Previous analysis has demonstrated that dimeoiejordoes not affect MT
nucleation, however, phenotypic analysis of théedscoil mutant revealed an
mto24-like phenotype; a reduction in the number of claemic MTs, and MT
nucleation was restricted to the SPB. As HFG-Mtd33DL137D did not efficiently
localise to non-SPB iIMTOCs, tmto24-like phenotype was predicted to result from
a disruption of the Mto1-Mto2 interaction. This wamfirmed biochemically, where
it was also shown that mutation of the coiled-cailised a reduction in the efficiency
of the Mtol A-TuSC interaction.

The hydrodynamic analysis of HFG-tagged Mto2 hdscated that it is
dimeric. However, it is not clear whether the Mth&eric interaction or the Mto2
dimer association interaction domain has been plisds Depending on which

interaction has been disrupted, the resultant MtdEG-Mto2 complex would be
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very different. Figure 4.14, Panel B and C, déscpossible conformations of the
Mtol / HFG-Mto2 complex. The conformation descrilie@anel B is supported by
the 50% reduction in HFG-Mto2 co-precipitated byoWHTAPS compared with
untagged Mto2. This may have resulted from theugison of dimeric interaction.
This would result in an active complex that conggimonomeric Mto2 and thus
supports the theory that Mto2 induces a structthrahge in Mtol that in turn,
promotes Mtol multimerisation.

Alternatively, the 50% reduction in HFG-Mto2 pulldown by Mtol may
represent a reduction in the affinity of Mtol-Mtim2eraction as a consequence of
the HFG tag. This would support the model describdeianel C. The conformation
described in Panel C is also supported by the dytamic analysis of the Mto2
coiled-coil mutant. Both HFG-Mto2 and Mto2-L133DLA3 are dimeric, suggesting
that the dimer association domain and not the deaton domain has been
disrupted. As HFG-Mto2-L133DL137D is dimeric thiglicates that the same
interaction interface has been disrupted in bolesaAs the coiled-coil mutations
also disrupt the Mto1-Mto2 interaction, this suggdbat the Mto2 dimer association
domain overlaps with the Mtol interaction domaintetestingly, it was shown also
that Mto2-L133DL137D does not form monomers in sigothis indicates that the
same Mto2 dimer association/Mto1-Mto2 interactiomein is disrupted by the
coiled-coil mutation that is targeted in mitosisg [#.14, Panel D]. To definitively
show that the Mtol / HFG-Mto2 complex contains dim#&lto2 the stoichiometry
of the Mtol / HFG-Mto2 complex would need to beedetined.

Unfortunately, | was not able to construct mondmpbtto?2 in this analysis.

This form of Mto2 is required to assess the coantrdn of the Mto2-Mto2
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interaction to the formation of an active Mtol/Zwquex, with relation to Mto1/2
heterotetramer multimerisation and the proposegan of they-TuSC. However,

| did identify the Mto1l interaction domain, whichasnbe useful to the subsequently
structural studies of the protein complex thatrarpiired to fully understand the

consequence of the Mto2 self-interaction.
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Figure 4.14 Schematic representation of Mto2 multimerisat[@j.In the
absence of Mtol, Mto2 forms a tetramer. The A-Batitimer interface forms
the same region required to interact with Mtol.sTihterface is disrupted by
the L133DL137D coiled-coil mutant. [B and C] HF@tged Mto2 cannot
form tetramers due to steric inhibition, howevaerah still interact with Mtol
to a level sufficient to promote the Mto$-TuSC interaction. The HFG tag
can disrupt either Mto2 dimer interaction [B] oethlto2 dimer association
[C]. If B were true, the introduction of the coiledil mutation would result in
monomeric protein, if C were true, the HFG-taggeitkd-coil mutant would
be dimeric. [D] During mitosis the same Mto2 ding@mer interaction is
disrupted as is perturbed by both the HFG tag hedobiled-coil mutant. This
is predicted to cause the disruption of the MtoDb2/interaction.
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CHAPTER FIVE

ANALYSIS OF MTO2 PHOSPHORYLATION

5.1. INTRODUCTION

Themto24 phenotype demonstrates that the Mto1/2 complsgesifically
required for MT nucleation from non-SPB iMTOCSs. Naation does not occur from
non-SPB sites during mitosis [e.g. on the nucleagiovelope], indicating that the
nucleation complexes containing Mto1/2 are eitlarassembled or not active
during mitosis. This suggests that the Mto1/2 caxphay be subject to some level
of cell cycle-dependent regulation. Although phasptation of Mtol has yet to be
shown, phosphorylation of Mtol homologs in othe¥ses has been documented.
Dobbelaere and colleagues demonstrated that phiggation of Cnnin D.
melanogaster during mitosis is dependent on Polo kinase (Dadsrekt al. 2008).
More recently it has been shown that SpPcpl, dquas protein required for
nucleation from the nucleoplasmic face of the SBBJso phosphorylated by PLK-1
(Fong, C. Set al. 2009a). When analysed by SDS-PAGE and westernNto® is
present as several isoforms, which indicates tia2Mhay also be phosphorylated.

In chapter four | have demonstrated that the afigasation state of Mto2 is
altered in mitosis. | predict, based on evidenoeifthis study, that this change in
oligomerisation state may reflect the mitotic dgran of the Mto1-Mto2 interaction.
It is possible that disruption of the Mtol-Mto2eraction during mitosis may occur

to allow a re-modelling of the Mto1AR2TuC complex and subsequently re-
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localisation of the-TuC to the SPB. Alternatively, the Mto1/2 complaay be
disrupted to allow a different Mtol complex, whigbes not require Mto2, to

assemble at the SPBs.

5.1.2 Aims and Objectives

In this chapter | will attempt to confirm that M@ phosphorylated, and
investigate whether this correlates with a celleydependent regulation of Mto2. |
will also examine the significance of Mto2 phosphation on the Mto1-Mto2

interaction. To do this | will take the followingpproaches:

« Confirm that Mto2 is phosphorylated using phospbatacatment.

* Follow Mto2 phosphorylation over the cell cycle.

* Analyse the effect of Mto2 phosphorylation on theol4Mto2 interaction.

» Use bioinformatic and biochemical phosphorylaticapming techniques to
identify phosphorylated residues.

» Create phospho-mutants to confirm the significasfddto2 phosphorylation

for Mto2 function.
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5.2 RESULTS

5.2.1 Identification and Characterisation of Mto2 phosphorylation

5.2.1.1 Mto2 is phosphorylated

Previous analysis of Mto2 by western blotting Hdasonstrated that it
migrates as several isoforms by SDS-PAGE (Samegiral 2005). These isoforms
could result from a number of post-translationatfications such as
phosphorylation, ubiquitination, SUMOylation, adation, and biotinylation. To
confirm phosphorylation of Mto2, fission yeast exdtrwas treated with purified
phosphatase, heat-inactivafed?Pase and/or the phosphatase inhibitors. Figtre 4.
shows that when extract was treated wiHRPase, the Mto2 isoforms collapse into a
single, fast migrating form. This did not occur wheeat-inactivated phosphatase
was added, and the de-phosphorylation was incompleén phosphatase inhibitors
were also added. This result indicates that thieists of Mto2 are due to

phosphorylation.

5.2.1.2 Mto2 phosphorylation is cell cycle-dependent

Mto2-dependent MT nucleation from non-SPB iMTOE specific to

interphase and MT nucleation during mitosis isriet&ld to the SPB, a process that

does not require Mto2. This suggests that the Ntodmplex may be subject to cell

cycle regulation.
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Figure 5.1 A-protein phosphatase treatment of fission yeadiroas that Mto2 is
phosphorylated. Total extracts from KS516 wereté@avithA-PPase/heat-
inactivated\-PPase [HI] and/or phosphatase inhibitors. Theaeidrwere analysed
by 10% SDS-PAGE and the western blot was probell aviti-Mto2 antibody. The
IRDye800 signal was detected using Odyssey V3.0E\WW@vhole cell extract.

Image represents a typical result from three expants.
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It is likely that this regulation is instigateddigh phosphorylation therefore
Mto2 phosphorylation was examined over the celleyehosphorylation of Mto2
was analysed in a strain containing a temperatnsitive allele of the cell cycle
regulator Cdc25ddc25-22ts], which at restrictive temperature blocks thexell G
(Russellet al. 1986; Gould, K. Let al. 1989). Following incubation at the restrictive
temperature between 50 — 80 % of the culture wastad in G [indicated by the
appearance of highly elongated cells [data not sfidupon return to the permissive
temperature and release into mitosis, cells weneesged at 20 min intervals. Figure
5.2, Panel A shows the septation assay, which mes#we proportion of cells in the
culture that have formed septa. The septation ipaeked at 60 min, at which point
the synchrony of the culture was approximately 18% 200]. Following the first
septation peak, the cells entered a second mab4id0 min. Figure 5.2, Panel B
shows that there was a distinct mobility shifttzes ¢ells proceeded though the cell
cycle, which | interpret to be phosphorylation lthea the results in section 5.2.1.
Notably, there was an increase in hyperphosphaylgtto2 20 min after grelease,
corresponding to the time of entry into mitosise$é slower migrating isoforms are
replaced by faster migrating de-phosphorylatecbisn$ of Mto2 as the septation
index drops and cells enter interphase.

The uniformity of the non-specific band [*] sugtgethat the increase in
Mto2 signal at 140 min is not due to loading erAdternatively, it may have
resulted from an enrichment of two or more phosplation states at this point,
which then disperse into a range of phosphoryl&igds as the cells pass through
mitosis. At t = 160 the hyperphosphorylated isofeiwhMto2 observed at entry into

the first mitosis returned, however, the signairfrine slowest migrating bands was
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Figure5.2 Analysis of Mto2 phosphorylation over the cell leymdicates that

Mto2 is hyperphosphorylated in mitosis. [A] Sepiatindex of cell samples taken
every 20 min after release frardc25-22" G, arrest based on fluorescent brightener
staining. [KS1280]. [B] Extracts made from samgkdsen from synchronous

culture were analysed by 10% SDS-PAGE and the webtet was probed with
anti-Mto2 antibody. Signal from GT-34-HRP secondanyibody was detected by
ECL. Non-specific band indicates loading [*]. Tinsendicated in minutes. Image

represents a typical result from two experiments.
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significantly weaker than the first mitosis. Thisely to be caused by a reduction in
cell synchrony by the time cells pass through #wed mitosis.
This result indicates that Mto2 phosphorylationeigulated in a cell cycle specific

manner.

5.2.1.3 The Mtol1-Mto2 interaction is disrupted in a metaphase arrest

The most likely mechanism by which Mto2 phosphatigih down-regulates
the activity of the Mto1/2 complex during mitosis through the disruption of the
Mtol-Mto2 interaction. To test this idea, Mto2 caegipitation by Mtol-TAPS was
compared between asynchronous cell culture ansl agttsted in metaphase using
nda3-KM311. Figure 5.3 shows that the amount of Mto2 pulled nldoy Mtol-

TAPS in mitotic extract is significantly reducednepared to Mto2 from
asynchronous extract. The small amount of Mto2earem the eluate of the mitotic
pulldown is likely to be comparatively dephosphatgld Mto2 that has escaped the
arrest. Examination of the supernatants from thielgpwn demonstrated that the
hyperphosphorylated Mto2 observed in the inpuhehta3-KM311 extract did not
bind to Mto1-TAPS [data not shown].

Figure 5.3 shows a clear difference in the abditgephosphorylated and
phosphorylated Mto2 to interact with Mtol, whergégphosphorylation of Mto2
appears to disrupt the Mto1-Mto2 interaction. Tieisult confirms the prediction that
the Mto1-Mto2 interaction is disrupted in mitodiowever, this result does not
correlate with observations vivo, as fluorescence microscopy has shown that

Mtol-YFP and Mto2-CFP co-localise throughout thik ©gcle (Samejimaet al.
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2005). It is possible that Mto2 associates withyi@ISC independently of Mto1,
although, this interaction is very weak (Samejinal. 2008). Further investigation
is required to determine the mechanism by which2Méealises to the SPB during

mitosis.

5.2.1.4 Analysis of the mitotic disruption of the Mto1-Mto2 interaction using

cdc25-22" G, block and release

In addition to amda3-KM311 arrest, the Mto1-Mto2 interaction was
examined over adc25-22" G, block and release, where the interaction could be
followed over the entire cell cycle. &ic25-22" strain containing Mto1-TAPS
[KS5795] was arrested in3On return to permissive temperature, samples were
harvested at 20 min intervals. Figure 5.4, Panshéws the septation index of cell
samples taken at 20 min time points, indicating septation peaked at 60 min [70%
synchrony].

Western blot analysis of the Mto2 inputs showethalar pattern to that
observed in Figure 5.2, Panel B, in which Mto2 hypleosphorylation occurred as
cells entered mitosis, in both the first and seawnitdses after &release.
Examination of the eluates from the Mto1-TAPS ppéation showed that despite a
uniform level of Mto1-TAPS, the Mto2 signal wastles t =20 and t = 140/t = 160,
which corresponds to the;GM transition of the first and second cell cycles,
respectively [fig 5.4, Panel B]. Samples have he®ter-loaded at t = 60, resulting
in a weaker signal than expected. These resulfgcoprevious observations and

show that the Mto1-Mto2 interaction is disruptedidg mitosis, which correlates
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Figure 5.3 The Mto1-Mto2 interaction is disrupted durinda3-KM311
metaphase arrest. Extracts from asynchronous atapheese-arrested cells were
incubated with IgG-Dynabeads [Strains KS516, KS3&2d KS3575]. The
eluates were analysed by 10% SDS-PAGE and the wdsite was probed with
anti-Mtol and anti-Mto2 antibodies. The signal fr@m-34-HRP secondary
antibody was detected by ECL. A/ S — asynchromotigct. Image represents a

typical result from three experiments.
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Figure 5.4 Analysis of the Mto1-Mto2 interaction in synchrsed culture shows

that it is disrupted in mitosis. [A] The septatiodex of cell samples taken every

20 min after release froouc25-22" G, arrest based on fluorescent brightener

staining. [B] Extracts made from sample of synclouesculture were incubated
with 1IgG-Dynabeads. The eluates were analysed by 3DS-PAGE and the

western blot was probed with anti-Mtol and anti-R#amtibodies. Signal from

IRDye800 was detected using Odyssey V3.0. Imagesepts the result from a

single experiment.
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with Mto2 hyper-phosphorylation. However, it remaimclear whether Mto2
phosphorylation directly causes the disruptiorhef Mto1/2 complex

or whether phosphorylation is responsible for gastr events that lead to Mto1/2
disruption, e.g. recruitment of proteins that coteger Mtol binding. It is also
possible that Mto2 phosphorylation is purely caileeital and does not affect

Mto1/2 complex formation.

5.2.1.5 The Mto1/2 complex is disrupted following CDK1-Cyclin B treatment

In order to test whether phosphorylation of th@M2 complex is directly
responsible for its mitotic disruption, purified /2 complex was incubated with
purified recombinant human CDK1-Cyclin B. Mtol [0-TAPS was used in this
experiment as a higher yield of protein can bevesd compared to full length
Mtol-TAPS (K. Sawin, personal communication). Fgbt5 shows that when the
complex is treated with CDK1-Cyclin B, Mto2 beconpmssphorylated, as
demonstrated by the appearance of slower migraofgrms similar to those
observed during anda3-KM311 metaphase arrest. Compared with untreated Mto1/2
complex, where the bulk of Mto2 remained associatigial Mtol, the majority of
phosphorylated Mto2 was present in the supernataning dissociated from Mtol
[1-800]-TAPS.

This result confirms that phosphorylation of theol2 complex directly
causes the dissociation of Mto2 from Mtol. Thislgsia does not indicate whether
phosphorylation of Mtol or Mto2 [or both] causes ¥Mto1/2 complex to dissociate.

In order to determine if phosphorylation of MtoIntrdbutes to the disruption of the
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Figure5.5 Treatment of purified Mto1/2 complex with CDK1-CytB causes
Mto2 to dissociate. [Strains KS3476 and KS198p1/2 complex that had been
purified on IgG-Dynabeads was incubated 100 U oKCiZyclin B. Eluates and
supernatants were analysed by 10% SDS-PAGE anddsiern blot was probed
with anti-Mtol and anti-Mto2 antibodies. IRDye808r&al was detected using
Odyssey V3.0. Image represents a typical resuit filree experiments.
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complex, individually purified Mtol could be tredtesith CDK1-Cyclin B before
the interaction with Mto2 is assayed. Due to thieiraof this experiment it is also
possible that incubation with CDK1-Cyclin B may gpborylate the Mto1/2
complex in a non-physiological manner. This majfiaidlly disrupt the Mto1-Mto2
interaction. The co-localisation of Mtol and MtaZitig mitosis means that it is not
possible to test whether the disruption of the Mytb2 complex occuri vivo
through methods such as fluorescence resonancgyemansfer [FRET]. However,
if one can isolate specific Mto2-dependent procefisat are interrupted in mitosis,

one can infer that the Mto1-Mto2 interaction mayeénbeen disrupted.

5.2.1.6 Mto2-dependent localisation Mtol [1-549]-GFP at the nuclear

envelope

Removal of Mtol C-terminal targeting domains [1651115 aa] prevents
Mtol from localising to the SPB and eMTOC, and ¢fere Mtol [1-1051] is only
found at IMTOCSs along the nuclear envelope andagfme-existing MTs (Samejima
et al., manuscript in preparation). Further truncationegates Mtol [1-800], which
only localises to IMTOCSs on the nuclear envelope @na small number of MT
minus ends that are ejected from the surface afiticeeus and become bundled into
adjacent MTs (Sawigt al., data unpublished). Ongoing work by E. Lynch in our
laboratory has shown that the nuclear envelopdisaten is maintained upon
further truncation of the C-terminus to Mtol [1-%48owever, this localisation is
lost in Mtol [1-500]. This correlates with disrugti of the Mto2 interaction domain

[461 — 549 aa] (Samejing al. 2005).
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To confirm that Mtol [1-549]-GFP localisation hetnuclear envelope is
dependent on Mto2, | created strains that contadiied [1-549]-GFP expressed
from both endogenous promoter and over-expresset thhenmt81 promoter, in
combination withmto2" [KS5349/KS5609]nmt81: mto2 [KS5647/KS5801] and
mto24 [KS5802/KS5803]. Figure 5.6 shows that Mtol [1-B&%FP failed to localise
to the nuclear envelope mo24 cells whether over-expressed or expressed from the
endogenous promoter [fig 5.6 Panel B, | and lljtHa presence of endogenous Mto2
the level of Mtol [1-549]-GFP present on the nuckraselope did not increase when
Mtol expression level was up-regulated [fig 5.62&) 11l and 1V]. Only when
Mto2 was also up-regulated did over-expressed Niked49]-GFP localise to the
nuclear envelope [fig 5.6 Panel B, V and VI].

These results suggest that Mtol [1-549]-GFP lsatiin to the nuclear
envelope is dependent on Mto2, most likely as aequence of assembly into the
Mtol1/2 complex, and that the quantitative level84bd2 protein limit the amount of
Mtol [1-549]-GFP that is able to localise. It i¢ kaown what the Mto1/2 complex
binds to at the nuclear envelope. A screen wa®préd in the laboratory of P.
Nurse to identify proteins involved in the estafigent of the MT cytoskeleton.

They identified the nucleoporin-like protein Amdafdoet al. 2005). Due to its
punctate localisation at the nuclear envelope, Amm@lpotential Mtol targeting
factor. This interaction could be tested by co-imaprecipitation by Mtol [1-549]-

TAPS.
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Figure 5.6 Mtol [1-549]-GFP localisation to the NE requiresollt[A]

Schematic map of Mtol depicting PAIRCOIL2 predicteded-coil domains

[pink] and regions of overlap [purple] with proteiteraction domains [blue].

Amino acid residue numbers are indicated includimgMtol [1-549] truncation.

[B, I-VI] Maximum projection of confocal images dftol [1-549]-GFP

expressed undemt81 andnmt41l promoters in the presence and absence of Mto2.

Scale bar =10 pm.
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Figure5.7 Mtol 1-549-GFP localisation at the NE is disruptedhitosis.
Maximum projection of confocal images taken of M{@1549]-GFP expressed
under ammt41 promoter. Images were taken from different cad|sresenting cell
cycle localisation of Mtol [1-549]-GFP. Scale batO pum.
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5.2.1.7 Localisation of Mtol [1-549]-GFP at the nuclear envelope is disrupted

in mitosis

Mtol [1-549]-GFP localisation at the nuclear enpel requires Mto2.
Biochemical analysis has demonstrated that the Nttf2 interaction is disrupted
during mitosis, therefore | predict that the nuclkeavelope localisation of Mtol [1-
549]-GFP is also cell-cycle dependent. Figure Bains a montage of confocal
images, each panel representing different stagegesphase and mitosis. Compared
to the interphase cell [top], signal of Mtol [1-349FP is depleted at the NE during
all stages of mitosis. The weak signal at the stamitosis disappears until the end
of anaphase. This result providesivo evidence to support the conclusion that the

Mtol1-Mto2 interaction is disrupted in mitosis.

5.2.1.8 Mto2 is not required for the Mtol / y-TuC interaction at the SPB or

during mitosis

Mto2 is required for Mtol to efficiently interaafth they-TuSC (Samejima
et al. 2008). In addition, my work has demonstrated thatMto1-Mto2 interaction
is disrupted during mitosis. Therefore, | investaghwhether the requirement of
Mto2 for an efficient Mtol ¥-TuSC interaction is specific for the nucleation
complex formed in interphase. As Mto2 is not regdifor nucleation from the SPB
during mitosis, | predict that MtolyfTuSC interaction is not affected by the loss of

Mto2. This was tested using a co-immunoprecipitatbMto1-TAPS in
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asynchronous culture amda3-KM311 metaphase-arrested cells in botio2” and
mto24 backgrounds.

The interaction of thg=TuSC with a C-terminal truncation of Mtol [1-1051]
was also examined. As Mtol [1-1051] is unable talise to the SPB/eMTOC this
would indicate whether the predicted requiremeritid2 for the Mtol A-TuSC
interaction during interphase is specific to thealesation of the complex to the SPB.
Figure 5.8, Panel A-F shows the integrated interssaf eluates from the Mtol-
TAPS co-precipitation normalised against Mtol1-TAR$e pulldown and signal
from the untagged control. The corresponding wadiot is shown in figure 5.8,
Panel F. Comparison of Mto1-TAPS eluates from lasynchronous culture showed
that, inmto24, the interaction efficiency of- TuSC with full length Mto1 was
reduced by approximately five-fold comparedrim2’. However, this reduction was
not reflected in the metaphase arrest, which shdhetdhe level of-TuSC is not
affected by the loss of Mto2. This indicates thab®1does not contribute to the
interaction between Mtol and tiiduC during metaphase.

Interestingly, in asynchronous extract both Mtad ¢hey-TuSC interacted
more efficiently with Mtol [1-1051] than with fukngth Mtol. This may be a
consequence of a redistribution of Mtol [1-1051]evales away from the protein
dense SPB into the smaller IMTOCs where it may beemaccessible to Mto2 and
they-TuC.

In metaphase arrested extract only dephosphodyMte?2 that has escaped
the arrest interacted with Mto1-TAPS and Mtol [BARTAPS. The level of
dephosphorylated Mto2 was particularly high in k@1 [1-1051]-TAPS pull down.

This is likely to have caused the efficiency of faBuSC / Mtol [1-1051]-TAPS
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Input IgG Pulldown

ojbeé Qeé
X 6_)'\' c_)'\« 6_)'\' (9\' @Q 3 N Y N>
Mtol-TAPS s FL FL S L L A & L A L L A P

Mto2 + + A + A A + + A 4+ 4+ A + A A o+ + A

nda3-KM311 - - - - — + + + + - — - — — 4+ 4 4 4
|.._' TN s ey ™ =-—'-——|| - """_—-"_-"_-—c—-—| anti-Mtol
| | | — — — — ——I anti-Alp4
| || -_— | anti-Alp6
|-._._-_— _-—--—--————-_| | — e m — ---—| anti—y—tubulin
- - - — an .5 anti-Mto2

Figure5.8 The Mtol /y-TuSC interaction during mitosis does not requit®2/and
is not effected by SPB localisation. [A] Schematiap of Mtol depicting
PAIRCOIL2 predicted coiled-coil domains [pink] arebions of overlap [purple]
with protein interaction domains [blue]. Amino acesidue numbers are indicated
including the Mto1 [1-1051] truncation. The Mto1-PA purifications were
performed using the following strains: KS516, KS34RS3524, KS3575, KS3577,
KS4323, KS5578, KS5579, KS5580. [G] The eluatesvegralysed by 10% SDS-
PAGE and the western blot was probed with anti-M#otti-Mto2, anti-Alp6 and
anti-y-tubulin [GTU-88] antibodies. [B-F] Integrated intgties of the IRDye800
signal were measured using Odyssey V3.0. Values n@malised relative to
levels of protein in the untagged negative cordral levels of Mto1-TAPS in the

eluates. Mto2D mto24. Image represents a typical result from two expenis.
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interaction to be artificially high compared tolfldngth Mtol1. This result suggests
that the effect of redistributing Mtol away fronet8PB is not likely to change the
indispensability of Mto2 for the MtoJ4TuSC interaction during mitosis.

This result indicates that the Mto$-TuC complex formed at the SPB in
metaphase is different to the nucleation compleéiv@at non-SPB iMTOCSs during
interphase. There is no evidence to suggest teaht#taphase complex is a
functional nucleator as MTs are not nucleated ftbencytoplasmic face of the SPB
during metaphase, however,ra®24 cells are still able to nucleate astral MTs, this
would suggest that the Mto2 is also not requiredMitol to form an active

nucleation complex during anaphase.

5.2.2 Identification of Mto2 phosphorylation sites

Evidence collected in this chapter indicates Met2 phosphorylation [and
potentially Mto1 phosphorylation] during mitosisusas Mto2 to dissociate from the
Mto1/2 complex. In order to determine whether Mpd®sphorylation is the primary
cause of this disruption, the phosphorylation sitelslto2 were identified using a
number of different biochemical and bioinformatizsed methods. This analysis

may also provide insight to the identity of the Mtdnase.
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5.2.2.1 Identification of phosphorylation sites through alignment with

homologous sequence from Schizosaccharomyces japonicus

Sequence conservation is a powerful tool to idgatieas of a gene that are
important for function, as these regions are leksdnt to changes in nucleotide and
amino acid sequence. TBejaponicus genome was used to identify conserved
regions of Mto2 as it was the closest relativ&.tpombe whose genome sequence
was publically available at the time this analysés performed. Th8. japonicus
homolog ofS. pombe Mto2 was identified as SJAG_03264.2 by performangSl-
BLAST search (Altschudt al. 1997) of theS. japonicus genome. The alignment of
the sequences is shown in Figure 5.9. Five conde3VE-P putative phosphorylation
sites were identified [T35, S179, S220, S366 ang4]Tand are highlighted in red.
These sites are closely related to the CDK1 kicassensus sequence of [S/T]-P-

X—[R/K] (Endicottet al. 1999).

5.2.2.2 Phosphorylation site prediction by NetPhos 2.0

The NetPhos 2.0 server is a phosphorylation ptiedisoftware developed at
the Centre for Biological Sequence Analysis, Ursitgrof Denmark (Blonet al.
1999). NetPhos 2.0 gives each S/T/Y residue a stegeribing the likelihood that it
is phosphorylated, as well as identifying the pneseof that residue within kinase
consensus sites. 45 out of 106 S/T/Y residues oRPMad a NetPhos score greater

than 0.75. The scores for each S/T/Y residuesstezllin Appendix IX.
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CLUSTAL 2.0.10 multiple sequence alignment

Sponbe MBEHNYQSDREVAEDPFLNYEASANQLSSNSRES- - = - - = = == = = = = = - - - TPRGSPVRA 43
Sj aponi cus MBRLSFSPKKQLDADPFLDYEASTGL SERSHRTVGSFL HDSVSENVNEEPRTPFFGPNSS 60
. * % % * * % % * * % *
Sponbe GVRSASL MIEPLEDSMYSDNNYLDNG- - - - - - - VSFTKDENPL YSPSWPSLADANVNSMK 96
Sj aponi cus SFQAQSI FSPNSTFQG<SQQ\1L RPSSQRRGKFL FQ—lARSETTNVYGRFASSSPTRPRQ_ D 120
Sponbe SNNAI QEHKAAKFVSEKSLEKVSTADN- NLVL QEL ENLRERLNQVEL QLSERPSSYLGYH 155
Sj aponi cus LALTVNDNNSDTAL ERATQQL SLTSPQDQ\/RSREL EHTVPNPATNEFI FRELRSLRERLG 180
....... 3 * *
Sponbe NNL SPYRSPNSYPSL L PSTHSPHSPAPL STMITALMRLRTYHPSPI | LKPVEQAVNHAI T 215
Sj aponi cus Q\/EAELARTRI\/EATTTLTRASL SSPVPAQKL QLALQRLASHHPPDDVLKPLERAARNALL 240
* ***..:* * % **::** :*****.:
Sponbe LVNTSPSSVVDAL CRSLAEL CLGLVQEAI DASI L SQQESSNSLDLVRHTPPLN- YTSSVD 274
Sj aponi cus LTQTSPGPTVDAL CRSLTETCLGLVQECL NARI\/LADESQTPRL PGPNGEEENSGYATI TA 300
*.:*** ..******** * * %k k kx k k% . ......
Sponbe SSPQRVASDSYGRPSL HL NDPFPSVDL QSNEL SHHNVRTTL FSDDSRFHSKI HTHSTPPS 334
Sj aponi cus ASTGESGRNSYSFPVPTTAFTAPTLTNTNNNANSNNEGL GRFSNAHT! MTTPRSQ?I | PP 360
- % * *
Sponbe QWSAASHFR- - - YRSDPSTRHVSNSTNKSSLHPSPTSLRVAHPI | PQRASPASQSFP- - 389
Sj aponi cus TSSPLSDRVKTPVL RDRDGDQVPASSRF@KI SLSPNRELRASPVSPRSPPFHRKRFSKT 420
. * * * -
Sponbe e SLQDTPSP- - == === === o m e = = 397

Sj aponi cus

ASSNVLVTPANAYAQPPTHSAQSSPTRFSLI DKVLSGHRDSLS 463
* * . k.

Figure 5.9 Sequence alignment of Mto2 homologs fr&npombe andS.

japonicus. BLAST search against ti& japonicus sequence database identified
SJAG_03264.2 as a homologue of Mto2. The alignmeastgenerated by Clustal
W2 (Larkin, 2007 #561) where SJAG_03264.2 and Mtave a sequence identity
score of 16.1%. The five identified conserved S-/Plputative phosphorylation

sites are labelled in red.
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5.2.2.3 Identification of Mto2 residues within kinase consensus sites

An additional method for predicting Mto2 phospHatipn sites was to
identify residues within consensus sites of mit&tiases. Three CDK1 kinase
consensus sites [S/T]-P-X—[R/K] (Endicettl. 1999) were identified. 17 sites
were identified that contained degenerate Auro@Asensus sites following [S/T]-
X[1,2]-[R/K] or [R/K]-X[1,2]-[S/T], where the stritconsensus would contain the
basic residues on both side of the phospho-sdnmeetine (Dephouret al. 2008).
28 sites were identified that contained degend?@kO consensus sequence
following [S/T]-X[1,2]-[D/E] or [D/E]-X[1,2]-[S/T], where the strict PLK1
consensus sequence would contain acidic amino aniti®th sides of the phospho-
serine/threonine (Nakajima al. 2003; Dephouret al. 2008). These are labelled in
Appendix IX. Interestingly, upon further examinatiof the sequence, 3 polo-box
domain [PDB] interaction sites were identified hs@on the following consensus
S-[S/T]-P-[X/R] (Eliaet al. 2003b). These were T35, S267, and T331. These
domains are the sites of Polo kinase binding, aaghamed by phosphorylation

[often by CDK1] prior to Polo association (Ekfal. 2003b).

5.2.2.4 ldentification of fungal homologs of Mto2

Following the release of tl japonicus genome, the genome sequences of

several other fungal species, includBahi zosaccharomyces octosporus were also

released. PSI-BLAST was performed using the Mtaisace as bait to identify a

number of additional Mto2 homologs. The sequenisésd in table 5.3 are a
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selection of fungal genes which gave HSPs with-aocee < 18% As the annotation
of these sequences has been generated automadticaligh sequence similarity to
known proteins, the majority of Mto2 homologs héeen assigned as putative
LPXTG-cell wall anchor domain proteins. The LPXT@®@trhis found in bacterial
cell wall proteins therefore it has no relevanc&ito2 function in yeast. The
sequences from the fungal homologs were used tergena phylogenetic tree to
demonstrate the relative sequence divergence betvit®2 homologs [fig 5.10].
The S octosporus sequence SOCG_01774.2, was the closest sequethciewer
amino acid substitutions. Amino acid sequences wetered into the MegAlign
software program [Lasergene 8, DNAstar] and thgnatient report is shown in
Appendix V. This alignment was used to assess ven&HhT/Y residues were
conserved i.e. if present in 8/15 of the homolddsout of 106 S/T/Y residues were
conserved in the fungal alignment and 11 of thes&lues were S/T-P sites. 3 out of
5 of the S/T—P residues conserved in the alignmwehtSJAG_03264.2 were also

conserved in the large scale fungal alignment.

5.2.2.5 ldentification of 25 phosphorylation sites using two-step denaturing

purification of Mto2-HTB and mass spectrometry analysis

A tandem affinity tag that contained 6 x histidnesidues and a biotinylation
site was developed in the laboratory of Peter KqiBagwerkeret al. 2006). This
permits consecutive purification on®tbound and streptavidin-linked resins under
strong denaturing conditions. These conditionsapected to preserve

phosphorylation, as a result of inactivation of giltatases.
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Mto2

Species Genomic Locus Description alignment
score
Magnaporthe grisea | XP_359559 hypothetical protein 5e%®
gnap 9 — MGG 05218
hypothetical protein -05
Neurospora crassa XP_962857 NCU06253 4e
. hypothetical protein -05
Gibberella zeae XP_387151 FG06975.1 de
LPXTG-motif cell
Penicillium marneffei XP_002144160 | wall anchor domain 2e?’
protein, putative
e L hypothetical protein -06
Coccidioides immitis XP_001248197 CIMG 01968 8e
Ajellomyces XP_001538699 | predicted protein 1e%
capsulatus
Penicillium
chrysogenum XP_002562312 | Pc18g04810 5e%®
Wisconsin
. . hypothetical protein -05
Aspergillus nidulans XP_662149 ANA545 2 6e
LPXTG-motif cell
Aspergillus clavatus XP_001272930 | wall anchor domain 2e®
protein, putative
LPXTG-motif cell
Neosartorya fischeri XP_001265845 | wall anchor domain 2e®
protein, putative
LPXTG-motif cell
Aspergillus fumigatus | XP_749412 wall anchor domain 3e®
protein
. . hypothetical protein .05
Aspergillus niger XP_001391788 An07g07140 8e
Schizosaccharomyces | SOCG_01774. | MT organizer -43
9.2e
octosporus 2 Mto?2
Aspergillus terreus XP_001218235 conserved . 3e®
hypothetical protein
Aspergillus flavus XP_002379344 conserved 1e

hypothetical protein

Table 5.1 Fugal homologs of Mto2. Genes were identified hWABTP searches.

The sequence hits which gave HSP e-scores’atieincluded. Full alignment is

available in Appendix V.
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Figure 5.10 Phylogenetic tree generated from ClustalW alignnoéiito2
homologs. The sequences from homologs listed ie &li were used to generate

a phylogenetic tree that represents the divergehttee Mto2 sequence.
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A two-step purification was performed as descrilbesection 2.4.5.2.1. Two
bands of a size corresponding to Mto2-HTB weresedaifrom the gel, digested with
trypsin, and analysed by the LTQ-Orbitrap Mass 8peteter [fig 5.11, Panel A].

88 peptides from Mto2 were identified, and froragé peptides 33 amino
acid residues were shown to be phosphorylatedf #te@redicted sites had an
Identity score > 20 and were considered for furtvalysis. These sites included 19
serines, 4 threonines, and 2 tyrosines. The peptidiggnments and identity scores
for each residue are listed in table 5.1. If resgdwere identified in more than one
peptide the highest identity score is given. Twthef serine residues had been
previously identified as potential phosphorylatgies based on sequence alignment
with S. japonicus SJIAG_03264.2 [S179 and S366], and 10 residues idendfied

in the large-scale fungal alignment.

5.2.2.6 ldentification of two mitosis specific phosphorylation sites using

SILAC

| have previously shown by western blot that défe isoforms of Mto2 exist
during interphase [fig 5.2], indicating that MtoBgsphorylation is not specifically a
mitotic event. In order to identify mitotic phosphtation sites, &able kotope
Labelling of Amino acids in @Il culture [SILAC] was used to distinguish between
phospho-peptides from mitotic and asynchronous M&RAC is a method used for
quantitative proteomics developed in the laboratdryl. Mann (Onget al. 2002).
SILAC has been used for many proteomic applicateagsmapping of protein-

protein interactions and phosphorylation sites, guahtitation of translation and
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protein degradation (Gruhlet al. 2005; Guerreret al. 2006; Neheket al. 2006;
Schwanhausset al. 2009). SILAC is an accurate method for quantitativass
spectrometry as the isotopes are introduced aaidy stage of sample preparation
and have negligible effects on cell growth. Rede@erformed by C. Bicho in our
laboratory has developed a methodology that haslesh&ILAC to be applied to
fission yeast (Bichet al., manuscript in preparation).

A second mapping was performed on Mto2 isolatechfboth heavy labelled
[**C6'°N4-arginine and*C6™N2-lysine] asynchronous culture and ‘light’ non-
labelled culture arrested in metaphase usingdaB-KM311 arrest. Following the
arrest, normalised numbers of cells from the twituceis were mixed and the
resultant extract was used in a single step patifba using an Mto2-TAPS binding
to IgG-Dynabeads. Figure 5.12, Panel A shows then@ssie stained SDS-PAGE
gel containing a band representing purified Mto2PBA The band was excised from
the gel, digested with trypsin and analysed byLfi@®@-Orbitrap Mass Spectrometer.

16 unique phosphorylation sites were found in égtides [fig 5.12, Panel B;
table 5.2]. The ratio of H/L is the quantitative@mt of heavy labelled peptide to
unlabelled peptide and reflects the ratio of inteige phosphorylation to mitotic
phosphorylation. Therefore, ratios < 1 represesititees phosphorylated during
mitosis, and ratios > 1 represent sites phospheg/lduring interphase. Ratios were
normalised relative to the ratio of total heavyighit protein present in the sample.
The significance score was given to each phosphteylresidue based on
comparison with a target-decoy database (Elias. 2007). Three significant
residues [S2, S199 and S307] were identified [p08]0 S2 was significantly

enriched in the asynchronous extract, and S19%&0d@ were significantly enriched
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in the mitotic extract. None of these sites hachhidentified in the previous mapping,
and only S307 was conserved in the large-scaleafualiynment. The identity scores
of the 13 remaining sites were not significant [0.65], and therefore were not
assigned to mitotic or asynchronous extracts.

This phosphorylation site mapping has identifieddér phosphorylated
residues compared to the previous analysis in@ebt2.2.5. | predict that this is due
to a decrease in the amount of Mto2 analysed asudtof a two-fold reduction in
the starting material used in the second mappi@gy[8f cells vs. 15 g of cells]. 13
out of the 16 peptides identified in the second piragpwere not statistically
significant. This is likely to have been exacerddtg a ten-fold enrichment of
peptides from metaphase arrested culture. It isiplesthat the over-representation
of non-labelled protein is due to inefficient inporation of the isotopes. To test this,
random proteins were isolated from boiled extrattsells grown in labelled
isotopes. Analysis of the proteins by mass spe@tgnidemonstrated that isotope
labels were being efficiently incorporated [data stwown]. Alternatively, it is
possible that there was inaccurate mixing of tHauges prior to harvesting, therefore
in future experiments extracts should be normalaftst cell harvesting and extract

preparation in order to minimise potential diffezes in protein levels.
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Coomassie

< Mto2 band 2
< Mto2 band 1

| TEV
protease

1 MSEHNYQSDR EVAEDPFLNY EASANQLSSN SRESTPRGSP WRAGVRSASL MIEPLEDSMY
61 SDNNYLDNGV SFTKDENPLY SPSWPSLADA NVNSMKSNNA | QEHKAAKFV SEKSLEKVST
121 ADNNLVLQEL ENLRERLNQV ELQLSERPSS YLGYHNNLSP YRSPNSYPSL LPSTHSPHSP
181 APLSTMJTAL MRLRTYHPSP || LKPVEQAV NHAI TLVNTS PSSVVDALCR SLAELCLGLV
241 QEAI DASI LS QQESSNSLDL VRHTPPLNYT SSVDSSPOQRM ASDSYCGRPSL HLNDPFPSVD
301 LQSNELSHHN VRTTLFSDDS RFHSKI HTHS TPPSQWSAA SHFRYRSDPS TRHVSNSTNK

361 SSLHPSPTSL RVAHPI | POR ASPASQSFPS LQDTPSP

Figure5.11 Mto2 phosphorylation sites identified by mass specetry analysis
of protein purified under denaturing conditions] Purified Mto2 was analysed
by 10% SDS-PAGE and the gel was stained with Cosi@gStrain KS3953].
Mto2 [right lane] was identified relative to moléauweight standards [left lane].
Mto2 bands 1 and 2 were analysed and the majdrityta2 peptides were found
in band 1. [B] The Mto2 amino acid sequence witihn2b identified
phosphorylation sites indicated in red. Amino aesidue numbers indication on
the left.
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Residue Top Mass Spec

number Sequence Residue |dentity Score
81 NPLYSPSWP 5 94
111 AKFVSEKSL 5 16
150 ERPSSYLGY 5 o6
159 HNNLSPYRS 5 G
167 SPNSYPSLL Y 24
169 NSYPSLLPS 5 31
174 LLPS THSPH T 58
176/ PSTHSPHSP 5 66
179 HSPHSPAPL 5 76
185 APLS TMQTA T 58
264 LVRH TPPLN T 71
269 PPLNYTSSV Y 63
271 LNYTSSVDS 5 g4
272/ NYTSSVDSS 5 52
275 SSVDSSPQR 5 52
276 SVDSSPQRM 5 76
282 QRMASDSYG 5 36
284 MASDSYGRP 5 45
330 IHTHSTPPS 5 70
331 HTHS TPPSQ T i
334 STPPSQMYS 5 35
361 STNKSSLHP 5 42
362 TNKSSLHPS 5 42
366 SLHPSPTSL 5 29
369 PSPTSLRVA 5 30

Table 5.2 25 high-scoring phosphorylation sites identifigdnbass spectrometry
analysis. 25/33 of the identified resides had antity score > 20 and were
considered for further analysis. These includederthes, 4 threonines, and 2
tyrosines. Peptide assignments and identity sdordbe 25 residues are listed,
where residues were identified in more than ongigejpthe highest scores are

listed above.
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JokDa -«— IgG_heavy
chain
31kDa | 196 iight
chain

MSEHNYQSDR EVAEDPFLNY EASANQLSSN SRESTPRGSP WRAGVRSASL MTEPLEDSMY
SDNNYLDNGV SFTKDENPLY SPSWPSLADA NVNSMKSNNA | QEHKAAKFV SEKSLEKVST
ADNNLVLCQEL ENLRERLNQV ELQLSERPSS YLGYHNNLSP YRSPNSYPSL LPSTHSPHSP
APLSTMQTAL MRLRTYHPSP | | LKPVEQAV NHAI TLVNTS PSSWDALCR SLAELCLGLV
QEAI DASI LS QQESSNSLDL VRHTPPLNYT SSVDSSPQRM ASDSYGRPSL HLNDPFPSVD
LQSNEL SHHN VRTTLFSDDS RFHSKI HTHS TPPSQWSAA SHFRYRSDPS TRHVSNSTNK

SSLHPSPTSL RVAHPI | PQR ASPASQSFPS LQDTPSP

Figure 5.12 Phosphorylation mapping of mitotic phosphorylatsites using

SILAC identified two residues that were signifidgrénriched in metaphase

arrested sample. [A] Mto2-TAPS was purified usig&ilinked Dynabeads [Strains
KS5479 and KS5477]. Eluate was analysed by 10% BARSE and the gel was
stained with Coomassie. [B] 16 phosphorylationssitere identified. 3 sites were

found to be significantly enriched in either inteage or mitosis. Green = mitotic

sites; blue = interphase sites; red = unassigned.
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Ratio H/L

Residue | Amino Sequence window | Best Motif | Mormalized | Significance

number = acid

by Proteins

2 S _ MSEHNYQS 7.6023 0.0002
81 S DEMPLYSPSWPSL 0.6438 0.2576
159 S GYHMMLSPYRSPM CDK2 0.523 0.1441
163 S NLSPYRSPNSYPS CKA 1.6237 0.1587
169 S SPNSYPSLLPSTH CKA 1.6237 0.1587
174 T PSLLPSTHSPHSP MNEKE 1.6237 0.1587
176 S LLPSTHSPHSPAP CKA 0.6973 0.311
179 S STHSPHSPAPLST 1.5083 0.1905
185 T SPAPLSTMQTALM 1.6237 0.1587
199 S LRTYHPSPILKP CKA 0.0983 6.28E-06
282 S SPQRMASDSYGRP  CAMK2 0.6894 0.3031
289 S DSYGRPSLHLNDP = AURORA 0.8245 0.4358
303 S PSVDLQSNELSHH GSK3 0.6894 0.3031
307 S LQSNELSHHMVRT CkA1 0.1531 0.0002
3N T KIHTHSTPPSQMY Folo box 0.5396 01587
366 S KSSLHPSPTSLRV MEKS 1.1906 0.3159

Table 5.3 Phosphorylation sites identified by mass specttonanalysis of

purified Mto2 using SILAC. 16 phosphorylation sitgsre identified. The ratio of
H [heavy] / L [light] was normalised relative taabprotein levels, and represents
quantitative interphase/mitotic levels. The sigrafice of each score was plotted

and those residues with p < 0.05 were consideneflifther analysis.
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5.2.3 Generation of phosphorylation mutants and analysis of

phenotypes

Having identified a number of candidate phosphairgh sites on the Mto2
protein, a series of mutants were generated basdidferent criteria. For historical
reasons, the phenotypic analyses of the prelimimarants described in this section
were based on cellular localisation of HFG-Mto2eThsults described in the first
part of this chapter show that phosphorylation IBKT-Cyclin B disrupts the
Mtol1/2 complex, therefore, | predict that the Midie2 interaction would be
maintained by the introduction of non-phosphonp&anutations. As wild-type
Mto2 co-localises with Mtol throughout the cell Bydhe subsequent maintenance
of the Mto1-Mto2 interaction would not change Mio2alisation. Alternatively,
phospho-mimetic mutants could cause a constitaliseiption of the Mto1-Mto2
interaction and subsequently all HFG-Mto2 local@aivould be lost, however, it
would difficult to distinguish between loss of fuimn due to the disruption of the
Mtol1-Mto2 interaction and loss of function due trtprbation of Mto2 protein
folding.

Consequently, the phenotype of phospho-mutantstaried in the latter
part of this section were assayed based on theauehvelope localisation of Mtol
[1-549]-GFP. In section 5.2.1.6 and 5.2.1.7, | skdwhat Mtol [1-549]-GFP
localisation at the nuclear envelope is dependemMim2 [most likely through the
formation of the Mto1/2 complex] and that this lbsation is lost during mitosis.
This suggests that disruption of the Mto1/2 complaxng mitosis is sufficient to

dissociate the complex from the nuclear enveloperdfore the nuclear envelope
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localisation was used to indirectly assay the gisom of the Mto1/2 complex
containing non-phosphorylatable Mto2 mutants. bprted that as Mto2 is not
phosphorylated, the Mtol [1-549]-GFP / Mto2 complexd subsequently the
nuclear envelope localisation of Mtol [1-549]-GFBuld be maintained in mitosis.
However, this prediction is based on the assumgliat maintenance of the
Mto1/2 complex is sufficient to sustain nuclear €ope localisation during mitosis.
It is possible that other factors may be involved, disruption of the interaction
between Mtol and the unidentified nuclear envejmogein. Consequently,
biochemical methods are required to directly deteerwhether the Mto1-Mto2
interaction has been maintained during mitosi©i@éMto2 non-phosphorylatable

mutant background.

5.2.3.1 Phenotypic analysis of Mto2 phospho-mutants derived from

conservation with S. japonicus

Five S/T-P residues conserved within the alignnoé& japonicus
SJAG_03264.2 were mutated to alanine using sitetiid mutagenesis. A sixth
mutant was constructed that contained S/A mutations for all five sites. Each
mutant was recombined into amt81:HFG-tagging vector (Matsuyanshal. 2004)
and transformed intoto24 [KS976]. Control images were taken of both
endogenous Mto2-GFP antt81:HFG-Mto2. Figure 5.13 demonstrates that the
localisation of Mto2 at the eMTOC, iISPB, mSPB and-kssociated satellites in alll
six mutants was comparable to both wild-type cdstiéxamination of the mitotic

cells demonstrates that there are no residual iM3,@6d the level of Mto2 at the
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HFG-Mto2 Mto2-GFP

mSPB

eMTOC
iMTOC

iSPB

HFG-Mto2 T35A

Figure 5.13 Phenotypic analysis of alanine mutants identibgatonservation of

Mto2 S/T-P sites witls. japonicus demonstrated that there were no defects in
cellular localisation compared to WT. [Strains KEBQ4KS3915, KS3923, KS3925,
KS3927, KS3929, KS3931 and KS3933]. Maximum pragest of wide-field
images taken of HFG-Mto2. WT MTOCSs indicated [geggows]. Scale bar = 10

pum.
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SPB and eMTOC appears to be normal. Followingahalysis, several other fungal
homologs of Mto2 were identified, including tBeoctosporus homolog
SOCG_01774.2. This sequence was found to be signify more closely related to
Mto2 thanS. japonicus SJAG_03264.2. The alignment with all fungal hongslo
showed that only two of the five S/T-P sites thatevmutagenised in this analysis
were conserved in other fungi [Appendix V]. Basedhis observation, it is unlikely
that further analysis would demonstrate that tmesephosphorylatable mutants

could prevent the Mto1/2 complex dissociating inasis.

5.2.3.2 Phenotypic analysis of Mto2 phospho-mutants derived from mass

spectrometry mapping

The 25 phosphorylation sites identified by théi@himass spectrometry
analysis can be roughly divided into three clusteyp@ups as shown in Figure 5.14,
Panel A. These groups were separately targetadditagenesis. For all three groups,
sequences that contained both non-phosphoryla&ible A and phospho-mimetic
S/T- D substitutions were constructed. HFG-tagged mstamete constructed
through recombination into amt81:HFG N-terminal tagging vector (Matsuyarsa
al. 2004). The sequences were transformedmit24 Atb2-GFP [KS1409], where
Mto2 was expressed from amt81 promoter at théeul locus. Figure 5.14, Panel B,
shows the MT distribution in the HFG-Mto2 block raot background. This was
quantified in Figure 5.14, Panel C [summarisedlyid 5.4]. Mto2 localisation and
MT length/number were compared for the six phosylation site mutants. The

most striking difference in MT bundle number anagth was observed for the
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Mto2-1D mutant. HFG-Mto2-1D had fewer MT bundlesH25 + 0.733] than wild-
type [3.737 = 0.943], and the distribution of shortong MT bundles resembled the
profile observed fomto24 strain [inmto24, 80% of the MT bundles were longer
than half the length of the cell]. Mto2-1A and M{@2 had the same number of MT
bundles as wild-type but a higher proportion ofrsiT bundles. The significance
of this observation is unclear.

These results suggest that the function of Mta2ldeen compromised in
HFG-Mto2 1D, particularly in relation to MT nucléa during interphase. The
nature of this analysis meant that maintenanckeito1/2 complex in HFG-Mto2
1A could not be detected. However, due to the gegophenotype, the properties of
HFG-Mto2 1D were analysed further. This mutantastipularly interesting, as the
mutated sites are close to the coiled-coil domdirckvis predicted to facilitate the

Mto1-Mto2 interaction as described in chapter four.

5.2.3.3 MBP-Mto2 1D is able to interact with wild-type Mto2 and Mtol

In vivo characterisation of HFG-Mto2 1D suggests thafinetion of Mto2
has been compromised. In order to test this fulltbén the Mto2-Mto2 and Mtol-
Mto2 interaction of Mto2 1D were analyseuvitro. Figure 5.15, Panel A and B
show amylose pulldown assays using MBP-Mto2 1Dadis I fig 5.15, Panel A
NusA-Mto2 protein was pulled down by both MBP-Mt@2d MBP-Mto2 1D at
comparable levels, indicating that the phosphoigtesite mutants did not affect the
ability of Mto2 to self-interact. Figure 5.15, RduB shows that Mto1-13myc was

co-precipitated in the presence of MBP-Mto2 at Emevels for both wild-type and
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Figure 5.14 Analysis of MT dimensions in Mto2 large scale ghtus-mutant
demonstrates that Mto2 1D has a we#t24-like phenotype. [Strains KS1409,
KS3915, KS4466, KS4469, KS4472, KS4475, KS4478KkBd481] [A]

Schematic diagram of 25 phosphorylation sites a2Mdentified by mass
spectrometry superimposed on predicted secondargtste.a-helix [blue
cylinders],3-sheet [red arrows]. S/T/Y residues as indicatecewiévided into 3
Blocks. [B] Maximum projections of widefield images§ HFG-tagged block
mutants. Scale bar = 10 um. [C] Quantitation of Mihdle number and length. X =

length of the cell. Error bars are calculated fistandard deviation.

. Significance
Mutant ti:;ll:;o[:i :;g} compared with % Short MT % long MT

Mean No. of short MT Mean No. of long MT
bundles (n=100) bundles (n=100)

WT
WT 37370043 239 T4 0.97 =0.98% 2768 £0.941
MtolD 1.305 £0.705 p < 0.001 17.5 823 0263 +£0.504 1242 £ 0473
1A 3364 £1.331 p=0233 30.7 403 1.705 £ 1.368 1.879 = 0.832
1D 25250733 p <0001 204 9.6 0515 = 0.747 2.010 = 0.692
2A 3.566 = 1.117 p=0244 49.6 3042 1.768 £ 1.347 1.798 = 0.89%
D 31310500 p <0001 303 69.7 0.949 £ 0.989 2.182=0.730
A 31410670 p < 0.001 30.6 69.4 0.960 + 0.920 2.182=0.702
iD 3162 +0.304 p < 0.001 224 7764 0.707 £ 0.832 2435 =0.742

Table 5.4 Quantitative analysis of MT length and numberairgé scale phospho-
mutants. Statistical analysis was performed usindeéhts unpaired t test for
comparison between two data sets. Mean values [S&bdard Deviation]. P
values < 0.05 indicate a significance when comp#&yeldd T control. Mto2D =
mto24.
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Amylose Pulldown

A
NusA-Mto2 + + +
MBP-Mto2 - WT 1D
MBP-Teal * - -
«— NusA-Mto2
Coomassie: — MBP-Mto2
— MBP-Teal
s
B Amylose
WCE Pulldown
Mtol-myc + + + +
MBP-Mto2 - - WT 1D

MBP-Teal - + - -

WB: | «— Mtol-myc
I_al b l.

Ponceau:
— MBP-Teal

Figure 5.15 Biochemical analysis of Mto2-1D demonstrated thatable to
interact with recombinant Mto2 and Mtol from yeastract. Bacterial extract
containing either MBP-Mto2 or MBP-Mto2 1D was inated with either [A]
bacterial NusA-Mto2 or [B] yeast extract containMtpl-13Myc [KS1507].
Eluates were analysed by 10% SDS-PAGE and the gebktained with
Coomassie or the western blot was probed withragt-[9E10] antibody. Signal
from anti-mouse-HRP secondary antibody was detegttdECL. WCE = whole

cell extract. Images represent the result of alsiegperiment.
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Mto2 1D mutant. This indicates that the phospho-ationmutations of the Block 1
residues do not affect the Mto1-Mto2 interactiohisIcontradicts then vivo

evidence which suggests that the Mto1-Mto2 intépaainay have been disrupted in
these mutants. One possible explanation isithétro, Mto2 1D lacks additional
phosphorylated residues required to fully disrtagt Mto1-Mto2 interaction.
Alternatively, as suggested by the analysis oM@ coiled-coil mutant in chapter
four, it is possible that small changes in thecadficy of the Mto1-Mto2 interaction
that may not be detectablevitro, may be sufficient to alter the function of the
Mto1/2 complex. More direct methods should be useassay the Mto1-Mto2
interaction in the Mto1-1D/1A mutant backgroundisas those described in section

5.2.1.3.

5.2.3.4 Phenotypic analysis of tyrosine phosphorylation mutants

The mass spectrometry analysis of Mto2 purifiedeurdenaturing conditions
identified two potential tyrosine phosphorylatiates [Y167, Y269]. To test whether
phosphorylation of these residues is importanito2 function, Y168 and Y269
were mutated to non-phosphorylatable phenylalangigg site directed mutagenesis.
Mutated sequences were then recombined into ammirtal nmt81: HFG tagging
vector (Matsuyamat al. 2004) and integrated into amo24 strain under themt81
promoter at théeul locus. Figure 5.15, Panel A shows that for botlamis there
were no observable defects in protein localisatioiTOC, eMTOC, iISPB and
MSPB, compared to wild-type HFG-Mto2. The largeleséangal alignment showed

that neither of the tyrosine residues were conskf&ppendix V]. Based on this
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observation, it is unlikely that phosphorylationtieése residues contributes to the

disruption of the Mto1/2 complex during mitosis.

5.2.3.5 Biochemical analysis of purified Mto2 demonstrates that there is no

tyrosine phosphorylation

To confirm that Mto2 is not phosphorylated on sin@ residues, Mto2 was
purified by performing an anti-Mto2 immunoprecipite from extracts taken during
acdc25-22ts cell cycle block and release. These extracts wene probed with an
antibody raised against phospho-tyrosine. Figuté,3anel B shows that when
compared with the positive control there was neckeble signal from purified Mto2.
This indicates that, despite the obvious phosphtion shift in Mto2 [shown when
the western blot is probed with anti-Mto2], thedyine residues in Mto2 are not
phosphorylated. This suggests that tyrosine residientified by the mass
spectrometry analysis in section 5.2.2.5 [Y168, ¥26ay be false-positive
identifications or the stoichiometry of this phospflation is below detectable levels,

possibly having been lost during the preparationative extract.

5.2.3.6 Design of Mto2 combinatorial phosphomutants

Six phospho-variants containing non-phosphorylat&T- A mutations

were designed based on combined evidence fromforanatic and biochemical

identification methods. Variant 1 [table 5.5] cantd 17 mutations which were

targeted if they had a NetPhos score greater tfgrafd were either conserved in
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Figure5.16 Lack of phospho-tyrosine signal and WT phenotyjpli2-Y 168F

and Mto2-Y269F mutants suggests that Mto2 is nosphorylated at tyrosine
resides. [A] Maximum projections of wide-field imegytaken of HFG-Mto2-

Y168F and HFG-Mto2-Y269F. [Strains KS3915, KS4188 £S4186] WT

MTOC:s indicated [grey arrows]. Scale bar = 10 [BhMto2 was purified by
anti-Mto2 immunoprecipitation from extracts madenfrsamples taken every 20
min following release from edc25-22ts G, arrest [KS1280]. Eluates were analysed
by SDS-PAGE and the western blot was probed withrdihphospho-tyrosine
antibody and anti-Mto2. EGF-stimulated mouse emlaxtoact was used as a

positive control. Image represents the result sihgle experiment.

203



8/14 species within the fungal alignment or ideedifin either of the two mass
spectrometry based mappings. Variant 1 also cordaaii three residues that were
identified within a PBD interaction site consensaguence [S-S/T-P-X-R] (El&t

al. 2003b). Variant 2 contained 10 S/T-P sites idattiby anin vitro CDK1

kinase assay performed in the laboratory of K.I&oudanderbuilt U.S.A.
(Rosenburg, J. 2007) [table 5.6]. Variant 3 corgdifi4 mutations of sites that were
found within a degenerate Aurora A consensus seguiatiowing [S/T]-X[1,2]-

[R/K] or [R/K]-X[1,2]-[S/T] [table 5.7] (Dephouret al. 2008). Variant 4 contained

10 mutations in sites that were found within a degate PLK-1 consensus sequence
following [S/T]-X[1,2]-[D/E] or [D/E]-X[1,2]-[S/T] [table 5.8] (Nakajimaet al.

2003; Dephouret al. 2008).

5.2.3.7 Mto2 phosphorylation does not affect the Mtol [1-549]-GFP nuclear

envelope localisation during mitosis

Four Mto2 phospho-variants were synthesised bye@BT [Germany].
Mutagenised Mto2 sequences containing 2 X STOProdere recombined into a
C-terminalnmt81: GFH-tagging vector and integrated into the genome w/itevas
expressed from ammt81 promoter at théeul locus. Transformed strains contained
Cutl2-tdTomato in order to identify mitotic celladicated by duplicated SPBs] and
Mtol [1-549]-GFP to detect the persistence of theIMMto2 interaction in mitosis

through the localisation of Mtol [1-549]-GFP at theclear envelope.
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Figure 5.17 shows that all four of the Mto2 phasphriants displayed Mtol
[1-549]-GFP nuclear envelope localisation duringiiphase, indicating that the
folding and stabilisation of the Mto2 protein hat heen affected by the mutations.
Examination of the signal from Cutl12-tdTomato infalir of the mutants
demonstrated that Mtol [1-549]-GFP did not localtséhe nuclear envelope in
mitosis. To examine the phosphorylation state efNtio2 phospho-variants, extracts
from each strain were analysed by western blour€i$.18 shows that the level of
hyperphosphorylation in Variant 3 and 4 is complrabth wild-typenmt81: Mto2,
indicating that it is unlikely that Polo or Aurokanases contribute to Mto2
phosphorylation. However, the hyperphosphorylatibwariant 1, and to a lesser
extent Variant 2, was significantly reduced comgdarewild-type. This suggests that
the majority of the sites that have been targaetedniutagenesis in Variant 1 are
genuine phosphorylation sites. Interestingly, thigant contains three out of six of
the Block 1 sites identified by both mass spectitoyrmaappings, which gave an
mto24-like phenotype when mutated to aspartate. Thisicos that these sites
appear to be significant in Mto2 function. The veestblot also indicates that the C-
terminal GFH tag is not expressed [expectant médeaveight of Mto2-GFH is 74
kDa].

As this assay does not examine the Mto1-Mto2 aatgwn directly, | cannot
say conclusively whether the Mto1/2 complex remaitect during mitosis in the
Variant 1 background. However, if the Mto1/2 comxptes been maintained, this
result suggests that although disruption of thelVa@omplex may be sufficient to
dissociate Mtol [1-549]-GFP from the nuclear enpelanaintenance of the

complex is not sufficient to keep it at the nucleavelope during mitosis. This
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would indicate that there may be other mechanisnmace to ensure that Mtol is
removed from the nuclear envelope.

Alternatively, if the Mto1/2 complex has not bedigrupted, this indicates
that Mto2 phosphorylation does not contribute ®dissociation of the Mto1/2
complex. To confirm the Mtol1-Mto2 interaction iretphospho-Variant 1
background in mitosis, co-precipitation of Mto2an Mto1-TAPS pull down assay
could be compared between asynchronous and metphasted extract, as

described in section 5.2.1.3.
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Residue NetPhos | S/T/Y-P Conserved in Identified in |ldentified Identified by

Number Sequence Residue Scare site Consensus El._llvcaryote .Rnsenburg by Mass | Mitotic Mass

Alignment Kinase Assay| Spec Spec

35 epres TrPRGS T 0.996 yes AURORA yes yes

39 TPRGSPWRA s 0.994 yes | AURORA/CDK yes yes

81 NPLYSPSWP S 0.926 yes yes yes yes

159 HNNLSPYRS S 0.979 yes CDK yes yes yes

176 PSTHSPHSP S 0.93 yes yes yes yes

179 HSPHSPAPL S 0.994 yes yes yes yes

220| LyNTSPssyY 5 0.964 yes yes

264 | yrRHTPPLN T 0.169 yes AURORA yes yes yes

271 LNYTSsvDs S 0.955 yes yes

276 eypeSParM S 0.985 yes CDK yes yes yes

282 QRMASDSYG S 0.982 AURORA yes yes yes

34 NVRTTLFSD T 0.89 AURORA yes

331 HTHe TPPRQ T 0.578 yes yes yes yes

3| vgaAnSHERY 5 0.978 yes

366 SLHPSPTSL S 0.964 yes yes yes yes

394| gL apTrsp- T 0.772 yes yes yes

396 QDTPSP- S 0.325 yes yes yes

Table 5.5 Mutated residues in Mto2 phospho-variant 1. Mutamttained S/

A substitution at sites that had a NetPhos premicicore greater than 0.9 in
addition to either being identified in the massctp®metry mapping or conserved
in 8/15 species in the fungal alignment. Residuesevalso included if present
within a PBD recognition site consensus [17 sites].

Residue _ NetPhos SIT/Y-P Conserved in - Identified in 4 ey by, Identified by
Number Sequence  Residue Seore site Consensus El._lkaryote _Rnsenburg Mass Spec Mitotic Mass
Alignment Kinase Assay Spec
35 SRES TPRGS T 0.996 yes AURORA yes yes
39 TPRGSPWRA S 0.994 yes | AURORA/CDK yes yes
159 HNNLSPYRS 5 0.979 yes CDK yes yes yes
264 LVRHTPPLN T 0.169 yes AURORA yes yes yes
276 SVDSSPQRM 5 0.985 yes CDK yes yes yes
331 HTHSTPPSQ T 0.578 yes yes yes yes
366 SLHPSPTSL S 0.964 yes yes yes yes
382 PQRASPASQ S 0.992 yes AURCRA yes
394 sLaDTPSP- T 0.772 yes yes yes
396 QDTPSP— S 0.325 yes yes yes

Table 5.6 Mutated residues in Mto2 phospho-variant 2. Mutamttained S/T
A substitution of sites identified in CDK-1-CyclBin vitro kinase assay [10
sites] [Rosenburg, J. 2007].
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Identified in

Residue Sequence Residue NetPhos S'rr'er'P Consensus Clngcearr;enctlem Rngenburg ls;mgg tgel':;iltﬁoiidc
Number Score site Alignment Kinase Spec |Mass Spec
Aszsay

35 SRESTPRGS T 0.996 yes AURORA yes yes

39 TPRGSPWRA S 0.994 yes  AURDORA/CDK yes yes

49 MRSASLMTE S 0.888 AURORA

111 AKFVSEKSL S 0.965 AURORA yes

150 ERPSSYLGY S 0.982 AURORA yes yes

195 MRLRTYHPS T 0.279 AURORA yes

264 LVRHTPPLN T 0.169 yes AURORA yes yes yes

282 QRMASDSYG S 0.982 AURORA yes yes yes

289 YGRPSLHLN S 0.981 AURORA yes

314, NVRTTLFSD T 0.89 AURORA yes

324 SRFHSKIHT S 0.988 AURORA

355 TRHVSNSTM S 0.916 AURORA yes

362 TNKSSLHPS S 0.782 AURORA yes

382 PQRASPASQ S 0.992 yes AURORA yes

Table 5.7 Mutated residues in Mto2 phospho-variant 3. Mutamttained S/T

A substitution of sites found within Aurora kinasensensus sequence [14 sites].

Conserved | Identified in ldentified Identified

Eﬁiiﬁ Sequence | Residue Egcpnhrae S'Z';gp Consensus :gukarynte RT‘;E;:EFQ by Mass by Mitotic
Alignment Assay Spec Mass Spec
31 LSSNSREST ] 0.985 yes
35 SRES TPRGS T 0.996 ves AURORA yes yes
114 VSEKSLEKV S 0.902 POLO yes
119 LEKVSTADN S 0.955 POLO
149 SERPSSYLG S 0.938 yes
223 TSPSSVVDA S 0.995 Ves
271 LNYTSSVDS S 0.955 Ves
276 SVDSSPQRM S 0.985 yes CDK yves yes yes
303 VDLQSMELS 5 0.221 POLO yes
390 QSFPSLQDT S 0.992

Table 5.8 Mutated residues in Mto2 phospho-variant 4. Mutamttained S/T

A substitution of sites found within Polo kinasensensus sequence [10 sites].

208



nmt81:Mtol (1-549)-GFP nmt81:cutl2-tdTomato Merge

nmt81:Mto2
phospho variant 1

nmt81:Mto2
phospho variant 2

nmt81:Mto2
phospho variant 3

nmt81:Mto2
phospho variant 4

209



Figure 5.17 NE localisation of Mto1 [1-549]-GFP in Mto2 phogpmutant
variants is comparable to WT Mto2. Maximum projens of confocal images
taken oimmt81:Mtol [1-549]-GFP and Cutl2-tdTomato. Mitotic cislishown
in the top frame for each mutant [Strains KS59735873, KS5974,
KS5975]. Mto2 was expressed undemam81 promoter at théeul locus.
Scale bar =10 pum.

WCE

nmt81:mto2 WT Vi V2 V3 V4

97kDa

66kDa

anti-Mto2

45kDa

Figure 5.18 Western blot analysis of Mto2 phospho-variantdr&ets from
WT Mto2 and Mto2 phospho-variants 1-4 were analyse8DS-PAGE and
the western blot was probed with anti-Mto2 antibhoflye signal from
IRDye800 was detected using Odyssey V3.0. [StHéB8972, KS5973,
KS5974, KS5975]. Molecular weight standards aréceteéd. Image

represents the result of a single experin
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5.3 SUMMARY OF RESULTS

In this chapter | demonstrated that Mto2 is phosylated. Mto2
phosphorylation was found to be regulated in a@glle-dependent manner,
increasing as cells entered mitosis. Co-immunopi&tion experiments
demonstrated that when cells were arrested in ratapy Mto2 was unable to
interact with Mtol. The mitotic disruption was confed when the Mto1-Mto2
interaction was followed over the whole cell cycle.

In the process of analysing the localisation ef¥Mtol truncation, Mtol [1-
549], | discovered that Mtol [1-549]-GFP localisatat the nuclear envelope was
dependent on Mto2. Upon further examination, | fbtimat Mtol [1-549]-GFP
localisation at the nuclear envelope was disruptedells entered mitosis and
returned during telophase. Based on this resatintiude that the dissociation of
Mtol [1-549]-GFP from the nuclear envelope resiutimn the disruption of the
Mto1/2 complex most likely as a consequence of Mth@sphorylation.

Analysis of the Mtol y-TuSC interaction revealed that Mto2 is not reclire
for Mto1 to efficiently interact with thg-TuSC during mitosis. This is not surprising
given that astral MTs are nucleatedmito24 strains. This result suggests that a
different Mto2-independent Mtol complex is assemlaiemSPBs [and probably
ISPBs] compared with the Mto2-dependent Mtol compksembled at non-SPB
IMTOC:Ss. It is possible that Mto2 may not be reqgdifer nucleation from the SPB
[and eMTOC to a lesser extent] as the high locateatration of low affinityy-
TuSC / Mtol interactions may be sufficient to suppdT nucleation. However, this

result is contradicted by the localisation of MtoZhe mSPBn vivo (Samejimeet al.
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2005). If the Mto1-Mto2 interaction is disruptedvihis Mto2 being targeted to the
MSPB? It is possible that the weak interaction witgny-TuSC is sufficient to recruit
Mto2 to the SPBs (Samejinghal. 2008). An in depth analysis of the timing of
Mto2-GFP recruitment [in addition to other fluoreattags] in the absence of Mtol,

may help to resolve this issue.

Multiple bioinformatic and biochemical based metbovere used to identify
potential phosphorylation sites on Mto2. These phosylation sites are listed in
Appendix IX. Initial attempts to characterise theepotype of several phospho-
mutants was based on the cellular localisationféGHMto2. This assay was
subsequently discovered to be inappropriate, hewsd that the primary effect of
Mto2 phosphorylation is likely to be through therdiption of the Mto1-Mto2
complex, therefore maintenance of the interactiargeneration of non-
phosphorylatable mutants would result in wild-typ?2 localisation. Further
analyses of these mutants should examine the Mt@P-Mteraction by co-
Immunoprecipitation.

The phospho-mutants that had been designed basedss spectrometry
mapping of Mto2 purified under denaturing condisamere also characterised based
on MT length and number. This analysis demonstritatthe phosphorylation sites
near to the predicted coiled-coil Mtol interactaimain [Block 1] may contribute
to disruption of the Mto1-Mto2 interaction, as ppbs-mimetic mutations resulted
in anmto24-like phenotype [expected if the Mto2 was unablenteract with Mto1].
Invitro analysis of the Block 1 phospho-mimetic mutantnaolestrated that both the

Mto2-Mto2 interaction and the Mto1-Mto2 interactibad not been disrupted. It is
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possible that then vitro assay used to test the interactions was not sensitough
to detect small changes in the efficiency of the MMto2 interaction that may have
large effects Mtol functiom vivo.

Overall this mutagenic analysis suggests that samadl of the
phosphorylation sites in the Block 1 mutant areliiko be phosphorylated. It is
possible that phosphorylation of these residuearsda addition to several other
sites, and only when all of these residues have bemlified will this be sufficient to

disrupt the Mto1-Mto2 interaction to a level thande detecteih vitro.

A method of SILAC labelling has been developedfigsion yeast in our
laboratory by C. Bicho (Bichet al., manuscript in preparation). The quantitative
nature of this method made it possible to ideriifynass spectrometry those
residues that were specifically phosphorylatedrdumitosis. Unfortunately, the
results from this mass spectrometry analysis atéyiified 15 unique
phosphorylation sites, compared with 25 sitesweat identified in the first
mapping attempt. It is possible that this may be wua reduction in the amount of
purified material analysed. For future analysisrendto2 protein needs to be
analysed in order to increase the likelihood ohtdging more phosphorylation sites,
particularly sites that are phosphorylated witbhwa stoichiometry.

Four additional non-phosphorylatable mutants wiesigned using evidence
from a combination of biochemical and bioinformatitalyses. The sites in each
mutant were selected based on the several critéaugant 1 sites were targeted if
they had a high NetPhos score and were eitheryhagitiserved or identified in one

of the two mass spectrometry mappings. Variansa micluded the three residues
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that were found within the PDB binding consensugisace. Variant 2 sites were
targeted for mutagenesis as they had previously laestified asn vitro CDK1-

Cyclin B phosphorylation sites (Rosenbet@l., 2007). Residues were mutated in
Variants 3 and 4 if they were found within AuroraaAd Polo kinase consensus sites,
respectively. Unlike the first set of mutants, M®1-Mto2 interaction was assayed

in these phospho-variants. This was based on ttlearuenvelope localisation of
Mtol [1-549]-GFP during mitosis, where it was asedrthat if the complex was
maintained in a non-phosphorylatable mutant MtaZbeound, the nuclear

envelope localisation will also be maintained.

Microscopic analysis demonstrated that the mitoticlear envelope
localisation of Mtol [1-549]-GFP was disrupted Ihfaur mutants. Interestingly,
when the Mto2 phospho-variant proteins were exathinewestern blot, Variant 1
showed a significant reduction in Mto2 hyperphosplation. This result indicates
that a proportion of the residues targeted in \rarla are phosphorylated vivo.

This demonstrates that the inability to phosphaieyMto2, and potentially
the presence of an intact Mto1/2 complex, is nfficgent to maintain the Mtol [1-
549]-GFP at the nuclear envelope during mitosibeDtactors may be involved to
ensure that nucleation complexes are re-localisexitosis. For example, the
nuclear envelope protein that binds Mto1, alondnwito1 itself, may also be
phosphorylated. Mto1/2 complexes may be re-locdlisem iMTOCSs other than the
nuclear envelope in a similar manner, howeves, likely that in all cases other
mechanisms are also in place to ensure that Mteetlscalised efficiently e.g. de-
polymerisation of cytoplasmic MTs through the actad plus-end binding proteins

and other MAPs (Grallest al. 2006).
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In order to conclusively examine the role of Mf#bsphorylation in the
formation of the Mto1/2 complex | need to direallgmonstrate that the Mto1-Mto2

interaction has been maintained in the Variantckgeound in mitosis.

Alternatively, it is possible that Mto2 phosphatybn in mitosis is merely
correlated with the disruption of the Mto1-Mto2draction and not causally linked
i.e. Mto2 phosphorylation may play a role in a eliéint aspect of Mto1/2 function.
The phenotype of Mto2 Variant 1 needs to be exadhinghe full length Mtol
background, to determine the consequences of Mio2ghorylation to the MT

nucleation efficiency of the subsequent Mto1/2 claxp
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CHAPTER 6

DISCUSSION

One of the aims of this project was to determheerhechanism that underlies
Mtol/2-mediated activation of theTuSC in facilitating the nucleation of non-
centrosomal linear MT arrays 8f pombe. Specifically, it was hoped that my
research may be able to provide evidence to suppernplate model for TURC
assembly by the Mto1/2 complex. Through calculatibthe size of Mto1/2 complex
| aimed to confirm whether multimerisation of sealeropies of the Mto1/2 complex
is required to drivg-TURC assembly.

Determination of the copy number of Mtol and Miw2he Mto1/2 complex
has been challenging due to the formation of thel¥® 60 — 80 S complex. | was
unable to determine whether the Mtol 60 — 80 S ¢exmesulted from Mtol
association with large cellular particles, or wiestth was caused by protein
aggregation. Assembly of this large complex wasmated by association with the
SPB, however, this was only true for a fractiorihef 60 — 80 S complex and it
remains possible that SPB-association may promoteip aggregation by
increasing the local concentration.

Inclusion into a 60 - 80 S complex was also obesgfer members of thg
TuSC, independently of Mtol. The hydrodynamic asedyof purified-TuSC
proteins in other organisms has not revealed tbggmce of large complexes [ > 35
S], suggesting that the complex formedipombe may not represent the equivalent

complex in higher eukaryotes (Kelloggal. 1992; Raffet al. 1993; Stearnet al.
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1994; Zhenget al. 1995; Oegemat al. 1999). Unlike the extraction buffers using in
this study, these analyses have included 100 uM, @hRh has been shown to
reducey-TuSC aggregation (Oegeraial. 1999). Therefore all future analysis of the
y-TuSC inS pombe should be performed in the presence of GTP.dossible that
this may also help prevent aggregation of the Mtabmplex.

Hydrodynamic analysis of both Mtol and Mto2 hasrbdifficult due to the
unusually large distribution of protein over badtie sucrose density gradient and gel
filtration fractions. The large spread of Mtol avitb2 following fractionation
means that all molecular weight calculations deelyi to represent an average value.

| hypothesised that the spreading may arise framrtclusion of protein
within detergent micelles, however, use of a ddfardetergent [0.5% v/v CHAPS]
with a smaller micelle size had very little effect protein distribution [data not
shown]. When purified recombinant Mto2 was analyisgdel filtration following
pre-fractionation by sucrose gradient, there was $preading [fig 4.1]. This
indicates that the spreading is likely to resudtirthe presence of other cellular
proteins; therefore future hydrodynamic analysesikhbe performed using purified
yeast protein, as | predict that this will proda@ceore homogenous mixture of
protein that would distribute among fewer fractions

Using protein quantification methods derived frprotocols performed in the
laboratory of T. Pollard (Wet al. 2005), | was able to determine that there are
equivalent numbers of Mtol and Mto2 molecules witthie cell [Appendices VII
and VIII]. Additionally, in chapter five | have stvm that the nuclear envelope
localisation of over-expressed Mtol [1-549]-GFPuiegs simultaneous over-

expression of Mto2. Therefore, although | was ¢ &0 demonstrate the copy
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numbers of Mtol and Mto2 within an active nucleatbmmplex, these additional
results suggest that the Mto1/2 complex is likelgdntain comparable levels of
Mtol and Mto2.

In chapter three | demonstrated that removal ®Gkerminal 315 aa of
Mtol prevents it from associating with or assentlimo the 60 — 80 S complex.
This allowed me to determine that the Mtol1 [1-800fto2 complex is likely to be a
heterotetramer composed of two molecules of Mtal.taro molecules of Mtodn
vivo evidence suggests that multiple Mto1/2 heteratetra are present at non-SPB
IMTOCs. However, as only single heterotetramersdatected by hydrodynamic
analysis, it has not been possible to determinedpg number of Mtol [1-800] and
Mto2 within the active complex. It would be intetiag to investigate using purified
proteinsin vitro, whether single heterotetramers are able to premidt nucleation.
Although this is unlikely to reflect the situatiomvivo, the activity of single Mto1/2
heterotetramers would at least suggest thag-heSC has the potential to nucleate
MT without further assembly into theTURC. The nature of this association would
reinforce the Protofilament model of MT nucleat{@&ricksonet al. 1996a).
Arguments againgt TuSC-mediated nucleation from higher eukaryoteppse that
the efficiency of nucleation from this complex wadulot be high enough to support a
dynamic MT array. However, & pombe does not have as many MT bundles it is
possible that a high concentration of low efficigigomplexes may be sufficient.
Alternatively, single Mto1/2 heterotetramers may imduce nucleation from single
y-TuSCs e.g. possible that each heterotetramer hwdaintain twoy-TuSC binding
domains, can induceTURC formation by an increase in local concentratfy-

TuSC, sufficient to promote TURC self-assembly.
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In summary, | have shown that it will not be pb#sito analyse the Mto1/2
complex containing full length Mtol. The inconsistes between th@ vitro andin
vivo data highlight the difficulties of studies of tmature. Subsequent purification
and structural analysis should therefore be peddrosing the Mto1/2 complex
containing truncated forms of Mtol, such as Mto-B{ID] or Mto1 [1-549], in order
to determine the level of Mto1/2 complex multimatien. This line of research is
currently being pursued in the Sawin lab. This $thése¢ accompanied kin vivo
methods such as Fluorescence Correlation Specpp$ECS) that may be able to

measure the concentration of molecules at IMTOCSs.

My research has also addressed the role of Mtté#mthe Mto1/2 complex.
| proposed that Mto2 binding has two functionsstfiyr, Mto2 may facilitate Mtol
multimerisation either through forming higher-ordemplexes or through inducing
structural changes in Mtol that promotes Mtol as$iociation, and secondly, Mto2
binding may activate Mtol which promotes the MtgATuSC interaction. This
hypothesis was supported by observations in thdystwherebyn vivo, the signal
from Mtol-tdRFP satellite foci was reduced in thsence of Mto2 and | have
shownin vitro that there is approximately a 4-fold reductiothea amount of-

TuSC that interacted with Mto1-TAPS mto24.

The observation that Mto2 is present in dimerrofavithin an active
nucleation complex [Mtol [1-800] / Mto2] suggesthdt the Mto2-Mto2 interaction
may play an important role in one or both of thigsetions. In chapter four, |
described attempts to determine the contributioMi@?2 multimerisation to Mto1/2

complex function. This analysis was encumberecbyfact that Mto2 was found to
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be tetrameric, therefore there are a number ofdot®n sites that needed to be
identified and disrupted in order to generate tlomomeric form of Mto2 required to
conclusively test the contribution of the Mto2 nmkrisation to the function of the
Mtol1/2 complex.

Mapping of the Mto2-Mto2 interaction and subsequéentification and
mutagenesis of Mto2 coiled-coil, suggested that ithgion is required for the Mto2-
Mto2 interaction. Hydrodynamic analysis of the edicoil mutant demonstrated that
it was dimeric, consequently there are other regimar the C-terminus that also
facilitate the Mto2-Mto2 interaction. Further aysb of the Mto2 coiled-coil mutant
has shown that this region is required for thecgdfit interaction with Mtol. Despite
being sufficient to disrupt the Mto2-Mto2 interacti mutation of hydrophobic
residues within the Mto2 coiled-coil domain to asjgaacid was not sufficient to
completely interrupt the Mto1-Mto2 interaction. Hewver, phenotypic analysis of
this mutant revealed anto24 phenotype whereby MT nucleation from non-SPB
IMTOCs was abolished. This result suggests thasyiseem is highly sensitive to
changes in interaction efficiencies e.g. a 50% dindpe efficiency of the Mtol-
Mto2 interaction [in a HFG-Mto2 background] doeg affect the function of the
nucleation complex, however, further a reductiasiléd-coil mutant] causes loss of
all non-SPB iMTOC nucleation.

In chapter four | demonstrated that dimeric HFG®/is sufficient to
promote wild-type MT nucleation, which in addititmprevious analysis of Mto1-
YFP satellite foci in the presence of Mto2-CFP anthgged Mto2 (Samejinet al.

2005) suggest that Mto2 tetramerisation is notireguor Mto1/2 complex
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assembly or function. Rather, tetrameric Mto2 nmidgeasfrom the association of un-
complexed Mto2 dimers, acting as a storage forpraotein.

This analysis does not support my prediction ldafe-scale multimerisation
of Mto2 is able to drive Mto1/2 assembly. Alternaty, it is possible that Mto2
binding induces a structural change in Mtol thahptes multimerisation of Mto1l.

Weak Mtol-tdRFP satellite foci were observedin24. This suggests that
Mtol has a limited capacity to self-assemble, windikely to be promoted by
increasing the local concentration of Mtol throtggeting the protein to MTOCs.
When the localisation signals in the C-terminudtdl are removed, assembly of
the complex appears to be facilitated solely bypitesence of Mto2, as large Mtol
[1-549]-GFP foci at the nuclear envelope were mesent in the absence of Mto2.
Although no obvious differences can be observedidet the Mtol satellites in the
full length and Mtol [1-549] backgrounds, it woldd interesting to investigate
whether they are structurally different, the forrhaving been assembled primarily
through the Mtol coiled-coil, and the latter havivegen assembled though the action
of Mto2.

In addition to inducing Mto1l multimerisation it w@roposed that Mto2 may
also function by promoting the Mtoy/TuC interaction. For example, Mto2 binding
may cause a structural change in the conformatfidtol that increases the affinity
for y-TuC [and also potentially promote Mtol multimetisa]. It is also possible
that Mto2 may provide part of theTuC interaction interface as suggested by the
observation that Mto2 can interact with ta@uSC independently of Mtol
(Samejimeet al. 2008). Further work is required to determine whethis aspect of

Mto2 function occurs independently of Mto1/2 comqteultimerisation, or whether
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the increase in Mto$-TuC interaction efficiency occurs as a result abR4
dependent association piTuC-binding sites. In addition, further mutagesasi
required to obtain monomeric Mto2, which would allone to assess the

significance of the Mto2-Mto2 interaction to thenéition of Mto2.

The research presented in chapter five examireedole of Mto2
phosphorylation in the regulation of Mto1/2 compétivity. The regulation of this
complex is proposed to be a key mechanism to ahexcell to specify when and
where MT nucleation occurs. Spatial and temporahmagulation of MT nucleation
may have drastic effects on cellular organisatpamticularly in mitosis when
nucleation of an interphase array may restrictakiel of a3-tubulin available to
polymerise the MT spindle.

Thus, | demonstrated that hyperphosphorylatioMtm2 during mitosis
corresponds to the disruption of the Mto1/2 compléhe Mto1/2 complex may be
disrupted during mitosis to facilitate re-modelliogthe Mto1l A-TuC complex i.e.
allowing Mtol and thg-TuC to relocate to the SPB where they are requoed
nucleate the spindle and astral MTs. Simultaneqbsiypreventing Mto2 from
interacting with Mtol, this may be part of a numberedundant mechanisms that
discourage iIMTOCs being assembled during mitosis.

In this analysis | used several bioinformatic &rmthemical based
techniques to identify Mto2 phosphorylation sifEsese include identification of
conserved S/T residues and analysis of purified2\Nbyp mass spectrometry.
Purification of Mto2-HTB under denaturing condit®successfully identified 25

phosphorylation sites, however, attempts to erfocimitotic sites using SILAC did
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not generate convincing results. It is thought thatreduction in identifications may
be due to the relative amounts of purified protéhiis should be considered when
performing Mto2 purifications in future analyses.

Initial attempts to assess the contribution ofittemtified potential
phosphorylation sites to Mto2 function were notcassful, with the exception of the
analysis of the Block 1 mutant, constructed basethe results of the mass
spectrometry analysis. This mutant included fosidees that were within 30 aa of
the Mto2 coiled-coil domain / Mtol interaction damarhis result correlates with
the conclusions drawn from previous data whichestaat the Mto1-Mto2 interaction
is disrupted as a result of Mto2 phosphorylation.

Phenotypic analysis of the mutants constructeteriatter stages of my
study involved examination of the Mto2-dependenalsation of Mtol [1-549]-
GFP at the nuclear envelope. These mutants westrooted based on several lines
of evidence gathered over the course of my projgatortunately, none of the four
non-phosphorylatable Mto2 variants displayed thentoon of Mtol [1-549]-GFP on
the nuclear envelope that was predicted basedsastained Mto1-Mto2 interaction.
However, Mto2 Variant 1 did show a significant retlon in phosphorylation when
the protein was analysed by SDS-PAGE and westetnThis result is interesting as
several of the phosphorylation sites uniquely teagén Variant 1 overlap with sites
identified by both mass spectrometry based mapm@ndgsa number of these sites
were mutated in the Mto2 Block 1 mutant. Again,suing previous evidence that
phosphorylation of the Mtol interaction domain afol?l may contribute to the
disruption of the Mto1/2 complex. Unfortunatelyetltocal environment of the

residues that had been uniquely targeted in Vafiams not indicative of a specific
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kinase consensus. However, as the phosphorylatts af Mto2 was partially
reduced in the Variant 2 background, this suggesitsCdc?2 is the most likely
candidate. This is supported by mmyitro kinase assay, and the observation that
Cdc2 interacts with Mtol during mitosisvivo [data not shown].

Further investigation of Mto2 Variant 1 shouldsfidetermine biochemically
whether the Mto1-Mto2 interaction is maintainedidgmitosis. Without showing
that the complex has been disrupted it is not ptessd conclude that Mto2
phosphorylation plays a role in Mto1/2 complex fatian. Myin vitro CDK kinase
assay did not distinguish whether Mto1/2 disrupti@as caused by Mtol
phosphorylation or Mto2 phosphorylation. This igontant as previous evidence
have indicated that Mtol homologs are phosphorgldtging mitosis in other

organisms (Dobbelaert al. 2008).

One key question regarding the function of Mta& tlvas not directly
addressed in this study is why Mto2 is specificadiguired for nucleation from
IMTOCs and not the SPB. The research presentddsmeport may provide
information that can help to answer this questidrypothesise that Mto2 may not be
required at the SPB because Mtol dimers [and piplbédther order complexes] are
present at a high enough concentration that theakvaffinity for the-TuSC is able
to compensate for the lack of high efficiency M®&bomplexes, and is sufficient to
support MT nucleation. For example, if 1 out of gv&0 Mtol dimers were able to
initiate MT nucleation, but 9 out of every 10 Mt@X-domplexes were able to nucleate
MTs, then 9 Mtol complexes would be required toeate that same amount of

MTs for every single Mto1/2 complex. As relativégw MTs are nucleated from the

225



SPB, patrticularly during mitosis, it is likely thétte cell can tolerate this low
efficiency of MT nucleation.

This theory partially applies to nucleation froine eMTOC. The high
number of Mtol binding sites increases the numb&ve efficiency Mtol /f-TuSC
nucleation events, therefore a low level of MT ®ation can be achieved in the
absence of Mto1/2 complex. However, based on tlekW&A formed inmto24, it
appears that it is not sufficient to nucleate alvi§ipe array.

The formation of high efficiency Mto1/2 nucleatioomplexes may also
explain why the Mto1/2 complex is disrupted in reito For example, in addition to
highly efficient MT nucleation not being requiretthlis point, it would probably be
detrimental to have highly efficient nucleation quexes at the SPB as retention or
depletion of cytoplasmic free-tubulin may prevenifisient levels from entering the
nucleus. In summary, the Mto1/2 complex may beugited during mitosis as it is
too efficient at nucleating MTs, and the cell netdbmit the level of nucleation
from the SPB.

This idea can be related to the nature ofytfi@C formed in the presence of
different types of Mtol complex. The Mtol1/2-linkadcleation complexes are
efficient MT nucleators because they may be abgdftoiently facilitatey-TURC
assembly as a result of Mto2-induced multimerisatibMtoly-TuSC interaction
domains and/or the presence of a form of Mtol ¢hatinteract with thg=TuSC
more efficiently. This is compared with a slow Miotediated-TURC assembly at
the SPB, which, due to the concentration of Mtodhike to undergo some level of
multimerisation, but due to the absence of Mtoteracts with thg-TuRC less

efficiently.
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The presence of both high and low efficiency MTleation complexes
would be advantageous to the cells as in addiaedulating the time and place of
MT nucleation, it also allows it to regulate th&i@éncy of the nucleation. This level
of regulation may be instigated in part by Mto2isTimay be why there are no
known homologs Mto2 in higher eukaryotes, as is¢heells the majority of
cytoplasmic MT nucleation is restricted to the cesvme, where there may be less

requirement to regulate the efficiency or locatdithe nucleation complexes.
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APPENDIX |

Sucrose Gradient calibration for recombinant protein

A 2 ml 5-20% sucrose gradient was calibratedguggl filtration molecular
weight markers [Sigma]. Lyophilised protein was mag to 50 X stock solution [10
mgml*] in 1 X TBS. This contained carbonic anhydras8 B.ww = 29 kDal],
bovine serum albumin [4.3 §w = 66 kDa], alcohol dehydrogenase [7.4.®,= 37
kDa], B-amylase [9 Syw = 50 kDa] and thyroglobulin [19 §w = 110 kDa]. Prior
to use markers were diluted in 1 X TBS and 100 ad Waded onto the gradient.
After centrifugation, 50 ul fractions were colledt@iluted in 2 X SB. 50ul of each
sample was analysed by SDS-PAGE and gel was staitiedCoomassie. Signal was
quantified using Odyssey V3.0 software.

Intensities were plotted and graph was used tmllisestimate the peak
fraction for each marker [Figure Al, Panel A and Bihe peak was then plotted
against the known S-values for each protein [Figurd?anel C]. This curve was

used for estimation of S-values for purified protei

A Sucrose gradient Calibration B3A

B-amylase

—a— Carbonic Anhydrase

—e— Alcohol
Dehydrogenase

Integrated Intensity

Fraction
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Fraction eluted

Swalue | Peak Fraction

Carbonic Anhydrase 2.8 6.7
BSA 4.3 10.2
Alcohol Dehydrogenase 74 17.5
B-amylase 9 22

Sucrose Gradient Calibration

N
N
|

o

S-value
Figurel.a Calibration of the 5-20 % sucrose gradient foiifpad protein. [A]
Graph plotting the integrated intensities for fouwslecular weight standards listed
in table Al. Intensities were measured using Ody3420 [Licor Biosciences,
U.S.A.]. Peak fractions listed in [B] were usedctmstruct a calibration curve
against known S-values [C).
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APPENDIX I

Sucrose Gradient calibration for yeast extract analyses.

A 2 ml 5-20% sucrose gradient was calibrated uggldiltration molecular
weight markers. Lyophilised protein was made upad stock solution [10 mgri]
in 1 X TBS. This contained carbonic anhydrase &.%w = 29 kDa], bovine serum
albumin [4.3 Syw = 66 kDa], alcohol dehydrogenase [7.4.®,= 37 kDa],(3-
amylase [9 Syw = 50 kDa] and thyroglobulin [19 &w = 110 kDa]. Prior to use
markers were diluted in 1 X TBS and 100 pl was émhdnto the gradient. After
centrifugation, 100 pl fractions were collectedutid in 2 X SB. 50 ul of each
sample was analysed by SDS-PAGE and gel was staitiedCoomassie. Signal was
quantified using Odyssey V3.0 software.

Intensities were plotted on a graph which was usedsually estimate the
peak fraction for each marker. The peak was thettgul against the known S-values

for each protein. This curve was used for estinmadibS-values for purified protein.

A Molecular Weight Marker Sedimentation
ig ] —o— Thyroglobulin
ol N —=—BSA
14 | Alcohol dehydrogenase
T S Y AN VA N . +— B-amylase
10 4 —%— Carbonic Anhydrase

Integrated Intensity

P SBE = = SN 2

241 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Fraction
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Swalue | Peak Fraction

Thyroglobulin 19 17
BSA 4.3 A
Alcohol dehydrogenase 74 8
B-amylase 9 10
Carbonic Anhydrase 2.8 3
Sucrose Gradient Calibration

c

=

©

g

"

I

[

o

S-value

Figurell.a Calibration of the 5-20% sucrose gradient for foedli protein. [A]
Graph plotting the integrated intensities for fouslecular weight standards.
Intensities were measured using Odyssey V3.0 [LBiosciences, U.S.A.]. Peak

fractions listed in [B] were used to construct Alcation curve against known S-

values [C].
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APPENDIX 1

Superose-6 calibration for KS1

KS1 Superose 6 10/300GL high performance colunth j@althcare, U.S.A]
was used for analysis of yeast lysate. Calibratiaa performed using markers from
a Gel Filtration Calibration Kit [GE healthcare, SJA] [thyroglobulin,B-amylase
and ferretin], in combination with molecular weigharkers from Sigma, U.S.A.
[BSA and carbonic anhydrase]. A 10 X stock solutidmolecular weight markers
were made in 1 X TBS as follows: thyroglobulin s§ml?, B-amylase = 4 mgr}
ferritin = 0.3 mgmt, BSA = 4 mgmif', carbonic anhydrase = 3 mghistock made
up in dHO]. Prior to use stock solution was diluted witi TBS, and 100ul was
loaded onto the column. AU 600 nm was measure8danl| at a flow rate of 0.4

mimin™. Ve was used to calculate,, for each marker as follows:

Kav=Ve —\p Ve = elution volume
Vit —\4 V, = void volume of the column

Vt = total volume of the gel bed

Column volume Y] = 24 ml. Void volume of the columivg] = 7 ml.

K31 Rm e Kav  v-log (Kav)
Thyroglobulin 8.5 11.8 0.28 0.74
Ferretin 6.1 13.7 0.39 0.64
E-amylase 54 14.8 0.46 0.58
BSA 3.5 16.1 0.54 0.52
Carbonic Anhydrase 2 17.7 0.63 0.45

Tablelll.a Molecular weight markers used for calibration 8 K Rm = Stokes

Radius, Ve = elution volume.
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KS1 Superose-6 Calibration

((nex)bo] -) 1001

Rm (nm)

Figurelll.a Calibration plot for KS1. Stokes radii of known Iecular weight

markers, were plotted againstog[Ka,).
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APPENDIX IV

Superose-6 calibration for KS2

KS2 Superose 6 10/300GL high performance colunth h@althcare, U.S.A]
was used for analysis of purified protein. Calilmatwas performed using molecular
weight standards from a Gel Filtration Calibratkin[GE healthcare, U.S.A]
[thyroglobulin, ferretin, aldolase, ovalbumin, rilneclease A], in combination with
molecular weight markers from Sigma, U.S.A [carloccemhydrase]. A 10 X stock
solution of molecular weight markers were made KBS as follows:
thyroglobulin = 5 mgmt, ferritin = 0.3 mgnif, aldolase = 4 mgrit| ovalbumin 4
mgml?, ribonuclease A = 3mgm) carbonic anhydrase = 3 mghfistock made up in
dH,0O]. Prior to use stock solution was diluted witk TBS, and 100ul was loaded

onto the column. AU 600 nm was measured for 30tralflow rate of 0.3 mimin.

Ve was used to calculake,, for each marker as follows:

Kaw=Ve-V Ve = elution volume
Vt -\ Vo = void volume of the column
Vt = total volume of the gel bed

Column volumeV:] = 24 ml. Void volume of the columrv] = 8 ml.
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root (-log(Kav))

KS2 Rm Ve Kav  [-log (Kav)

Thyroglobulin 8.5 13.1 0.32 07
Ferretin 6.1 15 0.44 0.6
Aldolase 4.3 16.5 0.53 0.53
Owvalbumin 3 7.7 0.61 0.46
Carbonic Anhydrase 2 18.6 0.66 0.43
Ribonuclease A 1.6 19.5 0.72 0.38

Table 1V.a Molecular weight markers used for calibration X Rm =

Stokes Radius, Ve = elution volume.

KS2 Superose-6 Calibration

0.75

0.7
0.65

o
(e2}
I

0.55

o
(¢}
I

0.45
0.4

0.35

0.3 | — | — T N E— S T 1

Figure 1V.a Calibration plot for KS2. Stokes radii of known lacular weight

markers, were plotted againstog[Ka,).
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APPENDIX V

Fungal alignment of Mto2 homologs

A clavat us. pro - - - PYVQGNPLAEERDRAI NRVDLEDL EDGARTPLEEEFRSKNE- - - - - D AR AREDS 395
A Flavus.pro ---TYTEG - - - NDRRRTVNGVNKYATEDGNRTAYAOIARS- - - - - - - - D AN AREDS 344
A funigatus.pro - - - TYVQGSPQASDRDRAI HDL DQTDQEDGARTPYEEESKSKNE- - - - - DI §l AREDS 379
A nidul ans. pro S TRVQG - - - mmmmm - - - RE YADENGAAAKTDESRSRND- - - - - DI [flfI AREDS 345
A NiQer. PrO s e oo 0
All o_capsulatus.pro ----YAMAG ------------- NGNTDTSEKESL VEFGKSKNE- - - - - DI GARI ARANS 58
Aspe_terreus. pro - - - TYAQARTLADDRDHAVNG SKHGQDDGERTAYADESRSKNE- - - - - D AN AREDS 333
Cocc_immitis. pro - - - ESPNDGDHDDGDDDDDDL TARL DT ADASSKDSOFSRQKNE- - - - - DVGEARI AKESS 374
G bb_zeae. pro - - FLDSGDEDEDTNHDRTL RAL EGRSDDEAL RSAPVSSRRGAFDNEDTGDVEIKI AREET 534
Magn_gri sea. pro DEGTFGDDSRDPNHRDRTLWAL EGR- DPADAQVITPPDSAVATPDADNTADL[FMKI ASEDA 510
N fischeri.pro - - - TYVQGSPHASDRDRAI YNL DQTDQEDGART P AEEF KSKNE- - - - - DI GIMI AREDS 384
Neur_crassa. pro VGDTNEGDVBNSTQRDRAL RAL EGKRDDDME RMTPPDSATAASDNENTAEI fMYI AREDP 457
Peni _chr ysogenum pr o - - - AYSGATRTLNENARSLNGSLNGTJRG HEKSSTDEGRPKNE- - - - - DVEARI ARADS 160
Peni _marneffei.pro - -- ASNVRSLAVDERYQTGSSAYDDPAADEQKDYSTOETRSKSD- - - - - DVl AKLSV 375
moZaaseq  --o-eeeeoooeseoooooee- NEERNNGEEAENAREE- - BODDEARAD 25
Schi zo_OCt 0SPOFUS -~ == ===-mmmmmmmmmmm oo - DNESNOFSHEKGY TERE------------ EEPEREVK 25
h cryophobus ~  ---------- S| ETLQHLLLWANERNDL SHEKGYEERG- -------- - - - EISNEEEVK 38
A clavat us. pr o - KRROEL G- RSELRRSRLGLSGSHLRSPTSRFN- - - - EQTPSPDHQ QLNTYETLHSH 447
A Flavus. pro - SRREEL G- RSEL RRSRVRVBGSGFRSSTSRAN- - - - EHTSSPDQL- RLNTYESELHSN- 396
A funigatus. pro - KRROELG RSEHRRSRLGLSNGHLRSPNSRLN- - - - EQTSSPEQL- RLSTYDTLHSL- 431
A nidul ans. pro - SRREEL G- RSELRRSRLRVEGTGFRSSTSRVSS- - - DLTPSPEQLSRSNTFESFLHSNS 400
A NI QeI . PrO s oo oo 0
Al o_capsul at us. pro - LRREETTTMIERKRSKFGLSG - LSSRTSRAN- - - - HEVL SPQTPRFDSDQVTESPSH- 110
Aspe_terreus. pro - TRREEFG- RSDLRRSRFRVBGSGLRSPASRVNS- - - EQTASPDQL- RLNTYDNFLHSN- 386
Cocc_immitis. pro - SRROEVR- GSERQRSKFGLTGLSSRLRTK- - - - - - - EDTPEPDR- - - -- - - - N YDSQ 416
G bb_zeae. pro SQREADEQPSDDNRS| VSRATRFTHRRPL SSWP- | HSPNS[FPRVRRRL SDQRETSFSRS 593
Magn_gri sea. pro PPAPEDGDGQL HEPSAVSRVARSFHRRPLSTVI PPTHTPTSFPQ TRRLSDQRETSHFQR 570
N_fischeri.pro - KRROEL G RSELRRSRLGLSNGHLRSPNSRLN- - - - EQTPSPDQL- RLSTYDTLHSL- 436
Neur _crassa. pro APRPAQTRTEDQS- - - - === === === === === - Al TSEPFQ ANRRLSDSRDTI SSRS 495
Peni _chr ysogenum pr o - GRROEI G RSDFRRSRLGYSSQSLRSPTT- - - - - - - EQTPSPDCR- - YSNI DNLHLQ 208
Peni _marneffei.pro NSRRNELD- - - - - RRRKLGLSG SARSSLAK- - - - - - EQTPSPEQ - - LKYQSSELYSQ 420
mo2aaseq - ORER e E--- - - EESHRREE- - - BUGEE- 24
Schizo_Octosporus  SRPNFAELE----------------------- P----- BEEYI QnA- - ------- NHEDD- 47
h cryophobus SRSNVEPK- - - - - - - oo T---- EEEYAQNA- - ------- KHQHA- 60
A clavat us. pro - - - HT- - - SPSNPY- EBLPYSYSASAHPL EHSRSRHSVI [ESESRSTI GLPRERFNRTSP 500
A Flavus. pro ---NG - - SPSQPR- ESLAYSYSASAHPL EHSRSLHSGFI SESKSTI GVPRERLSQ SP 449
A_funigatus. pro - - - NN- - - SPSNPY- EBLPYSYSASAHPL OEHPRSRHSWESE SRSTLG SRERLGQASP 484
A nidul ans. pro Q - NG - - FPSTRH- ESLPYSYSASAHPL DESGRSPQSNFASE SHSTVGLPRERLSRTNP 454
A Ni QeI . PrO e oo 0
Al o_capsul atus.pro ---DD- - - SPSLGLAESEARSPTTSQHPI DEYSHIRY- - HEYETRSSVALPRESLTRASQ 162
Aspe_terreus. pro ---NG - - SPSTPY- ESLSYSYAASAHPL EHSRSHHSGYVSESRSTI GLPRERFSRVSP 439
Cocc_immitis. pro - - - DV- - - SPLNGYTTG [IRS- AASSHPLOESSRIKY- - LESTARSTI GLPRERFGRETR 467
G bb_zeae. pro RGYEDDRATEVSRYSTYRTTPRDKAAEAHPGEDL GRSRASTSTMVRPSPVTPREI VFQEPS 653
Magn_gri sea. pro ASSEQP- GQQTTRDWAQRAVGGRERSVQ DFRARSRVL VAPPALKSSPVTPREFPTHDTP 629
N_fischeri.pro - - - NN- - - SPSNPY- EfALPYSYSASAHPL OEHPRSRHSAI [§SESRSTLG SRERLGQASP 489
Neur_crassa. pro RLLSD- - - PQAVREPNLRGNPRDRLI TNI AGEDL GRSQSVRTELRQAPPTPRQ AFQDAY 552
Peni _chr ysogenum pro - - - ND- - - SPTAPY- ESI HTP- ASSTHPL ESGRFRYSGESEARSAVGVPRERFSRTSP 260
Peni _marneffei.pro -------- HASPL FNENYSTPd; ASAHPL DEGSRIRHH- STAGSRSWGVPRERYNQETP 471
no2aaseq  coeesseeeooe- NASASLINTERLESNMSOINN YL NSA THOENALI VS HEVASLLAEE
Schi zo_Oct 0OSPOruUS - -==----=---- LPRLNHSPOFASRENY GYVQESSRG - [EFE SL DASSRSQNL FKHDRP 92
h cryophobus ~  ------ooo---- L PEMKAG] DL DSRDNJANMQDG\WE- - [€FE SLDTNSRSLO§FGLDRP 105
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A clavat us. pro

A Fl avus. pro

A fum gatus. pro

A nidul ans. pro

A niger.pro

Al o_capsul at us. pro
Aspe_terreus. pro
Cocc_imm tis. pro

G bb_zeae. pro
Magn_gri sea. pro

N _fischeri.pro

Neur _crassa. pro
Peni _chr ysogenum pro
Peni _mar neffei.pro
nt o2aaseq

Schi zo_Oct ospor us

h cryophobus

A clavat us. pro

A Flavus. pro

A fum gatus. pro

A nidul ans. pro

A niger. pro

Al o_capsul at us. pro
Aspe_terreus. pro
Cocc_inmtis. pro

G bb_zeae.pro
Magn_gri sea. pro

N _fischeri.pro

Neur _crassa. pro
Peni _chr ysogenum pro
Peni _mar neffei.pro
nt o2aaseq

Schi zo_Oct ospor us

h cryophobus

A clavat us.pro

A Flavus. pro

A fum gatus. pro

A nidulans.pro

A niger.pro

Al'l o_capsul atus. pro
Aspe_terreus. pro
Cocc_immitis.pro

G bb_zeae. pro
Magn_gri sea. pro

N fischeri.pro

Neur _crassa. pro
Peni _chr ysogenum pro
Peni _mar neffei.pro
nt o2aaseq

Schi zo_Oct osporus

h cryophobus

- DDSPQS- - PEI Pl ERRGS- - - - - - LQDPRA:- - - YRHSALAEI RESRQPSGSD- - - - - - V 542

- DDSP- - - - EKTSI ERRGS- - - - - - LPDPRT- - - YRHSTLSTI RESRQPSSSE- - - - - - V 489
- DSSPYS- - AELH ERRGS- - - - - - LQDPRV- - - YRHSALAEL RTSRQASGSD- - - - - - V 526
-EDEP------- | SERRAS- - - - - - LHDSRS- - - FRHSGLSTI RESRQASASE- - - - - - V 491
---------------------------------------------- RQPSSSE------A 8

- EPSPDS- SPNHI GERRVSNAQEQVIQGQSRT - - - YRQIIL STIRE TLNSSVADA: - - - - V 212
- DASPRA- - SETNAERRAS- - - - - - LQDPRA- - - YRHSTLSTI RGSRHTSTSE- - - - - - A 481
REL SPEPPQQORPSERRGS- - - - - - AQDTFQLRAHRQSNI PGERGYRBLSNSD- - - - - - G 515
SENSNYSRRRPS| TDNNATG - - - - QSRSSA:- - - YKSI HHGHNETYISSPLVR- - - - SFD 701
DGFFSHSRRRTSI TEN- SM_- - - - - PSRTAS- - - LKSSAYGHTRTHYSSPLVP- - - - KGS 676
- DTSPYS- - AELH ERRGS- - - - - - LQDPRV- - - YRHSALAEL RESRQASGSD- - - - - - V 531
EAGAGLTRR- SSI ADI SSVG - - - - RNSQYR- - - NSNLAJGG- Rl Y)JSSPLVPRAPEPQR 602
- ETSPRTPTAAEEQERRSS- - - - - - LTDPRI - - - NRYSGLSTI RESRQPSASE- - - - - - V 304
-PELP------- H DFKAS- - - - - - LADARLR: - YSQVBNESRTVRQSSMBD - - - - - A 509
------------------------------------ BENDOENCENNENARAE------- 105
------------------------------------ El SHEPRN- - - - ----------- 101
------------------------------------ ELNHPERRN- - - - ----------- 114

TERERVEPDRERQDG TESTLEL TAPSTRIVOEAEOIKS! KKLEATGAPPSSQAAI SSV 601
TERPRAEPDRERQDG TESTLEITAPSTIVWENEOIK S5 RKLEI TGIPPSSQEAI SSA 548
TERPRPEAERERHDG TESTLEL TAPSTIVOEAEOI K KKLEATGAPPSSQAAI STA 585
TEKPRYE- - - ERQDG- TESTLEQ TAPSTIVOENE Ok KKLEATGAPPSSQEAMLSS 547
TERDRYEPDRERQDG TESTLEINAPSTIVWENECIK S5 KKLEI TGAPPSSQEAI SSA 67

AEQSRLEAERERLDG TESTLEL TAPSTRIVOEADOIKSfI RELEI TGAPPSSAAMMCSY 271
TEREQREHDRTRHDG TESTLERTAPSTIVWDERECAK SR RKLEN TGAPPSSQEAI SSA 540
TOPERLDVERERYDG TESTLE TAPSTIVOEADOKSE ! RKLEI TGAPTSSAAAMBSY 574
FQVPSNI DTGNGAEG- TESTLENTAPSTIVE DDIKS5! HRLEATGIPSTSGAAVSRL 760
ePHAPEY NGQRAEG- TESSAETIEAPSTIVEENDDI 5! HRLEATGKTPATSGHAVBRY 735
TERPRPEPDRERQDG- TESTLEI TAPSTIVOENE Ol KSf1 KKLEATGPPSSQAAI STV 590
PETSQNAETNQGAEG- TDSSTEIREPSTIVE DD KSF! HRLERTGKKP- PAGAGNSRS 660
TGRPRADTERERADG- TESTLELI TAPSTIVOEN DOl KO KKLEATGREIPPSSEAAMYTP 363
AERARL DR ARHDGTTESTLER TAPSTRIVWOEN DO K5I KKLEJ TGKFPSSSAAANBSY 569
- - BARGOEEREMERY- - - - - - < TIACNNUMUGEILTEINLHERLINGMELICRRIUISERASISMLIGH IR
- - BVGTLAETEMERE- - - - - - EPsissTRIREN DERKFGASN EMH- - BEDTSRTLPFSS 151

--Bi GTLAETEMERA- - - - - - ErPsENsTRIREN DElkFgASN ElH- - BEHTSPTLSTTS 164

SGERERTATTTVTTVSSEPKH- - - NHKTSNL SGDSEN- - VANFVHPLLHSALLKAKTVLE 656
SAERERTATTTVTTVSSEPKR: - - GHKTSTSSPGSOEI PPTNGVHPLLQSALSKAKTVLN 605
SGERFRTATTTVTTVSSEPNY- - - NHKI SPSGAH]| EASTATNEVHPLLQSALLKARDVLN 642
- CDRRTATTTVTTVBSEPR: - - - - HRRTSVSGESDTI TAFN§VHPLLQSALVKVRSWN 601
SGDRERTATTTVTTVSSEPKR- - - GRKSSI ATGDL DQNAA§ S VHPLLQSALTKSKEVLG 124
SGERFRTATTTVTTSSEPKH- - - GRKTTSPPLGQEESTVTDQ HPLLHTALAKAKPI LN 328
IDRERTATTTVTTVSSEPRH- - - GRKTSGPSNESDTI Tl HSQ HPLLQSAIJAKAKSVLE 597
SGERFRTATTTVTTI SSEPKHGR- RTSASPNNSGDAATTADEQMJLLRTGLTKVKPAVE 633
SDDRE PTATTTATTVSAE PKRVENGHRQTADAVS]I TESFHQRESHNI LQSALAKSKVLLD 820
SDDRERTATTNATTMVBVEPKRPG: - - - VHLAADASSTTSEQREAQP! LLSAVSKARPEMN 791
SGERERTATTTVTTVSSEPNH- - - NHKI SPSGAE]IEAATVTNEVHPLLQSALLKAKDVLN 647
SEERFPTATTNATTVBAEPKRGSGGT- - TVNHGE ARNAESRETQPI LLSALLKTKGLIE 718
TRNERFRTANTAI TTSSEPKQ - - RRKASVSTADJIER- - - - SEVHPI LQSALAKAKAVLE 416
SGERERTAATTATTISSEPKQKH- VRKSSI SPEVLAATAEANS| JILLQSALAKAKTTVG 628

RN LS ERSGISEEGOEHNSTENGIRNAGE 100
COVEIGNYRAPABH N - ASFEREINIIRTEN SAOSIBEE 193
CPYBBIGHLCETSRYAN - oo NTSVEREEINIDRIEN G CHNBEE 206
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A clavat us.pro NEVFRAL DARN TORL AT SIT L GTNQAP- - - SGEVSCVNG- - YSPSDRONRRKAISVEEET
A Flavus.pro KDVFTALEATATORI SASTILSTNKAP- - - SGE SWNG- - YGPTDRL SRRKAESV] G!
A funi gatus. pro NEVYESLEABN TORL AlSSLLGTNKAP- - - SGGVSWNG- - YSSSDROBRRKAESVEE
A nidul ans. pro KOVYTALEARATOREMAISQ LGAGKTP- - - SG\VSI VNG - YGSAERQSRRKAISVERE

A niger.pro NEVYAALEVTITORLAlSTLL SEEKAP- - - SGGVSI VNG - YLPSDRHARRKAISVERE
Al o_capsul at us. pro ADVYRTLEATTTOALEEAAI LSENAPQ - - HRSGVPVNG- - ASTSDRQVRRKAISIIE]
Aspe_terreus. pro KEVYAALEVTI TORLAISALLNEGKTP- - - SGSVSVLNG- - YSSSERQSRRKAISVEEET

l‘lil‘lil‘lil‘lil‘lil‘lil‘l
[(ATATA]
[— 11— ]

Cocc_immitis. pro EEd YSALEATARCEL I SSMFGENAQR: - - LASTMBWGT- ATGSDRQFKRKIESMEGEN
G bb_zeae.pro TOBYQALESAAN TN SHASMMGTPGQPGPI SSSASTI GSN- VTVTDRQL RRKAESVEGEN
Magn_gri sea. pro NDAFGAL [E SEASEVL SIAQVL GEVGQPGPI SSGASTI GEG- SNVTDRQLRRKAS! [(FET
N fischeri.pro NEVYESLEAEN TORL A SSLLGTNKAP- - - SGEVSWNG- - YSSSDRQSRRKAISVEEET
Neur _crassa. pro AEVFNAI ESAANCALAITSM GAAGQPGPI SSGASWGEGYGSGVTDRQLRRKASI [(5E

Peni _chr ysogenum pr o GDVYTSLEATI TORLNISTALGVNTAP- - - SGSVSWNGG YTSPERHARRKAESVEGE]

Peni _marneffei.pro [FEVYNALEATATORALOETAMATTTTI - - - VSGNSSTVTG TG SERQAKRKAESH[G G
mo2aaseq EONNEGYERENARA0NOnAGeReE- - - MR
Schizo_Octosporus  FAVIER QEENQGRENDM HOTRET---------------- - - I edIEEED
h cryophobus EIEEI RENEINA TBRRA - eI
A clavat us. pro TENE ABSDVQ - - - - - - PPQQQQASSGDDDTI TQLHVE TNGEARIIEAlPFRRETI QAFE
A Flavus.pro TENEIANSDEQ --- - - - L RRHQASSKPDEDTI TQQP! GABDETLIFTTAYRRETTQERE
A fumigatus. pro TEMEIANSOEQ - - - - - - LSKQQ MPASDDDTI TQLHTESNEESSILNRSLRREMILEFG
A nidul ans. pro TENEIANSOEH- - - - - - - HTKQQ SSGDTTFRI SENTTDEGTVTPTTASYRLEI TQDHE
A niger.pro TEAEIANSDDG - - - - - - L RRQPSSAL EGKADOEQTNGHNEDDTI [[FTPPYRRETI QElE
Al o_capsul at us. pro TENEIVISDQQRES- - - - | SKTRTGSPDPTTE@YQRDGVMIRES! [IFT! SYRREI SHEFE
Aspe_terreus. pro TENENANSDEQ --- - - - L RRQQASGAEGSHGVHHCN- NABEGTAlIF Tl SFSRETSQEFE
Cocc_immitis. pro TENE ABADQK- - - - LI AASKNRPGSRDATSEVPQUN- GARTTPNI TTTIFRREASHEFE
G bb_zeae. pro TENENANGEERTQIR: - - - MPRQSI EVPTPTQNEAP! TPTI NKTFSGFSQRREEI GRPDK
Magn_gri sea. pro TEVEISIADERAQRK- - - - - NSAGPETPRDKEAVTTEPTRVFSVLNGASQRRTVATEEVG
N fischeri.pro TEARIANSDVQ - - - - - - LSKQQ MPAGDDDTI TQLPTEANEESSIILNRSLRREMILEFE
Neur_crassa. pro TENG! ABTCEENGS: - - - - - - KPAQPAPNRETEKVI TPTTAAKFIIG TGRRRESI WET
Peni _chr ysogenum pro TENRIAITOEQ - - - - - - LKSARPASSRETGVEPQLENGTGVDARVBVP T QRNGSKEFE
Peni _marneffei.pro TENEIAITEEQA VOPNSQQPQEQ]RPRSRREPSVTGDTGDAMSS! STRFRRENVSHERE
nt 02aaseq RENEAEANEEE - - ------------ | [0AS ILISAAESSNSUOLVEHTIHALUNYTISSMOSSAQ
Schizo_Octosporus  BEMENENNECE-------------- IEEELSNHEPGRE! EMAPRSTAIDL SEEINEERS
h cryophobus BENEAENEE- ------------- IEEEL sNEEAGOTEMEN! PRSTREDLATETNEERS
A clavatus.pro D GLGR- R-KSI TN- - RLEARRAS!AAA ----- THTS- - SKDQSPVADGSNT QL PGGSAP
A Flavus. pro GLSRRQS- - TRAAS- - RRSSFANPSGNT- - - PSENNKEVNWGNDT TFDAKQTQSPGSSLP
A funigatus.pro | PGRQKST- THVTS- - RLEARRQEIATA:- - - - - NGNSSI KKDL SAIPDGNSPSSPSASAP
A nidul ans. pro GNAPRHSSGPRTAS- - RLEARRASIANG - - - GDHYPSPENAGQSTKLAHSPSAPVTPAT
A niger.pro SLSRRQSN- SRVTS- - RLEARRASMANN- - - AAPDNQSNNKGT DL SSEAKII TQSPGSSAP

Al o_capsul at us. pro ECHHGQTQTMRLAAGSRLETRRASI LSLN- - - - - SGAASSRNTQESANQTQLPTPTLSTP
Aspe_terreus. pro GLSRRKST- THAPS- - RLESRRTS!ATI GAVPTENVQNEKKI EESSYGAKPTPSPGSSAP

Cocc_immitis. pro DVGRQAGSL GRTLTSSRLEGRRSSM.NLS- - - - - TTGSTVRSEQEASDSQVTLKPSTPVS
G bb_zeae.pro NVPKEAVTSPRTNG- - KFEERRESI LNG- - - - - - - - SSL[FTSRASTSI PSTPI EPI S- - -
Magn_gri sea. pro LSRI NTTI SPRTLA- - RPDERRATFLA.- - - - - - - - GVASSE RLAVSPATPNAEPSTPGT
N fischeri.pro VPGRQKST- THVSS- - RLEARRGSIANT- - - - - NGNSSI KKDL SATPNGNSPSSPSASAP
Neur _crassa. pro ALPQPSVTSPRAPT- - TMEQRRI SILAA- - - ----- SAL[§SFRTSAVPATPVDFGTP- - -
Peni _chr ysogenum pr o GVERRHST- TRI SN- - RLDARRAS!VNT ——————————— SPG\I'FFDVKQSPE@PGVBNP
Peni _marneffei.pro VIGQADSG VRTFS- - RFESHRANTI NLG - - - - - SAGRRERL SHDEEASSPJTPSLTAP
nt 02aaseq GNESE----------- ENCRESOGEND-6----------- GEGENENEENEMERID- - - - -
Schizo_Octosporus  [§SIETGTF-------- ANESEORAIFRQ - ------- - - EPEEQG-NENYRNNSP- - SRA
h cryophobus ELES -F-------- ANSEDRIIFRP- - - - - - - - - - - [EPSTQSFSE YSKNSPPPPSRL
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711
660
697
656
179
383
652
689
879
850
702
778
472
684
232
226
239

764
713
749
708
232
439
704
744
935
905
754
831
525
744
278
272
285

813
766
801
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286
494
761
799
982
955
806
878
571
795
310
311
324



A cl avat us. pr o RELNRLETTLRTKEL QPDEDNGDEFNPHSREFS- RAMIDMD- - - - NPRPI KRAFT- RER 867

A _Flavus. pro TYELSRLAS- L RAJEL QTDDEPAEHRSPHGRE! S- RSMIDI S- - - - NQSSAYRAFP- RQR 819
A fum gatus. pro KL SRLEASL RSKL QPEDADTDLFSPHSREI S- RAMIDI D- - - - NSAAAQRL SP- RQQ 855
A nidul ans. pro AS5LSRLEVSMRTKL Q- EDEPSDYRSPHTREVS- RSMIDI G - - - AASSTQKASP- RQQ 815
A niger.pro VRELSRLE TSLRTKFVETDDDNAPDQSPEAREI Q@ RSMIDI T- - - - NPAATYRVSP- RQR 340

Al o_capsul at us. pro PIFLNRTEI TLRSRELQGEEDSEDKSSWFIRPI S- RAMTEI N- - - - EG- - TSRYSPREFR 547
Aspe_terreus. pro AS5LSRLETSLRTHREL QUEDDNSEQRSEHI RELS- RSMIDI G- - - - EPAYTQRVSP- RQR 815
Cocc_immitis. pro Rl GRSSTTATLRNRFQD- EEDJJ[JDKSSI VSRTLSSRVFTDI P- - - - EPKPRHELI HRSSR 854

G bb_zeae.pro SRESTIL VSRARRAGTEEPDD- - - GRTESLLLRTRRAGTEE- - - - PDEGERTELFVRNER 1035
Magn_gri sea. pro GRSIILI SRTRRAGTEEPED]] SGGRKPSLLMRTRRAGT EE- - - - PDEGEKTELLLRSQR 1011
N fischeri.pro KSELSRLETSLRSKFLQPEDEDTDL[FSPHSRE! S- RAMIDI D- - - - NSAAAQRLSP- RQR 860
Neur_crassa.pro GRKSSIL L ARNRRVAVEEPEEQVNGRRE SLLL RSRRVGQEEQEEMPAEGEKTELLLRIEK 938

Peni _chr ysogenum pr o ASFLNRVESSLRSRL TI GEESGHIESPHSREVS- RANTEI G - - - TPLPAQAI [JPPRQR 626
Peni _marneffei.pro SSFLHRLEG - - SJ§I KREDDSEERGSVFSRTI TGRAMTEVD- - - - AYS- - TES- P- SSR 844

nt 02aaseq - YRULOGES- - - BEREASRNALESIGGEENNERE- ----------- EREGYGEESEE- IGR 353

Schizo_Octosporus  SSEHSI GEE- - - TERE ERLQRLPHIFLRPRQPS- - - - - - - - - - - - ESVBTSETAR QPS 355

h cryophobus SEEHSVEER- - - ERE ERL KFPHIFLRPRPPS- - - - - - - - - - - - EsMsTSETVH QTS 368
A clavat us. pro TG VYTAEQTAPDTPRDQS- SRLSYQSP- - - - - - - - - - RTQLRT-------- TVGEEI P 907
A Flavus.pro FEQGFAAE Q- APQPQQDQT- PRYSAQSQ - ---- - - - - SQAEJERTPT- - - - ASQSG P 863
A funigatus. pro N AHGYTTEQQVSDPQRPQG- SRLSYQST------- - - - RTQLQERTPT- - - - APQSEI P 900
A _nidul ans. pro FFGYQAPRPI SDS- Q - - - == === - - - oo e e e mmmma - QSSUERTPT- - - - SSQSG P 846
A niger.pro | EHGYTAEQSI PDSSPERN- VRYSTPSQ - - - - - - - - - PSQLEJERTPT- - - - LSQSAI P 385
Al o_capsul at us. pro REREYTSNHPLPDQHVLQQ - - - - - ST QUHADQAHPI S- - - - QVQBNI P 587
Aspe_terreus. pro HEQL YSPE- - VHDSPQDQS- PRFSVPSG - - - - - - - - - QTQEGEERTPT- - - - TSQsdlP 858
Cocc_immitis. pro EFSPSHDQQTHQDQQLPPQ - - - === == == == c e e o= - RTI QURNTP- - - - SNQSG P 889
G bb_zeae.pro NTVGEDSEDESRFRGPSRI RTDLNTI R- - - - - - - - WPQEQIEAET---- - - - SSAl P 108
Magn_gri sea. pro PAYAEDEDDSPRVRAPSRAATEL GAFRRDY- - - - - VGSQQQQEAAASSEASGLLSVEGS 106!
N fischeri.pro N AHGYTAE QQVSDPQRPQG- SRLSYQST- - - - - - - - - - RTQLQEERTPT- - - - APGSEI P 905
Neur _crassa. pro - - V- FJEEDEDRYRTPSRAl TEVNGLR: - - - - - - - GTPREIASQASSPPDNTPLGSSAIP 987
Peni _chr ysogenum pr o FEQGHTVERSI SGVQQDQSSVAYSPRSPQYQSSQVPQPQVQSSEERTPT- - - - LS- Efls 681
Peni _marneffei.pro  YETPYQQI--------mmmmmmime oo LSQHJFKVSP- - - - SI SSEI S 869
nto2aaseq PEDSEOREE- - WEEEG----------- IERG 371
Schizo_Octosporus — NKYIEJSQD---------mmmmmmmmmmmmmmmmco oo - PSFCE§----------- sAID 373
h cryophobus PKHLENSQG - - - - mm e BsFEg----------- SHID 386
A clavat us. pro LRRSLVFPGSF- - - TEETSRSNI IAG- - SRRYGAPDHAATPS- G| PMPPSPGENVHS- - - 958
A Flavus. pro LRRTLMIP- - - - - - - - BTSRSNI QAG- - SRRYGLPSG STPG - - K- - ANDDAPI SPRQD 908
A funigatus.pro LRRSLAI PANY- - - TFTTSRLNI [IAG - SRRYGTSG [fSAAG- DGSVPDGQSDAVESQQG 954
A nidul ans. pro LRRSLMIPSHY- - - TERI PRANI QAG- - SRRYGLPSAAGSP- - - - - - - - VDDVPLSPRQD 893
A niger. pro LRRIJLTPS- Y- - - VFETSRSNI QAG - SRRYGLS§G GSAAL GGEMPAEDANSTTPRQE 439
Al o_capsul at us. pro JRRNYGTPGIE- - - LETTTHTNI QPG - FRRYGASSLNTGT- - - - - - - - - KSADASP- - - 630
Aspe_terreus. pro LRRSLATPS- Y- - - TEBTSRSNI QAG- - SRRYGLSFAVSWG - GD- - GASDVPLSPAQG 908
Cocc_imitis. pro LRRTFLSTGSH- - - LSTTSHLNI QPG - YRRYGSSVI NTG- - - - - - - - - - - LTPQAE--- 930
G bb_zeae. pro RRRYVSST| GES- - RLBTAEANTATP- - PRRYVERSTQRDHG - - - - - - - - TSAADRFTE 1127
Magn_gri sea. pro RRRLVFSSLNE- - - RLMAFEAAQSPG- - - RRYFDRSTFERDVS- - - - - - - - S| ATDRLAE 1112
N fischeri.pro LRRSLAI PANY- - - TETTSRLNI [IAG- - SRRYGASG [fSAAG DGSVPDGSDGVESQQG 959
Neur _crassa. pro RRRWPTSI SE- - - RLSTPTAFVI fPSASRRYL DRTAGGERET] - - - - - VASSYAERLAE 1039

Peni _chr ysogenum pr o FRRSYMNPATY- - - TRBTSRSNI QAG- - SRRYGLIIEEFSSNNVQGS- - GVEEGLRSPQVE 734
Peni _marneffei.pro QRRSYATPPSAGSG FTAPGLKI QPG - FRRYGASTI TGL SERGASEPPQTSDSLSPSPG 927

nt 02aaseq NEGEENNGEGAS- - - - GRENEGGEENEE-------- GER 397
Schizo_Octosporus  TSYNHSTPTK- - ---- SELNVSPEPE- - - - - - - - SiL 396
h cryophobus NSFHQSTPTKG - - - - SELNFSPEPE- - - - - - - - SEL 410

Alignment was performed using the MegAlign softev@grogram [Lasergene
8, DNAstar]. Residues highlighted in green indicadeservation of amino acid
similarity with the Mto2 sequence in 8 or more hdogs.H. cryophobus sequence

was identified by D. Bitton and provided by IM. Hag
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APPENDIX VI

PAIRCOIL2 prediction scores for Mto2 [104 — 152aa]

ii:’iti _ED Score P-value ii:’iti _ﬁa Score P-value

104 H 0435 0.16722 129 E 108 0.01407
105 K 0.43 0.16722 130 L 10.8 0.01407
106 A 1.63 0.13399 131 E 10.8|  0.01407
107 A 247 0.11409 132 N 10.8 0.01407
108 K 3.07 0.10071 133 L 10.8|  0.01407
109 F 307 0.10071 134 E 10.8 0.01407
110 v 3.07 0.10071 135 E 108 001407
111 8 4.08 0.08114 136 E 10.8 0.01407
112 E 54 0.06007 137 L 10.8|  0.01407
113 K 54 0.06007 138 N 10.8 0.01407
114 5 6.23 0.04931 139 Q 10.8|  0.01407
113 L 124 0.03824 140 v 108 0.01407
116 E 135 0.03574 141 E 10.8|  0.01407
117 K 103 0.01407 142 L 10.8 0.01407
118 v 103 0.01407 143 Q 108 001407
119 s 10.8 0.01407 144 L 10.8 0.01407
120 T 103 0.01407 145 5 10.8] 001407
121 A 10.8 0.01407 146 E 10.8 0.01407
122 D 10.8 0.01407 147 E 337 0.02827
123 N 10.8 0.01407 148 P 2.16 0.12111
124 N 103 0.01407 149 5 216 012111
125 L 10.8 0.01407 150 5 1.58 0.1358
126 v 10.8 0.01407 Y 0.38 0.16338
127 L 103 0.01407 152 L 0.81 020737
128 Q 108 0.01407

Table VI.a PAIRCOIL2 probability scores for amino acids sumding predicted
coiled-coil. PAIRCOIL2 scores for amino acid sequeedl04 - 152 are listed,
where those residues found to have a significasresare highlighted in grey [114
— 147 aa). The cut-off score used for predictios @#® where significance was

indicated by p-values < 0.05.
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APPENDIX VII

Quantification of Cellular levels of Mto2

Quantification of MBP-Mto2

The concentration of purified MBP-Mto2 was caltaththrough comparison
with a calibration curve created from purified B&Aknown concentration [NEB,
U.S.A.]. A dilution series of extract made frdgncoli expressing MBP-Mto2 was
analysed by SDS-PAGE. The integrated intensithef@oomassie stain gel,
scanned using the 600 channel, was quantified lyg€ay V3.0 [fig 5.10, Panel A].
This was compared to a standard curve from a Caaimatained gel of known
amounts of BSA [fig 5.10, Panel B]. On comparisoth the calibration curve, the

concentration of MBP-Mto2 was calculated as 0.1fljig

For example, 6 pl of MBP-Mto2 has an intensityl &2 which corresponds

t0 0.98 pg BSA, 0.98 / 6 = 0.153 pdl

A

Integrated Intentsity of MBP-Mto2
2 MBP-mto2 Integrated Intentsity
1.8 - Bul 1.82
1.6 ul 1.29
1.4 - 2ul 0.98
1.2 A
1 -
0.8 ~
0.6
0.4 ~
0.2
O ,

Integrated Intensity

6ul 4ul 2ul
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MBP-Mto2 Quantification

6 BSA ug/ul |Integrated Intensity
0.4 1.12
0.8 1.91

5 1.2 205
1.6 257

47 2 3.42

24 6.58

Integrated Intensity

0 02 04 06 08 1 12 14 16 18 2 22 24
BSA (ug/ul)

Figure Vll.a Quantification of MBP-Mto2. [A] Integrated intetigis of a range
of volumes of the MBP-Mto2 sample were measuredgu€idyssey V3.0
software. Average intensity was compared with a B&hdard curve [B] and the
concentration was calculated as 0.153 jigul

In vivo Quantification of Mto2

Known amounts of MBP-Mto2 were then added to yeastact made from 3
x10P cells [KS516], as determined using a haemocytomEtracts were then
analysed by western blot and probed with anti-MiBRye800 signal from both
endogenous Mto2 and MBP-Mto2 was quantified usidgsey V3.0 [Licor
Biosciences, U.S.A.]. Average intensity of endogenblto2 from 3 x 1®cells was
calculated as 19.1, which when compared with thé®MRo2 calibration curve [fig

5.11] equates to 0.61 ng of MBP-Mto2.
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The molecular weight of endogenous Mto2 is 44 kberefore there are
44,017.5 g in 1 mole. Avogadro’s constant statasttiere are 6.022xtbmolecules
of Mto2 in 1 mole, therefore:

6.022 x 16°/ 44017.5 x 1&pg = 1.368 x 10molecules of Mto2 in 1 pg.

0.61 ng of Mto2 in 3 x 10cells
2.03 x 10"%g of Mto2 in 1 cell
2.03 x 10'%g X 1.368 x 10molecules per pg = 2777 + 277 molecules of Mto2 pe
cell.

The quantification of MBP-Mto2 used Coomassierstaiidentify the protein.
The stain binds to both MBP and Mto2 portions @f piotein. The molecular weight
of MBP is equal to Mto2 therefore the contributmiMto?2 to the concentration of
the MBP-Mto2 is exactly half. Therefore, tirevivo quantification of Mto2 is an
underestimate by a factor of two. Consequentlyntléecules per cell can be

reduced by a factor of two resulting in 1388 + h38lecules of Mto2 per cell.

In vivo Mto2 Quantification

= = N N
o ol o ol
| | | |

*

Integrated Intensity

(6]
|

O T T T T T T T T T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 055 0.6 0.65 0.7 0.75 0.8

MBP- Mto2 (ng)
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FigureVII.b Calibration curve for MBP-Mto2. Known amount of iBVIito2
were used to spike cell extracts. Extracts were #rmalysed by SDS-PAGE and
the western blot was probed withMto2. The integrated intensity of the signal
from both endogenous and MBP-Mto2 was quantifie@®dyssey V3.0. The
average intensity for endogenous Mto2 was 19.1¢ckvivhen compared to the

MBP-Mto2 calibration curve was estimated to repné€e61 ng of protein.
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APPENDIX VIII

Quantification of Cellular levels of Mtol

Mtol-6His Quantification

A dilution series of extract made f&r coli expressing Mto1-His6 was
analysed by SDS-PAGE. The integrated intensithef@oomassie stain gel scanned
using the 600 channel, was quantified by Odysse® W&y 5.12, Panel A]. This was
compared to a standard curve from a Coomassieesitgiel of known amounts of
BSA [fig 5.12, Panel B]. On comparison with thdilmation curve, the

concentration of Mto1-6His was calculated as 0.48[J.

For example, 5 pl of Mto1-6His has an intensity3 &9 which corresponds to

0.9 ug BSA, 0.9/5=0.18 pghl

A
Integrated Intensity of Mto1-6His

16 -

14 -
=
@ 12 -
3] Mto1-6His Integrated Intensity
£ 10 Bl 3.99
D 8- 10ul 8.71
15 20ul 14.31
o
i)
£

5ul 10ul 20ul
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Mto1-6His Quantification

30 +
BSA ug/ul Integrated Intensity

4 24.91
25 1 2 8.26 4
1 4.51
0.5 2.04

20 ~

15 A

10 ~

Integrated Intensity

0 T T T T T T T T 1
0 0.5 1 15 2 25 3 35 4 45
BSA (ug/ul)

Figure VIll.a Quantification of Mto1l-His6. (A) Integrated intetiss of a range
of volumes of the Mto1-6His sample was measureagu®dyssey V3.0 software.
Average intensity was compared with a BSA standarge (B) and the

concentration was calculated as 0.18 {fgul

In vivo Quantification of Mtol

Yeast extract was made from 6 XHhd 1.2 x 1®cells from strains
expressing endogenontol” andmtol4 [KS516 and KS1017]. Thetol4 extract
was spiked with serial dilutions of bacterial ligsaontaining known amounts of
Mtol-6His. Extracts were then analysed by SDS-PAGH the western blot was
probeda-Mtol [fig 5.13, Panel A]. The integrated intensitiythe IRDye800 signal

was quantified using Odyssey V3.0 [fig 5.13, PalelAverage intensity of
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endogenous Mtol from 1.2 x 16ells was calculated as 24.22, when compared with
the Mtol1-6His calibration curve equates to 0.34€hNito1l.

The molecular weight of endogenous Mtol is 128@&®a, therefore there
are 128,469.08 g in 1 mole. Avogadro’s constariestthat there are 6.022x30
molecules of Mtol in 1 mole, therefore:

6.022x16°/ 128,469.08 x ¥ pg = 4.69 x1Omolecules of Mtol in 1 pg.

0.34 ng of Mtol in 1.2 x fcells
2.83 x 10°pg of Mtol in 1 cell
2.83 x 10°pg X 4.69 x 16 molecules per pg = 1327 + 133 molecules of Mtarl pe
cell

Quantification has shown that the number of proteolecules of both Mto2
and Mtol present within the cell are approximagajyal. This does not give any
indication as to the relative levels of Mtol and®RIpresent within a functional
nucleation complex, as at any one time as notfall@expressed protein is
incorporated at the MTOC.

When compared with quantification performed follogva similar methods
on other molecules, ~1,300 molecules per cell ¢f bdtol and Mto2 fall within a
similar range to proteins involved in the fissiaagt cytoskeleton and cytokinesis
(Wu et al. 2005). For example Sadl, a SPB protein, has 330000 molecules per

cell, and Mid1 anillin-like protein has 2,100 + 500
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6 x 10° cells 1.2 x 109 cells

Endogenous Mtol A+ A+ A+ A+ A+ A + A+
Mtol6His +— — + — + — + - + — + — + -

Pitsﬂr‘l !-1-1 o ﬂi“ mﬂr w-mtol

In vivo Mtol quantification

90 4
His-Mto1 ng Integrated Intensity

80 +

Integrated Intensity

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Mtol1-6His (ng)

Figure VIlIl.b Quantification of cellular levels of Mtol. [A] Wesn blot analysis
of endogenous Mtol, where Mtol-6His was added t@eixfrommtolA strain.
Average signal intensity for endogenous Mtol wasgared with a calibration
curve created from known amounts of Mto1-6His [Bje amount of Mtol

expressed from 1.2 x 1@ells was estimated as 0.34 ng of protein.
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APPENDIX IX

List of putative Mto2 phosphorylation sites

_ Conserved | Identified in 3 Identiied by
Vo | e ST LT | ore | oo | e | M | el | Mioteies
Alignment Assay
2 MSEHNY S | 0.004 yes [I]
6 | SEHNYQSDR Y 0.913
8 HNYQSDREV S 0.792
20 PFLNYEASA Y 0.311
23 NYEASANQL S 0.003
28 ANQLSSNSR S 0.046
29 NQLSSNSRE S 0.997 yes
31 LSSNSREST S 0.988 yes
34 | NSRESTPRG S 0.997
AURORA/
35 SRESTPRGS T 0.996 yes PDB yes yes
AURORA/
39 | TPRGSPWRA S 0.994 yes CDK yes yes
47 AGMRSASLM S 0.038 yes
49 MRSASLMTE S 0.888 AURORA
52 ASLMTEPLE T 0.04 yes
58 PLEDSMYSD S 0.151
60 EDSMYSDNN Y 0.98
61 DSMYSDNNY S 0.074
65 SDNNYLDNG Y 0.985
71 DNGVSFTKD S 0.063
73 GVSFTKDEN T 0.294
80 ENPLYSPSW Y 0.798
81 NPLYSPSWP S 0.926 yes yes yes yes
83 LYSPSWPSL S 0.017
86 PSWPSLADA S 0.394 yes
94 ANVNSMKSN S 0.461
97 NSMKSNNAI S 0.019 yes
111 AKFVSEKSL S 0.965 AURORA yes
114 VSEKSLEKV S 0.902 POLO yes
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119 LEKVSTADN 0.955 POLO

120 EKVSTADNN 0.109 AURORA yes

145 ELQLSERPS 0.871

149 SERPSSYLG 0.938 yes

150 ERPSSYLGY 0.982 AURORA yes yes

151 RPSSYLGYH 0.094

154 SYLGYHNNL 0.767

159 HNNLSPYRS 0.979 yes CDK yes yes yes
161 NLSPYRSPN 0.242

163 SPYRSPNSY 0.732 yes yes
166 RSPNSYPSL 0.597

167 SPNSYPSLL 0.523 yes yes yes

169 NSYPSLLPS 0.313 yes yes
173 SLLPSTHSP 0.331 yes

174 LLPSTHSPH 0.029 yes yes yes
176 PSTHSPHSP 0.93 yes yes yes yes
179 HSPHSPAPL 0.994 yes yes yes yes
184 PAPLSTMQT 0.797

185 APLSTMQTA 0.014 yes yes
188 STMQTALMR 0.12 yes

195 | MRLRTYHPS 0.279 AURORA yes

196 RLRTYHPSP 0.037

199 TYHPSPIIL 0.091 yes yes [M]
215 NHAITLVNT 0.363 yes

219 TLVNTSPSS 0.058 yes

220 LVNTSPSSV 0.964 yes yes

222 NTSPSSVVD 0.087 yes

223 TSPSSVVDA 0.995 yes

231 ALCRSLAEL 0.11 yes

247 AIDASILSQ 0.014

250 ASILSQQES 0.877

254 SQQESSNSL 0.164 yes

255 | QQESSNSLD 0.098 yes

257 ESSNSLDLV 0.027

264 LVRHTPPLN 0.169 yes AURORA yes yes yes
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269 PPLNYTSSV 0.171 yes

270 PLNYTSSVD 0.064 yes

271 LNYTSSVDS 0.955 yes

272 NYTSSVDSS 0.051 yes

275 SSVDSSPQR 0.643 yes yes

276 SVDSSPQRM 0.985 yes CDK/PDB yes yes yes

282 | QRMASDSYG 0.982 AURORA yes yes yes
284 MASDSYGRP 0.988 yes

285 | ASDSYGRPS 0.9

289 YGRPSLHLN 0.981 AURORA yes
298 DPFPSVDLQ 0.013 yes

303 VDLQSNELS 0.221 POLO yes
307 | SNELSHHNV 0.158 yes yes [M]
313 HNVRTTLES 0.015 yes

314 NVRTTLFSD 0.89 AURORA yes

317 TTLFSDDSR 0.337

320 FSDDSRFHS 0.268

324 SRFHSKIHT 0.988 AURORA

328 SKIHTHSTP 0.029 AURORA

330 IHTHSTPPS 0.381 yes

331 HTHSTPPSQ 0.578 yes PDB yes yes yes
334 | STPPSQMYS 0.104 yes

337 PSQMYSAAS 0.081

338 SQMYSAASH 0.034

341 YSAASHFRY 0.978

345 SHFRYRSDP 0.263

347 FRYRSDPST 0.846 AURORA

350 RSDPSTRHV 0.785

351 SDPSTRHVS 0.112

355 TRHVSNSTN 0.916 AURORA yes

357 HVSNSTNKS 0.8

358 | VSNSTNKSS 0.167

361 STNKSSLHP 0.048 yes

362 TNKSSLHPS 0.782 AURORA yes

366 SLHPSPTSL 0.964 yes yes yes yes
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368 HPSPTSLRV 0.26

369 PSPTSLRVA 0.479 yes
382 PQRASPASQ 0.992 yes AURORA yes

385 ASPASQSFP 0.974

387 PASQSFPSL 0.013 yes

390 QSFPSLQDT 0.992

394 SLQDTPSP- 0.772 yes yes yes

396 QDTPSP--- 0.325 yes yes yes
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