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Abstract	
Microtubules	are	long	linear	polymers	that	switch	randomly	between	periods	of	

growth	 and	 shrinkage,	 in	 a	 process	 known	 as	 dynamic	 instability.	 In	 vivo,	

dynamic	instability	is	regulated	by	microtubule	associated	proteins	(MAPs).		One	

class	of	MAPS,	the	kinesins,	move	actively	along	microtubules,	and	some	regulate	

microtubule	dynamics.		Kinesin-8,	a	kinesin,	regulates	microtubule	dynamics	in	

a	wide	range	of	eukaryotic	cells.	

	

Schizosaccharomyces	pombe	(S.	pombe)	provides	a	well-characterised	system	in	

which	 to	 study	 microtubule	 regulation	 by	 MAPs.	 	 During	 interphase,	

microtubules	grow	from	the	centre	of	the	rod-shaped	cell	until	their	plus	ends	

reach	and	pause	at	 the	cell	end,	before	undergoing	catastrophe	and	shrinking.	

Shrinkage	occurs	predominantly	at	cell	ends,	even	as	the	cell	grows	longer.	

	

I	have	studied	 the	cell	biology	of	kinesin-8-dependent	 interphase	microtubule	

dynamics	in	S.	pombe.	I	have	identified	an	interphase-specific	binding	partner	of	

S.	 pombe	 kinesin-8	 (Klp5/Klp6);	 Mcp1.	 	 Mcp1	 was	 required	 for	 Klp5/Klp6	

accumulation	at	 interphase	microtubule	plus	ends	and	 for	Klp5/Klp6	 induced	

interphase	microtubule	shrinkage.		

	

Tea2	 (a	 kinesin)	 and	 Tip1	 (CLIP170	 orthologue)	 were	 found	 to	 stabilise	

interphase	 microtubules.	 	 Cells	 lacking	 Tea2	 or	 Tip1	 displayed	 interphase	

microtubules	which,	after	reaching	cell	ends,	underwent	shrinkage	sooner	than	

wild	type	cells.		Cells	lacking	Klp5/Klp6	or	Mcp1	showed	the	opposite	phenotype,	

microtubules	which	dwelt	at	cell	ends	longer	than	control	cells	before	shrinking.	

	

Klp5/Klp6	accumulation	on	interphase	microtubule	plus	ends	steadily	increased,	

peaking	 just	 before	 microtubule	 shrinkage.	 	 In	 contrast,	 Tea2	 accumulated	

rapidly	to	newly	nucleated	interphase	microtubule	plus	ends	and	was	lost	before	

microtubule	 shrinkage.	 I	 propose	 a	model	 in	which	 Tea2	 prevents	Klp5/Klp6	

induced	microtubule	shrinkage	until	 the	 interphase	microtubule	has	grown	to	

the	cell	end,	where	Tea2	is	lost.	At	the	cell	end	Klp5/Klp6	now	induce	shrinkage.			
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Chapter	1	Introduction		
1.1	Microtubules		
1.1.1	Microtubule	structure	and	dynamic	instability	

Microtubules	(MTs)	are	long	protein	polymers	found	in	eukaryotic	cells.	 	They	

are	constructed	 from	tubulin	subunits.	 	Each	 tubulin	subunit	 is	a	heterodimer	

made	 of	a-tubulin	 and	b-tubulin,	 and	 both	a-tubulin	 and	b-tubulin	 bind	 GTP	

(Weisenberg	 et	 al.	 1968).	 Tubulin	 heterodimers	 assemble	 into	 long	 linear	

polymers	known	as	proto-filaments	(Amos	&	Klug	1974).		Commonly,	13	of	these	

protofilaments	are	arranged	in	a	hollow	cylinder	(of	diameter	~25	nm)	to	form	

the	MT,	but	other	numbers	of	protofilaments	have	been	found	(Evans	et	al.	1985;	

Wade	 et	 al.	 1990).	 	 The	 head-to-tail	 assembly	 of	 the	 protofilaments	 confers	

polarity,	 and	 the	 polar	 protofilaments	 in	 turn	 confer	 polarity	 to	 the	MT	 as	 a	

whole.	The	end	with	an	exposed	a-tubulin	subunit	is	denoted	the	minus	end	and	

that	with	 an	 exposed	b-tubulin	 end	 is	 denoted	 the	plus	 end	 (Mitchison	1993;	

Hirose	et	al.	1995;	Fan	et	al.	1996).		MT	growth	occurs	through	the	addition	of	

GTP-tubulin	heterodimers	to	either	end.	 	Growth	occurs	 faster	at	 the	plus	end	

(Allen	&	Borisy	1974).		In	vivo	the	minus	end	is	typically	capped,	for	example	by	

the	g-tubulin	complex,	which	forms	a	ring	and	serves	as	a	MT	nucleator	(Oakley	

et	 al.	 2015).	 	 In	 vivo,	 growth	often	 therefore	primarily	occurs	at	 the	plus	end.		

Addition	of	tubulin	subunits	to	the	MT	stimulates	the	hydrolysis	of	the	GTP	that	

is	bound	to	the	b-tubulin	subunit	(David-Pfeuty	et	al.	1977;	MacNeal	&	Purich	

1978).	 	 Hydrolysis	 does	 not	 occur	 at	 the	 equivalent	a-tubulin	 site.	 Following	

hydrolysis	of	GTP	in	the	b-tubulin	site,	bound	GDP	is	essentially	trapped.	GDP	is	

only	exchanged	after	depolymerisation	releases	 the	 tubulin	heterodimers	 into	

solution	 (Spiegelman	 et	 al.	 1977).	 	 Over	 time,	 typically,	 the	 majority	 of	 the	

microtubule	lattice	is	made	of	GDP-tubulin	subunits.	At	the	plus	end,	there	is	a	

GTP-cap	composed	of	newly-bound	GTP-tubulin	heterodimers.		This	cap	is	much	

more	 stable	 than	 the	GDP-core	 of	 the	MT	 and	 serves	 to	 stabilise	 the	MT	 as	 a	

whole.	 Loss	 of	 the	 GTP	 cap,	 through	 stochastic	 hydrolysis	 of	 GTP,	 triggers	

shrinkage	of	 the	MT	 (Mitchison	&	Kirschner	1984).	 	A	 single	GTP-tubulin	per	
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protofilament	will	inhibit	shrinkage	(Caplow	&	Shanks	1996).		Shrinkage	occurs	

endwise,	via	the	rapid	loss	of	tubulin	heterodimers	from	the	plus	end	of	the	MT.		

GDP-tubulin	 prefers	 to	 adopt	 a	 curved	 formation,	 whereas	 the	 GTP-tubulin	

forming	the	cap	prefers	a	straight	(or	straighter)	conformation.		The	peeling	back	

of	 curved	 GDP-tubulin	 protofilaments	 releases	 stored	 energy	 and	 is	 the	

mechanical	 basis	 for	 shrinkage	 (Chrétien	 et	 al.	 1995;	 Mandelkow	 &	 Hoenger	

1999).	 	The	preferred	curved	conformation	of	GDP-tubulin	destabilises	 lateral	

contacts	between	tubulin	heterodimers	and	drives	shrinkage	(Melki	et	al.	1989).		

The	change	from	growth	to	shrinkage	is	known	as	catastrophe.		As	the	MT	shrinks	

it	is	possible	for	GTP-tubulin	to	bind	to	the	shrinking	end	and	restart	MT	growth,	

in	a	process	known	as	rescue	(Desai	&	Mitchison	1997;	Downing	&	Nogales	1998,	

Figure	1.1).		

	

In	vitro,	MTs	built	 from	pure	 tubulin	 switch	stochastically	between	periods	of	

shrinkage	and	growth.		The	ability	of	a	MT	to	switch	reversibly	from	growth	to	

shrinkage	is	known	as	dynamic	instability	(Mitchison	&	Kirschner	1984).		This	

spontaneous	 in	 vitro	mechanism	 contrasts	with	 the	 behaviour	 of	MTs	 in	 vivo,	

where	dynamic	 instability	 is	 tightly	controlled.	 	Cells	modulate	 the	underlying	

dynamic	 instability	 of	 MTs	 to	 produce	 long	 lived	 and	 highly	 coordinated		

MT-based	structures.		A	striking	example	of	this	is	the	simultaneous	shrinkage	of	

kinetochore	 MTs	 (kMTs)	 during	 anaphase,	 which	 only	 occurs	 once	 all	

chromosomes	have	aligned	correctly	during	metaphase	(Rieder	&	Salmon	1998).		

Other	examples	of	in	vivo	roles	of	MTs	are	detailed	below	in	Section	1.1.2.				

	

1.1.2	Cellular	roles	of	microtubules		

MTs	serve	many	functions	during	interphase	and	mitosis	(Figure	1.2)	 .During	

interphase,	MTs	nucleate	from	MT	organising	centres	(MTOCs)	that	typically	cap	

their	minus	 ends,	 leaving	 their	 plus	 ends	 growing	 towards	 the	 cell	 periphery	

(Brinkley	1985;	Lüders	&	Stearns	2007).		In	metazoans,	the	MTOC	takes	the	form	

of	the	centrosome.		The	centrosome	is	composed	of	two	perpendicular	centrioles	

(each	 containing	 9	 MT	 triplets	 arranged	 in	 a	 circle)	 surrounded	 by	 the	

pericentriolar	 material,	 which	 contains	 proteins	 such	 as	 g-tubulin	 and	 is	

responsible	for	nucleation	(Conduit	et	al.	2015).		In	Schizosaccharomyces	pombe	
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(S.	pombe),	the	major	MTOC	is	the	spindle	pole	body	(SPB),	a	g-tubulin	containing	

complex	(Ding	et	al.	1997).	

	

MTs	 function	 as	 cellular	 “roads”	 and	 allow	 for	 the	 long-range	 directional	

transport	 of	 cargo.	 	 The	 polarity	 of	 MTs	 allows	 for	 the	 cargo	 to	 be	 moved	

consistently	 to	 either	 the	minus	 end	 or	 the	 plus	 end,	 with	 some	 cargo	 being	

moved	in	both	directions	depending	on	cellular	cues	(Ross	et	al.	2008).		Cargos	

include	organelles	(Baumann	&	Murphy	1995),	secretory	(Wacker	et	al.	1997)	

and	endocytic	vesicles	(Murray	et	al.	2000),	viruses	(Lakadamyali	et	al.	2003),	

and	mRNA	(Kanai	et	al.	2004).	

	

MTs	are	required	for	cellular	movement	(Vasiliev	et	al.	1970;	Liao	et	al.	1995)	

and	show	polarised	distributions	in	migrating	cells	such	that	the	front	of	the	cell	

contains	more	MTs	than	the	rear	(Kaverina	&	Straube	2011).	 	Cellular	motility	

requires	 extension	 of	 the	 leading	 edge,	 adhesion	 of	 the	 cell	 to	 the	 underlying	

surface	as	the	cell	moves	along,	retraction	of	the	cell	rear	and	de-adhesion	before	

the	cycle	repeats.		Growth	of	a	dense	network	of	branched	actin	(a	linear	polymer	

which	grows	with	the	addition	of	subunits,	similarly	to	MTs)	provides	the	force	

required	 to	 produce	 the	 leading	 edge	 (Pollard	 &	 Borisy	 2003;	 Mitchison	 &	

Cramer	 1996).	 	 The	 MT	 array	 regulates	 cell	 motility,	 for	 instance,	 by	 the	

delivering	 of	 Arp2/3	 (which	 facilitates	 actin	 branching	 (Mullins	 et	 al.	 1998)),	

mRNA	 (Mingle	 et	 al.	 2005),	 and	 the	 activation,	 via	MT	 polymerisation,	 of	 the	

GTPase	Rac1,	which	induces	actin	polymerisation	(Waterman-Storer	et	al.	1999;	

Eden	et	al.	2002).	

	

MTs	are	required	for	the	establishment	of	polarised	growth	in	S.	pombe	(Verde	

et	 al.	 1995;	 Chang	&	Martin	 2009;	 Sawin	&	Nurse	1998).	 	 The	 role	 of	MTs	 in	

polarised	growth	is	summarised	in	Section	1.6.4.			



	 4	

	

	
Figure	1.1	Dynamic	instability.	Microtubules	switch	from	growth	(the	addition	

of	GTP-tubulin)	to	shrinkage	(the	rapid	loss	of	GDP-tubulin),	via	a	process	termed	

catastrophe,	or	from	growth	to	shrinkage,	via	a	process	termed	rescue.		Adapted	

from	(Inoué	&	Salmon	1995).	
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Figure	1.2	Cellular	roles	of	microtubules.	A)	Microtubules	function	as	roads	

for	 the	 polarised	 transport	 of	 cargo	 (to	 either	 the	 plus	 or	minus	 ends	 of	 the	

microtubule).		B)	During	migration	microtubules	localise	at	the	leading	edge,	to	

induce	actin	polymerisation,	and	the	trailing	edge	for	directional	movement.		C)	

Microtubules	are	the	major	component	of	eukaryotic	cilia.		D)	Microtubules	are	

required	 for	 the	 establishment	 of	 cellular	 polarity.	 	 E)	 During	 mitosis	

microtubules	are	the	major	component	of	the	mitotic	spindle	
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	Cilia	are	thin	membrane	protrusions	which	are	either	motile	and	involved	in	the	

movement	of	extracellular	substances,	for	instance	in	mammalian	ovary	cells,	or	

are	non-motile	and	function	as	sensory	structures,	as	found	in	the	outer	segments	

of	rod	and	cone	cells	in	the	mammalian	eye.	The	structural	component	of	these	

protrusions	 is	MT-based.	 	Motile	 cilia	 contain	nine	MT	doublets	arranged	 in	a	

circle	around	a	 central	MT	pair;	non-motile	 cilia	 lack	 the	 central	pair	 (Satir	&	

Christensen	2007).	

	

During	mitosis,	MTs	form	the	structure	known	as	the	mitotic	spindle.		MTs	are	

arranged	as	two	large	antiparallel	arrays	with	their	minus	ends	capped	by	two	

centrosomes.	 	 The	 plus	 ends	 of	 these	 MTs	 grow	 towards	 the	 dividing	

chromosomes	and	the	cell	cortex	and	can	be	divided	into	three	broad	groups.			

	

Kinetochore	MTs	(kMTs)	form	large	bundles,	which	bind	to	the	kinetochore	(a	

large	 multimeric	 protein	 structure	 which	 links	 the	 chromosomes	 to	 MTs	

(Cheeseman	&	Desai	2008)).		kMTs	exploit	dynamic	instability	to	explore	the	cell,	

allowing	them	to	locate	and	engage	a	kinetochore.		Once	all	sister	chromatids	are	

bi-orientated	(each	sister	is	bound	by	a	kMT	linked	to	one	MTOC,	and	each	sister	

chromosome	 is	 linked	 to	 a	 separate	 MTOC)	 the	 cells	 can	 progress	 from	

metaphase	to	anaphase.	kMTs	then	shrink	(anaphase	A)	and	chromosomes	are	

moved	 into	 the	 newly	 formed	 daughter	 cells.	 	 Bi-orientation	 ensures	 equal	

separation	of	DNA	into	the	two	new	daughter	cells	(Cheeseman	2014;	Karsenti	&	

Vernos	2001;	McAinsh	et	al.	2003).		The	bi-orientation	state	is	monitored	by	the	

spindle	 assembly	 checkpoint	 (SAC)	 which	 prevents	 cells	 from	 commencing	

anaphase	until	all	chromosomes	are	bi-orientated	(Foley	&	Kapoor	2013).	

	

Interpolar	MTs	grow	towards	the	centre	of	the	cell	from	both	MTOCs	and	form	

overlapping	arrays.	 	The	separation	of	 chromosomes	 in	S.	pombe	 requires	 the	

sliding	 of	 these	 overlapping	 arrays	 (Mallavarapu	 et	 al.	 1999)	 (anaphase	 B).		

During	 anaphase,	 the	 iMT	 forms	 the	 central	 spindle,	 which	 binds	 the	

heterotetramer	Centralspindlin	(a	2:2	ratio	of	MKLP-1	(a	kinesin)	and	Cyk4	(a	

rho	GTPase)	(Mishima	et	al.	2002).		In	human	cells,	Centralspindlin	concentrates	

ECT2	(a	guanine	exchange	 factor	(GEF)	 to	 the	central	spindle.	 	ECT2	activates	
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RhoA	GTPase,	which	phosphorylates	formin	and	profilin,	which	both	trigger	the	

polymerisation	of	the	actin	ring	required	for	cell	cleavage	(Glotzer	2009;	Piekny	

et	al.	2005).			

	

Astral	 MTs	 (aMTs)	 grow	 from	 the	 iMTOCs	 to	 the	 cell	 peripheries.	 	 In	

Caenorhabditis	elegans	(C.	elegans)	aMTs	contribute	to	the	formation	of	the	actin	

ring	required	for	cytokinesis	and	prevent	contraction	of	the	cell	cortex	away	from	

the	plane	of	division	(Motegi	et	al.	2006).		The	orientation	of	the	mitotic	spindle	

along	the	long	axis	of	the	cell	 in	S.	pombe	 is	dependent	on	aMTs	(Oliferenko	&	

Balasubramanian	2002).		In	C.	elegans	embryos,	aMTs	contribute	to	the	pulling	

force	which	separates	chromosomes	(Nguyen-Ngoc	et	al.	2007).	

	

MTs	are	able	to	perform	these	various	cellular	roles	through	interactions	with	

other	proteins	present	in	the	cell.	

	

1.2	Microtubule	associated	proteins	
MT	dynamic	instability	 in	vivo	 is	regulated	by	microtubule	associated	proteins	

(MAPs).	 	 This	 regulation	 allows	 inherently	 unstable	 polymers	 to	 form	 robust	

architectures	 such	 as	 the	mitotic	 spindle.	 	MAPs	 alter	MT	dynamics	 by	 either	

stabilising	or	destabilising	the	MT	lattice.		MAPs	are	either	motor	proteins,	which	

use	the	hydrolysis	of	ATP	to	move	along	the	MT	lattice,	or	non-motor	proteins	

which	bind	all	along	the	MT	lattice,	or	bind	preferentially	to	the	core	or	the	cap-

structures	of	the	MT.	

	

1.2.1	Non-motor	proteins	that	bind	the	microtubule	lattice		

Non-motor	MAPs	can	stabilise	MTs	by	binding	to	the	MT	lattice.		Mammalian	Tau	

proteins	are	unstructured,	heat-stable	proteins	that	consist	of	multiple	curved	

MT	binding	regions	and	an	N-terminal	extension.		Tau	stabilises	MTs	by	binding	

along	the	lattice,	predominantly	to	the	inside	of	the	MT.		A	single	Tau	molecule	is	

able	 to	 crosslink	 multiple	 tubulin	 heterodimers,	 strengthening	 interactions	

between	protofilaments	and	stabilising	the	MT	(Kar	et	al.	2003;	Amos	&	Schlieper	

2005).	
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Lattice	 binding	 non-motor	 MAPs	 can	 also	 destabilise	 MTs.	 	 Katanin,	 an	 AAA	

(ATPase	protein)	binds	preferentially	to	defects	in	the	MT	lattice	(e.g.	where	a	

tubulin	 heterodimer	 is	 missing)	 (Davis	 et	 al.	 2002)	 and	 disrupts	 contacts	

between	 tubulin	 heterodimers,	 which	 results	 in	 the	 severing	 of	 the	 MT	 into	

shorter	pieces	(Hartman	et	al.	1998;	Quarmby	2000;	Amos	&	Schlieper	2005).	

	

Mammalian	PRC1	(and	orthologs	such	as	Ase1	from	Saccharomyces	cerevisiae	(S.	

cerevisiae)	 and	 S.	 pombe,	 and	 SPD-1	 from	 C.	 elegans)	 is	 a	 non-motor	 protein	

containing	two	MT	binding	sites	that	allow	it	to	create	antiparallel	MT	bundles	

(Mollinari	et	al.	2002;	Loïodice	et	al.	2005;	Yamashita	et	al.	2005;	Verbrugghe	&	

White	2004).		

	

1.2.2	Non-motor	proteins	that	bind	the	plus	end	of	microtubules		

A	second	group	of	MAPs	are	able	to	bind	preferentially	to	the	growing	MT	plus	

end.	These	proteins	are	known	as	+TIPs	(Akhmanova	&	Steinmetz	2008).		EB1	is	

a	+TIP	which	acts	as	a	master	recruiter	of	other	+TIP	proteins	to	the	cell	end.		A	

subset	of	EB1	binding	proteins	bind	EB1	through	their	SxIP	motif	(Honnappa	et	

al.	2009).		EB1	in	vitro	increases	MT	growth	and	catastrophe	rates	whilst,	in	vivo	

EB1	promotes	MT	growth	and	decreases	catastrophe	frequency	(Kita	et	al.	2006;	

Vitre	et	al.	2008;	Komarova	et	al.	2009).		EB1	localises	to	the	plus	end	of	the	MT	

and	is	thought	to	recognise	the	difference	between	GTP-tubulin	and	GDP-tubulin	

(Zanic	 et	 al.	 2009).	 	 EB1	 binds	 between	MT	 protofilaments	 close	 to	 the	 GTP-

exchange	site	on	b-tubulin,	allowing	it	to	interrogate	the	nucleotide	state	of	the	

tubulin	heterodimer.		EB1	also	binds	along	the	lattice	of	MTs	that	are	incubated	

with	GTPgS	(GTP	analogue	in	which	the	terminal	carbonyl	group	is	replaced	with	

a	 thio	 group),	 which	mimics	 the	 GTP	 state	 of	 tubulin	 and	 is	 hydrolysed	 very	

slowly	(Maurer	et	al.	2012).	

	

1.2.3	Dynein	

There	are	two	classes	of	motor	proteins	that	use	the	energy	from	ATP	hydrolysis	

to	move	along	the	MT	lattice,	dynein	and	kinesins.	Dynein	is	a	minus	end	directed	

motor.		Its	motor	domain	consists	of	an	AAA	ATPase.	Usually,	AAA	proteins	are	
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hexamers	with	the	subunits	arranged	in	a	ring	(Tucker	&	Sallai	2007).		In	dynein,	

this	ring	consists	of	a	single	polypeptide	chain.		Emerging	from	the	fourth	AAA	

domain	is	the	MT	binding	domain,	located	at	the	end	of	a	stalk	(Kon	et	al.	2011;	

Carter	et	al.	2011).		The	motor	also	has	an	N-terminal	tail	that	binds	accessory	

proteins	(Roberts	et	al.	2013).	

	

S.	 cerevisiae	 dynein	 functions	 in	 vitro	 as	 a	 dimer	 and	 can	 travel	 for	 a	 mean	

distance	of	1500	nm	before	detaching.		Dictyostelium	discoideum	(D.	discoideum)	

dynein	motor	dimers	enhance	each	other’s	ATPase	activity	(Reck-Peterson	et	al.	

2006;	Qiu	et	al.	2012;	Shima	et	al.	2006;	Roberts	et	al.	2013).	

	

The	beating	of	motile	cilia	 is	reliant	on	axonemal	dyneins.	 	Dynein	motors	are	

anchored	along	the	length	of	the	doublets	and	their	MT	binding	domains	contact	

a	neighbouring	MT	doublet.	The	motor	activity	of	dynein	causes	the	dynein	motor	

tethered	on	one	MT	double	 to	begin	 taking	 steps	 towards	 the	minus	end	of	 a	

neighbouring	 MT	 doublet,	 generating	 a	 sliding	 force	 (Mitchison	 &	 Mitchison	

2010;	Gibbons	&	Rowe	1965;	Summers	&	Gibbons	1971).	

	

Dynein	is	required	for	the	minus	end-directed	transport	of	phagosomes	(Blocker	

et	al.	1997)	and	other	cellular	cargo	(Roberts	et	al.	2013).		In	S.	cerevisiae,	dynein	

is	required	for	the	positioning	of	the	nucleus	during	cell	division	(Moore	et	al.	

2009).		At	mitosis	in	C.	elegans,	dynein	is	tethered	to	the	cell	cortex,	and	its	minus	

end-directed	motor	activity	provides	the	pulling	force	at	anaphase	(Nguyen-Ngoc	

et	al.	2007).		In	vitro,	tethered	C.	elegans	dynein	can	position	MT	asters	(Laan	et	

al.	2012).		During	mitosis,	dynein	focuses	the	minus	end	of	spindle	MTs	(Heald	et	

al.	1996;	Merdes	et	al.	1996).			

	

To	 accomplish	 this	 wide	 range	 of	 cellular	 functions	 the	 dynein	 motor	 is	

augmented	 with	 accessory	 proteins.	 	 The	 multi-protein	 complex	 Dynactin	 is	

required	 for	 dynein	 to	 bind	 cellular	 cargo	 (Waterman-Storer,	 1997).	 	 The	

tethering	 of	 dynein	 to	 the	 cell	 cortex	 for	 the	 generation	 of	 pulling	 forces	 at	

anaphase	 requires	 Ga,	 GPR-1/2	 and	 Lin-5	 (Nguyen-Ngoc	 et	 al.	 2007;	 Gönczy	
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2008).		Focusing	of	MT	minus	ends	during	mitosis	is	dependent	on	NuMA,	which	

forms	a	complex	with	dynein	and	dynactin	(Merdes	et	al.	1996).			

	
1.2.4	Kinesin	

Kinesins	move	along	the	MT	lattice	by	harnessing	the	energy	liberated	by	ATP	

hydrolysis.		There	are	14	kinesin	families,	however	different	authors	disagree	on	

the	precise	grouping	of	these	families	(Lawrence	et	al.	2004;	Wickstead	&	Gull	

2006).	 	 Kinesins	 can	 be	 broadly	 characterised	 by	 the	 location	 of	 their	motor	

domain;	 N-kinesins	 have	 their	 motor	 domain	 at	 their	 N-terminus	 and	 are	

typically	plus	end-directed,	C-kinesins	have	their	domain	at	the	C-terminus	and	

are	typically	minus	end-directed,	and	M-kinesins	have	their	motor	domain	in	the	

middle	of	the	polypeptide	and	are	non-motile,	instead	acting	to	destabilise	MTs	

(Hirokawa	et	al.	2009).	 	The	best	characterised	kinesin	is	kinesin-1,	which	is	a	

homodimer.		Each	kinesin-1	monomer	contains	an	N-terminal	motor	domain	that	

hydrolyses	ATP	and	binds	MTs,	and	a	C-terminal	tail	that	binds	the	kinesin	light	

chains	 which	 bind	 cargo	 via	 a	 TPR-repeat-containing	 domain.	 	 The	 tail	 is	

composed	 largely	 of	 coiled-coil	 motifs,	 and	 supports	 dimerisation	 of	 the	 two	

monomers	(Bloom	et	al.	1988;	Yang	et	al.	1990;	Gindhart	et	al.	1998;	Vale	2003).	

	

Kinesin-1	 takes	 8	 nm	 steps,	 corresponding	 to	 the	 distance	 between	 kinesin	

binding	sites	on	adjacent	tubulin	heterodimers	within	a	protofilament,	with	each	

step	requiring	the	hydrolysis	of	one	molecule	of	ATP.		The	cycle	begins	with	the	

trailing	 head	 strongly	 bound	 to	 the	MT.	 	 The	 other	 head,	 the	 leading	 head,	 is	

tethered	to	the	trailing	head.		ADP	is	bound	to	the	leading	head.		ATP	then	binds	

at	the	trailing	head	which	allows	the	leading	head	to	start	searching	for	the	next	

binding	site	along	the	MT.		The	leading	head	then	binds	to	the	next	binding	site,	

stimulating	 the	 release	 of	 ADP.	 	 ATP	 hydrolysis	 occurs	 at	 the	 trailing	 head.		

Inorganic	 phosphate	 (Pi)	 release	 from	 the	 trailing	 head	 results	 in	 the	 trailing	

head	now	becoming	tethered	against	the	leading	head,	and	the	cycle	repeats	(Coy	

et	al.	1999;	Kaseda	et	al.	2003;	Asbury	et	al.	2003;	Yildiz	et	al.	2004;	Svoboda	et	

al.	1993;	Carter	&	Cross	2005;	Mickolajczyk	et	al.	2015;	Isojima	et	al.	2016;	Cross	

2016,	Figure	1.3).	
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During	interphase,	kinesins	transport	cargo	along	MTs	(Hirokawa	et	al.	2009);	

for	instance,	Kif1Ba	transports	mitochondria	in	neuronal	axons	(Nangaku	et	al.	

1994).		KIF1C	(Kinesin-3)	delivery	of	cargo	(integrins)	to	the	rear	of	migrating	

human	 retinal	 pigment	 cells	 is	 required	 for	 consistent	 directional	 movement	

(Theisen	et	al.	2012).	

	

Kinesins	also	play	major	roles	in	mitosis	(Cross	&	McAinsh	2014).		KIF10	(CENP-

E,	kinesin-7)	is	required	for	kinetochore	capture	by	kMTs,	and	KIF22	helps	move	

chromosomes	to	the	cell	centre	by	contributing	to	the	polar	ejection	force	(a	force	

which	moves	chromosomes	away	 from	 the	centrosomes)	 (Kapoor	et	al.	2006;	

Stumpff	et	al.	2008;	Stumpff	et	al.	2012).		

	

Mitosis	 requires	 the	 sliding	 apart	 of	 antiparallel	 bundles,	 achieved	 by	 the	

homotetrameric	KIF11	(also	known	as	Eg5,	kinesin-5).		This	sliding	is	required	

for	the	separation	of	newly	duplicated	centrosomes	at	the	start	of	mitosis	and	the	

separation	 of	 chromosomes	 at	 anaphase	 onset	 (Whitehead	 et	 al.	 1996;	

Tanenbaum	&	Medema	2010;	Straight	et	al.	1998).		The	sliding	of	KIF11	at	early	

mitosis	 is	 counteracted	by	 the	minus	end	directed	kinesin	KIFC1	 (kinesin-14)	

(Mountain	 et	 al.	 1999).	 	 Other	 examples	 of	 kinesins	 required	 for	mitosis	 are	

covered	in	Section	1.3.	

	

Kinesins	also	serve	as	regulators	of	MT	dynamics.	

	

1.3	Kinesins	that	regulate	microtubule	dynamics		
Some	kinesins	are	able	to	regulate	MT	stability	(Table	1.1).		Many	kinesins	are	

able	 to	 target	MT	ends,	 the	site	 from	which	 the	regulation	of	MTs	occurs,	and	

most	kinesins	are	directed	to	the	plus	end	in	particular,	so	as	to	position	them	to	

control	MT	dynamics	(Su	et	al.	2012;	Drummond	2011).	
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Figure	1.3	The	kinesin	step.	1)	The	trailing	head	is	bound	to	the	microtubule	

and	ADP	is	bound	to	the	leading	head.		The	leading	head	is	tethered	to	the	trailing	

head.		2)	ATP	binds	to	the	trailing	head	allowing	the	leading	head	to	search	for	

the	next	microtubule	binding	site.		3)	The	lead	head	binds	to	the	next	microtubule	

binding	 site,	 releasing	ADP.	 	 	 ATP	 hydrolysis	 occurs	 at	 the	 trailing	 ahead.	 	 4)	

Inorganic	phosphate	(Pi)	is	released	from	the	trailing	head.		5)	The	trailing	head	

is	now	tethered	to	the	leading	head	and	the	cycle	repeats.		Adapted	from	(Cross	

2016).	
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1.3.1	Kinesins	which	destabilise	microtubules	

CENP-E	 (Kinesin-7)	 in	 vitro	 localises	 to	 the	 plus	 end	 of	 MTs	 and	 stimulates	

growth	 from	 the	 plus	 end	 (Sardar	 et	 al.	 2010).	 	 In	 Arabidopsis	 thaliana	 (A.	

thaliana),	 separase	activates	MT	polymerisation	 through	 interactions	with	 the	

plant	 CENP-E	 homolog,	 Kin7.	 	 The	 binding	 of	 separase	 to	 Kin7	 removes	 the	

latter’s	auto-inhibition	(Moschou	et	al.	2016).	

	

Kinesin-10	 family	 members	 contain	 both	 MT	 and	 DNA	 binding	 domains	 and	

localise	 to	 chromosomes	 and	 MTs	 during	 mitosis	 (Tokai	 et	 al.	 1996).	 	 The	

mammalian	kinesin-10	KIF22	is	a	plus	end	directed	motor	(Yajima	et	al.	2003)	

whose	deletion	results	in	shorter	mitotic	spindles	(Tokai-Nishizumi	et	al.	2005).			

Drosophila	melanogaster	(D.	melanogaster)	kinesin-10	(NOD)	is	non-motile	but	

in	 vitro	 preferentially	 binds	 to	 MT	 plus	 ends	 where	 it	 stimulates	 MT	

polymerisation	(Matthies	et	al.	2001;	Cui	et	al.	2005).	 	S.	cerevisiae	kinesin-10	

(Kip2)	is	required	for	cytoplasmic	MT	stability	(Huyett	et	al.	1998;	Carvalho	et	al.	

2004;	Hibbel	et	al.	2015).	 	Tea2	from	S.	pombe	 is	required	for	stability	of	MTs	

during	interphase	(H	Browning	et	al.	2000).		Tea2	is	discussed	in	Section	1.6.2.	

	

Human	 kinesin-12,	 KIF15,	 aids	 Eg5	 in	 centrosome	 separation	 at	 the	 start	 of	

mitosis	 (Tanenbaum	 &	 Medema	 2010).	 	 KIF15	 preferentially	 associates	 with	

parallel	MT	bundles	(Sturgill	&	Ohi	2013).	In	vitro,	KIF15	is	a	plus	end	directed	

motor	that	drives	the	transport	of	MTs	over	each	other	to	form	parallel	bundles.		

It	also	 tracks	 the	MT	plus	end	and	maintains	MT	growth	 in	vitro	 (Drechsler	&	

McAinsh	2016).	

	

1.3.2	Kinesins	that	destabilise	microtubules		

Mouse	kinesin-2,	KIF3C,	is	expressed	in	adult	mouse	neurons	and	in	the	neurons	

of	young	mice	after	injury.		It	localises	to	the	plus	end	of	neuronal	MTs	in	an	EB3	

(EB1	orthologue,	Section	1.2.3)	dependent	manner.		Depletion	of	KIF3C	results	

in	 overgrown	MTs	which	 curl	 at	 cell	 ends	 as	 opposed	 to	 being	 straight	 upon	

reaching	the	cortex	(Gumy	et	al.	2013).	



	 14	

Kinesin	 Family	 Species	 Motility	 Microtubule	

regulation	

CENP-E	 7	 Homo	sapiens	 Plus	end-

directed	

Promotes	

microtubule	

growth		

Kin7	 7	 Arabidopsis	

thaliana	

Plus	end-

directed	

Reduction	of	

shrinking	

velocity	and	

catastrophe	rate	

and	increased	

rescue	rate.	

KIF22	 10	 Homo	sapiens	 Plus	end-	

directed	

Required	for	

stability	of	

mitotic	spindle	

NOD	 10	 Drosophila	

melanogaster	

Non-motile		 Promotes	

microtubule	

growth		

Kip2	 10	 Saccharomyces	

cerevisiae	

Plus	end-

directed	

Promotes	

microtubule	

growth	and	

decreases	

catastrophe	

frequency	

Tea2	 10	 Schizosaccharomyces	

pombe	

Plus	end-

directed	

Promotes	

interphase	

microtubule	

growth	and	

decreases	

catastrophe	

frequency	
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KIF15	 12	 Homo	sapiens	 Plus	end-

directed	

Decreases	

catastrophe	

frequency	

KIF3C	 2	 Mus	musculus	 Non-motile	

but	binds	

EB3	

Inhibits	

interphase	

microtubule	

growth	and	

promotes	

shrinkage	

Xklp1	 4	 Xenopus	laevis	 Plus	end-	

directed	

Limits	the	size	of	

antiparallel	

overlaps	

KIF4	 4	 Homo	sapiens	 Plus	end-

directed	

Limits	the	size	of	

antiparallel	

overlaps	

KIF21B	 4	 Mus	musculus	 Plus	end-	

directed	

Increases	

interphase	

microtubule	

growth	rate	and	

catastrophe	rate	

Eg5	 5	 Homo	sapiens	 Plus	end-	

directed	

Inhibits	growth	

of	neuronal	

microtubules	

Cin8	 5	 Saccharomyces	

cerevisiae	

Plus	end-	

directed	

Limits	length	of	

kinetochore	and	

astral	

microtubules		

Eg5	 5	 Xenopus	laevis	 Plus	end-

directed	

Increases	

microtubule	

growth	rate	and	

reduces	

catastrophe	

frequency	
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Kin1	 13	 Plasmodium	

falciparum	

non-motile	 Depolymerises	

chemically	

stabilised	

microtubules	

MCAK	 13	 Homo	sapiens	 non-motile	 Depolymerises	

microtubules	

from	both	plus	

and	minus	ends	

KLP59C	 13	 Drosophila	

melanogaster	

unknown	 Destabilisers	

kinetochore	

microtubules	

Kar3	 14	 Saccharomyces	

cerevisiae	

Minus	end	

directed		

Destabilises	

microtubules		

NCD	 14	 Drosophila	

melanogaster	

Minus	end	

directed		

Full	length	

protein	

destabilises	

microtubules	

from	plus	end	

	

Tail	region	

promotes	

microtubule	

growth		

Pkl1	 14	 Schizosaccharomyces	

pombe	

Minus	end	

directed	

Inhibits	

microtubule	

nucleation	from	

g-tubulin	

Klp5/Klp6	 8	 Schizosaccharomyces	

pombe	

Plus	end	

directed	

Regulation	of	

interphase	

microtubule	

length	
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Kif18A	 8	 Homo	sapiens	 Plus	end	

directed	

Length	

dependent	

microtubule	

depolymerase		

	

Microtubule	

dynamic	

suppressor	

Kif18B	 8	 Homo	sapiens	 Plus	end	

directed	

and	binds	

EB1	

Limits	length	of	

astral	

microtubules	

Kif19	 8	 Mus	musculus	 Plus	end	

directed	

Limits	length	of	

cilia	

microtubules	

Kip3	 8	 Saccharomyces	

cerevisiae	

Plus	end	

directed	

Destabilises	

microtubules	

Table	1.1	Kinesins	which	regulate	microtubules	dynamics.		List	of	kinesins	

which	 have	 been	 shown	 to	 regulate	 microtubules.	 	 Red	 text	 refers	 to	 data	

obtained	through	solely	 in	vitro	experiments,	blue	text	refers	to	data	obtained	

through	solely	in	vivo	experiments	and	green	texts	refers	to	data	which	has	both	

in	vivo	and	in	vitro	evidence.	
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Xenopus	laevis	(X.	laevis)	kinesin-4,	Xklp1,	limits	the	size	of	the	mitotic	spindle	in	

egg	extracts	(Castoldi	&	Vernos	2005)	and	inhibits	MT	dynamics	keeping	MTs	at	

a	 constant	 length	 (Bringmann	 et	 al.	 2004).	 	 In	 vitro,	 XKlp1	 is	 recruited	 to	

antiparallel	 MT	 overlaps	 by	 PRC1,	 a	 protein	 which	 binds	 to	 and	 stabilises	

antiparallel	bundles	(Mollinari	et	al.	2002),	and	limits	the	size	of	these	overlap	

regions	 (Bieling	 et	 al.	 2010).	 	 KLP-19	 (C.	 elegans)	 localises	 to	 antiparallel	MT	

bundles	during	mitosis	(spindle	midzone)	(Powers	et	al.	2004),	as	does	Human	

KIF4,	which	recruits	PRC1	to	the	spindle	midzone	(Kurasawa	et	al.	2004;	Sekine	

et	 al.	 1994).	 	 Deletion	 of	KIF4	 results	 in	midzones	which	 overgrow	 (Hu	 et	 al.	

2011).	

	

KIF21B	(neuronal	mouse	kinesin-4)	knockouts	in	mice	result	in	learning	defects.		

Overexpression	studies	 in	HeLa	cells	and	knockouts	 from	neuronal	cells	show	

that	KIF21B	stimulates	MT	growth	but	also	 causes	MTs	 to	undergo	 shrinkage	

more	often	(Muhia	et	al.	2016).	

	

Eg5,	mammalian	kinesin-5,	is	a	plus-end	direct	motor	that	has	been	implicated	in	

regulating	the	length	of	neurons	by	inhibition	of	the	growth	of	MTs.		The	small	

molecule	inhibitor	of	Eg5	Monastrol	(Mayer	et	al.	1999)	results	in	longer	axons	

(Haque	et	al.	2004;	Yoon	et	al.	2005;	Myers	&	Baas	2007;	Balchand	et	al.	2015).		

Nucleophosmin,	a	MT	stabiliser	in	vivo,	works	through	the	inhibition	of	the	Eg5	

ATPase	domain	 (Wang	 et	 al.	 2010).	 	S.	 cerevisiae	kinesin-5,	 Cin8,	 controls	 the	

length	of	kinetochore	and	astral	MTs	with	its	deletion	resulting	in	longer	MTs.		It	

localises	 to	 the	 plus	 end	 of	 MTs	 in	 a	 length	 dependent	 manner	 and	 moves	

progressively	towards	the	plus	end	(Gardner	et	al.	2008).	However,	expression	

of	a	dimeric	X.	 laevis	Eg5	(a	plus	end-directed	motor),	 in	which	the	two	motor	

domains	 were	 fused	 to	 the	 D.	 melanogaster	 heavy	 chain,	 increased	 MT	

polymerisation	in	vitro.		The	growth	of	MTs	under	these	conditions	was	altered,	

and	tended	to	occur	only	from	a	subset	of	protofilaments	producing	tapered	MTs	

or	structural	abnormalities	such	as	“ram’s	horns”	(a	few	protofilaments	curling	

around)	on	the	growing	MTs	(Chen	et	al.	2015;	Sawin	et	al.	1992).	
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Kinesin-13s	are	non-motile	kinesins	that	contain	a	central	motor	domain.		They	

induce	catastrophe	and	MTs	shrinkage.		In	vitro,	Plasmodium	falciparum	kinesin-

13	(Kin1)	causes	the	formation	of	tubulin	rings	(Moores	et	al.	2002)	suggesting	

that	 shrinkage	 is	 induced	 by	 bending	 back	 tubulin	 heterodimers	 at	 MT	 ends	

mimicking	the	structure	of	GDP	tubulin.	A	crystal	structure	of	mouse	kinesin-13	

revealed	an	extended	 loop	 in	 the	motor	domain	which	 reaches	 into	 the	 inter-

dimer	space	and	allows	for	the	stabilisation	of	a	curved	protofilament	(Ogawa	et	

al.	2004).		Multiple	kinesin-13	motors	bind	around	the	ends	of	MTs,	forming	13	

membered	rings	(one	for	each	protofilament)	allowing	for	destabilisation	of	the	

entire	MT	(Tan	et	al.	2006;	Tan	et	al.	2008).	 	Mammalian	kinesin-13,	MCAK,	is	

able	 to	 degrade	 GMPCPP	 (Non-hydrolysable	 GTP	 orthologue)	 stabilised	 MTs	

from	both	the	plus	and	minus	end	(Hunter	et	al.	2003).		Despite	being	non-motile,	

kinesin-13	 reaches	 the	 ends	 of	 MTs	 by	 either	 binding	 directly	 to	 plus	 ends,	

diffusing	 along	 the	 lattice,	 or	 being	 transported	 there	 by	 Kif18B	 (kinesin-8)	

(Hunter	et	al.	2003;	Helenius	et	al.	2006;	Hertzer	&	Walczak	2008;	Tanenbaum	

et	 al.	 2011).	 	 Kinesin-13	 localisation	 to	 the	mitotic	 spindle	 is	 increased	by	 its	

binding	 to	 the	MT-binding	protein	Cep170	 (Welburn	&	Cheeseman	2012).	 	 In	

vivo,	kinesin-13	is	required	for	turnover	at	both	the	plus	and	minus	end	of	kMTs,	

and	contributes	thereby	to	kinetochore	movement	and	the	poleward	flux	of	kMTs	

(Wordeman	et	al.	2007;	Ganem	et	al.	2005;	Rogers	et	al.	2004).		During	anaphase,	

kMTs	shorten,	and	in	D.	melanogaster	this	process	has	been	shown	to	require	the	

kinesin-13	KLP59C	(Rogers	et	al.	2004).	

	

Kinesin-14	(Kar3	 in	S.	cerevisae,	Pkl1	 in	S.	pombe	and	Ncd	 in	D.	melanogaster)	

destabilise	MTs.		Kar3	is	a	minus	end	directed	motor	which	is	targeted	to	MT	plus	

ends	by	the	non-motor	protein	Cik1,	and	at	plus	ends	it	 induces	MT	shrinkage	

(Saunders	 et	 al.	 1997;	 Sproul	 et	 al.	 2005).	 	 Ncd,	 a	minus	 end	 directed	motor,	

shortens	MTs	 from	 the	 plus	 end,	 however	 expression	 of	 the	 tail	 region	 alone	

stimulates	 MT	 polymerisation	 (Sproul	 et	 al.	 2005;	 Karabay	 &	 Walker	 1999;	

McDonald	et	al.	1990).		Pkl1	prevents	nucleation	of	tubulin	from	g-tubulin	rings	

(Olmsted	et	al.	2014;	Furuta	et	al.	2008).	

	

Regulation	of	MTs	by	kinesin-8	is	covered	in	Section	1.7.	
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1.4	Schizosaccharomyces	pombe	as	a	model	system	
S.	pombe	is	a	useful	system	in	which	to	study	MT	dynamics	and	their	regulation	

by	 kinesins	 due	 to	 the	 well-established	 MT	 architecture	 and	 the	 way	 that	

architecture	changes	during	 the	cell	cycle	(Section	1.5).	 	Compared	to	human	

cells	S.	pombe	MT	plus	ends	carry	a	reduced	complement	of	proteins	(Section	

1.6).		Genetic	manipulation	is	well	established,	allowing	for	deletions	and	point	

mutations	and	genetic	crosses	are	possible	for	the	easy	generation	of	new	strains.		

S.	 pombe	 has	 at	 least	 50	 genes	 with	 appreciable	 similarity	 to	 human	 disease	

genes,	most	of	which	are	cancer-related,	providing	medical	relevance	(Wood	et	

al.	2002).	

	

1.5	Schizosaccharomyces	pombe	microtubules		
S.	pombe	are	cylindrical	cells	capped	by	hemispheres.	 	After	division,	S.	pombe	

cells	are	~7	µm	in	length	and	growth	occurs	from	the	old	end	of	the	cell	(the	end	

which	has	not	been	formed	by	the	recent	cleavage	of	the	middle	of	the	mother	

cell).		After	a	length	of	time,	growth	occurs	at	the	new	end	in	a	process	termed	

new	end	 take	off	 (NETO).	 	As	 the	 cell	 grows,	 the	nucleus	 is	maintained	at	 the	

centre	of	the	cell.		Once	the	cell	is	~14	µm	long	it	undergoes	division.		This	process	

then	repeats	itself	in	the	two	new	daughter	cells.		During	this	cycle,	the	S.	pombe	

MT	cytoskeleton	undergoes	numerous	changes	(Hagan	1998,	Figure	1.4).		In	the	

following	section	I	will	primarily	cover	interphase	MTs	(iMTs)	since	they	are	the	

focus	of	this	study.	

	
1.5.1	Interphase	

iMTs	nucleate	in	the	cytoplasm	from	four	locations;	the	cytoplasmic	face	of	the	

spindle	pole	body	(SPB),	the	nuclear	surface,	the	cytoplasm	and	the	lattice	of	pre-

existing	MTs	(Ding	et	al.	1997;	Tran	et	al.	2001;	Janson	et	al.	2005;	Sawin	et	al.	

2004;	Sawin	&	Tran	2006).		In	vivo	nucleation	in	S.	pombe,	as	with	other	species,	

requires	 g-tubulin	 (Zheng	 et	 al.	 1995;	 Raynaud-Messina	 &	 Merdes	 2007).	 	 g-

tubulin	(Gtb1	in	S.	pombe)	forms	the	g-TuSC	(g-tubulin	small	complex)	with	Alp4	

and	Alp6	and	this	interaction	is	conserved	in	other	eukaryotes	(Knop	et	al.	1997;	

Horio	et	al.	1991;	Vardy	&	Toda	2000;	Murphy	et	al.	1998;	Sawin	&	Tran	2006).		
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Multiple	 copies	of	 g-TuSC	 form	 the	 g-tubulin	 complex	 (g-TuC)	which	has	been	

shown	in	other	eukaryotes	to	form	a	ring	structure	with	13-fold	symmetry	and	

the	same	diameter	as	the	MT,	allowing	it	act	as	a	direct	template	for	MT	growth	

(Kollman	 et	 al.	 2011;	 Kollman	 et	 al.	 2010;	 Moritz	 et	 al.	 2000).	 Cytoplasmic	

nucleation	also	relies	on	Mto1	and	Mto2,	which	localise	g-TuC	components	to	the	

sites	of	MT	nucleation	(Janson	et	al.	2005;	Samejima	et	al.	2005;	Venkatram	et	al.	

2004;	Venkatram	et	al.	2005;	Sawin	et	al.	2004;	Samejima	et	al.	2010;	Samejima	

et	al.	2008).	Most	nucleation	events	occur	close	to	the	cell	nucleus	in	a	manner	

that	is	dependent	on	Mto1.	13	molecules	of	Mto1	and	Mto2	localise	to	each	MTOC	

along	with	8	molecules	of	both	Alp4	and	Alp6	(Lynch	et	al.	2014).		

	

Once	nucleated,	MTs	are	organised	 into	3-4	antiparallel	bundles	at	 interphase	

with	2-5	MTs	per	bundle.		The	bundled	MTs	overlap	at	their	minus	ends	with	the	

overlap	close	to	the	nucleus	at	the	centre	of	the	cell.	The	plus	ends	of	the	MTs	

grow	towards	both	ends	of	the	cell	making	the	array	symmetrical	(Drummond	&	

Cross	2000;	Tran	et	al.	2001).			Disruption	of	nucleation,	for	instance	deletion	of	

mto2	or	mto1,	results	in	a	reduced	number	of	interphase	MT	(iMT)	bundles	and	

often	 just	 a	 single	 thick	 bundle	 is	 observed	 (Samejima,	 2005).	 	 The	wild	 type	

antiparallel	bundle	 is	maintained	by	Ase1,	orthologous	 to	human	PRC1,	at	 the	

overlap	region	(Loidice,	2005).		To	achieve	this	organisation,	MTs	are	slid	over	

one	 another	 by	 Klp2	 (kinesin-14),	 a	 minus	 end	 directed	 motor	 (Carzo-Salas,	

2005).		Klp2	preferentially	sorts	MTs	into	parallel	arrays	and	so	the	MT	bundles,	

near	the	nucleus,	are	possibly	arranged	in	bundles	of	four	MTs	in	which	there	are	

two	sets	of	parallel	MTs	stabilised	by	Klp2,	and	these	two	sets	are	antiparallel	to	

each	other	with	this	bundling	stabilised	by	Ase1	(Braun,	2009,	Figure	1.5).	
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Figure	1.	4	Schizosaccharomyces	pombe	microtubules	during	the	cell	cycle.	

During	interphase,	microtubules	are	nucleated	from	either	the	spindle	pole	body	

or	other	cytoplasmic	nucleating	centres	and	grow	towards	the	cell	end.	 	Upon	

reaching	the	cell	end,	MTs	bend	due	to	compression,	and	growth	slows	 for	1-2	

minutes	 before	 shrinkage	 ensues.	 	 During	 mitosis,	 the	 spindle	 pole	 body	

duplicates	and	the	mitotic	spindle	nucleates	from	the	nuclear	face	of	the	spindle	

pole	bodies.	 	During	cytokinesis,	microtubules	nucleate	 from	a	 ring	at	 the	cell	

centre	forming	the	post-anaphase	array.		Adapted	from	(Hagan	1998).	
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During	interphase,	MT	plus	ends	grow	towards	the	cell	tips;	upon	reaching	the	

cell	tips,	they	pause	before	undergoing	shrinkage.		The	MTs	either	shrink	back	to	

the	overlap	zone	or	are	rescued	close	to	it,	in	the	middle	of	the	cell.		Catastrophe	

is	spatially	controlled	so	that	it	occurs	preferentially	at	the	cell	tip,	independent	

of	cell	length.		It	is	possible	for	a	MT	to	continue	growing	once	it	has	reached	the	

cell	 tip,	 showing	 bowing	 and	 buckling	 and	 occasional	 overgrowth.	 	 However,	

growth	is	consistently	slowed	at	cell	tips.		Growth	against	the	cell	tip	will	generate	

compressive	 forces	 and	 these	 compressive	 forces	 are	 likely	 to	 influence	

catastrophe.		MTs	which	are	part	of	a	bundle	in	which	MTs	at	both	ends	of	the	

bundle	are	in	contact	with	the	cell	tip	are	more	likely	to	undergo	catastrophe	than	

bundles	containing	one	(or	no)	MTs	in	contact	with	the	cell	 tip	(Drummond	&	

Cross	2000;	Tran	et	al.	2001;	Tischer	et	al.	2009).	

	

The	purpose	of	the	iMT	plus	ends	continually	visiting	the	cell	tips	is	twofold.		The	

first	 is	 that	 the	compressive	 force	at	 the	cell	ends	 is	sufficient	 to	maintain	 the	

central	position	of	the	cell	nucleus	(Tran	et	al.	2001).		Secondly	the	iMTs	function	

to	 deposit	 polarity	 factors	 at	 the	 cell	 tip	which	maintain	 growth	 for	 the	 tips,	

namely	Tea1	(Sawin	&	Nurse	1998	and	Section	1.6.4)	
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Figure	 1.5	 Interphase	 microtubule	 in	 Schizosaccharomyces	 pombe.		

Schematic	of	S.	pombe	interphase	microtubules.		Parallel	arrays	of	microtubules	

are	stabilized	by	Klp2	and	antiparallel	microtubules	are	stabilized	by	Ase1	and	

Klp2.	 	The	 top	microtubule	 shows	plus	end	proteins	 found	during	 interphase.		

Klp5/Klp6	destabilise	microtubules	 that	have	reached	the	cell	end,	Tea2/Tip1	

stabilise	microtubules	 until	 they	 reach	 the	 cell	 end	 and	 contribute	 to	 cellular	

polarity,	 EB1	 recruits	 Tip1	 and	 Tea2	whilst	 stabilising	microtubules,	 and	 the	

Alp14/Alp7	 complex	 polymerises	 microtubules.	 	 Adapted	 from	 (Braun	 et	 al.	

2009).				
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1.5.2	Mitosis	and	cytokinesis	

During	interphase,	the	SPB	body	is	located	outside	of	the	nucleus.		Before	entry	

into	mitosis,	 the	 SPB	 increases	 in	 size	 before	 dividing	 into	 two	 smaller	 SPBs	

which	then	embed	into	the	nuclear	membrane	for	the	duration	of	mitosis	(Ding	

et	 al.	 1997).	 	 From	 the	 two	 SPBs,	 three	 classes	 of	 mitotic	 MTs	 emanate;	 the	

kinetochore	 and	 interpolar	 MTs	 remain	 nuclear,	 whilst	 astral	 MTs	 are	

cytoplasmic	and	grow	roughly	perpendicular	to	the	mitotic	spindle.		Astral	MTs	

are	produced	during	anaphase	B	as	the	spindle	begins	to	elongate.		Astral	MTs	

are	 required	 to	 orientate	 the	 mitotic	 spindle	 along	 the	 long	 axis	 of	 the	 cell	

(Oliferenko	&	Balasubramanian	2002;	Gachet	et	al.	2004).	During	anaphase	B,	the	

mitotic	spindle	grows	from	2	µm	to	14	µm	to	span	the	entirety	of	the	cell	(Hagan	

&	 Hyams	 1996).	 	 Midway	 through	 anaphase	 B,	 an	 equatorial	 MT	 array	 is	

generated	-	a	circular	structure	which	spans	the	circumference	at	the	centre	of	

the	cell	and	localises	with	the	actin	ring	that	induces	cytokinesis	(Pichova	et	al.	

1995).		From	this	ring,	asters	of	MTs	are	produced	(Nabeshima	et	al.	1995;	Kanbe	

et	al.	1989;	Horio	et	al.	1991)	known	as	the	post	anaphase	array	(PAA).		The	PAA	

is	nucleated	 from	equatorial	MTOCs	 (eMTOCs)	which	are	g-tubulin	 containing	

complexes	that	are	recruited	to	the	actin	ring.		eMTOC	formation	is	regulated	by	

polo-like	kinase	Plo1	(Heitz	et	al.	2001).		After	the	PAA,	the	MT	array	returns	to	

the	interphase	architecture	and	the	cycle	repeats.	

	

1.5.3	Why	study	microtubules	in	Schizosaccharomyces	pombe?	

This	study	is	primarily	focused	on	MTs	during	interphase	in	S.	pombe.		The	reason	

for	studying	these	MTs	is	that	they	provide	a	relatively	simple	and	easily	studied	

system	in	which	the	polarised	dynamic	instability	of	MTs	is	harnessed	to	pattern	

and	control	polarised	cell	growth.		There	is	also	a	smaller	set	of	end-interacting	

MT	 binding	 proteins,	 compared	 to	 mammalian	 cells,	 and	 subsets	 of	 these	

proteins	act	on	different	MTs	at	different	points	of	 the	cell	cycle,	providing	an	

opportunity	 to	 study	 the	 spatiotemporal	 regulation	 of	 MT	 dynamics	 by	 end-

interacting	proteins	in	cells.		
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1.6	Schizosaccharomyces	pombe	interphase	microtubule	

plus	ends	
A	subsection	of	components	of	the	S.	pombe	 interphase	plus	end	are	shown	in	

Figure	1.6.	

	

1.6.1	Mal3	

Mal3	is	the	S.	pombe	orthologue	of	metazoan	EB1.		During	interphase,	Mal3	binds	

along	the	entire	MT	lattice	but	enriches	specifically	at	the	plus	ends	of	MTs.		Mal3	

is	 required	 for	 MT	 stability	 and	 its	 deletion	 results	 in	 short	 interphase	

cytoplasmic	 MTs	 which	 undergo	 shrinkage	 sporadically	 throughout	 the	

cytoplasm,	in	sharp	contrast	to	the	cell-end-specific	catastrophe	of	long	MTs	in	

wild	type	cells	(Beinhauer	et	al.	1997;	Busch	&	Brunner	2004).		In	vitro	Mal3	has	

been	 found	 to	 promote	 S.	 pombe	 MT	 assembly	 and	 rescue	 and	 decrease	 MT	

shrinkage	speeds.		However	Mal3	has	also	been	shown	to	destabilise	porcine	MTs	

in	vitro	by	increasing	catastrophe	rate	(Bieling	et	al.	2007).	

	

1.6.2	Tea2	and	Tip1	

Tea2	is	a	S.	pombe	kinesin,	orthologous	to	human	Kif22	and	S.	cerevisiae	Kip2,	

required	for	correct	cellular	polarity	in	S.	pombe	(Verde	et	al.	1995).		In	vivo,	Tea2	

localises	to	the	plus	end	of	growing	iMTs	and	to	the	cell	cortex.		Tea2	is	required	

for	 the	 stability	 of	 iMTs,	 with	 deletion	 of	 tea2	 resulting	 in	 short	 iMTs,	 that	

undergo	 shrinkage	 before	MT	 plus	 ends	 reach	 the	 cell	 ends	 (Browning	 et	 al.	

2000).	 	Cells	 lacking	Tip1	(orthologous	to	CLIP170)	also	show	polarity	defects	

(bent	 and	 branched	 cells).	 tip1	 deletion	 also	 results	 in	 iMTs	 that	 undergo	

premature	catastrophe,	away	from	cell	ends,	in	a	manner	phenotypically	similar	

to	tea2	deletes.		tea2	and	tip1	deletes	are	therefore	similar	to	mal3	deletes,	with	

all	 three	deletions	 resulting	 in	 less	 stable	 iMT	which	undergo	shrinkage	more	

readily.		Tip1	also	localises	to	the	plus	end	of	iMTs	and	the	cell	cortex.		In	control	

cells,	iMTs	that	contact	the	cell	sides	are	deflected	and	continue	growing	into	the	

cell	 end.	 This	 deflection	 requires	 Tip1.	 	 In	 cells	 lacking	 Tip1,	 iMTs	 undergo	

catastrophe	upon	contacting	the	cell	side	(Brunner	&	Nurse	2000;	Browning	et	

al.	2003).		Tea2,	in	contrast,	has	not	been	found	to	be	required	for	iMT	deflection	
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at	cell	sides.		Tea2	and	Tip1	colocalise	at	cell	ends	and	iMT	plus	ends,	and	their	

localisations	 are	 interdependent,	 so	 that	Dtea2Dtip1	 double	 deletion	mutants	

have	 the	 same	 phenotype	 as	 the	 single	 deletions,	 short	 iMTs	 that	 undergo	

premature	catastrophe	(Busch	&	Brunner	2004).		Localisation	to	the	plus	end	of	

iMTs	of	both	Tip1	and	Tea2	is	dependent	on	Mal3	(Browning	et	al.	2003;	Busch	

&	Brunner	2004).		The	binding	of	Mal3	to	Tea2	in	vitro	stimulates	Tea2	ATPase	

activity	 (Browning	 &	 Hackney	 2005).	 In	 vitro,	 Mal3,	 Tip1	 and	 Tea2	 form	 a	

complex	 that	 tracks	 the	plus	 ends	of	 growing	MTs	 (Bieling	et	 al.	 2007).	 	Tip1	

forms	a	dimer	and	binds	both	EB1	and	Tea2,	allowing	 for	 the	cross	 linking	of	

many	complexes	at	the	iMT	end	(Browning	&	Hackney	2005).	

	

Thus,	Tea2,	Tip1	and	Mal3	form	a	protein	complex	that	 is	required	to	prevent	

iMT	shrinkage	in	the	middle	of	cells	and	Tip1	uniquely	prevents	iMT	shrinkage	

from	occurring	at	the	cell	side.		This	complex	ensures	that	shrinkage	only	occurs	

once	iMTs	have	reached	the	cell	end.		I	will	hereafter	refer	to	Tea2	and	Tip1	as	

the	Tea	system.	

	

Tea2	and	Tip1	have	been	shown	to	influence	mitosis.		Deletions	of	tea2	and	tip1	

result	 in	 increased	 levels	 of	 lagging	 chromosomes	 during	 anaphase.	 	 Tip1	

deletion	 results	 in	 recruitment	 of	 Mad2	 and	 Bub1	 to	 kinetochores	 during	

metaphase	and	anaphase.		Tip2	localises	to	the	SPB	during	mitosis,	and	Tip1	and	

Tea2	are	found	at	the	plus	ends	of	aMTs	(Goldstone	et	al.	2010).	

	

X.	 laevis	CLIP170	 plus	 end	 tracking	 in	 egg	 extracts	 is	 dependent	 on	 EB1	 and	

tyrosinated	 tubulin	 (Bieling	 et	 al.	 2008).	Mammalian	 CLIP170	 tracks	 growing	

plus	ends	of	iMTs	 in	vivo	(Perez	et	al.	1999).	 	In	African	Green	Monkey	kidney	

cells,	CLIP170	binds	IQGAP1,	which	in	turn	binds	actin	regulators	Rac1/Cdc42.		

This	serves	to	direct	MTs	towards	particular	points	of	actin	polymerisation	at	the	

cell	cortex	(Fukata	et	al.	2002).		Mammalian	CLIP170	has	been	proposed	to	track	

MT	plus	ends	by	copolymerising	with	tubulin	dimers.		CLIP170	plus	tip	tracking	

in	vitro,	in	contrast	to	S.	pombe	Tip1,	does	not	require	a	motor	protein	but	does	

require	 EB1	 (Arnal	 et	 al.	 2004;	 Bieling	 et	 al.	 2008).	 	 During	 mitosis,	 human	

CLIP170	localises	to	the	plus	end	of	kMTs	and	to	the	outer	region	of	unattached	



	 28	

kinetochores.	 	 CLIP170	 is	 required	 for	 kinetochore	 attachment	 to	 MTs	 and	

chromosome	congression	(Tanenbaum	et	al.	2006).	

	

The	behaviours	of	the	budding	yeast	orthologs	of	Tea2	and	Tip1	(KIP2	and	BIK1	

respectively)	also	show	similarities	to	the	S.	pombe	system.	BIK1	deletion	results	

in	short	cytoplasmic	MTs,	and	KIP2	deletion	decreases	the	number	of	cytoplasmic	

MTs.	(Berlin	et	al.	1990;	Huyett	et	al.	1998).	BIK1	tracks	the	plus	end	of	growing	

(and	 shrinking)	MT	 ends	 during	 pre-anaphase	 and	during	 interphase.	 	 It	 also	

localises	to	the	SPB.		BIK1	moves	along	the	microtubule	lattice	in	a	manner	which	

is	 dependent	 on	KIP2,	 and	 overexpression	 of	 KIP2	 results	 in	 hyper-stabilised	

cytoplasmic	MTs	in	a	BIK1	dependent	manner	(Carvalho	et	al.	2004).		

	

1.6.3	Alp14	and	Alp7	

Alp14	is	the	S.	pombe	orthologue	of	X.	laevis	XMAP215	or	human	ch-TOG	(Gard	&	

Kirschner	1987;	Charrasse	et	al.	1998).		In	vitro	XMAP215	binds	to	the	plus	end	

of	MTs	and	in	vivo	ch-TOG	also	binds	to	the	plus	end	of	MTs.		Both	XMAP215	and	

ch-TOG	binding	regions	are	at	the	very	tip	of	 the	MT	plus	end	and	are	further	

away	 from	 the	 minus	 end	 than	 the	 EB1	 binding	 region	 (Maurer	 et	 al.	 2014;	

Nakamura	et	al.	2012).		Alp7	is	an	orthologue	of	the	human	TACC	proteins.		Alp14	

and	 Alp7	 form	 a	 physical	 interaction	 in	 vivo	 (Sato	 et	 al.	 2004)	 as	 do	 the	

mammalian	 (Hood	 et	 al.	 2013;	 Thakur	 et	 al.	 2014)	 and	 X.	 laevis	 orthologues	

(Mortuza	et	al.	2014).		Both	Alp14	and	Alp7	localise	to	the	plus	end	of	cytoplasmic	

MTs,	 and	 Alp7	 is	 required	 for	 the	 localisation	 of	 Alp14	 to	 cytoplasmic	 MTs.		

However,	Alp14	localises	to	the	plus	end	of	iMTs	independent	of	Mal3	(Sato	et	al.	

2004;	 Sato	 et	 al.	 2009;	 Al-Bassam	 et	 al.	 2012).	 	 In	 vivo,	 Alp14	 is	 required	 to	

stabilise	iMT	bundles,	with	deletion	resulting	in	a	reduced	number	of	bundles.		

Cells	lacking	Alp14	show	slower	iMT	growth	and	shrinkage,	and	MTs	spend	long	

periods	of	time,	compared	to	wild	type	cells,	paused	in	the	cytoplasm	(Al-Bassam	

et	al.	2012;	Hussmann	et	al.	2016).		In	vitro	Alp14	and	Alp7	form	a	complex	which	

binds	both	GTP-	and	GDP-tubulin	(Hussmann	et	al.	2016).		Alp14	tracks	MT	plus	

ends	in	vitro	and	Alp7	enhances	this	behaviour.		Alp14	is	a	dose-dependent	MT	

polymerase	that	increases	the	growth	rate	of	brain	MTs	(Al-Bassam	et	al.	2012).	

It	 is	much	more	effective	as	a	polymerase	of	S.	pombe	MTs	and	this	activity	 is	
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further	 increased	 by	 Alp7	 (Hussmann	 et	 al.	 2016).	 	 During	 interphase,	 the	

Alp14/Alp7	complex	thus	increases	MT	growth	rates	and	ensures	continuous	MT	

growth	until	MT	tips	reach	cell	ends.	

	

The	 Alp14/Alp7	 complex	 is	 also	 functions	 during	 mitosis.	 	 Dalp7	 results	 in	

activation	 of	 the	 SAC	 (Sato	 et	 al.	 2003).	 	 Both	 Alp7	 and	Alp14	 localise	 to	 the	

mitotic	 spindle,	 kinetochores,	 and	 SPB	 during	 mitosis.	 	 Their	 kinetochore	

localisations	are	interdependent	(Sato	et	al.	2004;	Garcia	et	al.	2001).		Alp14	is	

required	for	kinetochore	attachments	to	kMTs	(Garcia	et	al.	2002a).		Alp7/Alp14	

temporal	regulation	is	mediated	by	phosphorylation	of	Alp7	which	is	controlled	

by	 Ran-GTPase;	 loss	 of	 this	 phosphorylation	 prevents	 entry	 of	 Alp7	 into	 the	

nucleus	(Sato	&	Toda	2007).		Alp7	is	constantly	shuttled	between	the	nucleus	and	

the	 cytoplasm	 during	 interphase,	 and	 inhibiting	 the	 nuclear	 export	 of	 Alp7	

results	 in	 iMTs	 which	 are	 phenotypically	 similar	 to	 Alp7	 and	 Alp14	 deletion	

mutant.		This	shuttling	is	controlled	by	Cdc2	phosphorylation	(Sato	et	al.	2009)	

which	 thereby	 redistributes	 Alp7-14	 activity	 between	 the	 cytoplasm	 and	 the	

nucleus.	

	
1.6.4	Tea1	 	

Tea1	localises	to	the	plus	ends	of	iMTs	and	to	the	cell	cortex,	with	an	identical	

localisation	 to	Tip1	and	Tea2.	 	Deletion	of	 tea1	 results	 in	bent	or	branched	S.	

pombe	cells	as	well	as	iMTs	which	fail	to	undergo	shrinkage	upon	reaching	the	

cell	end	and	instead	keep	growing	and	curl	around	the	cell	end	(Verde	et	al.	1995;	

Mata	&	Nurse	1997).	 	Both	Tip1	and	Tea2	require	Tea1	to	localise	to	cell	ends	

(but	not	iMT	plus	ends).		Tea2	motor	activity	is	required	for	Tea1	(and	Tip1)	to	

reach	cell	ends.		Tea1	also	requires	Tip1	to	localise	to	iMT	plus	ends	and	to	the	

cell	cortex	(Brunner	&	Nurse	2000;	Browning	et	al.	2003).			

	

Long	 term	 growth	 at	 both	 ends	 of	 the	 cell	 requires	 actin	 polymerisation	

(Mutavchiev	et	al.	2016).	 	Tea1	and	MTs	are	required	to	establish	new	sites	of	

growth	 at	 new	 cell	 ends	 (Sawin	&	Nurse	 1998;	 Chang	&	Martin	 2009).	 	 Tea1	

localisation	 to	 the	 cell	 end	 requires	 two	 additional	 proteins;	 Tea3	 and	Mod5.		

Each	of	Tea3,	Mod5	and	Tea1	bind	the	other	two	proteins.		Tea3	and	Mod5	are	
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both	required	to	localise	Tea1	to	the	cell	cortex,	Mod5	is	prenylated	allowing	it	

bind	directly	into	the	cell	membrane.		Mod5	is	required	for	stable	anchoring	of	

Tea1	at	cell	ends	but	Mod5	has	no	role	in	localising	Tea1	to	iMT	plus	ends.		Tea3	

localisation	 to	 the	 cell	 end	 requires	 MTs,	 Tea1	 and	 Tea2,	 and	 without	 these	

components	Tea3	localises	to	the	membrane	throughout	the	cell	instead	of	solely	

at	the	cell	end	(Arellano	et	al.	2002;	Snaith	&	Sawin	2003;	Snaith	et	al.	2005).		To	

regulate	polarity,	Tea1	forms	a	complex	with	Tea4.		The	proteins	form	a	physical	

complex	in	vivo,	and	both	proteins	localise	to	the	plus	end	of	iMTs	and	to	the	cell	

end.	Both	proteins	are	required	for	bipolar	growth	(growth	from	new	and	old	

ends	of	the	S.	pombe	cell).		Tea4	is	required	to	localise	Tea1	symmetrically	to	both	

cell	ends,	and	Tea1	is	required	to	localise	Tea4	to	the	cell	ends	and	to	the	plus	

ends	 of	 iMTs.	 	 Tea4	 also	 binds	 the	 formin	 (actin	 polymerase)	 For3	 and	

overexpression	of	Tea4	results	in	increased	actin	polymerisation	throughout	the	

cytoplasm	(Martin	et	al.	2005;	Tatebe	et	al.	2005).		Once	localised	to	the	cell	end,	

For3	is	relieved	of	its	autoinhibition	by	Cdc42	and	Bud6	(Martin	et	al.	2007)	and	

it	begins	 to	nucleate	 the	actin	 filaments	required	 for	cell	growth	(Feierbach	&	

Chang	2001;	Nakano	et	al.	2002).		

	

Actin	filaments	are	strictly	required	for	polarised	growth	and	serve	as	railways	

for	myosin-V	(Myo51	and	Myo52)-	transport	of	cargo	to	cell	ends	(Motegi	et	al.	

2001).	 	 Cargos	 include	 membrane	 bound	 cell	 wall	 synthases	 (Mulvihill	 et	 al.	

2006).	 	Endocytosis	 also	 requires	 the	actin	 cytoskeleton	and	 co-localises	with	

actin	patches	and	filaments	in	S.	pombe	(Gachet	&	Hyams	2005,	Figure	1.6).	

	

There	 is	 a	 Tea1	mutant	which	 separates	 cellular	 polarity	 from	MT	 dynamics.		

Cells	expressing	a	Tea1D200	 (missing	 the	 last	200	amino	acids)	mutant	 show	

normal	iMT	dynamics	(iMTs	no	longer	curl	around	the	cell	end)	and	Tea1D200	

still	 tracks	 iMT	plus	ends,	however	 it	 is	no	 longer	able	 to	 localise	 to	cell	 ends	

(Behrens	&	Nurse	2002).	
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Figure	 1.6	 Tea1	 dependent	 pathway	 for	 the	 establishment	 of	 cellular	

polarity.	 Tea1	 and	 Tea4	 are	 brought	 to	 cell	 ends	 in	 a	microtubule	 and	 Tip1	

dependent	process.		At	the	cell	ends,	Tea1	is	anchored	by	Mod5	and	Tea3.		Tea4	

recruits	For3,	which	is	activated	by	Bud6	and	Cdc42.		Activated	For3	polymerises	

actin	 cables,	 which	 serve	 to	 target	 myosin-V	 dependent	 cargo	 to	 cell	 ends.		

Adapted	 from	 (Martin	 et	 al.	 2005;	 Chang	 &	 Martin	 2009).	
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1.7	Kinesin-8		
1.7.1	Kinesin-8	in	Schizosaccharomyces	pombe	

Kinesin-8	 in	 S.	 pombe	 has	 two	 isoforms,	 Klp5	 and	 Klp6	 which	 form	 a	

heterodimeric	complex	 in	vitro.	 	Klp5	and	Klp6	co-localise	 throughout	 the	cell	

cycle.		Klp5	and	Klp6	localise	to	the	plus	end	of	iMTs,	with	more	protein	localising	

to	longer	iMTs	and	those	closest	to	the	cell	end.		Kinesin-8	is	known	to	enhance	

the	focusing	of	MT	catastrophes	into	cell	ends	in	S.	pombe:	in	cells	lacking	Klp5	

and	Klp6,	iMTs	commonly	curl	around	cell	ends	(West	et	al.	2001;	Tischer	et	al.	

2009;	Garcia	et	al.	2002b).	

	

During	interphase,	Klp5/Klp6	complexes	function	to	focus	iMT	catastrophes	into	

cell	ends.		However,	this	role	of	Klp5/Klp6	as	a	destabiliser	of	dynamic	plus	ends	

has	 not	 been	 replicated	 in	 vitro.	 	 Expression	 of	 the	 Klp5/Klp6	 heterodimer	

produces	a	protein	able	to	slide	MTs	consistent	with	a	plus	end	directed	motor	at	

39	nm	s-1.	 	 iMT	growth	speed	has	been	estimated	at	35	nm	s-1	–	39	nm	s-1	 so	

Klp5/Klp6	heterodimers	moving	at	39	nm	s-1	might	be	able	to	keep	pace	with	

growing	iMTs	and	reach	the	iMTs	plus	ends,	in	vivo,		via	motor	activity	(Unsworth	

et	 al.	 2008;	 Tischer	 et	 al.	 2009;	 Drummond	 &	 Cross	 2000;	 Tran	 et	 al.	 2001;	

Behrens	&	Nurse	2002;	Busch	&	Brunner	2004;	Sagolla	et	al.	2003).		Thus	these	

in	vitro	results	provide	an	explanation	of	the	plus-end	binding	of	Klp5/Klp6	 in	

vivo.	 	 However,	 Klp5/Klp6	 heterodimers	 were	 unable	 to	 induce	 shrinkage	 of	

stabilised	 MTs	 in	 vitro	 (Grissom	 et	 al.	 2009)	 and	 Klp5/Klp5	 and	 Klp6/Klp6	

homodimers	were	only	able	to	glide	MTs	at	6.5	nm	s-1	and	23	nm	s-1	respectively,	

not	fast	enough	to	iMT	reach	plus	ends	in	vivo.	 	Neither	homodimeric	Klp5	nor	

homodimeric	Klp6	was	able	to	induce	shrinkage	of	GMPCPP	stabilised	MTs,	or	

alter	the	dynamics	of	S.	pombe	tubulin	MTs	in	vitro	(Erent	et	al.	2012).	

	

cdc25-22	cells	lacking	Klp5/Klp6	are	bent,	consistent	with	a	role	for	Klp5/Klp6	

in	influencing	cell	polarity	in	S.	pombe.		The	Klp5/Klp6	complex	is	also	required	

for	meiosis	(West	et	al.	2001).	
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Klp5/Klp6	are	constantly	shuttled	between	the	nucleus	and	the	cytoplasm	and	

are	 interdependent	 for	 nuclear	 localisation	 (Unsworth	 et	 al.	 2008).	 	 During	

mitosis,	 Klp5/Klp6	 localises	 to	 the	 metaphase	 spindle,	 the	 spindle	 midzone	

during	anaphase	and	the	post-anaphase	array	after	cytokinesis.		During	mitosis,	

Klp5/KLp6	in	S.	pombe	are	required	for	chromosome	congression	at	metaphase	

and	 accurate	 segregation	 of	 chromosomes	 during	 anaphase.	 	 Klp5/Klp6	 also	

limits	 the	 size	 of	 the	 mitotic	 spindle	 (West	 et	 al.	 2002;	 Garcia	 et	 al.	 2002b).		

Klp5/Klp6	localise	to	the	kinetochore	(Garcia	et	al.	2002a;	Garcia	et	al.	2002b),	

and	kinetochore	MT	attachments	relies	on	the	combined	actions	of	Alp14,	Dam1	

and	Klp5/Klp6	(Garcia	et	al.	2002a;	Sanchez-Perez	et	al.	2005).	 	PP1	bound	to	

Klp5	 and	 Klp6	 is	 required	 to	 silence	 the	 SAC	 allowing	 anaphase	 progression	

(Meadows	et	al.	2011).	

	

Through	 its	 interaction	with	Scd1,	Klp5	has	been	 implicated	 in	controlling	the	

position	of	the	actin	ring	during	cytokinesis	(Li	&	Chang	2003).	

	

1.7.2	Kinesin-8	in	mammalian	cells		

Mammalian	cells	contain	three	kinesin-8	proteins,	Kif18A,	Kif18B	and	Kif19.	

	

Kif18A	expression	peaks	during	mitosis.		Kif18A	localises	to	the	plus	end	of	kMTs	

and	is	required	for	chromosome	congression,	limiting	chromosome	oscillations,	

and	maintaining	the	size	of	the	mitotic	spindle	(Mayr	et	al.	2007;	Stumpff	et	al.	

2008;	Liu	et	 al.	 2010;	Weaver	et	 al.	 2011).	 	Kif18A	contains	an	additional	MT	

binding	site	in	the	tail	region	which	is	required	for	its	accumulation	to	the	plus	

ends	of	kMTs	and	processivity	in	vitro	(Stumpff	et	al.	2011;	Weaver	et	al.	2011;	

Mayr	et	al.	2011).			

	

During	 mitosis,	 Kif18A	 is	 regulated.	 	 The	 C-terminus	 of	 Kif18A	 binds	 the	

anaphase	 promoting	 complex/cyclosome	 (APC/C)	 which	 ubiquitinates	 the	

protein,	 targeting	 it	 for	 degradation.	 This	 process	 begins	 just	 after	 nuclear	

envelope	breakdown	(NEBD)	(Sedgwick	et	al.	2013).		The	binding	of	Kif18A	to	

the	plus	ends	of	kMTs	is	positively	regulated	by	binding	to	the	Ran-GTP	target	

protein	HURP	(Ye	et	al.	2011).		Similarly,	to	S.	pombe	kinesin-8,	Kif18A	also	binds	
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PP1	 and	 the	 two	 proteins	 partially	 co-localise	 at	 the	 plus	 end	 of	 kMTs.	 	 The	

further	kMT	associated	Kif18A	is	from	the	kinetochore,	the	more	it	co-localises	

with	PP1	 (De	Wever	 et	 al.	 2014).	 	 Kif18A	 is	 phosphorylated	by	Cdk1	 and	de-

phosphorylated	 by	 PP1.	 	 Cdk1	 phosphorylation	 increases	 chromosome	

oscillations	 and	 the	width	of	 the	metaphase	plate,	 and	PP1	binding	 to	Kif18A	

reverses	these	phenotypes	(Häfner	et	al.	2014).	

	

In	vitro	studies	provide	conflicting	results	on	the	role	of	Kif18A	on	regulating	MT	

dynamics.		It	has	been	reported	to	be	a	plus	end	directed	motor	that	functions	as	

a	length	dependent	MT	depolymerase,	depolymerising	longer	MTs	more	readily	

than	shorter	MTs,	in	vitro	(similar	to	Kip3,	Section	1.7.3)	(Mayr	et	al.	2007).		It	

has	also	been	observed	to	be	a	plus	end-directed	motor	that	pauses	at	MT	plus	

ends	 in	vitro	and	reduces	MT	dynamics,	 inhibiting	both	growth	and	shrinkage	

(Du	et	al.	2010).					

	

Unlike	Kif18A	Kif18B	only	shows	modest	plus	end	processivity	(Shin	et	al.	2015).		

Kif18B	is	regulated	during	the	cell	cycle,	and	its	expression	correlates	with	peak	

cyclin	B1	levels	(metaphase).		It	localises	to	aMTs	during	metaphase	and	is	lost	

during	anaphase	before	disappearing	at	telophase	(Lee	et	al.	2010).		Kif18B	binds	

EB1	and	utilises	its	motor	activity	to	transport	MCAK	to	the	plus	ends	of	aMTs;	

this	complex	regulates	aMT	length.		The	MCAK	Kif18B	interaction	is	negatively	

regulated	by	Aurora	kinases	(Tanenbaum	et	al.	2011;	Stout	et	al.	2011).		MCAK,	

Kif18B	and	Aurora	A	are	required	for	bipolar	spindle	assembly	in	cells	in	which	

Eg5	 has	 been	 inhibited,	 because	 aMTs	 are	 otherwise	 too	 long	 and	 prevent	

centrosome	separation	(van	Heesbeen	et	al.	2016).	

	

Kif19	 localises	 to	 cilia	and	 limits	 cilia	 length	 in	 the	 trachea,	oviduct	and	brain	

ventricles.	Wild	type	cilia,	in	mice	oviducts,	move	simultaneously	and	generate	

fluid	 flow.	 	 In	 kif19-/-	 mice	 the	 longer	 cilia	 no	 longer	 display	 synchronised	

movement	and	are	unable	to	generate	fluid	flow.		In	vitro,	Kif19	depolymerises	

axonemes	and	single	MTs	from	the	plus	end	(Niwa	et	al.	2012).	
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1.7.3	Kinesin-8	in	Saccharomyces	cerevisiae	

S.	 cerevisiae	 only	 contains	 one	 kinesin-8,	 Kip3.	 	 Kip3	 localises	 to	 the	 mitotic	

spindle	and	to	the	plus	ends	of	aMTs.		Kip3	is	required	to	limit	the	length	of	the	

mitotic	 spindle	 (in	 opposition	 to	 Stu2,	 orthologue	 of	 XMAP215,	 ch-TOG	 and	

Alp14)	and	cytoplasmic	MTs,	and	deletion	of	Kip3	confers	resistance	to	the	MT	

poison	benomyl.		Kip3	is	also	required	to	orientate	the	mitotic	spindle	along	the	

mother	bud	axis	during	mitosis	(Straight	et	al.	1998;	Cottingham	&	Hoyt	1997;	

DeZwaan	et	al.	1997;	Severin	et	al.	2001;	Gupta	et	al.	2006;	Rizk	et	al.	2014).		Kip3	

limits	the	time	that	MTs	spend	in	contact	with	the	bud	top	or	the	mother	cortex	

(similar	to	Klp5/Klp6	during	interphase)	(Gupta	et	al.	2006).	 	Kip3	is	required	

for	 the	 disassembly	 of	 the	 mitotic	 spindle	 after	 mitosis,	 and	 failure	 to	 do	 so	

inhibits	 production	 of	 the	 mitotic	 spindle	 during	 the	 next	 round	 of	 mitosis	

(Woodruff	et	al.	2010;	Woodruff	et	al.	2012).	

	

During	mitosis	 Kip3	 is	 required	 for	 the	 clustering	 of	 kinetochores	 (similar	 to	

Kif18A	and	Klp5/Klp6)	(Wargacki	et	al.	2010).		Kip3,	with	some	redundancy	with	

Cin8,	 is	 required	 to	 establish	 the	bipolar	 spindle	 (similar	 to	Kif18B)	 (Su	et	 al.	

2013).	

	

In	vitro,	Kip3	moves	to	the	plus	end	of	MTs	and	functions	as	a	length-dependent	

MT	depolymerase	on	stabilised	MTs.	 	Depolymerisation	was	cooperative,	with	

faster	depolymerisation	observed	with	higher	Kip3	 concentration.	 	 Increasing	

Kip3	concentration	reduced	the	dwell	time	of	single	Kip3	motors	at	the	plus	end,	

suggesting	that	incoming	motors	may	compete	against	previously	bound	ones.		

Kip3	is	able	to	bind	tubulin	heterodimers.		Depolymerisation	has	been	suggested	

to	occur	by	the	antenna	model,	whereby	longer	MTs	have	more	lattice	binding	

sites	for	Kip3	to	bind,	so	that	more	Kip3	binds	and	walks	to	the	plus	end	for	longer	

MTs	compared	to	shorter	ones.		Once	at	the	plus	end,	shrinkage	is	induced	by	the	

displacement	of	previously	bound	motors	by	incoming	motors.	 	As	motors	are	

displaced,	 they	 take	 tubulin	heterodimers	 from	 the	plus	end,	destabilising	 the	

GTP-cap	 and	 inducing	 shrinkage.	 	 Kip3,	 at	 lower	 concentrations,	 is	 able	 to	

stabilise	MTs	(Gupta	et	al.	2006;	Varga	et	al.	2006;	Varga	et	al.	2009;	Su	et	al.	

2012,	Figure	1.7).	
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Dynamic	 MTs	 in	 vitro	 show	 aging;	 older	 MTs	 are	 more	 likely	 to	 undergo	

shrinkage,	suggesting	that	MTs	accrue	damage	as	they	grow.	 	Kip3	accelerates	

this	 aging-dependent	 catastrophe	 in	 a	 Kip3	 concentration	 dependent	manner	

and	slows	growth	in	a	MT	length	dependent	manner	(Gardner	et	al.	2011).	

	

Similarly,	 to	Kif18A,	Kip3	 contains	 an	 additional	MT	binding	 region	 in	 its	 tail.		

This	tail	 is	required	for	Kip3	plus	end	binding,	MT	destabilisation	in	vitro,	and	

limiting	the	length	of	the	mitotic	spindle	(Su	et	al.	2011).		The	tail	region	is	also	

required	 for	 the	 sliding	 of	 antiparallel	MTs	 in	 vitro	 by	Kip3;	 activity	which	 is	

positively	regulated	by	Ase1	(Su	et	al.	2013).	
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Figure	 1.	 7	 Length-dependent	 depolymerisation	 of	 chemically	 stabilised	

microtubules	by	Kip3.	1)		Kip3	binds	either	directly	to	the	plus	end	or	to	the	

microtubule	lattice	and	walks	towards	the	plus	end.		Longer	microtubules	have	a	

longer	 lattice	so	more	Kip3	binds.	 	2)	Kip3	accumulates	at	 the	plus	end	of	 the	

microtubule.		3)	Incoming	Kip3	motors	knock	off	Kip3	already	bound	at	the	plus	

end.	 	 As	 Kip3	 is	 knocked	 off	 it	 takes	 tubulin	 heterodimers	 with	 it,	 inducing	

shrinkage.	 	 4)	 The	 remaining	 Kip3	 now	 inhibits	 shrinkage	 of	 shorter	

microtubules.		Adapted	from	(Su	et	al.	2012).	
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1.7	Medical	relevance	of	the	study	
Although	this	study	focuses	on	MT	dynamics	in	the	fission	yeast	S.	pombe	both	

kinesin-8	proteins	and	MTs	dynamics	have	roles	in	human	diseases.		

	
Both	Kif18A	and	Kif18B,	in	mammalian	cells,	are	associated	with	cancers.		Kif18A	

is	found	upregulated	in	glioblastoma	stem	cells	and	colorectal	and	breast	cancers	

(Stangeland	et	al.	2015;	Zhang	et	al.	2010;	Nagahara	et	al.	2011).	Kif18B	has	been	

identified	as	an	oncogene	in	liver	cancer	(Itzel	et	al.	2013)	and	mutations	are	seen	

in	familial	glioma	patients	(Jalali	et	al.	2015).	 	Kif18B	mutants	are	also	seen	in	

mouse	melanoma	cells	 and	 the	mutated	protein	 induces	an	 immune	 response	

(Castle	et	al.	2012).	

	

Kif18A	and	KIf19A	have	been	 found	 to	be	 required	 for	development	of	 fertile	

mice.	Kif18A	is	required	for	germline	development	in	mice	and	a	Kif18A	mutant	

has	been	found	which	causes	mitotic	arrest	in	germline	cells	preventing	gonad	

development	(Liu	et	al.	2010).		Kif19	knockouts	in	mice,	through	dysregulation	

of	ovarian	cilia	length,	result	in	female	infertility	(Niwa	et	al.	2012).		Kif18A	has	

also	been	 found	to	be	required	 for	human	development	with	a	Kif18A	mutant	

having	been	shown	to	influence	human	height	(Kim	et	al.	2012).	

	

Drugs	 that	 bind	 MTs	 and	 regulate	 MT	 dynamics	 are	 administered	 as	 cancer	

therapies.	 	 Both	 stabilisation	 of	 MTs,	 through	 drugs	 such	 as	 Taxol	 (Horwitz	

1992),	and	inhibition	of	MT	polymerisaiton,	by	Vinca	Alkaloids,	(Owellen	et	al.	

1976)	have	proved	effective	mechanisms	of	cancer	treatment.	

	

Thus,	understanding	of	kinesin-8	action	and	the	regulation	of	MT	stability	could	

contribute	 to	 the	 understanding	 of	 cancer	 progression	 or	 the	 activity	 of	 anti-

cancer	drugs.	

	

1.8	Aims	of	the	thesis	
My	main	experimental	goal	has	been	to	elucidate	the	mechanisms	and	roles	of	

kinesin-8-dependent	iMT	catastrophe	in	S.	pombe,	in	the	context	of	clear	genetic	



	 39	

evidence	 for	 such	 a	 role,	 some	 limited	 in	 vitro	 evidence	 that	 other	 kinesin-8	

members	are	length	dependent	depolymerases,	and	the	inability	of	the	field,	thus	

far,	 to	 reconstitute	 Klp5/Klp6	 MT	 destabilisation	 in	 vitro.	 	 Also,	 I	 wanted	 to	

establish	how	S.	pombe	kinesin-8	activity	is	regulated	during	the	cell	cycle	and	

during	 the	brief	existence	of	 individual	mitotic	and	 interphase	MTs.	 	Finally,	 I	

wanted	to	understand	how	Klp5/Klp6	interacts	with	the	Tea	system	(minimally	

defined	 as	 Tea2	 and	Tip1)	 to	 link	 the	 spatial	 control	 of	 iMT	 shrinkage	 to	 the	

control	of	polarised	cell	growth	in	S.	pombe.
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Chapter	2	Materials	and	Methods	
2.1	Yeast	Methods	
2.1.1	Strain	List	

List	of	Schizosaccharomyces	pombe	(S.	pombe)	strains	used	in	this	thesis	is	found	

in	Table	2.1,	arranged	by	the	order	they	appear	in	the	results	chapters	

	
2.1.2	Yeast	growth	media		

All	media	were	sterilised	by	autoclaving	for	10	minutes	at	15	psi	and	120°C.	
	

Rich	Media	-	Yeast	extract	plus	supplements	(YES)	

For	recipe	see	table	2.2.		

	

YES	agar	(YEA)	

YES	plus	2%	Bacto	agar.			

	

Selective	Media	-	Edinburgh	minimal	media	with	Glutamate	(EMMG)	

For	recipe	see	table	2.3.	

	

EMMG	agar	

EMMG	media	plus	2%	Bacto	agar.			

	

Mating	agar	–	1/100	Edinburgh	minimal	media	

For	recipe	see	table	2.4.		
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Number	 Genotype	 Origin	 Figure	used	
JBM7175	 klp5-GFP:kanMX6	

natMX6:Z:ah15-mcherry-atb2	
leu1-32	ura4-d18	h-	

Lab	Stock	 3.1,	 3.2,	 3.16,	
3.17,	 3.25,	
3.27,	

JBM7177	 klp6-GFP:hphMX6	
natMX6:Z:adh15-mcherry-atb2	
leu1-32	ura4-d18	h-	

Lab	Stock	 3.1,	 3.2,	 3.16,	
3.17,	 3.27,	
5.13	

JBM8018	 leu1-32::SV40-GFP-atb2:leu1	
leu1-32	ura4-d18	h-	

Made	 by	
Fred	Chang	

3.3,	 3.4,	 3.30,	
3.31,	 5.6,	 5.7,	
5.8,	 5.9,	 5.10,	
5.11,	 5.14,	
5.15,	 5.16,	
5.17,	 5.18,	
5.19,	5.22	

JBM8427	 klp5::natMX6	 klp6::hphMX6	
leu1-	 32::SV40-GFP-atb2:leu1	
leu1-32	ura4-d18	h-	

This	Study	 3.3,	 3.4,	 3,40,	
3.31,	5.22	

JBM7129	 mcp1-GFP:hphMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

mcp1-GFP	
tagging	 by	
Theresa	
Lancaster	
(TL)	
	
This	Study	

3.5,	 3.6,	 3.10,	
3.12,	 3.13,	
3.14,	3.15	

JBM7141	 mcp1::natMX6	 sid4-
tdTomato:hphMX6	 fta3-
GFP:kanMX6	leu1-32	urad4-d18	
h-	

mcp1	
deletion	 by	
TL	
	
This	Study	

3.7	

JBM6143	 klp5::ura4	 sid4-
tdTomato:hphMX6	 fta3-
GFP:kanMX6	leu1-32	urad4-d18	
h?	

Lab	Stock	 3.7	

JBM5061	 sid4-tdTomato:hphMX6	 fta3-
GFP:kanMX6	leu1-32	urad4-d18	
his2?	h-	

lab	stock	 3.7	

JBM9131	 mcp1::natMX6	 cdc13-
117:cdc13-GFP	 sid4-tdTomato	
leu1-32	ura4-d18	h-	

This	Study	 3.7	

JBM9138	 klp5::ura4	 cdc13-117:cdc13-
GFP	 sid4-tdTomato	 leue1-32	
ura4-d18	h+	

This	Study	 3.7	

JBM5785	 cdc13-117:cdc13-GFP	 sid4-
tdTomato	leue1-32	ura4-d18	h-	

Lab	Stock	 3.7	

JBM7181	 mcp1::natMX6	 leu-31	 ura4-d18	
ade6-210	Ch16(ade6-M216)	h-	

This	Study	 3.8	
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JBM4367	 dam1::hphMX6	leu-31	ura4-d18	
ade6-210	Ch16(ade6-M216)	h-	

Lab	Stock	 3.8	

JBM6343	 klp6::ura4	 leu1-32	 ura4-d18	
ade6-210	Ch16(ade6-M216)	h?	

Lab	Stock	 3.8	

JBM2790	 leu1-32	 ura4-d18	 ade6-210	
Ch16(ade6-M216)	his1-102	h-	

Lab	Stock	 3.8	

JBM109	 leu1-32	ura4-d18	h-	 Lab	Stock	 3.9	
JBM2943	 klp5::kanMX6	ura4-d18	

leu1-32	h+	
Lab	Stock	 3.9	

JBM7111	 mcp1::kanMX6	 ura4-d18	 leu1-
32	h-	

mcp1	
deletion	
made	by	TL	
	
This	Study	

3.9	

JBM2881	 dam1::kanMX6	 ura4-d18	 leu1-
32	h+	

Lab	Stock	 3.9	

JBM325	 klp5::kanMX6	ura4-d18	 leu1-32	
h-	

Lab	Stock	 Table	1	

JBM6523	 mcp1::natMX6	ura4-d18	leu1-32	
h-	

Made	by	TL	
	
This	Study	

Table	1	

JBM2958	 dam1::hphMX6	 ura4-d18	 leu1-
32	h+	

Lab	Stock	 Table	1	

JBM2115	 dis2::ura4	ura4-d18	leu1-32	h+	 Lab	Stock	 Table	1	
JBM8832	 bub3::hphMX6	ura4-d18	leu1-32	

h+	
Lab	Stock	 Table	1	

JBM6524	 mcp1-GFP:KanMX6	 leu1-32	
ura4-d18	h-	

mcp1	tagging	
by	TL	
	
This	Study	

3.10	

JBM5613	 klp5-13myc:kanMX6	 leu1-32	
ura4-d18	h-	

Lab	Stock	 3.10	

JBM9325	 mcp1::natMX6	 klp5-
13myc:kanMX6	 lys1::nmt1-GFP-
mcp1:ura4	leu1-32	ura4-d18	h-	

mcp1	tagging	
by	TL	

3.10,	3.11	

JBM7185	 mcp1-GFP:hphMX6	
klp5::kanMX6	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h-	

This	Study	 3.12,	3.13	

JBM7187	 mcp1-GFP:hphMX6	 klp5::ura4	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

This	Study	 3.12,	3.13	

JBM7208	 mcp1-GFP:hphMX6	
klp5::kanMX6	 klp6::ura4	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

This	Study	 3.12,	 3.13,	
3.14,	3.15	

JBM8521	 mcp1-GFP:hphMX6	
klp5::kanMX6	 klp6::ura4	
natMX6:Z:adh15-mCherry-atb2	

This	Study	 3.14,	3.15	
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leu1-32	 ura4-d18	 his3::blaR	
lys1::kanMX6	h-	

JBM8520	 mcp1-GFP:hphMX6	
klp5::kanMX6	 klp6::ura4	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	 ura4-d18	
his3::klp6:blaR	
lys1::klp5:kanMX6	h-	

This	Study	 3.14,	3.15	

JBM8583	 mcp1-GFP:hphMX6	
klp5::kanMX6	 klp6::ura4	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	 ura4-d18	 his3::klp6	
(GAEA):blaR	
lyas1::klp5(GAEA):kanMX6	h-	

This	Study	 3.14,	3.15	

JBM7202	 klp5-GFP:kanMX6	
mcp1::hphMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

This	Study	 3.16,	3.17	

JBM7205	 klp6-GFP:hphMX6	
mcp1::kanMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

This	Study	 3.16,	 3.17,	
3.25	

JBM9513	 klp5-mNeonGreen:kanMX6	
klp6-mNeonGreen:hphMX6	
cut11-mCherry	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	urad-d18	h+	

mNeonGreen	
tagging	 by	
TL	
	
This	Study	

3.18,	 3.19,	
3.20,	 3.21,	
3,22,	 3.23,	
3.24,	 3.26,	
3.28,	5.21	

JBM9462	 klp5-mNeonGreen:kanMX6	
klp6-mNeonGreen:hphMX6	
mcp1::ura4	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	urad-d18	
h?	

This	Study	 3.20,	 3.26,	
3.28	

JBM8500	 mcp1::hphMX6	 klp5-
GFP:kanMX6	 natMX6:Z:adh15-
mCherry-atb2	 lys1::ura4	 leu1-
32	urad4-d18	h?	

This	Study	 3.25	

JBM8504	 mcp1::hphMX6	 klp5-
GFP:kanMX6	 natMX6:Z:adh15-
mCherry-atb2	
lys1::mcp1(IPNN):ura4	 leu1-32	
urad4-d18	

This	Study	 3.25	

JBM8506	 mcp1::hphMX6	 klp5-
GFP:kanMX6	 natMX6:Z:adh15-
mCherry-atb2	 lys1::mcp1:ura4	
leu1-32	urad4-d18	

This	Study	 3.25	

JBM9300	 mcp1::natMX6	 lys1::nmt1-GFP-
mcp1:ura4	leu1-32	ura4-d18	h-	

This	Study	 3.29	
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JBM9647	 mcp1::natMX6	 klp6::hphMX6	
klp5::kanMX6	 lys1::nmt1-GFP-
mcp1:ura4	leu1-32	ura4-d18	h-	

This	Study	 3.29	

JBM8334	 leu1-32::SV40-GFP-atb2:leu1	
mcp1::kanMX6	 leu1-32	 ura4-
d18	h+	

This	Study	 3.30,	3.31,	5.8,	
5.9,	5.10,	5.11,	
5.18,	 5.19,	
5.22	

JBM8547	 leu1-32::SV40-GFP-atb2:leu1	
mcp1::kanMX6	 klp5::natMX6	
klp6::hphMX6	leu1-32	ura4-d18	
h?	

This	Study	 3.30,	 3.31,	
5.22	

JBM196	 cdc25-22	leu1-32	ura4-d18	h+	 Lab	Stock	 3.32	
JBM8009	 cdc25-22	 mcp1::kanMX6	 leu1-

32	ura4-d18	h-	
This	Study	 3.32	

JBM5963	 cdc25-22	 klp5::natMX6	
klp6::ura4	lys1::kanMX6	leu1-32	
ura4-d18	h?	

Lab	Stock	 3.32	

JBM9321	 cdc25-22	 mcp1::hphMX6	
klp5::natMX6	klp6::ura4	leu1-32	
ura4-d18	h-	

This	Study	 3.32	

JBM8007	 tea2-GFP	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h-	

This	Study	 5.1,	 5.2,	 5.3,	
5.4,	5.5,	5.12	

JBM8392	 tip1::kanMX6	leu1-32::SV0-GFP-
atb2:leu1	leu1-32	ura4-d18	h-	

tip1	 deletion	
originally	
from	 Paul	
Nurse	
	
This	Study	

5.6	 ,5.7,	 5.10,	
5.11,	5.22	

JBM8952	 tea2::his3	 leu1-32::SV40-GFP-
atb2:leu1	leu1-32	ura4-d18	h+	

tea2	deletion	
originally	
from	 Paul	
Nurse	
	
This	Study	

5.6	 ,5.7,	 5.8,	
5.9,	5.22	

JBM9202	 mcp1::hphMX6	 tea2::his3	 leu1-
32::SV40-GFP-atb2:leu1	 leu1-32	
ura4-d18	h?	

This	Study	 5.8,	5.9,	5.22	

JBM8462	 mcp1::hphMX6	 tip1::kanMX6	
leu1-32::SV40-GFP-atb2:leu1	
leu1-32	ura4-d18	h?	

This	Study	 5.10,	 5.11,	
5.22	

JBM8053	 mcp1::hphMX6	 tea2-
GFP:kanMX6	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h?	

This	Study	 5.12	

JBM8071	 klp6::hphMX6	 tea2-
GFP:kanMX6	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h-	

This	Study	 5.12	
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JBM9205	 tip1-tdTomato:hphMX6	 leu1-
32::SV40-GFP-atb2:leu1	 leu1-32	
ura4-d18	h-	

This	Study	 5.12	

JBM9204	 tip1-tdTomato:hphMX6	
klp5::natMX6	 leu1-32::SV40-
GFP-atb2:leu1	leu1-32	ura4-d18	
h-	

This	Study	 5.12	

JBM9283	 tip1-tdTomato:hphMX6	
mcp1::ura4	 leu1-32::SV40-GFP-
atb2:leu1	leu1-32	ura4-d18	h-	

This	Study	 5.12	

JBM8000	
	

klp6-GFP:hphMX6	 tip1::kanMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h-	

This	Study	 5.13	

JBM8073	 tea2::his3	 klp6-GFP:hphMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h?	

This	Study	 5.13	

JBM8929	 leu1-32::SV40-GFP-at2:leu1	
tea1::ura4	leu1-32	ura4-d18	h+	

tea1	deletion	
originally	
from	Paul	
	
This	Study	

5.15,	 5.16,	
5.17,	 5.18,	
5.19,	5.22	

JBM8944	 mcp1::hphMX6	 tea1::ura4	 leu1-
32::SV40-GFP-atb2:leu1	 leu1-32	
ura4-d18	h+	

This	Study	 5.18,	 5.18,	
5.22	

JBM8050	 tea1-GFP	 mcp1::hphMX6	
natMX6:Z:adh15-mCherry-atb2	
leu1-32	ura4-d18	h?	

This	Study	 5.20	

JBM8067	 tea1-GFP:kanMX6	
klp6::hphMX6	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h?	

This	Study	 5.20	

JBM9637	 klp5-mNeonGeren:kanMX6	
klp6-mNeonGreen:hphMX6	
tea1::ura4	 natMX6:Z:adh15-
mCherry-atb2	leu1-32	ura4-d18	
h?	

This	Study	 5.21	

Table	2.1	S.	pombe	strains	used	in	this	study	
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Component	 Final	Concentration	

Oxoid	Yeast	extract	 0.5%	

glucose	 3%	

adenine	 200	mg/L	

Table	2.2	Rich	Media	–	Yeast	extract	plus	supplements	(YES)		
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Component	 Final	concentration	

KH	phthalate	 14.7	mM	

Na2HPO4	 15.5	mM	

glucose	 2%	

glutamate	 3.76	g/L	

MgCl2	 0.26	M	

CaCl2	 4.99	mM	

KCl	 0.67	M	

NaSO4	 14.1	mM	

pantothenic	acid	 4.20	mM	

nicotinic	acid	 8l.2	mM	

inositol	 55.5	mM	

biotin	 40.8	µm	

boric	acid	 80.9	mM	

MnSO4	 23.7	mM	

ZnSO4	 13.9	mM	

FeCl2	 7.40	mM	

molybdic	acid	 2.47	mM	

KI	 6.02	mM	

CuSO4	 1.60	mM	

citric	acid		 47.6	mM	

Table	 2.3	 Selective	 media	 –Edinburgh	 minimal	 media	 with	 Glutamate	
(EMMG)	recipe	
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Component	 Final	concentration	

KH	phthalate	 14.7	mM	

Na2HPO4	 15.5	mM	

glucose	 2%	

NH4Cl	 0.005%	

Bacto	agar	 2%	

MgCl2	 0.26	M	

CaCl2	 4.99	mM	

KCl	 0.67	M	

NaSO4	 14.1	mM	

pantothenic	acid	 4.20	mM	

nicotinic	acid	 8l.2	mM	

inositol	 55.5	mM	

biotin	 40.8	µm	

boric	acid	 80.9	mM	

MnSO4	 23.7	mM	

ZnSO4	 13.9	mM	

FeCl2	 7.40	mM	

molybdic	acid	 2.47	mM	

KI	 6.02	mM	

CuSO4	 1.60	mM	

citric	acid		 47.6	mM	

Table	2.4	Mating	agar	–	1/100	Edinburgh	minimal	media.	
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2.1.3	Yeast	growth	conditions		

Liquid	cultures	were	grown	in	a	gyratory	shaker	at	170	rpm	in	50	mL	of	liquid	

media	 in	 200	 mL	 glass	 conical	 flasks.	 wild	 type	 strains	 were	 grown	 at	 30°C.			

cdc25-22	 (temperature	 sensitive)	 strains	 were	 grown	 at	 a	 permissive	

temperature	of	25°C	and	arrested	at	a	restrictive	 temperature	of	35.5°C.	 	Cells	

grown	on	agar	plates	were	incubated	at	a	constant	temperature	incubator	at	the	

same	 temperatures	 as	 the	 liquid	 cultures.	 	 For	 the	 selective	 removal	 of	

auxotrophic	strains	EMMG	plates	lacking	the	specific	nutrient	were	used.		For	the	

selective	 growth	 of	 strains	 containing	 antibiotic	 resistant	 genes,	 hygromycin	

(Sigma	 Aldrich,	 USA),	 G418	 (Invitrogen,	 USA)	 or	 nourseothricin	 (ClonNAT	 –	

Werner	BioAgents,	Germany)	was	added	at	100	µg/mL	to	YES	plates.	

	

2.1.4	Storage	of	yeast	strains	

Yeast	strains	were	stored	in	2	mL	cryotubes	and	cells	were	suspended	in	1.5	mL	

storage	media	(30%	glycerol	and	70%	YES)	at	-80°C.	

	
2.1.5	Mating	of	yeast	strains	and	random	spore	analysis	

Colonies	of	opposite	mating	types	were	mixed	in	10	µL	of	sterile	dH2O	by	sterile	

toothpick	on	1/100	EMMG	plates	containing	all	the	nutrients	(adenine,	arginine,	

histidine,	uracil,	 leucine,	 lysine)	and	 incubated	over	 three	nights	at	28°C.	 	Asci	

formation	was	determined	by	microscopic	examination	of	the	mixed	cells.		The	

mating	mix	was	suspended	in	1	mL	of	dH2O	with	5	µL	of	Glucalase	(Sigma	Aldrich,	

USA)	 and	 incubated	 with	 rotation	 at	 room	 temperature	 for	 6	 hours.	 	 Spore	

number	was	 estimated	 using	 a	 Thoma	 haemocytometer	 (Assistant,	 Germany)	

and	 approximately	 100	 or	 200	 spores	were	 spread	 onto	 separate	 plates	 YEA	

plates	and	incubated	at	30°C	(or	25°C	if	containing	cdc25-22)	for	3	days.		After	3	

days,	the	colonies	were	replica-plated	onto	selective	agar	plates	either	containing	

antibiotics	or	lacking	particular	nutrients.		Each	colony	was	exposed	to	selection	

media	twice	before	being	grown	on	YES	plates	for	storage.		

	

2.1.6	Lithium	acetate	(LiAc)	transformation	of	yeast	

Cells	 that	 were	 to	 be	 transformed	 were	 grown	 in	 50	 mL	 of	 media	 to	 an		

OD595	of	0.6	and	then	harvested	by	centrifugation	(3800	rpm	for	4	minutes)	then	
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washed	twice	in	10	mL	dH2O	(centrifuged	again	at	3800	rpm	for	4	minutes).		Cells	

pellets	resuspended	in	500	µL	LiAc/TE	(0.1	M	LiAc,	1X	TE	[10	mM	Tris-HCl	pH	

8.0]	1	mM	EDTA).		30	µL	of	cell	LiAc/TE	suspension	was	transformed	with	15	µg	

of	 transforming	 DNA	 and	 incubated	 with	 100	 µg	 of	 sterile	 sonicated	 single	

stranded	sperm	DNA	and	240	µL	of	40%	PEG3350	LiAc	in	a	1.5	mL	centrifugation	

tube	(Eppendorf,	Germany).	 	The	suspension	was	incubated	at	30°C	for	1	hour	

with	agitation	before	being	heat	shocked	at	42°C	for	20	mins	and	then	cells	were	

harvested	by	centrifugation	(5000	rpm	for	1	minute).		Cells	were	resuspended	in	

150	µL	dH2O	 and	 spread	 onto	 selective	 EMMG	plates	 lacking	 the	 appropriate	

nutrients.		Before	being	transferred	to	YEA	plates	containing	G418,	clonNAT	or	

hygromycin,	for	antibiotic	selection,	cells	were	first	spread	onto	YEA	plate	and	

incubated	 for	 24	 hours	 at	 30°C.	 	 Selected	 colonies	 were	 then	 grown	 up	 on	

selection	 plates	 again	 before	 being	 transferred	 to	 YEA	 plates	 before	 being	

sequenced	and	stored.	

	

2.1.7	Mini-chromosome	loss	assay	

Mini-chromosome	loss	in	cells	containing	the	ade6-M210	allele	and	Ch16	(ade6-

M216)	was	assayed	as	described	(Niwa	et	al.	1989).		Cells	were	grown	in	EMMG	

lacking	adenine	to	an	OD595	of	0.6	before	being	plated	onto	YE	plates	containing	

no	additional	adenine,	~400	colonies	per	plate,	and	grown	 for	3	days	at	30°C.		

Colonies	were	then	stored	at	4°C	to	make	the	pink	colouration	of	colonies	which	

had	lost	the	mini-chromosome	more	visible.		Half	sectored,	or	greater	than	half	

sectored,	pink	colonies	were	counted	as	having	lost	the	mini-chromosome	during	

the	first	mitotic	division.	

	

2.1.8	Thiabendazole	(TBZ)	sensitivity	

Log	phase	cultures	of	wild	 type,	Ddam1,	Dklp5,	Dmcp1	 cells	were	grown	to	an	

OD595	 of	 0.6	 before	 being	 spotted	 in	 ten-fold	 serial	 dilutions	 (100,000	 cells,	

10,000	cells,	1,000	cells,	100	cells,	10	cells)	onto	YEA	plates	containing	various	

concentrations	 of	 TBZ	 (0	 µg/mL,	 7.5	 µg/mL,	 10	 µg/mL,	 20	 µg/mL)	 (Sigma	

Aldrich,	USA)	and	then	grown	for	3	days	at	30°C.	
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2.1.9	Isolation	of	genomic	yeast	DNA	

50	mL	of	 log	phase	 cultures	 of	 cells	were	 grown	 to	OD595	 of	 0.6	 before	being	

pelleted	by	centrifugation	(3400	rpm	for	4	minutes)	and	then	washed	twice	in	10	

mL	of	dH2O	and	then	this	solution	was	aliquoted	in	1	mL	fractions	to	2	mL	screw	

top	tubes.		These	aliquots	were	then	centrifuged	at	5000	rpm	for	1	minutes.		The	

cell	 pellet	 was	 resuspended	 in	 200	 µL	 Phenol/Chloroform/Isoamyl	 (Sigma	

Aldrich,	USA)	and	240	µL	Solution	A	(0.1	M	NaCl,	0.1	M	Tris-HCl	pH	8.0,	1	mM	

EDTA,	2%	Triton	X-100,	1%	SDS).		To	this	resuspension	0.5	mL	of	acid	wash,	glass	

beads	 (Sigma	Alridch,	USA)	were	 added	and	 the	 sample	was	homogenised	by	

vortex.		200	µL	TE	(10	mM	Tris-HCl	pH	8,	1	mM	EDTA)	was	added	and	then	the	

samples	were	centrifuged	at	13,000	rpm	for	5	minutes.	 	The	supernatant	was	

transferred	to	a	1.5	mL	centrifugation	tube	(Eppendorf,	Germany)	with	1	mL	of	

100%	EtOH	(stored	at	-20°C)	and	then	centrifuged	at	13,000	rpm	for	2	minutes.		

The	 resulting	 pellet	 was	 suspended	 in	 400	 µL	 TE	 plus	 30	 µg/mL	 RNAase	

(Invitrogen,	USA)	and	incubated	at	37°C	for	5	minutes.		To	this	18	µL	5	M	NH4OAc	

and	1	mL	100%	EtOH	(stored	at	-20°C)	was	added.		Samples	were	stored	at	-20˚C	

overnight.	 	 Genomic	 DNA	was	 pelleted	 by	 centrifugation	 (13,000	 rpm	 for	 10	

minutes)	then	resuspended	in	30	µL	dH2O.	

	

2.2	Nucleic	acid	protocols	
2.2.1	Polymerase	chain	reaction	(PCR)	

PCR	 was	 performed	 by	 a	 T3000	 thermocycler	 (Biometra,	 Germany)	 in	

accordance	 with	 the	 manufacturer’s	 instructions.	 	 For	 DNA	 amplification	

Phusion®	Hot	Start	II	DNA	polymerase	(New	England	BioLabs,	USA)	was	used	in	

accordance	with	the	manufacturer’s	instructions.		A	50	µL	PCR	reaction	mixture	

contained	1X	HF	buffer,	200	µM	dNTPS,	0.1	µM	of	required	primers,	0.5	µL	of	

genomic	 DNA	 preparation	 (Section	 2.1.9),	 template	 DNA,	 manufacturer	

specified	amount	of	Phusion®	Hot	Start	II	DNA	polymerase	and	made	to	desired	

volume	with	dH2O.		PCR	products	were	purified	by	a	QIAquick	PCR	purification	

Kit	 (Qiagen,	 Netherlands)	 and	 products	 that	 were	 to	 be	 used	 for	 cloning	 or	

transformation	were	then	further	gel	purified	(Section	2.2.3).		Oligonucleotides	

were	manufactured	by	Sigma	Aldrich,	USA.	
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2.2.2	Agarose	gel	electrophoresis	

DNA	was	separated	by	being	ran	on	a	1%	agarose	gel	in	1X	TAE	buffer	(40	mM	

Tris-HCl,	 1	mM	EDTA	 and	 20	mM	 glacial	 acetic	 acid,	 pH	 8.3).	 	 Gels	were	 ran	

horizontally	in	a	submarine	gel	dock	with	the	gel	submersed	in	1X	TAE	buffer.		

DNA	was	stained	by	inclusion	of	5	µL	SafeView	(NBS	biologicals,	Cambridge,	UK)	

per	100	mL	1%	agarose	gel.	 	 	DNA	was	loaded	to	the	gel	with	6X	DNA	loading	

buffer	 (0.25%	 Bromophenol	 blue,	 40%	 glycerol)	 and	 separated	 by	

electrophoresis.		DNA	was	visualised	by	UV	transillumination.		The	size	of	DNA	

was	estimated	using	GenerulerTM	1	kb	DNA	la	(Fermentas,	Lithuania).	

	

2.2.3	Gel	extraction	of	DNA	and	purification	

Once	 the	 agarose	 gel	was	 run	 it	was	 illuminated	by	Uvitec	UV	gel	 illuminator	

(Uvitec,	UK)	and	the	desired	band	was	removed	using	a	razor	blade.		The	DNA	

was	purified	using	Qiaquick	gel	extraction	kit	(Qiagen,	Netherlands)	as	per	the	

manufacturer’s	instructions.	

	

2.2.4	Restriction	endonuclease	digestion	and	DNA	ligation	

All	restriction	enzymes	were	purchased	from	New	England	Biolabs	(USA).		17	µL	

of	 target	DNA	sequence	was	 incubated	with	2	µL	manufacturer	recommended	

buffer	 and	 0.5	µL	 of	 each	 restriction	 enzyme.	 	 Mixture	was	 incubated	 as	 per	

manufacturer’s	 instructions.	 DNA	 was	 ran	 on	 a	 gel	 to	 ensure	 digestion	 and	

purified	by	QIAquick	PCR	purification	Kit	(Qiagen,	Netherlands)	or	Qiaquick	gel	

extraction	kit.	

	

For	ligation,	vector	and	insert	were	incubated	with	T4	DNA	ligase	and	T4	ligase	

buffer	 (Fermentas,	 Lithuania)	 as	 per	manufacturer’s	 instructions	 overnight	 at	

16°C.	

	

2.2.5	DNA	sequencing	

5	µL	target	sequence	and	100	µL	3.3	mM	sequencing	primer	were	sent	to	Source	

Bioscience	for	Sanger	sequencing.	
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2.2.6	Oligonucleotides	and	plasmids	

A	full	list	of	Oligonucleotides	used	is	shown	in	Table	2.5	and	a	full	list	of	plasmids	

used	 is	 shown	 in	 Table	 2.6.	 	 All	 oligonucleotides	 were	 ordered	 from	 Sigma	

Aldrich	(USA)	

	

2.3	Plasmid	and	strain	construction	

2.3.1	Dmcp1	strains	

Deletion	of	mcp1	with	natMX6,	hphMX6	and	kanMX6	was	performed	by	Theresa	

Lancaster	 (TL)	 and	produced	by	 two-step	PCR	 gene	 targeting	 as	 described	 in	

(Krawchuk	&	Wahls	1999).	

	

Deletion	 of	mcp1	with	ura4	was	produced	by	 one-step	PCR-based	deletion	 as	

described	in	(Bähler	et	al.	1998).	

	

2.3.2	Tagging	of	mcp1,	klp5	and	klp6	with	fluorescent	proteins	

Mcp1	 c-terminal	 tagging	 with	 GFP,	 klp5	 and	 klp6	 c-terminal	 tagging	 with	

mNeonGreen	were	all	performed	by	TL	using	 the	 two-step	PCR	gene	 targeting	

(Krawchuk	&	Wahls	1999).	

	

2.3.3	Mcp1	rescue	strains	

Mcp1	was	cloned	as	a	2.9	kb	fragment	with	500	bp	of	the	promoter	region	and	

209	bp	of	the	3’UTR	region	(not	500	bp	because	the	spb1	ORF	began	215	bp	after	

the	3’UTR).		The	primers	used	inserted	a	SalI	site	flanking	the	promoter	region	

and	a	BamHI	flanking	the	3’UTR.		This	was	then	inserted	into	the	SalI	and	BamHI	

sites	of	pLys1U	(Ligation	in	a	3:1	Insert:Vector	ratio).		Once	inserted,	the	SSNN	

mutant	 (I532N	 and	 P532N)	 was	 generated	 using	 the	 Phusion	 site-directed	

mutagenesis	 kit	 (Fisher	 Scientific).	 	 Once	 produced,	 clones	 were	 verified	 by	

sequencing.	 	 Plasmids	 were	 linearised	 by	 NotI	 digestion	 before	 being	

transformed.	 	Once	 transformed,	 isolates	were	 first	probed	by	diagnostic	PCR	

followed	by	sequencing.	
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2.3.4	Construction	of	lys1::nmt1-GFP-mcp1	

For	the	construction	of	GFP-Mcp1	for	CoIP	(Section	2.4.4)	the	Mcp1	ORF	was	

amplified	by	PCR	and	flanked	by	attB1	Sites.		The	resulting	PCR	product	was	then	

cloned	into	pDONR221TM	using	Gateway	BP	clonase	II	enzyme	mix	(Invitrogen,	

USA)	and	transferred	into	pLYS1U-HFG1c	using	Gateway	LR	clonase	II	enzyme	

mix	(Invitrogen,	USA).		This	plasmid	was	created	by	TL.	

	

2.3.5	Tagging	n-terminus	of	mcp1	with	6His	

pHGWA-based	expression	plasmid	for	the	purification	of	6His-Mcp1	from	E.	coli	

(Sections	2.5.1,	2.5.2	and	2.5.3)	were	generated	after	PCR	amplification	of	the	

Mcp1	ORF	 flanked	by	attB1	sites.	 	The	 resulting	PCR	product	was	cloned	 into	

pDONR221TM	using	Gateway	BP	Clonase	 II	 enzyme	mix	 (Invitrogen,	USA)	 and	

transferred	 to	 the	 pHGWA	 destination	 plasmid,	 containing	 n-terminal	 6His,	

(Busso	et	al.	2005)	using	Gateway	LR	clonase	II	enzyme	mix	(Invitrogen,	USA)	

according	 to	 the	 manufacturer’s	 instructions.	 	 This	 plasmid	 was	 created	 by	

Rebecca	Hogg	(RH).	



	 55	

	

Name	 Sequence	 Purpose	

Mcp1	attB1	

FW	

5’-GGGGACAAGTTGTACAAAAAAGCAGG	

CTTCATGGAGTTAGCTAAAATTGGAGAC	

AG	

Gateway	cloning	

for	Mcp1	Forward	

primer	

Mcp1	attB1	

RW	

5’-GGGGACCACTTTGTACAAGAAAGCTGG	

GTCTTATAGAAAAGTAGGTAGTTTAGAA	

C	

Gateway	cloning	

for	Mcp1	reverse	

primer	

Mcp1	del	W	 5’-AGCATTTTTTAACTATAATAAGC	 Deletion	of	Mcp1	

Mcp1	del	X	 5’-

GGGGATCCGTCGACCTGCAGCGTACGAAA	

TATCTTATGATTTTAACATTAAAAACAG	

Deletion	of	Mcp1	

Mcp1	del	Y	 5’-

GTTTAAACGAGCTCGAATTCATCGATTTTG	

TCTCTCGTTACTCTACAATATTT	

Deletion	of	Mcp1	

Mcp1	del	Z	 5’-	 GGCTTAACGAATTCCTTGGATACCA	

	

Deletion	of	Mcp1	

Mcp1	tag	W	 5’-	CCCAAAGGTGAATTTACTAATTCACTT	
	

C-terminal	tagging	

of	Mcp1	

Mcp1	tag	X	 5’-	GGGGATCCGTCGACCTGCAGCGTAC	

GATAGAAAAGTAGGTAGTTTAGAACC	

GGGGATCCGTCGACCTGCAGCGTACGA	

C-terminal	tagging	

of	Mcp1	

Mcp1	tag	Y	 5’-GTTTAAACGAGCTCGAATTCATCGATA	

TTAATGTATGAATATAATGAAATAATTC	

GTAA	

C-terminal	tagging	

of	Mcp1	

Mcp1	tag	Z	 5’-CAATTTTCTTTGGTGTCCTGACAAAG	

CGT	

C-terminal	tagging	

of	Mcp1	and	

sequencing	Mcp1	

downstream	

Klp5	tag	W	 5’-	CCTCATCTGGACACTATTGATCTGGAT	 mNeonGreen	

tagging	of	Klp5	

Klp5	tag	X	 5’-	GGGGATCCGTCGACCTGCAGCGTACGA	

GGTGGCTTTCTCTTCTTCGTT	

mNeonGreen	

tagging	of	Klp5	

Klp5	tag	Y	 5’-	GTTTAAACGAGCTCGAATTCATCGATC	

GGATAAGCTTGATGATATGA	

mNeonGreen	

tagging	of	Klp5	
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Klp5	tag	Z	 5’-	 GGTGGCAGACATATATGTACGCTT	

	

mNeonGreen	

tagging	of	Klp5	

Klp6	tag	W	 5’-	GTGGAAAAATCTTTAGATAAACATAAT	 mNeonGreen	

tagging	of	Klp6	

Klp6	tag	X	 5’-	GGGGATCCGTCGACCTGCAGCGTACGA	

AGCATTAGGAGTATTCTCAGTCCCGCC	

mNeonGreen	

tagging	of	Klp7	

Klp6	tag	Y	 5’-	GTTTAAACGAGCTCGAATTCATCGATG	

CTACTTATGCTACTTATGATTTAGCATTT	

CAT	

mNeonGreen	

tagging	of	Klp6	

Klp6	tag	z	 5’-	 GGTCAATCATTAACCCGATTAAAT	

	

mNeonGreen	

tagging	of	Klp6	

Mcp1	Plys1U	

fw	

5’-	AGTAGTCGACGTCCTCTTTTTTTTAAC	
GGGA	

500BP	upstream	

of	Mcp1	ORF	and	

added	in	SalI	

restriction	site.		

For	Plys1U	

Mcp1	Plys1U	

RV	

5’-	TCATGGATCCCAAAGCACTTAAAATT	
AAAAAA	

188BP	upstream	

of	Mcp1	ORF	and	

added	in	BamHI	

restriction	site.		

For	Plys1U	

Mcp1	

Mutagenesis	

Primer	Fw	

5’-	CATCTTCGTCGAATAATGTCACTGATA	
TAAAG	

Forward	primer	

for	SxIP	mutation	

in	Mcp1	(I531N	

and	P532N).		

Mutation	

underlined	

Mcp1	

mutagenesis	

primer	Rv	

5’-	AAGCATCGGGAGACAAACACGGC	
TCTCTGGGAC	

Reverse	primer	

for	SxIP	mutation	

in	Mcp1	

Mcp1	

sequencing	1	

5’-	GCGAAAAGAAGGACTTTATTTTTA	 Fw	500	BP	

upstream	

sequencing	

Mcp1	

sequencing	2	

5’-	CCAACACAAAGGTTTAGCAATTAAAA	

CT	

Fw	5’-UTR	

sequencing	
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Mcp1	

sequencing	3	

5’-	CCAATTTTCTTTGGTGTCCTGACAAAG	

CGT	

Rv	Intron	1	

sequencing	

Mcp1	

sequencing	4	

5’-	GCTCGAATACCATTATGGTAA	 Rv	Intron	1	

sequencing	

Mcp1	

sequencing	5	

5’-	GGTGAATCAGTTGATGAGGTGAATTTT	 Fw	Intron	a	

sequencing	

Mcp1	

sequencing	6	

5’-CTGCAGTTTTTTTAATTCCTCTTTAA	 Rv	Intron	1	

sequencing	

Mcp1	

sequencing	7	

5’-	CCATTGTCTTCAAGATTATTAATGATA	 Fw	Intron	2	

sequencing	

Mcp1	

sequencing	8	

5’-	CCTGTGGTTTTCCGCGCAGGTGGC	 Rv	Intron	2	

sequencing		

179	 5’	CGGATGTGATGTGAGAACTGTATCCT	
AGC	

Sequencing	of	c-

terminal	tags	

added	by	pFA6	

plasmids	

Table	2.5	List	of	oligonucleotides	used	in	this	study	
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Plasmid	 Use	
pFA6-natMX6	 Deletion	of	mcp1	by	natMX6	
pFA6-hphMX6	 Deletion	of	mcp1	by	hphMX6	
pFA6-kanMX6	 Deletion	of	mcp1	by	kanMX6	

pBSSK-ura4	 Deletion	of	mcp1	by	ura4	
pFA6a-GFP(S65T).KanMX6	 Tagging	the	c-terminus	of	mcp1	with	

GFP	
pFA6a-GFP(S65T)-hph	 Tagging	the	c-terminus	of	mcp1	with	

GFP	
pFA6a-mNeonGreen:kanMX6	

	
Tagging	the	c-terminus	of	klp5	with	

mNeonGreen	
pFA6a-mNeonGreen:kphMX6	

	
Tagging	the	c-terminus	of	klp6	with	

mNeonGreen	
pS50Trc4-DHFRSTR	 Polycistronic	tagging	vector,	to	add	

STR	to	Klp6	C-terminus	
pST50Trc3-DHFRHIS	 Polycistronic	tagging	vector,	to	add	

6HIS	to	Klp5	C-terminus	
pST50Trcl-DHFRHIS	 Polycistronic	tagging	vector,	used	to	

tag	Mcp1	with	GFP	
pst44	 Polycistronic	vector	used	for	

expression	
pLYS1U	 for	mcp1	and	mcp1(SSNN)	insertion	

into	Lys1	
pLYS1U-HFG1c	 for	nmt1-GFP-mcp1	insertion	into	Lys1	

Table	2.6	List	of	plasmids	used	in	this	study	
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2.3.6	Construction	of	polycistronic,	pST44-mcp1-GFP_klp5-6His_klp6-STR,	

expression	vector	

All	construction	of	the	polycistronic	vector	was	performed	by	TL	and	RH.		The	

pST44-mcp1-GFP_klp5-6His_klp6-STR	 construct	 was	 produced	 as	 described	

previously	(Tan	et	al.	2005).		

	

The	coding	regions	of	mcp1,	klp5,	klp6	and	GFP	were	synthesised	by	GeneArt	(Life	

Technologies).	

	

The	 2kb	 mcp1	 open	 reading	 frame	 (ORF)	 was	 synthesised	 with	 the	 intron	

removed,	flanked	by	restriction	sites	BamHI	and	NdeI	at	the	5’	end,	and	NgoMIV,	

TAA	stop	codon	and	BsrGI	at	the	3’	end.		Two	restriction	sites	were	silenced	with	

the	following	point	mutations,	C342T	and	C825T	(BsrGI)	and	A820C	(KpnI).	

	

The	2.6kb	klp5	ORF	was	 synthesised	with	 the	 intron	 removed,	 flanked	by	 the	

restriction	sites	BamHI	and	NdeI	at	the	5’	end,	and	NgoMIV,	TAA	stop	codon	and	

BsrGI	at	the	3’	end.		Four	restriction	sites	were	silenced	with	the	following	point	

mutations:	T270C	(XbaI),	A426C	(NdeI),	A1737T	(XbaI)	and	T2187C	(NdeI).	

	

The	2.4kb	klp6	ORF	was	 synthesised	with	 the	 intron	 removed,	 flanked	by	 the	

restriction	sites	BamHI	and	NdeI	at	the	5’	end,	and	NgoMIV,	TAA	stop	codon	and	

BsrGI	at	the	3’	end.		Four	restriction	sites	were	silenced	with	the	following	point	

mutations,	 T339C	 (KpnI),	 T397C	 (NdeI),	 A567C	 and	 A569C	 (BglII),	 C587T	

(BamHI).	

	

The	Klp6	construct	was	digested	with	NdeI	and	NgoMIV.		The	plasmid	pS50Trc4-

DHFRSTR	was	digested	with	NdeI	and	NgoMIV	and	the	digested	Klp6	construct	

was	ligated	into	the	plasmid	(this	tagged	the	c-terminus	of	Klp6	with	Strep-tag	II	

[STR]).	 	 This	 resulting	 pST50Trc4-Klp6-DHFRSTR	 plasmid	 was	 digested	 with	

BspEI	and	MluI,	and	psT44	was	digested	with	BspEI	and	MluI,	before	 the	 two	

were	ligated	in	a	1:1	ratio.	 	Klp6-STR	was	placed	at	position	4	forming	psT44-

Klp6-STR.	
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The	 Klp5	 construct	 was	 digested	 with	 NdeI	 and	 NgoMIV.	 	 The	 plasmid	

pST50Trc3-DHFRHIS	was	digested	with	NdeI	and	NgoMIV	and	the	digested	Klp5	

construct	was	ligated	into	the	plasmid	(this	tagged	the	c-terminus	of	Klp5	with	

6His).		The	resulting	pST50Trc3-Klp5-DHFRHIS	plasmid	was	digested	with	SacI	

and	KpnI,	and	psT44-Klp6-STR	was	digested	with	SacI	and	KpnI,	before	the	two	

were	ligated	in	a	1:1	ratio.		Klp5-6His	was	placed	at	position	3	forming	psT44-

Klp5-6His_Klp6-STR.			

	

The	Mcp1	construct	was	digested	with	NdeI	and	NgoMIV,	and	the	GFP	construct	

was	 digested	 by	 NgoMIV	 and	 BsrGI.	 	 The	 plasmid	 pST50Trcl-DHFRHIS	 was	

digested	by	NdeI	and	BsrGI	(no	additional	tag	was	added).		These	three	were	then	

ligated	in	a	1:1:1:	ratio.		The	resulting	pST50trcl-Mcp1-GFP	plasmid	was	digested	

with	XbaI	and	BglII.		psT44	was	digested	with	XbaI	and	BglII,	and	the	Mcp1-GFP	

fragment	was	ligated	in	a	1:1	ratio	into	psT44-Klp5-6His_Klp6-STR	at	position	1.		

This	created	psT44-Mcp1-GFP_6His_Klp6-STR.	

	

2.4	Biochemistry	
2.4.1	Protein	extraction	from	yeast		

Cells	were	grown	in	50	mL	aliquots	in	YES	at	30°C	until	OD595	=	0.8.		Cells	were	

pelleted	by	centrifugation	(3400	rpm	for	1	minute	at	4°C)	and	the	resuspended	

in	ice	cold	1	mL	lysis	buffer	(50	mM	HEPES	(pH	7.6),	75	mM	KCl,	1	mM	MgCl2,	1	

mM	EGTA,	0.1%	Triton	mM	DTT,	1	mM	PMSF	and	c0mplete	EDTA-free	protease	

inhibitor	 cocktail	 [Roche,	 Switzerland])	 in	 a	 2	 mL	 Microcentrifuge	 tube	

(Eppendorf,	Germany).	 	Cells	were	then	pelleted	by	centrifugation	(7,000	RPM	

for	1	minute	at	4°C)	before	being	resuspended	in	a	volume	of	lysis	buffer	equal	to	

the	volume	of	the	pelleted	cells.		0.5	mL	of	glass	beads	were	added	and	the	cells	

were	homogenised	by	Fast-Prep	(MP	Biomedicals,	USA).		The	sample	was	then	

transferred	 to	 1	 mL	 Microcentrifuge	 tube	 (Eppendorf,	 Germany)	 by	 sterile	

microlance	 needle	 and	 syringe	 before	 being	 centrifuged	 (13,000	 rpm	 for	 60	

minutes	at	4°C).		The	supernatant	was	then	transferred	to	fresh	ice	chilled	1	mL	

Microcentrifuge	 tubes	 and	 protein	 concentration	 was	 quantified	 by	 Bradford	

assay	(Bradford	reagent	from	Biorad,	USA).	
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2.4.2	 Sodium	dodecyl	 sulphate	 polyacrylamide	 gel	 electrophoresis	 (SDS-

PAGE)	

Protein	samples	were	denatured	by	heating	for	6	minutes	in	1/3	the	volume	of	

4X	SDS-PAGE	sample	buffer	(900	µL	of	4x	Laemmli	sample	buffer	[277.8	nM	Tris-

HCl	pH	6.8,	44.4%	glycerol,	4.4%	lithium	dodecyl	sulphate,	0.02%	bromophenol	

blue,	 Bio-Rad,	 USA]	 added	 to	 100	µL	 of	 2-mercaptoethanol)	 and	 run	 on	 10%	

vertical	SDS-PAGE	gels	using	Mini-PROTEAN®	Tetra	Vertical	Eletrophoresis	Cell	

(Bio-Rad).		To	establish	protein	weight	Dual	Color	Standards,	Low-Ranage	SDS-

standards	and	High-Range	SDS-standards	ladders	were	used	(all	from	Bio-Rad,	

USA).	

	
2.4.3	Western	blot		

Once	 ran,	 proteins	 were	 transferred	 from	 an	 SDS-PAGE	 gel	 to	 AmershamTM	

HybondTm-ECL	membrane	 (GE	Healthcare,	USA)	using	a	 semi-dry	 transfer	 cell	

(Bio-Rad,	 USA)	 and	 transfer	 buffer	 (700	mL	 H2O,	 200	mL	Methanol,	 100	mL	

10xTris/Glycine/SDS	[Bio-Rad,	USA])	at	100V	for	30	minutes.		Membranes	were	

blocked	with	5%	Marvel	Milk	 for	1	hour	 at	 room	 temperature	with	 agitation.		

Once	blocked	the	membrane	was	probed	by	incubation	with	5%	Marvel	Milk	and	

the	desired	primary	antibody	overnight	at	4°C.		The	membrane	was	then	washed	

3X	 for	 10	minutes	 in	 1X	TBS-Tween	 (50	mM	Tris-HCL	pH	7.4,	 150	mM	NaCl,	

0.05%	Tween-20)	and	then	incubated	at	room	temperature	with	agitation	for	1	

hour	with	 the	appropriate	 secondary	antibody	diluted	 in	1X	TBS-Tween.	 	The	

membrane	was	 then	washed	6	X	 for	5	minutes	 in	1X	TBS-Tween.	Transferred	

proteins	were	then	observed	via	Amersham	ECL	system	(GE	Healthcare,	USA)	as	

per	the	manufacturer’s	instructions.	

	

2.4.4	Co	Immunoprecipitation	(CoIP)	

For	both	CoIPs,	2	mg	of	protein	 lysed	 from	Dmcp1	nmt1-GFP-mcpl	klp5-13myc	

was	used.		All	incubations	were	performed	at	4°C	with	rotation.	

	

	For	 the	 first	 CoIP	 (Figure	 3.11A),	 2	 mg	 protein	 was	 incubated	 with	 2.5	 µL		

(~5	µg)	 normal	 rabbit	 serum	 for	 30	minutes	 and	 then	with	 20	 µL	protein	A-

Sepharose	 beads	 (GE	 Healthcare,	 USA)	 for	 45	 minutes.	 	 The	 mixture	 was	
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centrifuged	(5,000	rpm	for	3	minutes	at	4°C),	beads	were	kept	as	the	non-immune	

(NI).		The	supernatant	was	incubated	with	5	µL	(~	5	µg)	rabbit	aGFP	(Immune	

Systems)	 for	 2	 hours	 followed	by	 incubation	with	20	µL	protein	A-Sepharose	

beads	for	45	minutes.		This	mixture	was	centrifuged	(5,000	rpm	for	3	minutes	at	

4°C)	and	the	beads	were	kept	as	the	immune	(I).			

	

For	the	second	CoIP	(Figure	3.11B),	2	mg	protein	was	incubated	with	20	µL	(4	

µg)	mouse	IgG	(Santa	Cruz	Biotechnology,	USA)	for	30	minutes	and	then	with	20	

µL	 protein	 A-Sepharose	 beads	 for	 45	minutes.	 	 The	mixture	 was	 centrifuged	

(5,000	rpm	for	3	minutes	at	4°C),	beads	were	kept	as	the	NI.	 	The	supernatant	

was	incubated	with	2	µL	(4	µg)	mouse	aMyc	(Abcam,	UK)	or	2	hours	followed	by	

incubation	with	 20	µL	 A-Sepharose	 beads	 for	 45	minutes.	 	 This	mixture	was	

centrifuged	 (5,000	 rpm	 for	3	minutes	 at	 4°C)	 and	 the	beads	were	kept	 as	 the	

immune	(I).			

	

For	both	CoIPs	the	beads	were	washed	3	times	with	1	mL	lysis	buffer	(5,000	rpm	

for	1	minute).		Protein	bound	to	the	beads	were	solubilised	by	SDS-Sample	buffer	

and	heating	for	100°C	for	6	minutes.	

	

2.4.5	Immunoblot	analysis	and	Coomassie	staining	

Proteins	were	separated	by	SDS-polyacrylamide	gel	electrophoresis	(SDS-PAGE)	

before	being	transferred	to	nitrocellulose	membrane.			

	

To	 detect	 GFP,	 blots	 were	 probed	 by	 sheep	 aGFP	 (1/5000,	 gift	 from	 Kevin	

Hardwick),	and	Horseradish	Peroxidase	(HRP)-conjugated	anti-sheep	secondary	

antibody	(1/10,000,	Jackson	ImmunoResearch,	USA).			

	

To	detect	Myc	in	the	first	CoIP	and	to	ensure	correct	expression	of	tagged	Klp5-

13myc,	 blots	were	 probed	 by	mouse	 anti-Myc	 (1/500,	 Abcam,	 UK)	 and	HRP-

conjugated	anti-mouse	secondary	antibody	(1/10000,	GE	Health	Care,	USA).	
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To	detect	Myc	in	the	second	CoIP,	blots	were	probed	by	rabbit	anti-Myc	(1/500,	

Santa	Cruz,	USA)	and	HRP-conjugated	a-rabbit	secondary	antibody	(1/10000,GR	

Healthcare,	USA).			

	

To	detect	His,	blots	were	probed	by	mouse	anti-His	(1/500,	Abcam,	UK)	and	HRP-

conjugated	a-mouse	secondary	antibody	(1/10000,	GE	Health	Care,	USA).	

	

To	detect	STR,	blots	were	probed	by	rabbit	anti-Strep-tag	II	(1/500,	Abcam,	UK)	

and	 HRP-conjugated	 a-rabbit	 secondary	 antibody	 (1/10000,	 GE	 Healthcare,	

USA).			

	

To	detect	tubulin,	blots	were	probed	by	mouse	anti-Tat1	(1/1000,	Gift	from	Keith	

Gull)	and	HRP-conjugated	anti-mouse	secondary	antibody	(1/10000,	GE	Health	

Care,	USA).	

	

For	 coomassie	 staining,	 InstantBlue	 (Expedeon,	 UK)	 was	 used	 as	 per	 the	

manufacturer’s	instructions.	

	

2.4.6	Quantification	of	western	blots	

Developed	films	were	scanned	by	reflection	scanning	and	analysed	using	ImageJ.		

To	quantify	signals	for	Figure	3.27	first	the	Tat1	intensities	from	klp5-GFP	and	

klp5-GFP	 Dmcp1	 strains	 was	 measured.	 	 Tat1	 intensities	 were	 background	

subtracted.		The	value	for	klp5-GFP	Tat1	intensity	was	divided	by	the	value	for	

klp5-GFP	 Dmcp1	 Tat1	 intensity	 to	 give	 the	 loading	 ratio.	 	 Next	 Klp5-GFP	

intensities	were	measured	for	klp5-GFP	and	klp5-GFP	Dmcp1	strains.		Klp5-GFP	

intensities	were	background	subtracted.		The	value	for	Klp5-GFP	intensity	from	

the	klp5-GFP	 strain	was	divided	by	 the	 loading	ratio	calculated	using	 the	Tat1	

intensities.		This	was	then	repeated	for	the	film	containing	signal	from	Klp6-GFP	

containing	strains.		
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2.5	Protein	expression	
2.5.1	Establishment	of	growth	conditions	

pHGWA-Mcp1	 was	 transformed	 into	 BL21*	 Escherichia	 coli	 (E.	 coli).	 	 Single	

colonies	 were	 picked	 and	 grown	 overnight	 in	 Lysogeny	 Broth	 (LB)	 with	

ampicillin	at	37°C	in	a	gyratory	shaker	at	170	rpm.		The	overnight	cultures	were	

diluted	1:50	in	2	x	YT	(plus	ampicillin)	and	grown	at	37°C	at	170	rpm	until	OD600	

reached	0.5.		Flasks	were	then	either	cooled	to	18°C	or	kept	at	37°C,	and	inoculated	

with	either	1	mM	IPTG	or	0.2	mM	IPTG	(four	conditions	in	total)	and	then	grown	

at	170	rpm.		Samples	were	taken	at	0	hours,	3	hours,	6	hours	and	22	hours	after	

IPTG	addition.		Samples	were	centrifuged	(3500	rpm	for	10	minutes	at	4°C)	and	

pellets	were	snap	frozen	using	liquid	nitrogen	and	stored	at	-80°C.	

	

Samples	were	resuspended	in	6His	extraction	buffer	(50	mM	NaH2PO4	pH	8.0,	

300	 mM	 NaCl,	 10	 mM	 imidazole	 and	 c0mplete	 EDTA-free	 protease	 inhibitor	

cocktail).	 	The	suspension	was	incubated	on	ice	for	30	minutes	with	1	mg/mL	

lysozyme.	 	 Following	 the	 addition	 of	 MgCl2	 (final	 concentration	 0.01	 M)	 the	

sample	was	incubated	with	Bezonase	(Sigma	Aldrich,	USA)	at	the	concentration	

specified	by	the	manufacturer	on	ice	for	10	minutes.		The	sample	was	then	lysed	

by	sonication	by	Biorupter	Plus	Sonication	(Diagenode,	Belgium)	for	5	minutes.		

The	lysate	was	centrifuged	(13,000	rpm	for	15	minutes	at	4°C).		The	supernatant	

represented	the	soluble	protein	and	the	pellet	represented	the	 insoluble,	both	

protein	samples	were	suspended	in	SDS	sample-buffer	and	boiled	at	100°C	for	6	

minutes	 before	 being	 separated	 by	 SDS-PAGE	 and	 visualised	 by	 Coomassie	

staining.	

	

2.5.2	Binding	of	protein	to	nickel	beads	

pHGWA-Mcp1	 and	 psT44-Mcp1-GFP_Klp5-6His_Klp6-STR	 were	 transformed	

into	BL21*	E.	coli	and	grown	and	lysed	in	the	manner	described	in	2.5.1	(at	18°C	

with	1	mM	IPTG).		Once	lysed,	2	mL	of	soluble	protein	was	incubated	with	20	µL	

of	Ni-NTA	agarose	(Qiagen,	Netherlands)	for	30	miutes	at	4°C	with	rotation.		The	

beads	were	washed	twice	with	6His	wash	buffer	(50	mM	NaH2PO4,	300	mM	NaCl	

and	20	mM	imidazole).		The	beads	were	then	boiled	in	SDS	sample-buffer	for	6	
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minutes,	solubilising	the	protein	bound	to	the	beads.		This	protein	was	then	run	

on	an	SDS-PAGE	and	visualised	by	immunoblot.	

	

2.5.3	Binding	of	6His-Mcp1	to	nickel	column		

pHGWA-Mcp1	was	grown	as	described	in	2.5.1,	with	3	litres	of	2xYT	grown	at	

18°C	with	1	mM	IPTG	and	harvested	after	6	hours.		Once	harvested,	the	pellet	was	

resuspended	 in	 130	 mL	 of	 6His	 extraction	 buffer	 and	 lysozyme	 (final	

concertation	1	mg/mL)	and	incubated	on	ice	for	30	minutes.		MgCl2	was	added	

(final	concentration	of	0.01	M)	and	120	units	of	Benzonase	(Sigma-Aldrich,	USA)	

was	added	and	the	suspension	incubated	for	10	minutes	on	ice	before	being	lysed	

by	sonication	by	S-4000	sonicator	(Qsonica,	USA).		Lysate	was	spun	at	16000	rpm	

for	15	minutes	 at	4°C	and	 soluble	protein	was	 loaded	onto	 a	1	mL	HisTrap®	

column	(GE	Healthcare,	USA)	in	6His	extraction	buffer.		The	column	was	washed	

by	6His	wash	buffer.		Proteins	were	eluted	with	a	20	–	1000	mM	Imidazole	buffer	

in	1	mL	fractions.		5	µL	from	each	fraction	was	ran	on	a	SDS-PAGE	before	being	

visualised	by	coomassie	staining.	 	10	µL	from	each	elution	was	stored	at	 -20°C	

degrees	to	be	ran	on	another	SDS-PAGE	the	following	day.		Fractions	7	–	24	mL	

were	concentrated	with	a	Millipore	Amicon	Centrifugal	filters	(Fisher	Scientific,	

USA).		The	concentrated	sample	were	flash-frozen	in	liquid	nitrogen	and	run	on	

a	SDS-PAGE	the	following	day.	

	

2.6	Microscopy	
2.6.1	Fixation	of	S.	pombe	cells	

S.	pombe	cells	were	grown	until	OD595	was	0.6	and	900	µL	of	cells	were	fixed	in	

3.7%	formaldehyde	for	10	minutes.	 	Once	fixed,	2	µL	cells	were	spread	over	a	

microscopy	slide	before	a	22-mm	x	22-mm	cover	slip	was	mounted	by	1	µL	of	

DAPI.	

	

2.6.2	Live	cell	imaging	of	S.	pombe	cells	

S.	pombe	cells	were	grown	in	liquid	EMMG	(containing	arginine,	histidine,	uracil,	

leucine	and	lysine)	until	OD595	was	0.4.	Cells	were	harvested	from	a	50	mL	culture	

by	 centrifugation	 (1800	 rpm	 for	 1	 minutes)	 and	 the	 resulting	 pellet	 was	
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resuspended	 in	 liquid	 EMMG.	 	 Cells	 were	 observed	 in	 an	 imaging	 chamber	

(CoverWell	 PCI-2.5,	Grace	Bio-Labs,	USA)	 filled	with	1.3	mL	of	 2%	agarose	 in	

EMMG	 media	 and	 sealed	 with	 a	 22-mm	 x	 22-mm	 cover	 slip.	 	 5	 –	 10	 µL	 of	

resuspended	 cells	 was	 used	 for	 each	 imaging	 experiment	 and	 imaged	 for	 no	

longer	than	1	hour.	

	

2.6.3	Wide	field	microscope	

For	wide	 field	 illumination,	 cells	 expressing	 GFP,	mNeonGreen,	 td-Tomato	 or	

mCherry-tagged	proteins	were	imaged	on	a	Nikon	TE-200	inverted	microscope	

with	a	100X	1.49	N.A	objective	lens	equipped	with	a	photometric	Coolsnap-HQ2	

liquid	cooled	CCD	camera	(Photometrics,	USA).		All	samples	were	illuminated	by	

3000W	xenon	bulb	using	appropriate	excitation	filters.	 	Images	were	collected	

with	Metamorph	(version	7.5.2.0,	MAG	Biosystems	Software)	and	analysed	using	

ImageJ	 (Fiji	 Life-Line	 version,	 2013	 July	 15	 -	 https://fiji.sc/).	 	 A	 wide-field	

microscope	was	used	for	experiments	described	in	2.6.4,	2.6.5	and	2.6.6.	

	

2.6.4	SxIP	motif	of	Mcp1	experiment	imaging	

Cells	 containing	klp5-GFP	 and	mCherry-atb2	were	grown	 in	EMMG	until	OD595	

and	imaged	live.		1	z-section	was	taken,	in	the	centre	of	the	cell,	with	exposure	

times	of	1	s	for	GFP	and	0.5	s	for	mCherry.	

	

2.6.5	Imaging	pre-anaphase	index	

Cells	 containing	 fta3-GFP	 or	 cdc13-GFP	 and	 sid4-tdTomato	 were	 fixed	 and	

imaged.		18	z-sections	(0.2	µm)	apart	were	taken	with	exposure	times	of	1	s	for	

GFP	and	tdTomato	and	0.25	s	for	DAPI.		Each	experiment	captured	500	cells	and	

each	experiment	was	repeated	3	times.	

	

2.6.6	cdc25-22	strain	imaging	for	curvature	analysis	

cdc25-22	cells	were	grown	in	EMMG	media	first	at	28°C	until	an	OD595	of	0.4	at	

which	point	 they	were	shifted	to	36°C	 for	6	hours	and	then	 imaged	 live.	 	18	z-

stacks	 (0.2	µm)	apart	were	 taken	with	100	ms	bright-field	 illumination.	 	Each	

experiment	captured	at	least	280	cells	and	was	repeated	3	times.	
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2.6.7	nmt1-GFP-mcp1	over	expression		

nmt1-GFP-mcp1	 cells	 were	 first	 grown	 in	 EMMG	 media	 containing	 thiamine	

overnight	and	then	washed	twice	in	EMMG	media	lacking	thiamine,	before	being	

diluted	into	EMMG	media	lacking	thiamine.		Cells	were	diluted	such	that	after	28	

hours	without	thiamine	the	OD595	would	be	roughly	0.4	(in	EMMG	the	doubling	

times	of	these	strains	was	4	hours	in	EMMG).		After	28	hours	with	no	thiamine,	

cells	were	 imaged	 live.	 	 18	 z-stacks	 (0.2	µm	 apart)	were	 taken	 and	 GFP	was	

illuminated	0.1	s.	

	

2.6.8	Spinning	disk	microscopy		

All	other	microscopy	was	performed	by	spinning	disk.		Andor	spinning	disk	using	

a	Nikon	ECLIPSE	Ti-E	microscope	equipped	with	a	Plan	Apo	Vc	100x/1.40	N.A.		

Oil	 objective	 lens,	 a	Yokogawa	CSU-XI	unit	 spinning	disk	 system.	 	Andor	 iXon	

Ultra	EMCCD	(16	µm/pxl)	camera	with	2x	adaptor	 for	CSU-Xia	and	Andor	 iQ3	

software.		488	nm	and	561	nm	solid	state	diode	(both	50	mW)	lasers	were	used	

for	 excitation.	 	 All	 images	 were	 processed	 and	 analysed	 using	 ImageJ.		

Temperature	was	maintained	 at	 29.5°C	 by	 cage	 incubator	 controlled	 by	 OKO-

touch	 (OKOLAB,	 Italy)	 (some	 fluctuation	due	 to	 room	 temperature,	 but	 never	

higher	than	30.0°C).	

	

2.6.9	Imaging	of	+Tips	on	interphase	microtubules	

For	 imaging	 of	 fluorescently	 labelled	Klp5,	 Klp6,	Mcp1,	 Tea1,	 Tea2,	 Tip1,	 and	

fluorescently	 labelled	microtubules,	 cells	were	grown	until	OD595	was	0.4	and	

then	imaged	live.		8	z-stacks	(0.5	µm	apart)	were	taken	with	green	fluorophores	

(GFP	 and	mNeonGreen)	 and	 red	 fluorophores	 (mCherry	 and	 tdTomato)	were	

excited	 for	 200	ms	 every	 4.8	 s	 for	 no	more	 than	 5	minutes.	 	 To	 excite	 green	

fluorophores	 the	50	mW	488	nm	 laser	was	 set	 to	 10%	power.	 	 To	 excite	 red	

fluorophores	 the	 50	 mW	 561	 nm	 laser	 was	 set	 to	 10%	 power.	 	 All	 images	

containing	both	fluorescent	+TIP	proteins	and	fluorescently	labelled	tubulin	and	

imaged	 by	 spinning	 disk	microscopy,	 across	 all	 experiments,	 were	 processed	

using	ImageJ	in	identical	fashions.	
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2.6.10	Imaging	of	microtubule	dynamics	

For	imaging	of	GFP-atb2	microtubules,	for	the	purpose	of	dwell	time	and	growth	

and	shrinkage	speed	measurements,	cells	were	grown	until	OD595	was	0.4	and	

then	imaged	live.		8	z-stacks	(0.5	µm	apart)	were	taken	with	GFP	excited	for	100	

ms	every	5	s	for	10	minutes.		The	50	mW	488	nm	laser	was	set	to	10%	power.		All	

images	 containing	 GFP-atb2	 and	 captured	 via	 spinning	 disk	microscopy	were	

processed	by	ImageJ	in	an	identical	fashion.	

	

2.7	Image	analysis	
2.7.1	Measuring	pre-anaphase	index		

Max	intensity	projections	were	formed	of	the	images	taken	and	the	percentage	of	

cells	with	kinetochores	between	separated	spindle	pole	bodies	(SPB),	as	seen	by	

Fta3-GFP	signal,	or	the	percentage	of	cells	with	Cdc13-GFP	on	the	SPBs	prior	to	

anaphase	(SPBs	<	2	µm	apart)	was	measured.	

	

2.7.2	Measuring	curvature	(s)	of	cdc25-22	cells		

The	z-section	which	contained	the	middle	of	the	cell	was	used	for	analysis	and	a	

line	was	drawn	from	one	of	the	cells	to	the	other	manually	using	the	line	tool	in	

ImageJ.		The	measurement	function	on	ImageJ	was	used	to	measure	the	length	of	

the	line	(A)	and	the	displacement	from	the	start	and	end	of	the	line	(B)	and	the	

curvature	value	“s”	was	calculated	as	B/A.	

	
2.7.3	Measuring	interphase	microtubule	dwell	times	

Max	 intensity	projections	were	used.	 	Dwell	 time	was	defined	as	 the	 length	of	

time	an	interphase	microtubule	(iMT)	plus	end	remained	in	the	final	1.1	µm	of	a	

cell	(the	cell	perimeter	defined	by	background	GFP	fluorescence).	 	1.1	µm	was	

chosen	as	this	was	the	mean	length	(plus	one	standard	deviation)	for	the	curved	

end	of	wild	 type	cells	and	84%	of	wild	 type	shrinkage	events	occurred	 in	 this	

region.	 	Dwell	 times	were	measured	for	the	full	10	minutes	of	each	movie.	 	At	

least	100	dwell	times	were	measured	for	each	condition	over	at	least	two	repeats.		

The	end	1.1	µm	of	 the	 cell	was	defined	manually	with	aid	 from	a	 self-written	

ImageJ	macro.	
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2.7.4	Measuring	interphase	microtubule	growth	and	shrinkage	speed	

Growth	and	shrinkage	speeds	of	GFP-atb2	labelled	 iMTs	was	measured	by	the	

manual	tracking	of	iMT	plus	ends,	which	were	not	in	contact	with	the	cell	end,	

with	the	ImageJ	plugin	MTrackJ.		30	MT	life	times,	growth	and	shrinkage,	were	

measured	for	each	condition	over	at	least	two	repeats.	

	
2.7.5	Measurement	of	+TIP	accumulation	

Klp5/Klp6	 and	 Tea2	 intensity	 were	measured	 at	 the	 plus	 end	 of	 iMT.	 	 Klp5-

mNeonGreen/Klp5-mNeonGreen	 intensities	 were	 background	 subtracted	 (the	

background	was	measured	across	an	iMT	to	remove	any	bleed-through)	before	

being	 normalised	 by	 mean	 mCherry	 intensity	 of	 the	 iMT	 the	 Klp5/Klp6	 was	

bound.		For	Tea2-GFP	intensities	were	background	substituted	(background	was	

measured	to	the	immediate	side	of	the	Tea2	puncta,	and	still	within	the	cell	so	as	

to	subtract	intensity	that	was	the	result	of	Tea2	bound	at	cell	ends)	before	being	

normalised	by	mean	mCherry	intensity	of	the	iMT	the	Tea2	was	bound.		For	each	

time	point	iMT	length	was	measured	by	using	the	line	tool	from	ImageJ	(using	

the	anti-parallel	bundle	to	define	the	iMT	minus	end)	and	distance	of	the	iMT	plus	

end	from	the	cell	end	was	measured	in	the	same	way.		Shrinkage	was	determined	

by	plotting	iMT	length	against	time	and	then	fitting	straight	lines	to	periods	of	

unambiguous	growth	and	unambiguous	shrinkage.	 	The	time	at	which	the	two	

lines	 crossed	 was	 the	 calculated	 shrinkage.	 	 The	 time	 frame	 closes	 to	 the	

calculated	 shrinkage	 was	 defined	 as	 shrinkage.	 	 The	 purpose	 of	 defining	

shrinkage	 to	 a	particular	 time	point	was	 to	 allow	 for	 calculation	of	mean	and	

median	values.		30	puncta	were	measured	over	three	days.		Intensity	(along	with	

iMT	length	and	distance	from	cell	end)	measurements	were	performed	manually	

through	the	use	of	a	self-written	ImageJ	Macro.	

	
2.7.6	Measurement	of	Klp5,	Klp6	and	Mcp1	displacement		

Displacement	 of	 Klp5,	 Klp6	 and	Mcp1	 puncta	 were	 tracked	 using	 the	 ImageJ	

plugin	MTrackJ.		For	each	condition	5	puncta	were	measured.	
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2.7.7	Measuring	in	vivo	speed	of	Klp5/Klp6	

Kymographs	were	drawn	using	the	Kymograph	plugin	for	ImageJ	(J.	Rietdorf	and	

A.	Seitz,	https://www.embl.de/eamnet/html/body_kymograph.html).		Once	the	

kymograph	was	created	lines	were	drawn	across	the	puncta	and	from	this	the	

speed	was	calculated.		Since	the	puncta	size	changed	sometimes	between	frames	

each	line	was	drawn	four	times,	from	top	left	hand	corner	from	the	spot	at	time	t	

the	top	 left	hand	corner	at	 time	t+1	(and	repeated	from	top	right	 to	top	right,	

bottom	left	to	bottom	left	and	top	left	to	top	left)	and	the	speed	calculated	was	

the	mean	of	these	four	lines.	

	

2.7.8	Measurement	of	cell	width		

Cell	width	was	measured	manually	using	the	line	tool	from	ImageJ	and	using	line	

scans	to	determine	where	GFP	fluorescence	rapidly	decreased.	

	

2.8	Data	analysis	
Data	was	analysed	by	R	(Version	3.3.3,	https://cloud.r-project.org/)	and	Rstudio	

(1.0.136,	https://www.rstudio.com/products/rstudio/download/)	and	text	files	

were	manipulated	by	Microsoft	Excel.	

	

Figures	were	created	using	R,	ImageJ	and	Adobe	Illustrator.	

	

2.9	Bioinformatics	
	
Protein	and	DNA	sequences	were	obtained	from	pombase	(www.pombase.org).				
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Chapter	3	Characterisation	of	fission	

yeast	kinesin-8	in	interphase	
3.1	Introduction	
The	role	of	kinesin-8	as	a	microtubule	(MT)	regulator	is	highly	conserved	from	

yeast	 to	 higher	 eukaryotes.	 	 In	 budding	 yeast,	 kinesin-8	 (Kip3)	 regulates	 the	

length	 of	 interphase	 cytoplasmic	 MTs	 and	 de-sensitises	 cells	 to	 MT	 poisons	

(Cottingham	&	Hoyt	1997;	Su	et	al.	2011).		Likewise,	the	mammalian	homologues	

Kif18A,	Kif18B,	and	Kif19	also	regulate	MTs.		Mouse	Kif19	localises,	in	vivo,	to	the	

plus	end	of	cilia	MTs	and	regulates	MT	length	(Niwa	et	al.	2012).		Human	Kif18B,	

though	interactions	with	EB1	and	MCAK,	regulates	astral	MT	length	at	mitosis	(	

Tanenbaum	et	al.	2011;	Weaver	et	al.	2011).		Human	Kif18A	localises	to	the	plus	

ends	 of	 kinetochore	 MTs	 and	 is	 required	 for	 suppressing	 chromosome	

oscillations	 in	 mitosis	 (Stumpff	 et	 al.	 2008).	 	 Mechanistic	 insight	 into	 these	

regulatory	roles	has	been	provided	by	in	vitro	studies.		Kip3	accumulates	at	MT	

plus	 ends	 and	 destabilises	 GMPCPP-stabilised	 porcine	 brain	 MTs	 (PBM)	 in	 a	

length-dependent	 manner	 (Varga	 et	 al.	 2006;	 Varga	 et	 al.	 2009)	 and	 also	

increases	 the	 catastrophe	 rate	 of	 GTP-tubulin	 MTs	 (Gardner	 et	 al.	 2011).		

Similarly,	 Kif18A	 functions	 similarly	 as	 both	 a	 length-dependent	 MT	

depolymerase	(Mayr	et	al.	2007)	and	as	a	dampener	of	MT	dynamics,	suppressing	

both	growth	and	shrinkage,	via	binding	at	MT	plus	ends	(Du	et	al.	2010).			

	

Schizosaccharomyces	 pombe	 (S.	 pombe)	 contains	 two	 kinesin-8	 homologues	

(Klp5	and	Klp6)	that	form	a	heterodimer	in	vivo	and	regulate	MTs	in	both	mitosis	

and	interphase.		Klp5	and	Klp6	are	required	in	mitosis	for	accurate	chromosome	

biorientation,	 regulating	 spindle	 length,	 and	 silencing	 the	 spindle	 checkpoint	

(Meadows	et	al.	2011;	Garcia	et	al.	2002a;	Garcia	et	al.	2002b;	West	et	al.	2002).		

In	interphase,	they	are	required	for	cell-end	specific	catastrophe	of	iMTs	(West	

et	al.	2001).		However,	in	vitro	studies	with	purified	Klp5	and	Klp6	have	failed	to	

replicate	their	 in	vivo	 localisation	to	growing	 iMT	plus	ends	(West	et	al.	2001;	

Tischer	 et	 al.	 2009;	 Grissom	 et	 al.	 2009;	 Erent	 et	 al.	 2012).	 	 Similarly,	whilst	
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purified	Klp5-Klp6	heterodimers	are	capable	of	 sliding	MTs,	 consistent	with	a	

plus	 end	 tracking	 ability,	 they	 were	 unable	 to	 induce	 shrinkage	 of	 GMPCPP-

stabilised	bovine	brain	MTs	(BBM)	(Grissom	et	al.	2009).		Homodimers	of	Klp5-

Klp5	or	Klp6-Klp6	expressed	in	vitro	were	found	to	move	on	MTs	but	at	speeds	

too	slow	to	reach	the	plus	ends	of	growing	iMTs	in	cells.		Similarly,	homodimers	

were	unable	to	induce	shrinkage	of	GMPCPP-stabilised	BBM	and	had	no	effect	on	

the	MT	dynamics	 of	 purified	S.	 pombe	 tubulin	 (Erent	 et	 al.	 2012).	 	 Therefore,	

neither	purified	homodimers	nor	heterodimers	have	been	able	to	fully	recreate	

the	catastrophe	inducing	activity	of	fission	yeast	kinesin-8	on	iMTs,	suggesting	

that	these	reconstitutions	are	missing	a	crucial	factor.		This	chapter	characterises	

a	novel	interphase-specific	regulator	of	Klp5	and	Klp6	and	the	role	that	this	plays	

in	the	spatial	control	of	iMT	dynamics.		

	

3.2	Results		
3.2.1	Klp5	and	Klp6	dynamics	in	interphase	

Klp5/Klp6	in	S.	pombe	localises	to	the	plus	end	of	interphase	MTs	(iMTs)	and	to	

the	 mitotic	 spindle	 (West,	 2001;	 Garcia,	 2002b:	 Figure	 3.1)	 and	 has	 been	

proposed	to	function	as	an	obligate	heterodimer	in	vivo	(Grissom,	2008).		Klp5	

and	Klp6	accumulate	at	higher	levels	on	the	plus	ends	of	iMTs	that	are	close	to	

the	cell	end	(Tisher,	2009).		However,	as	these	observations	were	made	on	fixed	

cells	it	was	not	possible	to	record	the	dynamics	of	this	accumulation	over	time.		

To	analyse	this,	I	recorded	the	localisation	of	fluorescently-tagged	Klp5	and	Klp6	

to	iMTs	over	time	using	live	cell	spinning	disk	microscopy.		Both	Klp5-GFP	and	

Klp6-GFP	localise	as	distinct	puncta	on	the	plus	ends	of	growing	iMTs.		Moreover,	

the	 intensity	 of	 these	 puncta	 increases	 as	 the	MT	 approaches	 the	 cell	 cortex	

(Figures	3.1A	 and	3.1B).	 	The	 intensity	of	 the	plus	end	bound	Klp5	and	Klp6	

populations	decreases	5	–	10	s	(1	frame)	before	detection	of	MT	shrinkage	and	is	

then	steadily	lost	as	the	MT	shrinks	further	(Figure	3.2).		This	is	the	first	time	

this	behaviour	has	been	measured	on	dynamic	iMTs	in	S.	pombe.	
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Figure	 3.1	 Klp5	 and	 Klp6	 localise	 to	 the	 plus	 ends	 of	 interphase	

microtubules	and	to	the	microtubule	lattice	in	mitosis.	Log	phase	cultures	of	

klp5-GFP	mCherry-atb2	and	kl6-GFP	mCherry-atb2	cells	were	grown	at	30	˚C	to	

OD595	 =	 0.4	 before	 being	 imaged	 on	 agarose	 pads	 at	 29.5	 ˚C.	 	 Representative	

images	of	 cells	during	 Interphase	 (A)	and	Mitosis	 (B)	are	 shown.	 	Arrows	 (A)	

show	Klp5-GFP	(blue	arrow)	and	Klp6-GFP	(red	arrow)	at	the	plus	tip	of	iMTs.		

White	arrows	show	both	proteins	localised	to	the	cell	nucleus.		Arrows	(B)	show	

Klp5-GFP	(magenta	arrow)	and	Klp6-GFP	(orange	arrow)	co-localising	with	the	

mitotic	 spindle.	 	 Scale	bars	 represent	5	µm.	 	All	 images	were	processed	 in	 an	

identical	manner	
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Figure	 3.2	 Klp5	 and	 Klp6	 can	 track	 growing	 and	 shrinking	 interphase	

microtubules.	Log	phase	cultures	of	(A)	klp5-GFP	mCherry-atb2	and	(B)	klp6-

GFP	mCherry-atb2	cells	were	grown	at	30	˚C	to	OD595	=	0.4	before	being	imaged	

on	agarose	pads	at	29.5	̊ C	–	30.0	̊ C.		Representative	montages	are	shown.	Arrows	

show	a	population	of	Klp5-GFP	(blue	arrow)	and	Klp6-GFP	(red	arrow)	tracking	

a	growing	and	shrinking	MT	before	being	lost.	 	Yellow	asterisks	show	the	first	

frame	where	 shrinkage	was	 detected.	 	 Time	 is	 shown	 in	 seconds.	 	 Scale	 bars	

represent	5	µm.		(C)	Shows	the	intensity	of	the	Klp5-GFP	and	Klp6-GFP	signals	

highlighted	with	arrows	in	parts	(A)	and	(B)	respectively.		The	frame	containing	

the	 yellow	 asterisk	 in	 (A)	 and	 (B)	 was	 the	 frame	 closest	 to	 MT	 shrinkage.	

Individual	 traces	 were	 aligned	 such	 that	 the	 frame	 closes	 to	 MT	 shrinkage	

occurred	at	time	=	0.		All	images	were	processed	in	an	identical	manner.	
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3.2.2	Role	of	Klp5	and	Klp6	on	interphase	dynamics	

Klp5	and	Klp6	have	been	shown	to	regulate	MT	catastrophe	 in	S.	pombe,	with	

their	absence	causing	iMTs	to	continue	to	grow	around	the	cell	end	instead	of	

shrinking	upon	reaching	it	(West	et	al.	2001);	Figure	3.3A).		To	investigate	this	

behaviour	further,	S.	pombe	cells	expressing	GFP-tagged	tubulin	were	observed	

using	live	cell	spinning	disk	microscopy	and	the	amount	of	time	MT	plus	ends	

spent	in	residence	at	cell	ends	measured.		This	measurement,	termed	iMT	dwell	

time,	was	calculated	by	determining	the	duration	an	iMT	was	present	in	the	final	

1.1	µm	of	either	cell	end.		Double	deletion	mutants	of	both	Klp5	and	Klp6	had	MTs	

that	continued	to	grow	at	cell	ends	so	that	MT	plus	ends	stayed	resident	in	the	

cell	 end	 longer	 than	 control	cells,	 and	ultimately	doubled	back	on	 themselves	

producing	“curly”	MTs	(Figure	3.3A).	 	 In	cells	lacking	both	Klp5	and	Klp6,	the	

mean	iMT	dwell	time	increased	to	85	s	from	54s	in	control	cells	(Figure	3.3B).		

The	distributions	of	 iMT	dwell	 times	were	also	significantly	different	between	

wild	type	and	Dklp5Dklp6	populations	(Figure	3.3B).		The	previously	published	

observation	of	“curly”	MTs	in	cells	lacking	Klp5	and	Klp6	is	therefore	likely	to	be	

the	direct	result	of	this	increased	dwell	time	and	delay	of	timely	MT	catastrophe.		

Klp5	 and	 Klp6	 are	 therefore	 required	 for	 prompt	 MT	 shrinkage	 during	

interphase.	

	

Since	Klp5	and	Klp6	track	growing	and	shrinking	MTs,	this	increase	in	MT	dwell	

time	may	be	the	result	of	Klp5/Klp6	modulating	MT	growth	and/or	shrinkage.		

One	 possibility	 is	 that	 in	 cells	 lacking	 Klp5	 and	 Klp6,	 MTs	 could	 grow	more	

rapidly	and	reach	the	cell	end	more	quickly,	causing	MT	overgrowth	and	“curling”	

before	normal	catastrophe	occurs	with	unaltered	kinetics.		A	second	hypothesis	

is	 that	 MTs	 shrink	 more	 slowly	 in	 ∆klp5∆klp6	 cells,	 thereby	 extending	 the	

duration	of	MT	residence	at	the	cell	end.			A	third	option	is	that	Klp5/Klp6	is	able	

to	 recognise	 the	 cell	 end	 and	 specifically	 instigate	 catastrophe	 there.	 	 To	

distinguish	between	these	possibilities,	the	basal	growth	and	shrinkage	speeds	

of	iMTs	were	measured.		MTs	that	contact	the	cell	cortex	were	excluded	from	this	

analysis	 to	remove	potential	compression	artefacts.	 	Deletion	of	klp5	and	klp6	

resulted	in	both	higher	MT	growth	speed	compared	to	wild	type	(mean	values	of	

1.0	 µm	 s-1	 compared	 to	 0.78	 µm	 s-1),	 and	 in	 higher	 MT	 shrinkage	 speeds		
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(0.28	µm	s-1	compared	to	0.23	µm	s-1).		The	distributions	for	both	variables	were	

significantly	 altered	 between	Dklp5Dklp6	 and	wild	 type	 populations	 (Figures	

3.4A	 and	 3.4B).	 Fission	 yeast	 kinesin-8	 therefore	 regulates	 growth	 and	

shrinkage	speeds	of	MTs,	dampening	the	MT	dynamicity	in	a	similar	fashion	to	

that	observed	for	Kif18A	both	in	vitro	and	in	vivo	(Stumpf,	2008;	Du,	2010).		The	

increased	dwell	time	cannot	simply	be	the	result	of	MTs	reaching	the	cell	ends	

more	quickly.	 	The	recorded	growth	speeds	imply	that	to	travel	7	µm	(half	the	

length	of	a	S.	pombe	 cell	before	mitosis)	wild	 type	MTs	would	take	5.46	s	and	

Δklp5Δklp6	MTs	would	take	~8.94	s,	only	a	difference	of	~3.5	s.		Therefore,	this	

alone	cannot	explain	an	increased	dwell	time	of	31	s.		These	results	suggest	that	

Klp5/Klp6	is	able	to	induce	correct	MT	shrinkage	at	cell	ends	independently	of	

the	 speed	 at	 which	 MTs	 grow.	 	 These	 findings	 do	 not	 discount	 the	 third	

hypothesis,	that	Klp5/Klp6	induce	shrinkage	at	cell	ends.		
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Figure	3.3	Klp5/Klp6	ensures	timely	interphase	microtubule	catastrophe.			

Log	phase	cultures	of	GFP-atb2	and	GFP-atb2	Dklp5	Dklp6	cells	were	grown	at	

30˚C	until	OD595	=	0.4	and	transferred	to	agarose	pads	before	being	imaged	at	

29.5˚C-	 30˚C.	 	 (A)	 shows	 representative	 interphase	MTs	 (iMTs)	 (white	 arrow	

highlighting	curly	iMTs).	 	(B)	shows	the	dwell	times	of	 iMTs	as	both	a	boxplot	

(left)	and	cumulative	density	function	(right).		Dwell	time	was	defined	as	the	time	

an	iMT	spent	in	the	final	1.1	µm	of	a	cell.			n	refers	to	the	number	of	distinct	dwell	

events	measured,	***	p	value	<	0.001.	 	P-values	were	calculated	using	discrete	

Kolomogorov-Smirnov	 tests	 implemented	 using	 R.	 Boxplots	 show	 the	 inter	

quartile	range,	full	range	and	median	
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Figure	 3.4	 Klp5/Klp6	 modulates	 both	 growth	 and	 shrinkage	 speed	 of	

interphase	 microtubules.	 Log	 phase	 cultures	 of	 GFP-atb2	 and	 GFP-atb2	

Dklp5Dklp6	cells	were	grown	at	30	˚C	until	OD595	=	0.4	before	being	transferred	

to	agarose	pads	and	imaged	at	29.5	˚C	-	30	˚C.		Growth	speed	(A)	and	shrinkage	

speed	(B)	of	iMTs	was	measured	for	periods	when	the	MT	was	not	in	contact	with	

the	cell	 cortex.	 	Boxplots	 (left)	and	cumulative	density	 functions	(right)	of	 the	

same	data	are	shown.		n	refers	to	the	number	of	independent	growth	or	shrinkage	

events	recorded,	in	all	instances	30	MT	lifetimes	were	measured.	***	P-value	<	
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0.001	 and	 **	 P-value	 <	 0.01.	 	 P-values	 were	 calculated	 using	 discrete	

Kolomogorov-Smirnov	 tests	 implemented	 using	 R.	 Boxplots	 show	 the	 inter	

quartile	range,	full	range	and	median.	
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3.2.3	Characterisation	of	a	novel	+TIP	Mcp1	

Klp5	 and	 Klp6	 localise	 to	 different	 classes	 of	 MTs	 in	 a	 cell	 cycle-dependent	

manner	and	play	different	 functional	roles	 in	 these	 locations	(Messin	&	Millar	

2014).		The	mechanism	for	this	modulation	of	both	localisation	and	functionality	

is	not	well	understood.		Likewise,	the	inability	to	recreate	Klp5	and	Klp6	activity	

in	S.	pombe	MTs	in	vitro	(Erent	et	al.	2012;	Grissom	et	al.	2009)	gave	rise	to	the	

idea	that	perhaps	an	interacting	partner	or	partners	exists	for	kinesin-8	in	fission	

yeast	to	alter	its	properties	and	confer	functional	specificity.		I	next	searched	the	

literature	for	possible	Klp5/Klp6	binding	partners.	

	

Mcp1	(Meiotic	coiled-coil	protein	1)	was	a	chosen	as	a	potential	Klp5	and	Klp6	

regulatory	 candidate.	 	Mcp1	was	 first	 described	 as	 a	MT	 regulator	 since	 cells	

lacking	the	protein	have	“curly”	MTs	that	overgrow	the	cell	end,	similar	to	the	MT	

behaviour	 observed	 in	 fission	 yeast	 cells	 lacking	 Klp5/KLp6	 (Pardo	 &	 Nurse	

2005).	 	 Mcp1	 is	 one	 of	 21	 coiled-coil	 proteins	 which	 are	 upregulated	 during	

meiosis	(Ohtaka	et	al.	2007;	Mata	et	al.	2002),	specifically	preceding	Meiosis	 I	

(Mata	et	al.	2002),	when	GFP-tagged	Mcp1	localises	at	the	plus	tip	of	iMTs	(Ikebe	

et	al.	2011).		A	yeast	two-hybrid	screen	revealed	an	interaction	with	Tea3	(Vo	et	

al.	2016),	a	protein	which	also	localises	to	cell	ends	(Arellano	et	al.	2002).	 	An	

NCBI	Protein	BLAST	search	(Altschul	et	al.	1997)	reveals	that	Mcp1	(residues	79-

155)	has	homology	to	S.	pombe	Ase1	(residues	109-185),	an	antiparallel	dimeric	

MT	 bundling	 protein	 (Yamashita	 et	 al.	 2005;	 Loiodice	 et	 al.	 2005)	 that	 is	

homologous	 to	 human	 PRC1	 (Mollinari	 et	 al.	 2002).	 	 Likewise,	 it	 displays	

homology	 to	 Ase1	 homologues	 found	 in	 other	 Schizosaccharomyces	 species	

octosporus,	 cryophilius	 and	 japonicas	 (Altschul	 et	 al.	 1997).	 An	 ncoils	 screen	

(Lupas	et	al.	1991)	predicts	three	coiled-coil	regions	(residues	100-120,	45-70	

and	360-370)	indicating	that	Mcp1	might	form	homodimers.		Mcp1	is	present	at	

very	 low	 levels	 in	 the	 cell,	 with	 only	 ~178	molecules	 per	 cell	 representing	 a	

protein	in	the	bottom	2%	of	the	proteome	in	terms	of	abundance	(Marguerat	et	

al.	2012).	 	Mcp1	mRNA	displays	mild	periodicity	of	expression	during	 the	cell	

cycle	 (Rustici	 et	 al.	 2004)	 but	 remains	 largely	 unchanged	 during	 pheromone	

responses	(until	meiosis	begins)	(Mata	&	Bähler	2006).		
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In	 order	 to	 determine	 whether	 Mcp1	 is	 an	 interaction	 partner	 and	 potential	

modifier	of	Klp5	and	Klp6	behaviour,	I	sought	to	characterise	its	localisation.		I	

observed	fluorescently-tagged	Mcp1	dynamics	in	interphase	and	discovered	that	

Mcp1,	in	a	manner	qualitatively	similar	to	Klp5/Klp6,	is	found	at	the	plus	ends	of	

growing	and	shrinking	cytoplasmic	MTs.		Mcp1-GFP	intensity	accumulates	as	the	

MT	 grows	before	 decreasing	 approximately	 5	 s	 (1	 frame)	 before	 shrinkage	 is	

detected	 unambiguously	 and	 then	 as	 a	 steadily	 decreasing	 population	 which	

tracks	the	shrinking	MT	plus	end	(Figures	3.5A	and	3.5B).			In	contrast	to	Klp5	

and	Klp6,	Mcp1	is	not	found	in	the	nucleus	in	interphase	and	does	not	co-localise	

with	the	mitotic	spindle	(Figures	3.6A	and	3.6B).		Mcp1	localisation	therefore	is	

indistinguishable	 from	 the	 interphase	 cytoplasmic	 MT	 localisation	 of	 fission	

yeast	 kinesin-8,	 but	 distinct	 from	 its	 nuclear	 and	 mitotic	 MT	 localisation.		

Proteins	that	bind	to	MT	plus	ends	are	collectively	known	as	+TIPs;	since	Mcp1	

binds	the	plus	ends	of	iMTs	as	well	as	small	amounts	on	the	MT	lattice	(Figures	

3.5A	and	3.6A)	it	can	now	be	categorised	as	a	non-motor	+TIP	(Akhmanova	&	

Steinmetz	2008).	
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Figure	3.5	Mcp1	interphase	dynamics	are	identical	to	Klp5	and	Klp6.	Log	

phase	cultures	of	mcp1-GFP	mCherry-atb2	cells	were	grown	at	30	˚C	to	OD595	=	

0.4	before	being	 imaged	on	agarose	pads	at	29.5	 ˚C	–	30	 ˚C.	 	A	 representative	

montage	 is	 shown	 (A).	 	 Numbers	 show	 the	 time	 in	 seconds.	 	 A	 population	 of	

Mcp1-GFP	(green	arrow)	tracks	a	growing	and	shrinking	MT.		The	yellow	asterisk	

shows	the	frame	closest	to	the	calculated	time	of	shrinkage.		Scale	bars	represent	

5	µm.		The	intensity	of	this	population	was	quantified	and	presented	in	the	graph	

shown	(B).		The	frame	containing	the	yellow	asterisk	in	(A)	was	the	frame	closest	

to	MT	 shrinkage	 individual	 traces	were	 aligned	 such	 that	 frame	 closes	 to	MT	

shrinkage	occurred	at	time	=	0.	All	images	were	processed	in	an	identical	manner.	
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Figure	 3.6	Mcp1	 localises	 to	 the	 plus	 end	 of	 IMTs	 but	 not	 to	 the	mitotic	

spindle	or	nucleus.	Log	phase	cultures	of	mcp1-GFP	mCherry-atb2	 cells	were	

grown	at	30	˚C	to	OD595	=	0.4	before	being	imaged	on	agarose	pads	at	29.5	˚C	–	

30˚C.		Representative	images	of	cells	in	both	interphase	(A)	and	mitosis	(B)	are	

shown.		Green	arrows	show	Mcp1-GFP	populations	at	the	plus	end	of	iMTs.		Scale	

bars	represent	5	µm.		All	images	were	processed	in	an	identical	manner.	
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3.2.4	Mcp1	has	no	role	in	mitosis	

In	mitosis,	Klp5	and	Klp6	are	required	for	accurate	chromosome	biorientation,	

regulating	spindle	length	and	silencing	the	spindle	checkpoint	(Meadows	et	al.	

2011;	Garcia	et	al.	2002a;	Garcia	et	al.	2002b;	West	et	al.	2002).		To	determine	

whether	Mcp1	 is	 involved	 in	 any	of	 these	mitotic	 functions,	 the	pre-anaphase	

mitotic	 indices	 for	Dmcp1,	Dklp5Dklp6	and	control	cells	were	calculated.	 	Cells	

expressing	fluorescently-tagged	kinetochores	(fta3-GFP)	and	spindle	pole	bodies	

(sid4-TdTomato)	 were	 grown	 to	 log	 phase	 and	 the	 proportion	 of	 cells	 in	

prometaphase	and	metaphase	determined	by	microscopy.	 	Whilst	cells	 lacking	

Klp5	displayed	an	elevated	fraction	of	pre-anaphase	mitotic	cells	(6.23%),	those	

lacking	 Mcp1	 were	 indistinguishable	 from	 control	 cells	 (3.5%	 versus	 3.6%)	

(Figure	3.7A).		Similarly,	since	inactivation	of	the	spindle	checkpoint	causes	the	

destruction	of	Cyclin	B,	the	proportion	of	cells	with	fluorescently-tagged	Cyclin	B	

on	 their	mitotic	 spindles	 and	 spindle	 pole	 bodies	 can	be	determined	 to	 assay	

progression	through	mitosis.		Again,	cells	lacking	Klp5	showed	a	clear	delay	over	

anaphase	 onset	 (6.4%)	whereas	 control	 cells	 and	 those	 lacking	Mcp1	 did	 not	

(4.3%	versus	4.5%)	(Figure	3.7B).		

	

Although	Mcp1	did	not	colocalise	with	the	mitotic	spindle	it	is	possible	that	Mcp1	

may	still	have	a	role	during	mitosis.		There	is	precedent	for	cytoplasmic	proteins	

influencing	mitosis.	Both	Tea2	and	Tip1,	despite	not	binding	to	kinetochore	or	

intrapolar	 MTs,	 have	 been	 found	 to	 promote	 timely	 chromosome	 separation	

during	anaphase	(Goldstone	et	al.	2010).		To	determine	how	accurately	wild	type,	

Dmcp1,	Dklp6	and	Ddam1	cells	maintain	an	artificial	chromosome	containing	the	

ade6-M216	allele	that,	via	intragenic	complementation,	rescues	the	pink	colour	

present	in	adenine	biosynthesis	when	only	the	ade6-M210	allele	is	present	(Niwa	

et	 al.	 1989)	 (Figure	 3.8).	 	 Cells	 lacking	 both	 Dam1	 and	 Klp6	 have	 defective	

kinetochore-MT	 attachments	 (Sanchez-Perez	 et	 al.	 2005;	 Franco	 et	 al.	 2007),	

observed	 as	 17.1%	 of	Ddam1	 cells	 and	 0.48%	 of	 ∆klp6	 cells	 lose	 their	 mini-

chromosome	in	the	first	mitotic	division.		Cells	lacking	Mcp1,	however,	display	

similar	 segregation	 errors	 to	 wild	 type	 cells	 (0.14%	 versus	 0.15%).	 	 Mcp1	

therefore	has	no	role	in	accurate	chromosome	
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Figure	3.7	Cells	lacking	Mcp1	do	not	delay	in	prometaphase	and	metaphase.	

Log	phase	culture	of	wild	type,	Dklp5	and	Dmcp1	cells	containing	either	fta3-GFP	

sid4-tdTomato	or	cdc13-GFP	sid4-tdTomato	were	grown	at	30	˚C	until	OD595	=	0.6	

and	 then	 fixed	 and	 the	 percentage	 of	 cells	 in	 prometaphase	 and	 metaphase	

calculated.		This	was	done	by	scoring	cells	with	either	kinetochores	(Fta3-GFP)	

between	 separated	 spindle	 pole	 bodies	 (Sid4-tdTomato)	 (left	 panels)	 or	 cells	

with	Cyclin	B	(Cdc13-GFP)	localised	to	mitotic	spindles	≤	2	µm	(right	panels)	as	

a	 proportion	 of	 all	 cells.	 	 (A)	 shows	 representative	 images	 of	 interphase	 and	

prometaphase/metaphase	 in	 sid4-TdTomato	 cells	 expressing	 either	 fta3-GFP	

(left	panels)	or	cdc13-GFP	 (right	panels).	 Scale	bars	 are	5	µm.	 	 (B)	 Shows	 the	

percentage	of	cells	in	prometaphase/metaphase	for	the	indicated	conditions,	n	is	

the	total	number	of	cells	observed	over	three	independent	experiments.			***	p-

value	 <0.001,	 *	 p-value	 <0.05,	 n.s.	 means	 non-significant.	 P-values	 were	

calculated	using	a	chi-squared	test	implemented	by	the	R	statistics	package.	
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Figure	 3.8	 Cells	 lacking	 Mcp1	 do	 not	 have	 elevated	 levels	 of	 mini-

chromosome	loss.		Log	phase	cultures	of	ade6-210	Ch16(ade6-M216)	cells	which	

were	either	wild	type	or	deleted	for	mcp1,	klp6	or	dam1	were	grown	at	30	̊ C	until	

OD595	=	0.6	 and	 then	plated	onto	YE	plates	not	 supplemented	with	additional	

adenine.	 	 (A)	 shows	 representative	 differently	 sectored	 colonies.	 	 Mini-

chromosome	 loss	was	 determined	 by	 scoring	 half	 (50%)	 or	 greater	 than	 half	

(>50%,	 but	 not	 100%)	 sectored	 colonies	 as	 a	 proportion	 of	 all	 colonies.	 	 The	

measured	colonies	are	those	highlighted	by	a	red	box.		(B)	Shows	the	percentage	

of	mini-chromosome	 loss	 in	 the	 first	mitotic	division	 for	each	of	 the	 indicated	

strains.	 	 	 ***	 P-values	 <	 0.001,	 and	 n.s.	means	 non-significant.	 	 P-values	were	

calculated	using	a	chi-squared	test	implemented	by	the	R	statistics	package.	
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segregation,	unlike	Klp6.		To	assess	the	role	of	Dmcp1	in	stabilising	the	mitotic	

spindle,	 log	 phase	 cultures	 of	wild	 type,	Dmcp1,	Dklp5	 and	Ddam1	 cells	were	

spotted	 in	 ten-fold	 serial	 dilutions	 onto	 YEA	 plates	 containing	 various	

concentrations	of	thiabendaozle	(TBZ),	a	MT	poison	which	is	lethal	to	S.	pombe	

strains	through	the	destruction	of	the	mitotic	spindle	(Figure	3.9).		Cells	lacking	

Dam1	are	sensitive	to	TBZ	due	to	its	role	in	the	stabilisation	of	kinetochore	MTs	

(Sanchez-Perez	et	al.	2005;	Franco	et	al.	2007),	and	is	included	here	as	a	positive	

control.		As	previously	published,	Dklp5	strains	show	resistance	to	TBZ	(West	et	

al.	 2002).	 	 However,	 Dmcp1	 and	 wild	 type	 cells	 show	 identical	

resistance/sensitivity	to	TBZ.		Therefore,	Mcp1	is	dispensable,	unlike	Klp5	and	

Klp6,	 for	 the	destabilisation	 of	 the	mitotic	 spindle.	 	 TBZ	 has	 been	 previously	

shown	 to	 cause	 effects	not	 limited	 to	MT	destabilisation,	 for	 instance	 altering	

cellular	 polarity,	 so	 in	 future	 this	 experiment	 could	be	 repeated	using	methyl	

benzimidazol-2-ylcarbamate	which	has	been	shown	to	destabilise	MTs	but	not	

induce	polarity	defects	(Sawin	and	Snaith	2004).	

Deletions	of	Klp5	or	Klp6	are	synthetically	lethal	in	several	genetic	backgrounds,	

due	 to	 their	 profound	mitotic	 defects.	 	 To	 establish	whether	 these	 lethalities	

persist	 in	 cells	 lacking	Mcp1	 in	 place	 of	 Klp5/Klp6	 deletions,	 I	 conducted	 the	

crosses	outlined	in	Table	3.1.		Dklp5	and	Dklp6	display	synthetic	lethality	with	

Dbub3	(Meadows	et	al.	2011),	a	spindle	assembly	checkpoint	(SAC)	protein	that	

is	 required	 for	 timely	 SAC	 silencing	 in	 S.	 pombe	 (Tange	 &	 Niwa	 2008;	

Vanoosthuyse	&	Hardwick	2009;	Windecker	 et	 al.	 2009).	 	Dklp5	also	displays	

synthetic	 lethality	 with	 Ddis2	 due	 to	 a	 combined	 reduction	 of	 SAC	 silencing	

(Meadows	et	al.	2011)	and	decrease	in	the	accuracy	of	chromosome	biorientation	

(Sanchez-Perez	 et	 al.	 2005).	 	Dklp5	 cells	also	 display	 synthetic	 lethality	when	

crossed	with	Ddam1	cells,	as	both	proteins	are	additively	required	for	the	fidelity	

of	 chromosome	 biorientation	 in	 mitosis	 (Sanchez-Perez	 et	 al.	 2005).	 	 No	

synthetic	lethality	was	seen	when	crossing	either	Dbub3,	Ddis2,	or	Ddam1	with	

Dmcp1,	further	highlighting	its	distinct	role	from	Klp5	and	Klp6	during	mitosis	

(Table	3.1).			
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Figure	3.9	∆klp5,	but	not	∆mcp1,	cells	are	resistant	to	microtubule	poison.	

Log	phase	cultures	of	wild	type,	Dklp5,	Dmcp1	and	Ddam1	cells	were	grown	at	30	

˚C	 until	 OD595	 =	 0.4	 and	 then	 serially	 diluted	 onto	 YEA	 places	 containing	 the	

indicated	TBZ	concentrations	and	incubated	for	3	days	at	30	˚C.	
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Cross	 Dklp5	 x	

Ddam1	

Dklp5	 x	

Ddis2	

Dklp5	 x	

Dbub3	

Dmcp1	 x	

Ddam1	

Dmcp1	 x	

Ddis2	

Dmcp1	 x	

Dbub3	

Initial	

colonies	
475	 415	 551	 340	 833	 780	

Surviving	

colonies	
17	 19	 22	 89	 195	 142	

%	

survived	
3.58	 4.58	 3.99	 26.18	 23.41	 18.21	

Table	3.1	Cells	lacking	Klp5,	but	not	Mcp1,	display	synthetic	lethality	with	

Dam1,	Dis	2	and	Bub3.	Each	of	 the	 indicated	crosses	were	placed	onto	EMM	

1/100	Nitrogen	plates	at	28	˚C	for	two	days	before	being	plated	onto	YEA	plates.		

After	three	days	of	growth	at	30	˚C,	the	total	number	of	the	colonies	was	counted	

(Initial	colonies).		Plates	were	then	sequentially	replicated	onto	selection	media	

to	select	for	colonies	containing	both	deletions.		The	total	number	of	colonies	that	

survived	both	rounds	of	selection,	and	therefore	contained	both	deletions,	were	

then	 counted	 (surviving	 colonies,	 %	 survived).	 	 Two	 non-linked	 loci	 should	

segregate	 in	 a	 Mendelian	 fashion	 25%	 of	 the	 time.	 	 Counts	 represent	 the	

summation	of	two	independent	experiments	for	each	cross.		Surviving	colonies	

highlighted	by	red	text	were	found	to	be	diploid	as	verified	by	microscopy.	
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3.2.5	Mcp1	and	Klp5	form	a	complex	in	vivo	

As	previously	 established,	 Klp5/Klp6	 and	Mcp1	 localisation	 are	 consistent	 on	

iMTs,	with	all	proteins	tracking	growing	and	shrinking	MT	plus	ends	and	showing	

similar	levels	of	accumulation	and	loss	during	the	MT	lifetime	(Figures	3.2	and	

3.5).		However,	an	identical	localisation	pattern	does	not	mean	interaction.		To	

determine	whether	a	complex	between	S.	pombe	kinesin-8	and	Mcp1	exists,	I	first	

tagged	Klp5	with	a	C-terminal	13myc	epitope	and	Mcp1	with	an	N-terminal	GFP	

under	the	control	of	 the	thiamine	 inducible	nmt1	promoter	(Maundrell	1990).		

Mcp1	was	tagged	at	the	N-terminus,	necessitating	use	of	a	non-native	promoter,	

since	 the	 C-terminus	 of	 Mcp1	 could	 not	 be	 successfully	 tagged.	 	 Mcp1	 was	

genomically	 tagged	 at	 the	 c-terminus	 with	 13myc,	 FLAG	 and	 3HA	 epitopes	

(confirmed	by	sequencing)	however	the	tagged	proteins	could	not	be	detected	

by	western	blot.		Mcp1-TAPTAG,	however,	could	be	detected	by	Western	blot	but	

interfered	with	Mcp1	cellular	function	as	it	prevented	S.	pombe	Klp5/Klp6	plus	

end	 accumulation.	 	 Similarly,	 C-terminally	 tagged	Mcp1-GFP	 was	 suitable	 for	

imaging	 but	 was	 found	 to	 rapidly	 degrade	 following	 protein	 extraction,	 as	

determined	by	Western	blot.	 	Successful	tagging	of	GFP-Mcp1	and	Klp5-13myc	

was	confirmed	by	Western	blot	(Figure	3.10).		

	

Klp5-13Myc	co-immunoprecipitates	with	GFP-Mcp1	after	using	anti-GFP	rabbit	

antibodies	 to	 probe	 log	 phase	 cell	 culture	 lysates.	 	 Likewise,	 GFP-Mcp1	 co-

immunoprecipitates	with	Klp5-13Myc	after	probing	log	phase	cell	culture	lysates	

with	 anti-Myc	 mouse	 antibodies	 (Figure	 3.11A	 and	 3.11B).	 Therefore,	 this	

supports	 the	 hypothesis	 that	 Klp5	 and	Mcp1	 form	 a	 complex	 in	 vivo.	 	 These	

experiments	are	lacking	a	key	negative	control,	in	the	form	of	strains	containing	

untagged	mcp1	and	klp5-13Myc	and	untagged	klp5	and	nmt1-GFP-mcp1.	 	These	

negative	controls	would	ensure	that	GFP-Mcp1	does	not	bind	non-specifically	to	

anti-Myc	antibodies	and	that	Klp5-13Myc	does	not	bind	non-specifically	to	anti-

GFP	antibodies.	
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Figure	 3.10	GFP-Mcp1	 and	Klp5-13Myc	 are	 expressed	 in	 log	 phase	 cells.	

Western	blot	 showing	expression	of	GFP-Mcp1	and	Klp5-13myc	proteins.	 Log	

phase	cultures	of	wild	type,	mcp1-GFP,	klp5-13Myc	and	nmt1-GFP-mcp1	Dmcp1	

klp5-13Myc	cells	grown	in	YEA	at	30	˚C	until	OD595	=	0.8	and	100	mL	of	cells	of	

each	train	was	lysed.		50	µg	of	protein	was	loaded,	with	an	empty	lane	between	

each	condition,	and	probed	sequentially	with	anti-Myc	and	anti-GFP	antibodies.		

Green	 asterisks	 represent	Mcp1-GFP	bands	 and	 red	 asterisks	 represent	Klp5-

13Myc	bands.		Sizes	in	kDa	are	shown.	
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Figure	 3.11	 Klp5	 and	Mcp1	 co-immunoprecipitate	 from	 Log	 phase	 cells.			

Western	 blot	 showing	 co-immunoprecipitation	 of	Mcp1	 and	Klp5.	 	Log	 phase	

cultures	of	nmt1-GFP-mcp1	Dmcp1	klp5-13Myc	cells	were	grown	in	YEA	at	30	˚C	

until	OD595	=	0.8	and	200	mL	of	cells	was	 lysed	 for	each	experiment.	 	2	mg	of	

Protein	was	pulled	down	using	either	rabbit	anti-GFP	antibodies	and	then	probed	

with	sheep	anti-GFP	and	mouse	anti-Myc	(A)	or	mouse	anti-Myc	antibodies	and	

then	 probed	 with	 sheep	 anti-GFP	 and	 rabbit	 anti-Myc	 (B).	 	 Black	 asterisks	

represent	 non-specific	 bands.	 Red	 asterisks	 show	 Klp5-13Myc	 and	 Green	

asterisks	 show	 GFP-Mcp1.	 IP	 =	 Immunoprecipitation,	 I	 =	 Immune,	 NI	 =	 Non-

immune,	CoIP	=	Co-immunoprecipitation.		Sizes	in	kDa	are	shown.	
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3.2.6	Mcp1	requires	Klp5	and	Klp6	for	localisation	during	interphase	

To	determine	whether	Mcp1	 localisation	 to	 iMT	plus	 ends	was	 dependent	 on	

Klp5/KLp6,	 Mcp1-GFP	 localisation	 was	 probed	 by	 live	 cell	 spinning	 disk	

microscopy	in	control	strains	and	strains	 lacking	klp5	and	klp6.	 	This	revealed	

that	Mcp1	 localisation	 to	 the	plus	 ends	of	both	growing	and	 shrinking	MTs	 is	

dependent	on	the	presence	of	both	Klp5	and	Klp6	(Figure	3.12A).	 	Mcp1-GFP	

puncta	 were	 observed	 on	 the	 MT	 lattice	 even	 in	 the	 absence	 of	 Klp5/Klp6;	

however,	these	puncta	were	unable	to	track	growing	MT	plus	ends,	in	contrast	to	

control	cell	puncta,	which	can	track	growing	MT	plus	ends.		This	difference	was	

quantified	by	measuring	the	displacement	of	these	puncta	(Figure	3.12B).		Mcp1	

interphase	accumulation	on	MT	plus	ends	therefore	requires	both	klp5	and	klp6.			

	

To	determine	whether	Mcp1	localisation	requires	the	motor	activity	of	Klp5	and	

Klp6,	mcp1-GFP	Dklp5	Dklp6	strains	had	either	wild	type	klp5	and	klp6	(hereafter	

+klp5	klp6),	klp5	and	klp6	mutant	strains	in	which	the	motor	activity	is	abolished	

by	mutating	 G297	 and	 E299	 of	 Klp5	 and	 G296	 and	 E298	 of	 Klp6	 to	 Alanine	

(Meadows	et	al.	2011;	Browning	et	al.	2003)	(hereafter	referred	to	as	+klp5(swii)	

klp6(swii)),	or	empty	plasmid	(hereafter	referred	to	as	+0)	incorporated	at	the	

lys1	and	his3	loci	respectively.		The	swii	mutations	are	in	the	Switch	II	region	of	

the	ATPase	domain	of	Klp5	and	Klp6;	this	mutation	abolishes	the	ATP	hydrolysis	

activity	 of	 the	 motor	 subunits	 therefore	 preventing	 movement	 along	 MTs	

(Browning	et	al.	2003).		However,	klp5(swii)	and	klp6(swii)	mutants	tagged	with	

GFP	 bind	 the	 mitotic	 spindle,	 showing	 that	 MT	 binding	 is	 not	 abolished	

(Meadows	et	al.	2011).		We	find	that	whilst	+klp5	klp6	rescue	Mcp1	tracking	of	

growing	 and	 shrinking	 MTs	 (Figure	 3.13A)	 that	 introduction	 of	 +klp5(swii)	

klp6(swii)	or	+0	do	not.		Therefore,	Klp5	and	Klp6	motor	activity	is	required	for	

Mcp1	tracking	of	MT	plus	ends.		Whilst	expression	of	+klp5(swii)klp6(swii)	does	

not	 fully	 rescue	Mcp1	 localisation,	we	 find	 that	 it	 can	at	 least	partially	 rescue	

displacement	 with	 Mcp1	 puncta	 showing	 some	 minor	 displacement	 (Figure	

3.13B).			
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Figure	3.12	Mcp1	 tracking	of	dynamic	 interphase	microtubule	plus	ends	

requires	Klp5	and	Klp6.	Log	phase	cultures	of	mcp1-GFP	mCherry-atb2,	mcp1-

GFP	 mCherry-atb2	 Dklp5,	mcp1-GFP	 mCherry-atb2	 Dklp6,	mcp1-GFP	 mCherry-

atb2	Dklp5Dklp6	cells	were	grown	at	30	˚C	to	OD494	=	0.4	before	being	imaged	on	

agarose	 pads	 at	 29.5	 ˚C	 –	 30.0	 ˚C.	 	 (A)	Representative	montages	 of	mcp1-GFP	

mCherry-atb2	and	mcp1-GFP	mCherry-atb2	Dklp5	cells	at	interphase	are	shown.		

(B)	Representative	montages	 of	mcp1-GFP	mCherry-atb2	Dklp6	 and	mcp1-GFP	

mCherry-atb2	Dklp5Dklp6	cells	at	interphase	are	shown.		Green	arrows	show	an	

Mcp1-GFP	population	at	the	plus	end	of	an	iMT,	tracking	as	it	grows	and	shrinks.		

Scale	bars	are	5	µm.		(C)	Shows	the	mean	displacement	of	five	GFP	iMT-associated	

puncta	from	each	of	the	indicated	conditions.	 	All	images	were	processed	in	an	

identical	manner.	
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Figure	3.13	Motor	activity	of	Klp5	and	Klp6	is	required	for	Mcp1	tracking	

of	 growing	 and	 shrinking	 interphase	microtubules.	 Log	 phase	 cultures	 of	

mcp1-GFP	 mCherry-atb2,	 mcp1-GFP	 mCherry-atb2	 Dklp5Dklp6	 +	 0,	 mcp1-GFP	

mCherry-atb2	 Dklp5Dklp6	 +	 klp5	 klp6,	mcp1-GFP	 mCherry-atb2	 Dklp5Dklp6	 +	

klp5(swii)	klp6(swii)	cells	were	grown	at	30	˚C	to	OD494	=	0.4	before	being	imaged	

on	agarose	pads	at	29.5	˚C	–	30.0	˚C.		(A)	Representative	montages	of	mcp1-GFP	

mCherry-atb2	 and	 mcp1-GFP	 mCherry-atb2	 Dklp5Dklp6	 +	 0	 cells	 during	

interphase	are	shown.		(B)	Representative	montages	of	mcp1-GFP	mCherry-atb2	

Dklp5Dklp6	 +klp5+klp6	 and	 mcp1-GFP	 mCherry-atb2	 Dklp5Dklp6	 +	

klp5(swii)klp6(swii)	cells	during	interphase	are	shown.	The	green	arrows	show	

Mcp1-GFP	populations	at	the	plus	end	of	iMT	as	it	grows	and	shrinks.	Scale	bars	

are	5	µm.		(C)	shows	mean	displacement	of	five	GFP	iMT	associated	puncta	from	

each	 of	 the	 indicated	 conditions.	 All	 images	 were	 processed	 in	 an	 identical	

manner.	
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This	 limited	 rescue	 is	 likely	 to	 be	 the	 result	 of	 motor-dead	 Klp5/Klp6/Mcp1	

complexes	binding	the	MT	lattice	but	unable	to	reach	plus	ends	and	moving	with	

the	sliding	MT.		In	conclusion,	Mcp1	is	a	+TIP	which	requires	the	motor	activity	

of	S.	pombe	kinesin-8	to	reach	the	plus	end.			

	

3.2.7	 Mcp1	 is	 required	 for	 Klp5	 and	 Klp6	 accumulation	 at	 interphase	

microtubules	plus	ends	

Since	Mcp1	localisation	is	dependent	on	Klp5	and	Klp6	we	decided	to	investigate	

whether	 the	 inverse	 is	 also	 true.	 	 To	 that	 end,	 Klp5	 and	 Klp6	 localisation	 in	

control	and	Dmcp1	 strains	was	 investigated	using	 live	 cells	 and	 spinning	disk	

microscopy.	 	 	We	 find	 that	Mcp1	 is	 required	 for	 both	Klp5	 and	Klp6	 to	 track	

growing	and	shrinking	MTs	(Figure	3.14A).		Any	Klp5	or	Klp6	puncta	present	in	

Dmcp1	strains	do	not	show	wild	type	levels	of	displacement	and	are	not	tracking	

MT	plus	ends	(Figure	3.14B).		Small	amounts	of	Klp5	and	Klp6	are	observed	at	

the	plus	end	of	iMTs	at	cell	ends	in	Dmcp1	strains	(Figures	3.14A).		This	suggests	

that	some	intrinsic	plus	end	tracking	by	Klp5	and	Klp6	exists	even	in	the	absence	

of	Mcp1	but	that	accumulation,	and	long	term	tracking	of	MT	plus	ends,	requires	

Mcp1.	 	Mcp1	deletion	has	no	effect	on	Klp5	and	Klp6	localisation	to	either	the	

mitotic	spindle	or	within	the	nucleus	(Figure	3.15A	and	3.15B).	Therefore,	Klp5	

and	Klp6	localisation	is	differentially	regulated	during	interphase	and	mitosis.	
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Figure	 3.14	 Klp5	 and	 Klp6	 require	 Mcp1	 to	 accumulate	 at	 interphase	

microtubule	plus	ends.		Log	phase	cultures	of	klp5-GFP	mCherry-atb2,	klp5-GFP	

mCherry-atb2	Dmcp1	and	klp6-GFP	mCherry-atb2,	klp6-GFP	mCherry-atb2	Dmcp1	

cells	were	grown	at	30˚C	until	OD595	=	0.4	and	then	transferred	to	agarose	pads	

and	imaged.		(A)	Representative	montages	of	klp5-GFP	mCherry-atb2	and	klp5-

GFP	 mCherry-atb2	 Dmcp1	 interphase	 cells	 are	 shown.	 	 (B)	 Representative	

montages	 of	 klp6-GFP	mcherry-atb2	 and	 klp6-GFP	mCherry-atb2	Dmcp1.	 	 Blue	

arrows	show	a	population	of	Klp5-GFP	tracking	a	growing	and	shrinking	iMT,	red	

arrows	show	a	population	of	Klp6-GFP	 tracking	a	growing	and	shrinking	 iMT,	

orange	arrows	show	a	population	of	Klp5-GFP	at	plus	tips	of	a	paused	iMT	and	

magenta	arrows	show	a	population	of	Klp6-GFP	at	a	paused	iMT.		Scale	bars	are	

5	µm.	 	(C)	Shows	means	displacement	of	 five	GFP	iMT-associated	puncta	from	

each	 of	 the	 indicated	 conditions.	 All	 images	 were	 processed	 in	 an	 identical	

manner.	
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Figure	3.15	Klp5	and	Klp6	do	not	require	Mcp1	for	nuclear	localisation	or	

for	localisation	at	the	mitotic	spindle.	Log	phase	cultures	of	klp5-GFP	mCherry-

atb2,	klp5-GFP	mCherry-atb2	Dmcp1,	klp6-GFP	mCherry-atb2,	klp6-GFP	mCherry-

atb2	Dmcp1	cells	were	grown	at	30	˚C	until	OD595	=	0.4	and	then	transferred	to	

agarose	pads	and	imaged.		Representative	images	of	cells	in	interphase	(A)	and	

mitosis	(B)	are	shown.		Blue	arrows	show	accumulation	of	Klp5-GFP	in	the	cell	

nucleus,	 red	 arrows	 show	 the	 accumulation	 of	 Klp6-GFP	 in	 the	 cell	 nucleus,	

magenta	 arrows	 show	 Klp5-GFP	 co-localising	 with	 the	 mitotic	 spindle	 and	

orange	arrows	show	Klp6-GFP	co-localising	with	the	mitotic	spindle.		Scale	bars	

are	5	µm.	All	images	were	processed	in	an	identical	manner.	
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3.2.8	The	Klp5	and	Klp6	complex	is	a	weak	+TIP	tracker	

Since	a	small	amount	of	Klp5	and	Klp6	still	localise	to	MT	plus	ends	in	the	absence	

of	Mcp1,	kinesin-8,	in	S.	pombe,	is	a	+TIP	protein.		To	investigate	this	localisation	

in	more	depth,	mNeonGreen,	a	fluorophore	2.76	times	brighter	than	GFP	(Shaner	

et	al.	2013),	was	fused	to	the	C-terminus	of	both	klp5	and	klp6	creating	a	strain	

in	which	both	heterodimeric	partners	were	tagged	(hereafter	klp5-mNeonGreen	

klp6-mNeonGreen).		First,	I	ensured	that	the	mNeonGreen-tagged	strain	had	the	

same	qualitative	interphase	dynamics	as	GFP-tagged	strains.		Images	of	live	cells	

were	captured	identically	to	GFP-tagged	Klp5	or	Klp6	strains	(Figures	3.1	and	

3.2).	 	 Klp5-mNeonGreen/Klp6-mNeonGreen	 show	 accumulation	 on	 growing	

iMTs	that	is	then	lost	as	the	MT	shrinks	(Figures	3.16A	and	3.16B).		Therefore,	

Klp5	and	Klp6	accumulation	and	loss	on	iMTs	is	indistinguishable	between	GFP	

or	mNeonGreen-tagged	versions.	 	Similarly,	 tagging	with	mNeonGreen	did	not	

abolish	Klp5	and	Klp6	accumulation	at	iMTs	or	localisation	to	either	the	nucleus	

or	the	mitotic	spindle	(Figure	3.17A	and	3.17B).		

	

To	 compare	 Klp5-mNeonGreen	 Klp6-mNeonGreen	 localisation	 directly	 in	 the	

presence	and	absence	of	Mcp1,	two	strains	were	constructed.		klp5-mNeonGreen	

klp6-mNeonGreen	mcherry-atb2	was	first	crossed	to	cut11-mcherry,	to	stain	the	

nuclear	pore	(West,	1998)	and	give	a	visually	identifiable	control	strain.	 	klp5-

mNeonGreen	 klp6-mNeonGreen	 mCherry-atb2	 was	 also	 crossed	 to	 Dmcp1.		

Following	 mixing	 experiments,	 the	 presence	 of	 a	 tagged	 nuclear	 envelope	

allowed	mcp1+	cells	to	be	distinguished	from	Dmcp1	cells	when	imaged	in	the	

same	 field	 of	 view,	 therefore	 allowing	 for	 direct	 comparison	 of	 mNeonGreen	

fluorescence	 intensities	 in	 the	 two	 genetic	 backgrounds.	 Consistent	 with	 the	

finding	that	Klp5	and	Klp6	tagged	with	GFP	in	cells	lacking	Mcp1	still	localise	to	

the	plus	ends	of	iMTs,	albeit	in	smaller	amounts	(Figures	3.14	and	3.15).		
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Figure	3.	16	Klp5-mNeonGreen/Klp6-mNeonGreen-tagged	proteins	display	

similar	interphase	dynamics	to	GFP-tagged	proteins.	Log	phase	cultures	of	

klp5-neonGreen	klp6-neonGreen	mcherry-atb2	cut11-mcherry	were	grown	at	30	

˚C	to	OD595	=	0.4	before	being	imaged	on	agarose	pads	at	29.5	˚C	–	30.0	˚C.	 	 	A	

representative	montage	of	a	cell	in	interphase	is	shown	(A).		Numbers	show	the	

time	in	seconds.		Green	arrows	show	a	population	of	Klp5	and	Klp6	that	tracks	a	

growing	 and	 shrinking	 MT.	 	 	 Yellow	 asterisk	 shows	 the	 frame	 closest	 to	 the	

observed	 shrinkage	 time.	 	 Scale	 bar	 represents	 5	 µm.	 	 The	 intensity	 of	 the	

population	 highlighted	 by	 the	 green	 arrow	 (A)	 is	 depicted	 graphically	 (B);	

intensities	were	normalised	by	dividing	by	the	mean	nuclear	mCherry	signal.		The	

frame	containing	the	yellow	asterisk	in	(A)	was	defined	as	the	point	of	shrinkage,	

and	intensity	measurements	plotted	relative	to	this.	
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Figure	3.17	Klp5	and	Klp6	tagged	with	either	mNeonGreen	or	GFP	share	an	

identical	localisation	pattern	throughout	the	cell	cycle.	Log	phase	cultures	of	

klp5-neonGreen	klp6-neonGreen	mcherry-atb2	cut11-mcherry	cells	were	grown	at	

30	˚C	to	OD595	=	0.4	before	being	 imaged	on	agarose	pads	at	29.5	 ˚C	–	30.0	 ˚C.		

Representative	images	of	interphase	(A)	and	mitotic	(B)	cells	are	shown.		Green	

arrows	show	populations	of	Klp5-mNeonGreen	Klp6-mNeonGreen	accumulated	

at	 iMT	 plus	 tips.	 	 Red	 arrow	 shows	 Klp5-mNeonGreen	 Klp6-mNeonGreen	 co-

localising	with	the	mitotic	spindle.		Scale	bars	represent	5	µm.	All	images	were	

processed	in	an	identical	manner.	
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Klp5	and	Klp6	tagged	with	mNeonGreen	show	the	same	localisation	pattern	as	

GFP	tagged	strains.	The	relative	amount	of	Klp5	and	Klp6	at	the	plus	end	of	iMT	

in	the	absence	of	Mcp1	is	much	lower	than	in	its	presence	(Figure	3.18A).		To	

quantify	this	difference,	I	measured	the	mNeonGreen	intensity	at	the	ends	of	30	

iMTs	 each	 for	 control	 and	 Dmcp1	 klp5-mNeonGreen	 klp6-mNeonGreen	 cells.		

Intensity	 was	 measured	 at	 iMT	 plus	 ends	 one	 frame	 before	 they	 underwent	

shrinkage.	 	 In	 control	 cells	 Klp5-mNeonGreen/Klp6-mNeonGreen	 plus	 end	

accumulation	 (mean	 value	 of	 130)	 was	 higher	 than		

Klp5-mNeonGreen/Klp6-mNeonGreen	 plus	 end	 accumulation	 in	 Dmcp1	 cells	

(mean	 value	 21)	 (Figure	 3.18B).	 As	 with	 the	 GFP-tagged	 variants,	 Mcp1	 is	

required	 for	 mNeonGreen-tagged-Klp5	 and	 -Klp6	 iMT	 plus	 end	 accumulation	

during	interphase	(Figure	3.18A)	but	is	not	required	for	their	localisation	to	the	

mitotic	spindle	(Figure	3.18C).		
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Figure	 3.18	 Klp5-mNeonGreen/Klp6-mNeonGreen	 requires	 Mcp1	 for	

interphase,	 but	 not	 mitotic,	 accumulation.	 Log	 phase	 cultures	 of	 klp5-

mNeonGreen	 klp6-mNneonGreen	 mCherry-atb2	 cut11-mCherry	 and	 klp5-

mNeonGreen	klp6-mNeonGreen	mCherry-atb2	Dmcp1	cells	were	grown	at	30	˚C	

until	 OD595	 =0.4	 then	 imaged	 on	 agarose	 pads.	 	 Representative	 montages	 of	

interphase	(A)	and	mitotic	(C)	cells	are	shown.		Green	arrows	show	a	population	

of	Klp5-mNeonGreen	and	Klp6p-mNeonGreen	 tracking	growing	and	 shrinking	

MTs,	 blue	 arrows	 show	 transient	 binding	 of	 Klp5-mNeonGreen	 and	 Klp6-

mNeonGreen	 to	 plus	 tips,	 red	 arrows	 show	 Klp5mNeonGreen	 and	 Klp6-
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mNeonGreen	co-localising	with	the	mitotic	spindle.		Scale	bars	represent	5	µm.		

(B)	Shows	the	intensity	of	mNeonGreen	signal	found	at	iMT	plus	ends	preceding			

shrinking	 from	 each	 of	 the	 indicated	 conditions.	 	 Boxplots	 show	 interquartile	

range,	median	and	full	range.		***	P-value	<	0.001.		P-values	were	calculated	using	

discrete	 Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.	 	 All	 images	 were	

processed	in	an	identical	manner.			
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3.2.9	Klp5	and	Klp6	signal	intensity	peaks	just	before	catastrophe	

Currently,	 the	 favoured	 hypothesis	 to	 describe	 how	 kinesin-8	 induces	 MT	

shrinkage	is	termed	the	antenna	model.		In	this	model,	kinesin-8	binds	to	the	MT	

lattice	 before	 walking	 towards	 the	 plus	 end	 and	 inducing	 MT	 shrinkage.	 	 As	

longer	MTs	have	more	lattice	binding	sites	than	smaller	MTs,	more	kinesin-8	can	

bind	and	move	to	the	plus	end	therefore	destabilising	these	longer	MTs	faster.		In	

this	way,	kinesin-8	is	proposed	to	function	as	a	length	dependent	depolymerase;	

longer	MTs	are	destabilised	more	readily	than	shorter	ones,	thereby	providing	a	

mechanism	 of	 MT	 length	 control.	 	 MT	 shrinkage	 is	 thought	 to	 be	 caused	 by	

incoming	kinesin-8	motors	knocking	off	the	kinesin-8	already	bound	at	the	plus	

end,	 as	 they	 are	 displaced	 they	 also	 remove	 tubulin	 subunits	 with	 them	

destabilising	the	GTP	cap	and	inducing	catastrophe	(Varga	et	al.	2006;	Varga	et	

al.	2009;	Mayr	et	al.	2007;	Su	et	al.	2011;	Su	et	al.	2012	Figure	1.7).		This	model	

has	not	yet	been	examined	dynamically	in	vivo.			

	

To	this	end,	I	examined	S.	pombe	Klp5	and	Klp6	accumulation	at	the	plus	end	of	

growing	MTs	in	vivo	relative	to	an	iMT	shrinkage	event.		Despite	large	amounts	

of	cell-to-cell	variability	in	Klp5	and	Klp6	intensity	(Figure	3.19A),	both	mean	

and	 median	 values	 show	 the	 proteins	 accumulate	 reproducibly	 before	 MT	

shrinkage	 is	detected	and	are	 lost	 from	 the	 iMT	plus	end	as	 shrinkage	occurs	

(Figure	3.19B).		The	time	step	for	these	observations	was	4.8s;	greater	temporal	

resolution	would	be	required	to	discern	more	precisely	when	Klp5	and	Klp6	are	

lost	relative	to	MT	shrinkage.		These	findings	do	provide	support	for	the	knock-

off	antenna	model,	 since	Klp5	and	Klp6	signal	 loss	occurs	coincident	with	MT	

shrinkage.		Interestingly,	Klp5	and	Klp6	intensity	increase	for	one	frame	just	after	

MT	shrinkage,	possibly	as	a	result	of	lattice	bound	Klp5	and	Klp6	being	picked	up	

by	the	plus	end	of	the	shrinking	MT.		Klp5	and	Klp6	are	then	steadily	lost	as	the	

MT	depolymerises.		This	is	the	first	time	this	behaviour	has	been	measured	on	

dynamics	MTs	using	movies,	as	opposed	to	still	images.	
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Figure	 3.19	 Klp5	 and	 Klp6	 intensity	 at	 the	 plus	 ends	 of	 iMTs	 peaks	

preceding	 interphase	 microtubule	 shrinkage.	 Log	 phase	 cultures	 of	 klp5-

mNeonGreen	klp6-mNeonGreen	mCherry-atb2	cut11-mCherry	cells	were	grown	at	
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30	˚C	until	OD595	=	0.4	and	then	transferred	to	agarose	pads	before	being	imaged	

at	 29.5	 ˚C	 –	 30.0	 ˚C.	 Intensity	 of	 Klp5	 and	 Klp6	 at	 the	 ends	 of	 interphase	

microtubules	(n	=	30)	was	measured	and	normalised	by	dividing	by	the	mean	

interphase	microtubule	intensity.		Time	to	shrinkage	was	defined	by	determining	

the	frame	closest	to	shrinkage	(see	methods).		(A)	shows	all	30	intensity	traces,	

in	black,	and	the	mean	and	median	of	each	time	point	in	red	and	blue	respectively.		

(B)	 reproduces	 the	 mean	 and	 median	 intensities	 for	 each	 time	 point	 in	 the	

absence	of	the	individual	traces.	
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The	antenna	model	proposes	that	longer	MTs	bind	more	kinesin-8,	to	examine	

this	in	vivo,	the	data	from	Figure	3.19	was	plotted	against	MT	length.		Klp5	and	

Klp6	intensity	linearly	correlates	with	MT	length	both	for	growing	(p	<	2	x10-16,	

r2	=	0.36)	and	shrinking	MTs	(p	=	0.00142,	r2	=	0.29)	(Figure	3.20).		Thus,	Klp5	

and	Klp6	accumulation	 is,	 slightly,	 length	dependent	 in	vivo.	 	This	agrees	with	

previous	 studies	 (Tischer,	 2009)	 but	 is	 the	 first	 time	 the	measurements	 have	

been	made	 dynamically	 in	 living	 cells	 and	with	 both	MTs	 and	Klp5	 and	Klp6	

jointly	labelled.		The	data	points	here	are	not	all	independent	since	they	use	iMT	

lengths	 taken	 from	30	 traces	and	 in	 future	 this	experiment	could	be	 repeated	

using	still	frames,	although	that	has	the	problem	of	being	unable	to	tell	if	an	iMT	

is	growing	or	shrinking.		
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Figure	3.20	Klp5	and	Klp6	accumulation	correlates	with	MT	length	in	vivo.	

Log	phase	cultures	of	klp5-mNeonGreen	klp6-mNeonGreen	mCherry-atb2	cut11-

mCherry	 cells	 were	 grown	 at	 30	 ˚C	 until	 OD595	 =	 0.4	 and	 then	 transferred	 to	

agarose	pads	being	imaged	at	29.5	˚C	–	30.0	˚C.		Intensity	of	Klp5	and	Klp6	at	the	

end	of	30	iMTs	was	measured,	normalised	by	dividing	by	the	mean	intensity	of	

the	interphase	microtubule	signal.		The	p-values	and	r2	values	refer	to	the	linear	

models	fitted	to	the	data.	 	These	data	are	replicated	from	Figure	3.19,	but	are	

shown	here	 as	Klp5	 and	Klp6	 intensity	 plotted	 against	 the	 total	 length	 of	 the	

growing	or	shrinking	MT	rather	than	relative	to	a	shrinkage	event.	
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3.2.10	in	vivo	speed	of	Klp5	and	Klp6	movement	is	faster	than	microtubule	

growth	rate	

For	 the	 length-dependent	 antenna	 model	 to	 explain	 the	 spatial	 control	 of	 S.	

pombe	iMT	shrinkage	control,	Klp5/Klp6	motor	speed	must	be	slower	than	the	

MT	growth	rate.		During	the	cell	cycle,	S.	pombe	doubles	in	length	from	early	G2	

(7	µm)	to	late	G2	(14	µm),	which	means	that	iMTs	have	to	variously	travel	from	

between	from	3.5	µm	(half	 the	cell	 length	 in	early	G2)	and	7	µm	(half	 the	cell	

length	in	late	G2).		If	Klp5	and	Klp6	movement	were	faster	than	the	MT	growth	

rate,	 then	 the	 motor	 proteins	 would	 reach	 the	 end	 of	 MTs	 and	 induce	 MT	

shrinkage	 prematurely	 on	 3.5	 µm	 MTs	 even	 in	 a	 late	 G2	 cell,	 therefore	

necessitating	an	additional	length-differentiating	mechanism.		If	Klp5	and	Klp6	

move	slower	than	the	MT	growth	rate,	then	for	MT	shrinkage	to	occur	exclusively	

at	cell	ends	the	MT	has	to	pause	here	to	allow	for	motor	protein	accumulation.			

	

	To	distinguish	between	these	possibilities,	I	measured	the	velocity	of	the	small	

amounts	of	Klp5	and	Klp6	I	could	visualise	in	vivo	moving	on	the	MT	lattice.		To	

allow	 a	 direct	 comparison,	 the	 growth	 speed	 of	mCherry-labelled	MTs	 in	 the	

same	strain	were	also	measured	as	previously	outlined	(Figure	3.4).		I	find	that	

Klp5/Klp6	in	vivo	movement	speed	is	higher	than	MT	growth	rate	-	mean	speed	

of	Klp5	and	Klp6	movement	is	0.10	µm	s-1	compared	to	the	mean	MT	growth	rate	

of	 0.078	 µm	 s-1.	 	 mCherry-labelled	MTs	 have	 identical	 growth	 rates	 to	 those	

previously	acquired	for	GFP-tagged	MTs,	both	having	mean	growth	rates	of	0.078	

µm	 s-1,	 and	 identical	 distributions	 (Figure	 3.21).	 	 Since	 Klp5	 and	 Klp6	move	

faster	 than	 MTs	 polymerise,	 this	 suggests	 that	 there	 must	 be	 additional	

mechanism(s)	that	prevent	Klp5	and	Klp6	from	inducing	MT	shrinkage	until	the	

MT	reaches	the	cell	end.	
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Figure	 3.21	 Klp5	 and	 Klp6	 in	 vivo	 movement	 is	 faster	 than	 interphase	

microtubule	growth.	Log	phase	cultures	of	GFP-atb2	and	mCherry-atb2	cut11-

mCherry	 klp5-mNeonGreen	 klp6-mNeonGreen	 cells	 were	 grown	 at	 30	 ˚C	 until	

OD595	=	0.4	then	transferred	to	agarose	pads	and	imaged	at	29.5	˚C	–	30.0	˚C.		MT	

growth	speed	was	calculated	using	the	imageJ	plug-in	MTrackJ	and	speed	of	Klp5	

and	 Klp6	 movement	 was	 analysed	 using	 kymographs	 generated	 using	 the	

kymograph	plug-in	created	by	J.	Rietdorf	and	A.	Seitz.		Shown	here	are	boxplots	

(A)	and	cumulative	density	functions	(B)	of	the	data	set.		**	P-value	<	0.01,	*	P-

value	 <	 0.05,	 n.s.	 non-significant	 (p	 >	 0.05).	 	 P-values	 were	 calculated	 using	

discrete	Kolomogorov-Smirnov	Tests	implemented	using	R.		Boxplots	show	the	

inter	quartile	range,	full	range	and	median.	
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3.2.11	The	SxIP	motif	in	Mcp1	is	not	required	for	Klp5	microtubule	plus	end	

accumulation	

Mcp1	 contains	 an	 SxIP	motif	 (I531	P532),	 a	 consensus	 sequences	 that	 allows	

binding	to	the	+TIP	protein	EB1	(Honnappa	et	al.	2009).	It	is	proposed	that	EB1	

binds	MT	plus	ends	through	an	ability	to	recognise	the	nucleotide	state	at	the	GTP	

cap,	 or	 GTP-tubulin/GDP-tubulin	 interface	 (Maurer	 et	 al.	 2011;	 Zanic	 et	 al.	

2009b)and	 then	 acts	 as	 a	 master	 recruiter	 of	 proteins	 to	 MT	 plus	 ends	

(Akhmanova	&	Steinmetz	2008).		To	determine	whether	this	motif	is	required	for	

Klp5	accumulation,	Klp5-GFP	localisation	was	observed	in	strains	lacking	mcp1	

with	either	wild	type	mcp1	(“+mcp1”),	mcp1(SSNN)	(where	the	SSIP	motif	had	

been	mutated	to	SSNN:	“+mcp1(SSNN)”)	or	empty	plasmid	(“+0”)	expressed	from	

the	 lys1	 locus.	 	Following	imaging	with	wide	field	microscopy,	 it	was	apparent	

that	expression	of	either	wild	type	mcp1	or	mcp1(SSNN)	was	able	to	rescue	Klp5	

accumulation	 at	 the	 plus	 ends	 of	 iMTs	 (Figure	 3.22)	 and	 that	 expression	 of	

empty	plasmid	was	unable	 to	do	so.	 	Therefore,	 the	SxIP	motif	 in	Mcp1	 is	not	

required	for	Klp5	accumulation	at	iMT	plus	ends.			

	

3.2.12	Mcp1	does	not	sequester	Klp5	and	Klp6	in	the	cytoplasm	

Kinesin-8	 in	 S.	 pombe	 exists	 as	 two	 populations	 –	 one	 nuclear	 and	 the	 other	

cytoplasmic	(Unsworth	et	al.	2008).		Mcp1	may	act	to	sequester	Klp5	and	Klp6	in	

the	cytoplasm	inhibiting	its	nuclear	import.	 	This	would	suggest	that	in	Dmcp1	

cells,	Klp5	and	Klp6	remain	in	the	nucleus	meaning	less	is	available	to	bind	to	

cytoplasmic	iMTs,	potentially	explaining	the	reduced	accumulation	of	Klp5/Klp6		

to	iMT	plus	ends	in	Dmcp1	cells.		To	test	this,	I	analysed	the	first	frames	of	all	the	

movies	 I	 had	 recorded	 which	 contained	 mixed	 klp5-mNeonGreen	 klp6-

mNeonGreen	 cut11-mcherry	 and	 Dmcp1	 klp5-mNeonGreen	 klp6-mNeonGreen	

cells.		For	the	first	frame	of	each	movie,	I	measured	the	total	nuclear	abundance	

of	Klp5	and	Klp6	for	each	cell,	calculated	the	mean	total	nuclear	abundance	for	

each	strain	and	then	recorded	the	ratio	of	mean	wild	 type	nuclear	Klp5/KLp6	

verses	mean	Dmcp1	nuclear	Klp5/Klp6	for	each	first	frame.		To	see	if	the	results	

were	significant	I	generated	a	hypothetical	data	set	that	was	normally	distributed	

and	 had	 a	 mean	 ratio	 of	 1	 (a	 ratio	 of	 1	 meaning	 identical	 nuclear	 levels	 of	

Klp5/Klp6	between	wild	type	and	Dmcp1	cells),	a	standard	deviation	identical	to	
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the	 standard	 deviation	 of	 the	 calculated	 ratios	 and	 the	 same	 number	 of	

observations.	 	Klp5/Klp6	nuclear	 levels	were	actually	higher	in	wild	type	cells	

than	compared	to	Dmcp1	cells	(a	ratio	1.40)	and	significantly	differed	from	the	

hypothetical	 observations	with	 a	 ratio	 of	 1	 (Figure	3.23).	 	 	 Thus,	 there	 is	 no	

evidence	 to	 suggest	 that	 deleting	 Mcp1	 decreases	 cytoplasmic	 levels	 of	

Klp5/Klp6.	

	

Mcp1	might	maintain	total	Klp5/Klp6	protein	levels.		Klp5	and	Klp6	degradation	

would	explain	both	the	reduction	of	nuclear	accumulation	and	the	reduction	of	

Klp5/Klp6	from	the	plus	end	of	iMTs	in	cells	lacking	mcp1.		Klp5	and	Klp6	protein	

levels,	 in	 control	 and	Dmcp1	 strains	were	 analysed	 by	Western	 blot	 from	 log	

phase	cultures.		Klp5	levels	were	higher	in	control	cells	compared	to	cells	lacking	

Mcp1	(ratio	of	1.35)	and	Klp6	levels	were	lower	in	control	cells	(ratio	of	0.84)	

(Figure	 3.24).	 	 This	 experiment	 was	 only	 done	 once	 and	 additional	 repeats	

would	need	to	be	done	before	any	reliable	conclusions	can	be	drawn.		Also,	the	

quantification	of	the	western	blots	did	not	involve	the	generation	of	a	standard	

curve	 and	 ECL	 signal	 has	 a	 small	 dynamic	 range	 so	 the	 accuracy	 of	 the	

quantification	is	likely	to	be	low.		It	may	be	that	deleting	Mcp1	alters	the	levels	of	

S.	pombe	kinesin-8	components	influencing	their	ability	to	bind	MTs.		If	there	are	

any	changes	in	gross	protein	levels	or	nuclear	localisation	they	are	not	sufficient	

to	alter	Klp5	and	Klp6	mitotic	function	(Figures	3.7,	3.8,	3.9,	and	Table	3.1).	

	

Aggregates	of	Klp5	and	Klp6	(and	Mcp1)	are	seen	 in	 the	cytoplasm	of	 the	cell	

during	interphase	(Figure	3.25A).		These	aggregates	persist	in	both	control	and	

Dmcp1	cells.		It	may	be	that	in	absence	of	Mcp1	Klp5	and	Klp6	aggregates	more	

often	 in	 the	 cytoplasm,	 compared	 to	 control	 cells,	 preventing	 accumulation	of	

Klp5	and	Klp6	to	iMT	plus	ends,	and	preventing	entry	of	Klp5	and	Klp6	into	the	

nucleus.		The	distribution	of	the	number	Klp5	and	Klp6	aggregates	within	a	cell	

was	not	dependent	on	Mcp1	(Figure	3.25B).	 	Time	constraints	prevented	me	

from	analysing	the	size	of	these	aggregates	in	detail;	future	experiments	may	find	

that	the	total	amount	of	Klp5	and	Klp6	aggregated	is	higher	in	Dmcp1	strains.		
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Figure	3.22	The	SxIP	motif	of	Mcp1	is	not	required	for	accumulation	of	Klp5	

to	the	plus	end	of	 interphase	microtubules.	Log	phase	cultures	of	klp5-GFP	

mCherry-atb2,	klp5-GFP	mCherry-atb2	Dmcp1	+	0,	klp5-GFP	mCherry-atb2	Dmcp1	

+	mcp1,	 klp5-GFP	mCherry-atb2	Dmcp1	 +	mcp1(SSNN)	 cells	 were	 grown	 until	

OD595	 =	 0.4	 at	 30	 ˚C	 and	 transferred	 to	 agarose	 pads	 and	 imaged	 at	 room	

temperature.	 	 Representative	 images	 of	 iMTs	 are	 shown,	 green	 arrows	 show	

Klp5-GFP	accumulation	at	MT	plus	end	and	white	scale	bars	are	5	µm.	All	images	

were	processed	identically.	
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Figure	 3.23	 Klp5/Klp6	 nuclear	 intensity	 is	 lower	 in	 Dmcp1	 strains.	 Log	

phase	 cultures	 of	klp5-neonGreen	 klp6-neonGreen	mcherry-atb2	 cut11-mcherry	

and	klp5-neonGreen	klp6-neonGreen	mcherry-atb2	Dmcp1	cells	were	both	grown	

at	30	̊ C	until	OD595	=	0.4	before	being	mixed	and	imaged	on	the	same	agarose	pad	

at	29.5	˚C	–	30	˚C.		28	movies	were	taken	in	total	and	from	the	first	frame	in	each	
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movie	 the	 mean	 Klp5-mNeonGreen/Klp6-mNeonGreen	 nuclear	 intensity	 was	

measured	for	wild	type	(cut11-mcherry)	and	Dmcp1	cells	in	interphase	and	the	

mean	values	were	calculated	and	for	each	movie	the	ratio	of	KLp5/Klp6	nuclear	

intensity	(wild	type/Dmcp1)	was	calculated.		The	calculated	data	(shown	in	red)	

refers	 to	 this	 data.	 	 The	 hypothetical	 data	 (shown	 in	 blue)	 was	 a	 randomly	

generated	set	of	data	following	a	normal	distribution	with	a	mean	of	1	(referring	

to	identical	mean	Klp5/Klp6	nuclear	intensities	between	wild	type	and	Dmcp1)	

and	standard	deviation	equal	to	that	of	the	calculated	data	(0.34).		The	statistical	

program	R	was	used	to	generate	this	random	normal	distribution.		The	same	data	

is	shown	as	both	a	Boxplot	(A)	and	a	cumulative	density	function	(B).		***	P-value	

of	less	than	0.001.		P-value	was	calculated	using	discrete	Kolomogorov-Smirnov	

Test	implemented	using	R.		Boxplots	show	the	inter	quartile	range,	full	range	and	

median.	
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Figure	3.24	Mcp1	has	a	minor	effect	on	the	stability	of	Klp5	and	Klp6.	Log	

phase	cultures	of	(A)	klp5-GFP	mCherry-atb2,	klp5-GFP	mCherry-atb2	Dmcp1,	(B)	

klp6-GFP	mcherry-atb2,	klp6-GFP	mcherry-atb2	Dmcp1	cells	were	grown	at	30	˚C	

until	OD595	=	0.8	before	being	lysed	and	the	protein	containing	fraction	purified.		

50	 µg	 of	 each	 sample	 was	 run	 on	 an	 SDS-PAGE	 gel	 and	 transferred	 to	 a	

nitrocellulose	 membrane	 before	 being	 probed	 by	 anti-GFP	 and	 anti-Tat1	

antibodies.	 	 The	 ratios	 at	 the	 bottom	 indicate	 the	 difference	 in	 total	 intensity	

between	the	wild	type	and	Dmcp1	bands	for	Klp5-GFP	and	Klp6-GFP	respectively.	
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Figure	3.25	Cytoplasmic	accumulations	of	Klp5	and	Klp6	are	independent	

of	 Mcp1.	 Log	 phase	 cultures	 of	 klp5-mNeonGreen	 klp6-mNeonGreen	 mcherry-

atb2	 cut11-mcherry	 and	 klp5-neonGreen	 klp6-neonGreen	 mcherry-atb2	 Dmcp1	

cells	were	both	grown	at	30	˚C	until	OD595	=	0.4	before	being	mixed	and	imaged	

on	the	same	agarose	pad	at	29.5	˚C	–	30	˚C.		(A)	an	example	of	cytoplasmic,	non-

MT	associated,	Klp5/Klp6	aggregates,	highlighted	by	blue	arrows.	 	 (B)	barplot	

showing	 the	 proportion	 of	 cells	 containing	 the	 given	 number	 of	 cytoplasmic	

Klp5/Klp6	aggregates	in	the	indicated	strains.	
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3.2.13	Mcp1	binds	MTs	in	vivo	

Both	Kif18A	and	Kip3	have	additional	MT	binding	sites	in	their	tails.		This	extra	

site	allows	the	motors	to	stay	bound	to	MTs	even	if	the	two	motor	heads	detach,	

increasing	the	processivity	of	the	motor	allowing	for	longer	runs.	(Stumpff	et	al.	

2011;	Su	et	al.	2011;	Mayr	et	al.	2011;	Weaver	&	Walczak	2011).		To	investigate	

whether	Mcp1	performs	this	role,	and	is	able	to	bind	MTs,	I	overexpressed	GFP-

Mcp1,	integrated	at	the	lys1	loci,	in	control	cells	and	cells	lacking	Klp5	and	Klp6.		

Mcp1	binds	MTs	independent	of	Klp5	and	Klp6	and	appeared	to	bind	iMT	plus	

ends	even	in	the	absence	of	Klp5	and	Klp6	(Figure	3.26).		This	contradicts	the	

earlier	finding	(Figure	3.12)	in	which	Mcp1	did	not	localise	to	iMT	plus	ends	in	

the	absence	of	Klp5	or	Klp6.		It	may	be	that	overexpression	of	Mcp1	(which	could	

still	be	occurring	even	in	the	thiamine	repressed	cells)	causes	the	formation	of	

Mcp1	 aggregates	 that	 can	 bind	 to	 plus	 ends	 effectively	 through	 cooperative	

binding	of	SxIP	motifs.		This	experiment	should	be	repeated	with	MTs	labelled	to	

ensure	that	Mcp1	is	truly	binding	the	iMT	plus	end.		An	overexpression	of	GFP	

alone	should	also	be	done	to	make	sure	GFP	itself,	when	overexpressed,	does	not	

bind	MTs.	 	Mcp1	may	be	providing	an	additional	MT	binding	site	for	Klp5	and	

Klp6	increasing	the	processivity	of	S.	pombe	kinesin-8	allowing	it	to	accumulate	

at	iMT	plus	ends.	
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Figure	3.26	Mcp1	binds	MTs	 in	a	Klp5	and	Klp6	 independent	manner	 in	

vivo.	 Log	 phase	 cultures	 of	 lys1::nmt1-GFP-mcp1	 Dmcp1	 and	 lys1::nmt1-GFP-

mcp1	Dmcp1	D5D6	cells	were	grown	at	30	˚C	to	OD595	=	0.4	either	in	media	which	

contained	 thiamine	 (+B1)	 or	 for	 28	 hours	 in	 media	 which	 did	 not	 contain	

thiamine	(-B1).		Cells	were	then	imaged	on	agarose	pads	at	room	temperature.		

Green	arrows	show	GFP-Mcp1	at	MT	plus	ends.		Scale	bars	are	5	µm.		Boxplots	

show	the	inter	quartile	range,	full	range	and	median.	
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3.2.14	Mcp1	regulates	 interphase	microtubule	shrinkage	 in	a	Klp5/KLp6	

dependent	manner	

I	observed	GFP-labelled	tubulin	strains	lacking	Klp5	and	Klp6,	Mcp1	or	all	three	

and	measured	how	long	iMTs	dwelt	at	the	cell	end	for	(as	performed	previously	

in	Figure	3.3).		Control	cells	had	a	mean	iMT	dwell	time	of	54	s,	Dklp5Dklp6	cells	

had	a	mean	iMT	dwell	time	of	85	s,	Dmcp1	cells	had	a	mean	iMT	dwell	time	of	88	

s,	and	Dklp5Dklp6Dmcp1	cells	had	a	mean	iMT	dwell	time	of	96	s.		The	distribution	

of	iMT	dwell	times	for	all	three	deletion	strains	significantly	differed	from	control	

strains	but	did	not	significantly	differ	from	each	other	(Figure	3.27).		Mcp1	and	

Klp5/Klp6	thus	have	non-additive	and	identical	effects	on	iMT	shrinkage.		Mcp1	

and	Klp5/Klp6	are	interdependent	for	iMT	plus	end	accumulation	and	for	correct	

iMT	dwell	time	at	cell	ends	suggesting	they	form	one	functional	complex	and	the	

accumulation	of	this	complex	is	required	for	MT	shrinkage	at	cell	ends.		

	

Both	Dklp5Dklp6	and	Dmcp1	 lead	to	increased	MT	growth	rates	(mean	growth	

rates	 of	 0.10	µm	 s-1	 and	 0.086	µm	 s-1	 respectively)	 compared	 to	 control	 cells	

(growth	rate	of	0.078	µm	s-1),	and	their	distributions	did	not	significantly	differ	

from	each	other.		The	triple	delete	had	a	mean	growth	rate	of	0.081	µm	s-1,	slower	

than	either	Dmcp1	or	Dklp5Dklp6	cells.		The	triple	delete	growth	rate	significantly	

differed	from	both	Dmcp1	and	Dklp5Dklp5	cells.	(Figure	3.28A).		
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Figure	3.27	Mcp1	and	Klp5	and	Klp6	have	identical	and	non-additive	roles	

on	interphase	microtubule	dwell	times	at	cell	tips.	Log	phase	cultures	of	GFP-

atb2,	GFP-atb2	Dklp5Dklp6,	GFP-atb2	Dmcp1,	GFP-atb2	Dklp5Dklp6Dmcp1	cells	

were	grown	at	30	̊ C	until	OD595	=	0.4	and	were	transferred	to	agarose	pads	before	

being	 imaged	 at	 29.5	 ˚C	 –	 30.0	 ˚C.	 	 (A)	 shows	 representative	 interphase	MTs	

(iMTs)	(white	arrow	highlighting	curly	iMTs).	 	Scale	bars	are	5	µm.		(B)	shows	

the	dwell	times	of	iMTs	as	both	a	boxplot	(left)	and	cumulative	density	function	

(right).		Dwell	time	was	defined	as	the	time	an	iMT	spent	in	the	final	1.1	µm	of	a	

cell.			n	refers	to	the	number	of	dwell	events	measured,	***	p	value	<	0.001,	and	

n.s.	non-significant	(p	>	0.05).	 	P	value	was	generated	using	the	Kolomogorov-

Smirnov	Test	implemented	in	R.		Dwell	time	values	for	GFP-atb2	and	GFP-atb2	

Dklp5Dklp6	cells	was	previously	shown	in	Figure	3.3.	Boxplots	show	the	inter	

quartile	range,	 full	range	and	median.	 	All	 images	were	processed	 in	the	same	

way.	
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Figure	 3.	 28	 Mcp1	 and	 Klp5/KLp6	 have	 differing	 roles	 on	 microtubule	

dynamics.	 Log	 phase	 cultures	 of	 GFP-atb2,	 GFP-atb2	 Dklp5Dklp6,	 GFP-atb2	

Dmcp1,	GFP-atb2	Dklp5Dklp6Dmcp1	cells	were	grown	at	30	˚C	until	OD595	=	0.4	

before	being	transferred	to	agarose	pads	and	imaged	at	29.5	˚C	–	30.0	˚C.	Both	

growth	speed	 (A)	and	shrinkage	speed	 (B)	of	 iMTs	was	measured	 for	periods	

when	the	 iMT	was	not	 in	contact	with	the	cell	end	cortex.	 	Boxplots	(left)	and	

cumulative	density	functions	(CDF)	(right)	of	the	same	data	is	shown.		n	refers	to	

the	number	of	independent	growth	or	shrinkage	events	recorded,	in	all	instances	

30	iMT	life	times	were	measured.		***	P-value	<	0.001,	**	P-value	<	0.01,	*	P-value	

<0.05	and	n.s.	non-significant	(p	>	0.05).		P-values	were	calculated	using	discrete	

Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.	 	 Boxplots	 show	 the	 inter	
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quartile	range,	full	range	and	median.	Growth	and	shrinkage	speed	for	GFP-atb2	

and	GFP-atb2	Dklp5Dlp6	cells	was	previously	shown	in	Figure	3.4	
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MT	shrinkage	speeds	also	differ.	 	Dklp5Dklp6	and	Dklp5Dklp6Dmcp1	cells	have	

similar	shrinkage	speeds	(both	mean	shrinkage	speed	of	0.27	µm	s-1)	 that	are	

significantly	faster	than	the	control	mean	shrinkage	speed	of	0.23	µm	s-1.		Dmcp1	

cells,	 in	contrast,	have	an	identical	MT	shrinkage	speed	to	wild	type	cells,	0.23	

µm	s-1	(Figure	3.28B).		The	difference	in	shrinkage	speeds	could	be	the	result	of	

the	small	amounts	of	Klp5	and	Klp6	bound	to	the	plus	ends	of	 iMTs	 in	Dmcp1	

strains	maintaining	normal	shrinkage.	 	Changes	in	growth	and	shrinkage	rates	

may	not	be	directly	related	to	the	presence	or	absence	of	a	protein	on	a	MT;	these	

gene	 deletions	 lead	 to	 longer	 MTs	 and	 so	 there	 may	 be	 unknown	 effects	 on	

tubulin	 concentration,	 tubulin	 expression	 and	 tubulin	 degradation	 that	 may	

affect	MT	growth	and	shrinkage.		The	MT	growth	and	shrinkage	rates	recorded	

here	 are	 for	 the	 particular	 temperature	 used	 in	 these	 experiments,	 with	

temperature	contributing	to	MT	dynamics.	 	This	does,	however,	show	that	MT	

growth	and	shrinkage	rates	do	not	directly	correlate	with	dwell	times.		The	key	

process	controlling	MT	shrinkage	is	the	MT	plus	end	reaching	the	cells	ends,	not	

the	length	or	age	of	the	MT.		

	

3.2.15	Mcp1	and	Klp5	and	Klp6	had	different	roles	in	cellular	polarity	

Klp5	 and	 Klp6	 have	 been	 previously	 shown	 to	 have	 a	 subtle	 role	 on	 cellular	

polarity.	 	cdc25-22	 is	a	temperature	sensitive	mutant	which	prevents	S.	pombe	

cells	from	undergoing	mitosis	at	restrictive	temperatures	so	they	instead	grow	

longer	and	longer	(Russell	&	Nurse	1986).		Longer	cells	amplify	small	defects	in	

polarity.	 	 cdc25-22	 cells	 at	 restrictive	 temperature	 still	 maintain	 the	 straight	

shape	of	wild	type	S.	pombe	cells;	cdc25-22	Dklp5DKlp6	are	bent,	suggesting	an	

alternation	of	the	cell’s	normal	polarity	(West	et	al.	2001;	Figure	3.29A).		As	iMT	

dwell	time	was	dependent	on	the	entire	Mcp1/Klp5/Klp6	complex,	I	investigated	

whether	cell	polarity	was	similarly	reliant	on	this	complex.		cdc25-22,	cdc25-22	

Dklp5Dklp6,	cdc25-22	Dmcp1,	and	cdc25-22	Dklp5Dklp6Dmcp1	cells	were	grown	

at	restrictive	temperature	and	the	curliness	of	the	cells	was	measured	(Figure	

3.29B).			
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Figure	3.29	Klp5/Kp6	and	Mcp1	have	different	effects	on	cellular	polarity.	

Log	 phase	 cultures	 of	 cdc25-22,	 cdc25-22	 Dmcp1,	 cdc25-22	 Dklp5Dklp6,	 and	

cdc25-22	Dklp5Dklp6Dmcp1	 cells	were	grown	at	30	 ˚C	 to	OD595	=	0.4	and	then	

shifted	to	35.5	˚C	for	six	hours	before	being	transferred	to	agarose	and	imaged	at	

room	temperature	for	one	hour.		n	refers	to	the	number	of	cells	measured	and	is	
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the	 total	of	 three	repeats	over	 three	different	days.	 	 (A)	shows	representative	

cells	of	the	respective	genetic	conditions.		Black	scale	bars	represent	20	µm.		(B)	

shows	how	cellular	curvature,	denoted	S,	was	measured.		For	analysis	only	cells	

longer	than	14	µm	were	measured.		The	curvature	of	the	four	conditions	is	shown	

as	a	boxplot	(C)	and	cumulative	density	function	(E).		***	p-value	<	1.0x10-16,	*	p-

value	<	0.001	and	n.s.	non-significant	(p	>	0.05).		P	value	was	generated	using	the	

Kolomogorov-Smirnov	Test	implemented	in	R.		(E)	Shows	S	plotted	against	cell	

length	for	all	four	genetic	conditions.		Boxplots	show	the	inter	quartile	range,	full	

range	and	median.		All	images	were	processed	identically.	
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Dmcp1	cells	were	 less	curly	than	control	cells,	with	a	mean	S	value	of	0.99	for	

Dmcp1	cells	compared	to	a	mean	S	value	of	1	for	control	cells.		Their	distributions	

also	 significantly	differed	 from	each	other	 (p	=	0.00012,	Figure	3.29C).	Mcp1	

appears	to	alter	cellular	polarity.		The	severity	of	polarity	defects	in	Dmcp1	cells	

is	less	than	that	of	cells	lacking	klp5	and	klp6.		Dklp5Dklp6	and	Dklp5Dklp6Dmcp1	

cells	 both	 have	 mean	 S-values	 of	 0.97	 and	 their	 distributions	 differed	

significantly	 from	 control	 and	Dmcp1	 cells	 (p	 <	 1x10-16)	 (Figures	 3.29C	 and	

3.29D).		Dklp5Dklp6	and	Dklp5Dklp6Dmcp1	cells	also	showed	length	dependent	

polarity	 defects	with	 longer	 cells	 showing	 lower	 s-values	 (Figure	32E).	 	 This	

experiment	will	need	 to	be	 repeated	on	wild	 type	(cdc25+)	 cells	grown	at	 the	

restrictive	temperature	of	cdc25-22	cells	to	see	if	it	was	the	temperature	of	the	

experiment	 that	was	 leading	 to	 altering	 of	 the	 polarity	 in	Dklp5Dklp6	 genetic	

backgrounds.		Klp5	and	Klp6	have	a	role	in	cellular	polarity.		Mcp1	may	have	a	

lesser	role	 in	polarity,	compared	to	Klp5/Klp6,	due	to	the	localisation	of	small	

amounts	 of	 Klp5/Klp6	 present	 at	 the	 plus	 end	 of	 iMT	 in	 cells	 lacking	 Mcp1	

(Figures	3.14	and	3.18).		This	small	amount	of	Klp5/Klp6,	at	cell	ends,	may	be	

able	 to	 perform	 some	 fraction	 of	 the	 polarity	 regulation	 which	 wild	 type	

Klp5/Klp6	accumulations	at	iMT	plus	ends	might	be	doing.			

	

3.3	Discussion	
3.3.1	Mcp1	 is	a	novel	+TIP	required	 for	 interphase	specific	 regulation	of	

Klp5	and	Klp6	

I	 have	 found	 that	Mcp1	 is	 a	 novel	 +TIP	 that	 localises	 to	 the	plus	 end	of	 iMTs	

dependent	 on	 the	 motor	 activity	 of	 S.	 pombe	 kinesin-8.	 	 Mcp1	 could	 be	

functioning	as	the	tail	region	of	the	Klp5/Klp6	complex	similarly	to	how	the	tails	

of	Kip3	and	Kif18A	 function	 (Stumpff	et	al.	2011;	Mayr	et	al.	2011;	Weaver	&	

Walczak	 2011;	 Su	 et	 al.	 2011),	 providing	 an	 additional	 MT	 binding	 site	 and	

thereby	increasing	the	processivity	of	the	Klp5/Klp6	complex,	allowing	it	to	stay	

stably	bound	whilst	walking	on	iMTs	and	facilitating	its	accumulation	at	iMT	plus	

ends.		Klp5	and	Klp6	could	be	similar	to	kinesin-1;	kinesin-1	is	kept	inactive	by	

remaining	in	a	folded	state	in	which	the	N-terminus	inhibits	the	C-terminal	motor	

tail.	 	 The	 binding	 of	 the	 cargo	 protein	 JIP1,	 and	 the	 accessory	 protein	 FEZ1,	
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releases	this	auto-inhibition	(Blasius	et	al.	2007).		Mcp1	could	be	acting	as	JIP1	

and	FEZ1	and	removing	auto-inhibition	of	Klp5	and	Klp6.		Mcp1	may	act	to	link	

several	Klp5/Klp6	motors	 into	a	team;	the	presence	of	a	coiled-coil	domain	 in	

Mcp1	might	 allow	Mcp1	dimers	 to	 join	 two	pairs	 of	Klp5/Klp6	heterodimers.		

Producing	a	complex	with	four	MT	binding	regions	that	would	function	similarly	

to	 the	 additional	MT	 binding	 site	 in	 the	 tail	 of	 other	 kinesin-8s,	 and	 increase	

processivity.	 	 At	 present	 the	 most	 parsimonious	 explanation	 is	 that	 Mcp1	

functions	as	an	additional	MT	binding	site.	 	In	vitro	MT	pelleting	assays	would	

further	clarify	if	Mcp1	had	MT	binding	activity.		To	provide	more	direct	evidence	

for	Mcp1	functioning	as	a	processivity	factor,	the	entire	complex	would	have	to	

be	expressed	and	purified	and	single	molecules	could	be	observed	walking,	or	

not	walking,	along	S.	pombe	MTs,	which	can	be	reconstituted	in	vitro	(Drummond	

et	al.	2011).		S.	pombe	tubulin	will	replicate	the	in	vivo	environment	of	an	S.	pombe	

cell	better	than	PBT	or	BBT.		Chapter	4	contains	preliminary	investigations	into	

the	in	vitro	reconstitution	of	the	Klp5/Klp6/Mcp1	complex.			

	

The	difficulty	experienced	in	tagging	the	C-terminus	of	Mcp1	with	anything	other	

than	GFP	suggests	this	region	may	be	important.	 	Therefore,	this	would	be	the	

most	logical	place	to	investigate	if	looking	for	the	residues	that	interact	with	Klp5	

and	or	Klp6	in	vivo.			

	

	Mcp1	does	not	appear	to	have	motor	activity;	this	pairing	of	a	motor	and	non-

motor	protein	is	seen	with	the	heterodimers	formed	between	Kar3	(kinesin-14)	

and	non-motor	proteins	Vik1	and	Cik1.		Kar3	activity	is	differentially	regulated	

depending	on	which	of	 the	non-motor	 subunits	 is	bound.	 	Vik1	 is	 required	 to	

localise	Kar3	to	the	mitotic	spindle	poles	and	Cik1	causes	Kar3	to	bind	along	the	

mitotic	spindle.	 	In	the	absence	of	both	proteins,	Kar3	is	diffuse	in	the	nucleus	

(Page	et	al.	1994;	Manning	1999;	Barrett	et	al.	2000;	Chu	et	al.	2005;	Sproul	et	al.	

2005).		

	

These	speculations	rest	on	the	assumption	that	Mcp1	forms	a	physical	complex	

with	Klp5/Klp6	however	the	data	presented	in	this	thesis	are	not	sufficient	for	

this	 assumption.	 	 The	 Co-immunoprecipitation	 (Figure	 3.11)	 is	 missing	 a	
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negative	 control.	 	 The	 two	 experiments	 shown	 should	 be	 repeated	with	 cells	

expressing,	for	3.11A,	untagged	Mcp1	and	Klp5-13Myc	and,	for	3.11B,	untagged	

Klp5	and	GFP-Mcp1.		Also,	no	colocalisation	of	Mcp1	with	either	Klp5	or	Klp6	was	

shown	in	this	thesis.		Mcp1	was	tagged	at	the	c-terminus	with	mCherry,	and	this	

tagging	confirmed	by	sequencing,	but	the	fluorescent	protein	could	not	be	seen	

via	microscopy	and	both	Klp5	and	Klp6	could	not	be	successfully	tagged	with	red	

fluorophores	(no	successful	genomic	integration	of	the	tag).		It	may	also	be	that	

the	complex	only	forms	in	the	presence	of	MTs	and	an	alternative	lysis	method,	

such	as	cryo-milling	could	be	employed.	 	Cryo-milling	maintains	the	sample	at	

very	 low	 temperatures,	 -80°C,	which	has	previously	been	 found,	 compared	 to	

lysis	 techniques	 like	 the	 one	 shown	 in	 this	 thesis,	 to	 better	 stabilise	 protein	

complexes	and	aid	in	the	affinity	isolation	of	complexes	(Domanski	et	al.	2012).		

Cryo-milling	might	better	preserve	the	interaction	between	Mcp1	and	Klp5/Klp6	

with	MTs.				

	

Mcp1	is	excluded	from	both	the	nucleus	and	the	mitotic	spindle,	so	does	another	

protein	bind	Klp5/Klp6	during	mitosis?		During	mitosis,	in	S.	pombe,	the	motor	

activity	of	Klp5/Klp6	is	not	required	for	binding	to	kinetochores	or	for	silencing	

the	checkpoint.		Since	motor	activity	was	required	for	Mcp1	accumulation	(and	

by	proxy	the	entire	complex)	at	 iMT	plus	ends,	 it	 is	plausible	that	kinetochore	

binding	 and	 silencing	 by	 Klp5/Klp6	 would	 not	 require	 a	 Mcp1	 replacement.		

However,	 motor-dead	 Klp5/Klp6	 cells	 still	 show	 resistance	 to	 the	 MT	

depolymerising	agent	 thiabendazole,	 the	same	phenotype	as	Klp5/Klp6	delete	

cells	(Meadows	et	al.	2011).		Motor	activity	suggests	that	Klp5/Klp6	localisation	

to	 the	 plus	 end	 of	 mitotic	 MTs	 is	 required	 for	 MT	 destabilisation.	 	 During	

interphase,	the	plus	end	accumulation	of	Klp5/Klp6	is	reliant	on	Mcp1.		It	may	be	

that	at	mitosis,	Klp5/Klp6	does	not	require	a	binding	partner	because	the	nuclear	

concentration	 of	 Klp5/Klp6	 is	 higher	 than	 the	 cytoplasmic	 pool,	 as	 seen	

qualitatively	by	the	intensity	of	Klp5	and	Klp6	signals	from	the	nucleus	versus	

the	cytoplasm	(Figures	3.1,	3.2,	and	3.18).		This	higher	concentration	may	mean	

that	 the	 intrinsic	 plus	 end	 binding	 of	 Klp5/Klp6	 is	 sufficient	 to	 regulate	 the	

mitotic	spindle	length.	
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During	 these	 experiments	 a	 paper	 was	 published	 which	 reported	 the	

characterisation	of	Mcp1	in	S.	pombe	(Zheng	et	al.	2014).	 	The	findings	of	that	

paper	broadly	agree	with	my	own;	Mcp1	localises	to	iMT	plus	ends,	both	Mcp1	

and	Klp5/Klp6	track	growing	and	shrinking	MTs	during	interphase,	Mcp1	relies	

on	Klp5	and	Klp6	for	localisation	to	iMT	plus	ends,	and	deletion	of	Mcp1	results	

in	an	increase	in	iMT	dwell	time.		This	study,	however,	reports	that	accumulation	

of	Klp6	to	the	plus	end	of	iMTs	does	not	rely	on	Mcp1.		I	have	shown	that	both	

Klp5	and	Klp6	(whether	tagged	with	GFP	or	mNeonGreen)	rely	substantially	on	

Mcp1	for	iMT	accumulation.		The	differences	in	results	may	be	a	consequence	of	

Zheng	et	al	tagging	Klp6	with	three	copies	of	YFP.		Three	copies	of	YFP	increases	

the	risk	of	the	fluorophores	aggregating.		Aggregation	of	YFP	proteins	would,	in	

turn,	form	aggregation	of	Klp6	and	it	may	be	these	aggregations	that	are	seen	at	

the	plus	ends	of	iMTs.		They	propose	that	Mcp1	is	a	destabilising	agent	brought	

to	the	plus	ends	by	Klp5	and	Klp6,	in	opposition	to	my	view	that	it	functions	as	

the	tail	region	of	S.	pombe	kinesin-8.			

	

3.3.2	Regulation	of	Klp5	and	Klp6	by	protein	phosphatase	1	

The	most	likely	candidate	for	a	non-motor	regulating	Klp5	and	Klp6	at	mitosis	is	

protein	 phosphatase	 1	 (PP1),	 encoded	 by	 the	 dis2	 gene	 in	 S.	 pombe.	 	 Dis2	

association	to	Klp5,	Klp6	and	Spc7	is	required	for	silencing	the	spindle	assembly	

checkpoint	(SAC)	in	S.	pombe.		Dis2	also	has	a	putative	role	in	MT	regulation.		S.	

pombe	cells	that	contain	Klp5/Klp6	lacking	the	PP1	binding	motif	show	increased	

sensitivity	 to	 TBZ	 (Meadows	 et	 al.	 2011).	 	 To	 see	 if	 Dis2	 has	 any	 role	 during	

interphase,	 the	PP1	binding	mutants	of	Klp5	and	Klp6	 should	be	produced	at	

their	endogenous	loci,	and	any	changes	to	iMT	dwell	time	should	be	recorded.		

These	endogenous	mutants	should	be	tagged	with	GFP,	or	mNeonGreen,	to	see	if	

Dis2	 is	 required	 for	Klp5	and	Klp6	 interphase	 localisation.	 	 If	dwell	 times	and	

Klp5	 and	 Klp6	 interphase	 localisation	 are	 not	 affected	 (and	 the	 endogenous	

mutants	replicate	the	SAC	silencing	defects),	it	would	suggest	that	Klp5	and	Klp6	

are	differentially	regulated	at	interphase,	where	they	binds	Mcp1,	and	mitosis,	

where	they	binds	Dis2.		This	would	partly	explain	how	Klp5	and	Klp6	are	able	to	

perform	so	many	different	tasks	on	many	different	types	of	MTs	during	the	cell	

cycle.	
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3.3.3	The	role	of	Klp5	and	Klp6	in	cellular	polarity	

Interphase	association	with	Dis2	might	explain	the	polarity	defects	seen	in	cdc25-

22	Dklp5Dklp6	 strains.	 	 Polarity	 is	 less	 altered	 in	 strains	 lacking	mcp1.	 	 Small	

amounts	of	Klp5	and	Klp6	persist	on	the	ends	of	iMTs	in	the	absence	of	Mcp1,	and	

this	small	amount	of	Klp5	and	Klp6	may	contribute	somewhat	to	cellular	polarity.		

Such	a	small	amount	of	protein	would	likely	have	to	have	a	catalytic	role	to	induce	

such	 an	 affect.	 	 Dis2,	 being	 a	 phosphatase,	 could	 be	 this	 catalyst.		

Dephosphorylation	of	Tea1	is	required	for	Tea1/Tea4	complexes	to	form	at	the	

new	end	of	recently	divided	S.	pombe	cells;	 this	 interaction	 is	required	for	the	

recruitment	of	actin,	and	without	this	recruitment	polarised	growth	only	occurs	

from	the	old	end	(Koyano	et	al.	2015).		Tea4	binds	Dis2	(and	the	other	S.	pombe	

PP1,	Sds21)	(Kokkoris	et	al.	2014).	 	Klp5	and	Klp6	may	be	delivering	 the	PP1	

required	for	this	process.		

	

3.3.4	Klp5	and	Klp6	and	Mcp1	track	growing	and	shrinking	MTs	

Klp5	 and	 Klp6	 and	 Mcp1	 track	 both	 growing	 and	 shrinking	 MTs,	 with	 the	

population	of	Klp5/Klp6	and	Mcp1	on	shrinking	MTs	steadily	reducing	as	the	MT	

decreases	in	length.		This	finding	explains	the	ability	of	Klp5/Klp6	heterodimers	

to	couple	the	movement	of	a	bead	to	depolymerising	MTs	in	vitro	(Grissom	et	al.	

2009).		This	study	used	Klp5/Klp6	heterodimers	without	Mcp1.		It	is	not	clear	if	

individual	Klp5/Klp6/Mcp1	complexes	are	able	to	track	shrinking	MTs	or	if	the	

shrinking	MT	is	merely	sweeping	up	complexes	still	bound	to	the	lattice.		Single	

molecule	analysis	 in	vitro	will	be	required	 to	show	if	 individual	molecules	are	

able	to	track	shrinking	MTs.	

	

Klp5	and	Klp6	are	able	to	bind	to	the	plus	end	of	MTs	in	the	absence	of	Mcp1.		

How	Klp5/Klp6	is	able	to	distinguish	between	lattice	and	plus	end	is	not	clear.		

Cryo-EM	studies	have	shown	that	EB1	binds	between	protofilaments	and	close	

to	the	GTP	binding	site,	giving	it	the	opportunity	to	detect	the	nucleotide	state	of	

tubulin	heterodimers	(suggesting	the	ability	to	distinguish	between	GTP	and	GDP	

tubulin)	(Maurer	et	al.	2012).	 	Klp5	and	Klp6	may	be	doing	something	similar,	

although	 if	 individual	molecules	 indeed	 track	shrinking	 tips,	Klp5/Klp6	would	
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also	 need	 a	 mechanism	 to	 switch	 from	 interacting	 with	 GTP	 tubulin	 to	 GDP	

tubulin.	

	

3.3.5	Klp5/KLp6	as	a	regulator	of	spatial	catastrophe	

Klp5	and	Klp6	intensity	at	the	plus	ends	of	MTs	was	found	to	peak	just	before	

unambiguous	shrinkage	was	detected.		The	precise	timing	of	this	peak	differed	

whether	 the	mean	or	median	values	were	 taken.	 	Due	 to	some	of	 the	extreme	

values	recorded	for	Klp5	and	Klp6	intensity,	and	the	high	variability,	it	may	be	

more	appropriate	to	take	the	median	as	more	indicative,	as	it	is	immune	to	the	

very	high	values	present	that	skew	the	mean.	 	Taking	the	median	to	be	better	

representation	of	the	data,	Klp5	and	Klp6	start	to	be	lost	one	frame	(4.8	s)	before	

shrinkage	is	unambiguously	assigned.		To	better	solidify	the	relationship,	and	the	

precise	timing	of	Klp5	and	Klp6	accumulation	proceeding	MT	shrinkage,	a	dual	

camera	 setup	 could	 be	 used.	 	 Dual	 camera	 imaging	 would	 allow	 for	 the	

simultaneous	capture	of	red	and	green	channels,	to	allow	for	MT	dynamics	and	

Klp5/Klp6	accumulation	to	be	measured	concurrently.	 	The	microscope	set	up	

used	in	this	study	only	had	a	single	camera	so	all	the	green	light	was	recorded	

(Klp5	 and	Klp6)	 and	 then	 all	 the	 red	 light	 (MTs).	 	 This	 slight	 delay	 therefore	

altered	the	correlation	between	the	time	of	peak	Klp5/Klp6	 intensity	and	 iMT	

shrinkage.		A	dual	camera	would	remove	the	delay	incurred	for	switching	laser	

lines	and	allow	simultaneous	excitation	of	both	fluorophores;	theoretically	this	

would	 cut	 acquisition	 from	 its	 current	 time	 of	 4.8	 s	 per	 timepoint	 to	 a	

hypothetical	 minimum	 of	 0.8	 s,	 with	 the	 same	 number	 of	 z-stacks	 captured.		

Combining	 faster	 acquisition	with	 an	 increase	 in	 replicate	 experiments	would	

allow	for	more	accurate	description	of	Klp5	and	Klp6	accumulation	dynamics.		

This	 data	 does	 provide	 evidence	 that	 Klp5	 and	 Klp6	 accumulation	 peaks	 just	

before	shrinkage	in	live	cells,	providing	support	that	Klp5	and	Klp6	accumulation	

is	required	for	the	induction	of	catastrophe	of	iMTs.		Dual	camera	imaging	would	

also	 allow	 for	 the	 observation	 of	 Mcp1-GFP	 and	 Klp5	 (or	 Klp6)-mCherry	

simultaneously,	to	see	if	all	members	of	the	complex	have	the	same	dynamics	on	

MTs.	
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My	data	also	shows	in	living	cells	that	the	length	dependent	accumulation	of	Klp5	

and	Klp6	can	be	seen,	agreeing	with	previous	in	vitro	and	in	vivo	data	for	Kip3	

and	Kif18a	(Varga	et	al.	2006;	Varga	et	al.	2009;	Mayr	et	al.	2007;	Su	et	al.	2011;	

Su	et	al.	2012;	Tischer	et	al.	2009).		This,	combined	with	the	fact	that	Klp5	and	

Klp6	 in	 vivo	 speed	 is	 faster	 than	MT	 growth	 rates,	 suggests	 that	 the	 antenna	

model	 (Figure	 1.7)	 cannot	 solely	 explain	 spatially	 controlled	 MT	 shrinkage.		

Mcp1-enhanced	Klp5	and	Klp6	accumulation	tends	not	to	trigger	shrinkage	until	

MTs	reach	the	cell	end;	Klp5	and	Klp6	induced	shrinkage	can	thus	work	reliably	

at	different	cell	(and	iMT)	lengths.	 	The	measurements	for	the	 in	vivo	speed	of	

Klp5	 and	 Klp6	 only	 contained	 15	 repeats	 and	 before	 this	 conclusion	 can	 be	

solidified	 additional	 repeats	 (using	 the	 above	 dual	 camera	 set	 up)	 should	 be	

performed.	 	 MT	 length	 doubles	 during	 the	 cell	 cycle,	 so	 Klp5	 and	 Klp6	

accumulation	has	to	be	able	to	induce	catastrophe	at	many	different	lengths.		I	

propose	there	must	be	a	second	factor	which	blocks	Klp5	and	Klp6	activity	until	

the	iMT	plus	end	reaches	the	cell	end.		Either	the	accumulation	of	Klp5/Klp6	is	

blocked	until	the	cell	end,	or	accumulation	is	allowed	but	Klp5	and	Klp6	activity	

is	prohibited	in	the	middle	of	the	cell.		Blocking	the	shrinkage	activity	of	Klp5	and	

Klp6	until	the	iMT	plus	end	is	in	the	correct	cellular	location	means	that	Klp5	and	

Klp6	 speed	 (or	 binding	 rates)	 do	 not	 have	 to	 be	 constantly	 regulated	 and	

modulated	 throughout	 the	 cell	 cycle	 to	 account	 for	 longer	 and	 longer	 MTs.		

Chapter	5	describes	investigations	into	the	identity	of	the	blocker.
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Chapter	 4	 Expression	 of	 Klp5,	 Klp6	

and	Mcp1	in	vitro	
4.1	Introduction		
Chapter	3	presents	evidence	that	at	interphase	in	Schizosaccharomyces	pombe	(S.	

pombe)	kinesin-8	(Klp5,	Klp6)	exists	as	a	complex	with	the	newly	described	+TIP	

protein	Mcp1.		I	proposed	that	it	was	this	complex,	which	in	vivo,	was	required	

for	 S.	 pombe	 Kinesin-8	 to	 localise	 to	 the	 plus	 end	 of	 interphase	microtubules	

(iMTs)	and	induce	microtubule	(MT)	shrinkage.		(West	et	al.	2001;	Garcia	et	al.	

2002).	 	Previous	attempts	at	 in	vitro	 reconstitution	of	S.	pombe	kinesin-8	only	

expressed	Klp5	and	Klp6,	either	as	heterodimers	or	homodimers	without	Mcp1.		

These	studies	were	not	able	 to	recapitulate	Klp5/Klp6	 localisation	 to	MT	plus	

ends	or	the	iMT	destabilising	activity	of	Klp5/Klp6	(Grissom	et	al.	2009;	Erent	et	

al.	 2012).	 	 The	 purification	 of	 the	 Klp5/Klp6/Mcp1	 complex	would	 allow	 the	

testing	of	two	hypothesises;	Mcp1	is	required	for	Klp5/Klp6	to	localise	to	MT	plus	

ends	 and	 Mcp1	 is	 required	 for	 Klp5/KLp6	 to	 induce	 MT	 shrinkage.	 	 These	

activities	would	be	assayed	by	observing	the	complex	interacting	with	purified	S.	

pombe	 tubulin	 in	vitro	 (Drummond	et	al.	2011).	 	Successful	purification	of	 the	

complex	 would	 also	 provide	 evidence	 that	 the	 structural	 and	 functional	

interaction	of	Klp5	and	Klp6	and	Mcp1	is	real.	This	chapter	reports	preliminary	

investigations	into	the	purification	of	Mcp1	and	the	Mcp1/Klp5/Klp6	complex.		

	

4.2	Results		
4.2.1	Expression	of	Mcp1	

Chapter	3	presents	in	vivo	evidence	that	Mcp1	bound	to	MT,	independent	of	Klp5	

and	Klp6	(Figure	3.26).		If	Mcp1	is	indeed	able	to	bind	MTs	it	suggests	that	Mcp1	

functions	 as	 a	 MT-binding	 domain	 analogous	 to	 the	 tail	 domain	 of	 Kip3	 and	

Kif18A.		The	tail	region	increases	the	run	length	of	kinesin-8	on	MTs	by	providing	

a	mechanism	in	which	a	bound	tail	domain	allows	unbound	motor	domains	time	

to	rebind	MTs.		This	increases	the	processivity	of	the	kinesin-8	protein,	allowing	
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it	to	reach	the	MT	plus-end	(Stumpff	et	al.	2011;	Su	et	al.	2011;	Mayr	et	al.	2011b;	

Weaver	 et	 al.	 2011).	 	 At	 present,	 no	 such	 role	 for	 the	 tail	 region	 has	 been	

demonstrated	for	kinesin-8	 in	S.	pombe.	 	To	assay	Mcp1	binding	to	MTs	I	 first	

established	the	conditions	for	the	expression	of	Mcp1	with	the	aim	of	testing	if	

Mcp1	pelleted	with	S.	pombe	tubulin	in	vitro.		Mcp1	was	tagged	with	a	6His	tag	

using	the	gateway	cloning	system	(Invitrogen,	USA;	(Busso	et	al.	2005)).		I	first	

established	 the	 conditions	 that	 yielded	 the	most	 soluble	 Mcp1.	 	 The	 plasmid	

containing	6His-mcp1	was	transformed	into	Escherichia	coli	(E.	coli).		The	E.	coli	

were	grown	at	37˚C	in	2xYT	liquid	media	with	agitation	until	OD600	=	0.5	and	then	

held	at	37˚C	or	shifted	to	18˚C	and	protein	expression	was	induced	with	either	

0.2	mM	or	1	mM	Isopropyl	b-D-1-thiogalactopyranoside	(IPTG).		Cells	when	then	

lysed	 by	 sonication	 and	 protein	 content	 examined	 by	 running	 soluble	 and	

insoluble	fractions	on	an	SDS-PAGE	followed	by	Coomassie	staining.		6His-Mcp1	

induction	 with	 0.2	 mM	 IPTG	 at	 18	 degrees	 for	 6	 hours	 was	 found	 to	 be	 the	

condition	 which	 produced	 the	 most	 soluble	 Mcp1-6His	 (Figure	 4.1).	 	 This	

condition	was	used	for	all	other	expressions	presented	in	this	chapter.		The	6His-

tag	 allows	 for	 the	 selective	 purification	 of	 proteins	 using	metal	 ions,	 such	 as	

nickel	 and	 cobalt.	 I	next	 tested	 if	 6His-Mcp1	could	be	 selectively	pulled	down	

from	E.	coli	using	nickel	sepharose	beads.		6His-Mcp1	can	be	pulled	down	from	

cell	lysate	and	detected	by	Western	blot	(Figure	4.2).		Once	this	was	confirmed	

the	production	of	6His-Mcp1	was	scaled	up	and	3	litres	of	E.	coli	(as	opposed	to	

200	mL	used	for	Figure	4.2)	containing	the	6His-Mcp1	construct	was	grown	up	

before	 being	 lysed.	 	 6His-Mcp1	was	 first	 extracted	 from	 lysate	 using	 a	 nickel	

column	before	being	eluted	by	an	increasing	concentration	of	Imidazole.		Soluble	

6His-Mcp1	was	successfully	pulled	down	and	eluted	by	this	method.	Individual	

eluates	were	pooled	and	concentrated	by	centrifugation	into	a	single	sample,	flash	

frozen	in	liquid	nitrogen	and	stored	at	-80˚C.	Following	overnight	storage	at	low	

temperatures	 6His-Mcp1,	 concentrated	 in	 this	 fashion,	 came	 out	 of	 solution	

(Figure	4.3).		Due	to	time	constraints,	further	optimisation	of	this	protocol	was	

not	possible,	however	the	results	shown	here	demonstrate	that	6His-Mcp1	can	

be	expressed	in	E.	coli	and	future	experiments	could	examine	Mcp1	binding	of	

tubulin	and	MTs	in	vitro.	
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Figure	 4.1	 6His-Mcp1	 can	 be	 expressed	 in	 Escherichia	 coli.	 200	 mL	 of	

BL21(DE3)	E.	 coli	 cells	 containing	pHGWA-mcp1	 (an	N-terminally	6His	 tagged	

Mcp1	construct)	were	grown	to	OD600	=	0.5	in	2xYT	at	37˚C	with	agitation	before	

being	shifted	to	18˚C	or	kept	at	37˚C	and	IPTG	was	added	to	a	final	concentration	

of	1	mM	or	0.2	mM.		5	mL	samples	were	taken	at	0,	3,	6	and	22	hours.		Protein	

was	extracted	and	10	µL	of	soluble	and	insoluble	protein	were	run	on	an	SDS-

PAGE	gel	and	were	visualised	by	Coomassie	staining.		S	–	supernatant	(soluble	

protein),	P	–	pellet	(insoluble).	Red	boxes	indicated	the	6His-Mcp1	bands.	
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Figure	4.2	soluble	6His-Mcp1	can	bind	nickel	beads.	Western	blot	showing	

6His-Mcp1	bound	to	nickel	beads.	200	mL	of	BL21(DE3)	E.	coli	cells	containing	

either	 pHGWA-mcp1	 (an	 N-terminally	 tagged	 mcp1	 construct)	 or	 an	 empty	

control	(pST44	which	contained	no	open	reading	frames	to	express)	were	grown	

to	OD600	=	0.5	 in	2xYT	at	37˚C	with	agitation	before	being	shifted	 to	18˚C	and	

protein	expression	induced	with	1	mM	IPTG.		25	mL	samples	were	taken	at	0,	3,	

6	and	22	hours	after	IPTG	addition.		Samples	were	lysed	and	the	soluble	fraction	

was	bound	 to	Ni-Beads,	 the	beads	were	washed	 twice	with	20	mM	 imidazole.		

After	the	washes	the	Ni-Beads	were	boiled	and	10	µL	of	each	sample	was	ran	on	

an	SDS-PAGE	gel	and	then	probed	by	a-6His.		Red	asterisk	is	6His-Mcp1.	
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Figure	4.3	6His-Mcp1	can	bind	to	a	histidine-column.	3	litres	of	BL21(DE3)	E.	

coli	cells	were	transformed	with	pHGWA-mcp1	(n-terminally	tagged	6His-Mcp1)	

and	grown	at	37˚C	until	OD600	=	0.5	before	being	shifted	to	18˚C	and	expression	

induced	with	1	mM	IPTG.		Cells	were	collected	after	6	hours	at	18˚C	before	being	

lysed	and	then	loaded	onto	a	HisTrap	column.		The	column	was	first	washed	with	

20	mM	 imidazole	 before	 protein	was	 eluted	with	 a	 20	 –	 1000	mM	 imidazole	

gradient.		24	1	mL	fractions	were	eluted.	5µL	samples	were	either	run	straight	

after	elution	on	an	SDS-PAGE	gel	and	stained	with	coomassie	(A)	or	5µL	samples	

were	 stored	 overnight	 at	 -20˚C	 before	 being	 run	 on	 an	 SDS-PAGE	 gel	 and	

transferred	to	a	nitrocellulose	membrane	before	being	probed	by	a6His	antibody	

(B).		Aliquots	7-24	were	concentrated	via	spin	column	before	being	flash	frozen	

in	liquid	nitrogen	and	stored	at	-80˚C	overnight,	5	µL	samples	of	this	were	run	on	

(B).	T	=	total,	U	=	unbound,	W	=	Wash.	
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4.2.2	Expression	of	Klp5,	Klp6	and	Mcp1	in	E.	coli	

Klp5/Klp6	and	Mcp1	were	found	to	be	interdependent	for	accumulation	to	the	

plus	end	of	MTs	and	for	spatiotemporally	correct	shrinkage	of	iMTs	(Chapter	3).		

To	test	both	the	localisation	and	MT	regulator	properties	of	the	Klp5/Klp6/Mcp1	

complex	directly	it	would	be	necessary	to	purify	the	complex	and	to	observe	its	

regulation	 and	 localisation	 on	 purified	 S.	 pombe	 tubulin.	 	 S.	 pombe	 tubulin	 is	

important,	as	opposed	to	bovine	or	porcine	brain	tubulin,	since	Klp5/Klp6/Mcp1	

will	 have	 evolved	 to	 interact	 with	 S.	 pombe	 tubulin	 and	 S.	 pombe	 Kinesin-8	

homodimers	have	already	been	shown	to	have	differing	interactions	between	S.	

pombe	 tubulin	 and	porcine	 brain	 tubulin	 (Erent	 et	 al.	 2012).	 	 	 Producing	 the	

individual	components	in	E.	coli	and	then	purifying	the	complex	by	only	pulling	

down	one	component	would	provide	evidence	that	a	comple	x	forms	in	vivo.		The	

Tip1/Mal3/Tea2	 complex	 from	S.	 pombe	 has	 previously	 been	 purified	 and	 its	

plus	end	tracking	was	reconstituted	in	vitro	(Bieling	et	al.	2007).	To	express	the	

proposed	Klp5/Klp6/Mcp1	complex,	a	pST44	polycistronic	plasmid	containing	

Klp5-6His,	Klp6-Strep	II,	and	Mcp1-GFP	was	created	(Tan	et	al.	2005).		This	was	

expressed	in	E.	coli	using	the	optimal	conditions	for	6His-Mcp1	expression	(18˚C,	

1	mM	IPTG	and	6	hours,	Figure	4.1).		As	a	preliminary	test	of	the	ability	to	purify	

the	entire	complex,	200	mL	of	E.	coli	cells	were	lysed	and	nickel	sepharose	beads	

were	used	to	pull	down	the	whole	complex.		This	was	then	probed	by	Western	

blot	to	show	that	the	entire	complex	could	be	pulled	down	by	just	targeting	the	

6His	tag	fused	to	Klp5	(Figure	4.4).		This	experiment	was	lacking	the	negative	

control	of	expressing	untagged	Klp5	along	with	Mcp1-GFP	and	Klp6-Strep	II	and	

observing	whether	Nickel	beads	were	able	to	bind	Mcp1-GFP	and	Klp6-Strep	II	

non-specifically.	 	 Due	 to	 time	 constraints,	 this	 experiment	 could	 not	 be	 taken	

further.	The	GFP	tag	attached	to	Mcp1	should	allow	for	the	observation	of	 the	

whole	complex	moving	along	S.	pombe	MTs	in	vitro.			The	purified	complex	can	

also	be	used	to	determine	whether	or	not	Klp5/Klp6/Mcp1	complex	can	induce	

shrinkage	 of	 chemically	 stabilised	MTs	 in	 vitro	 or	 regulate	 the	 dynamics	 of	S.	

pombe	MTs.
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Figure	 4.4	 Klp5,	 Klp6	 and	 Mcp1	 can	 be	 expressed	 in	 E.	 coli.	 200	 mL	 of	

BL21(DE3)	E.	coli	cells	containing	either	pST44	klp5-HIS_klp6-Strep_mcp1-GFP	or	

an	empty	control	(pST44,	which	contained	no	open	reading	frames	to	express)	

were	grown	to	OD600	=	0.5	in	2xYT	at	37˚C	before	being	shifted	to	18˚C	and	IPTG	

added	to	a	final	concentration	of	1	mM.		25	mL	samples	were	taken	at	0,	3,	6	and	

22	hours	after	IPTG	addition.		Samples	were	lysed	and	the	soluble	fraction	was	

bound	to	Ni-Beads.	The	beads	were	then	washed	twice	with	20	mM	imidazole.		

After	the	washes	the	Ni-Beads	were	boiled	and	10	µL	of	each	sample	was	ran	on	

an	 SDS-PAGE	gel	 and	 then	probed	 sequentially	 by	 anti-6His,	 anti-Strep	 II	 and	

anti-GFP	antibodies.		Red	asterisk	is	Klp5-6His,	blue	asterisk	is	Klp6-STREP	and	

green	asterisk	is	Mcp1-GFP	
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4.3	Discussion	
4.3.1	Mcp1	can	be	expressed	in	E.	coli	

6His-Mcp1	 was	 successfully	 expressed	 and	 remained	 soluble	 in	 individual	

elution	aliquots	once	washed	from	the	nickel	column	with	imidazole.		However,	

once	all	these	fractions	were	concentrated	by	spin	column	6His-Mcp1	and	flash	

frozen,	Mcp1	came	out	of	solution.		If	this	were	to	be	repeated	the	purified	protein	

would	have	to	be	moved	to	a	buffer	in	which	a	high	concentration	can	be	stably	

stored	 or,	 if	 that	 is	 not	 possible,	 the	 experiments	 could	 be	 done	 using	 dilute	

protein.		In	either	case	the	protein	would	still	have	to	be	transferred	into	a	buffer	

in	 which	 MT	 binding	 assays	 can	 be	 performed.	 	 Mcp1	 shares	 some	 small	

homology	to	Ase1	(PRC1/MAP65)	so	previous	experiments	in	the	purification	of	

this	family	might	provide	possible	buffers	that	could	be	used	for	storage	and	MT	

binding	experiments	in	vitro	(Mollinari	et	al.	2002;	Li	et	al.	2007;	Smertenko	et	

al.	2004;	Wicker-Planquart	et	al.	2004;	Schuyler	et	al.	2003;	Janson	et	al.	2007).		

Additional	fractionation	steps	could	be	used	to	obtain	purer	Mcp1,	for	instance	

cation	exchange	chromatography	has	previously	been	used	as	a	preliminary	step	

to	purify	budding	yeast	Ase1-Myc-6His,	which	eluted	at	500	mM	NaCl	(Schuyler	

et	al.	2003).		Once	it	has	been	successfully	purified	incubating	the	protein	with	S.	

pombe	 tubulin	 can	 test	 the	 in	 vitro	 MT	 binding	 capabilities	 of	 Mcp1,	 asking	

whether,	 after	 being	 spun	down,	Mcp1	 is	 found	 in	 the	pellet	with	MTs	or	 the	

supernatant.	

	

Once	the	protein	has	been	purified,	denaturing	and	non-denaturing	gels	can	be	

compared	 to	 see	 if	 Mcp1	 exists	 as	 a	 homodimer,	 or	 exhibits	 any	 additional	

quaternary	structure.		On	a	non-denaturing	gel	if	Mcp1	exits	as	a	homodimer	it	

will	run	more	slowly	than	the	denatured	(single)	Mcp1	protein.	

	

Tagging	EB1	with	an	n-terminal	6His	tag	increases	its	affinity	for	binding	MTs	in	

vitro	(Zhu	et	al.	2009)		To	remove	this	possible	artefact,	a	future	construct	could	

contain	a	Tomato	Etch	Virus	(TEV)	cleavage	site	between	the	6His-tag	and	Mcp1.		

Once	expressed,	the	new	protein	can	be	bound	to	a	nickel	column	as	before	but	

elution	can	now	be	performed	either	through	the	use	imidazole	or	by	cleavage	
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using	TEV	protease	which	recognises	the	TEV	site.	TEV	protease	can	also	be	used	

after	 imidazole	 elution	 to	 remove	 the	6His-tag	 from	 the	protein	 (Rigaut	 et	 al.	

1999;	Dougherty	et	al.	1989).		This	would	allow	for	the	removal	of	the	6His	tag	

and,	possibly,	an	additional	step	of	purification	since	it	would	selectively	remove	

Mcp1	 from	 the	 nickel	 column	 and	 leave	 behind	 endogenous	 E.	 coli	 proteins	

which,	 having	 a	 naturally	 high	 histidine	 content,	 can	 bind	 the	 nickel	 column	

(Bolanos-Garcia	&	Davies	2006).	

	

Adding	purified	Mcp1	to	stabilised	or	dynamic	S.	pombe	MTs	will	show	if	Mcp1	

displays	any	intrinsic	MT	depolymerase	properties	(as	suggested	by	(Zheng	et	al.	

2014))	or	if	Mcp1	solely	functions	as	the	kinesin-8	tail	region.	

	

4.3.2	Klp5/KLp6	and	Mcp1	complex	can	be	expressed	in	E.	coli.	

Klp5,	Klp6	and	Mcp1	were	all	 expressed	 in	E.	 coli.	 	The	quality	of	 the	a-Strep	

antibody	used	here	is	not	optimal	and	should	be	replaced	for	another	antibody	

or	a	different	tag.		Before	in	vitro	analysis	can	be	performed,	the	entire	complex	

(if	the	three	proteins	do	form	a	complex)	will	have	to	be	purified.		An	appropriate	

starting	place	for	purification	conditions	would	be	either	the	conditions	that	are	

found	 to	 be	 optimal	 for	 Mcp1	 purification,	 or	 previous	 S.	 pombe	 Kinesin-8	

purification	 conditions	 (Erent	 et	 al.	 2012;	 Grissom	 et	 al.	 2009).	 	 These	

experiments	will	also	provide	suggestions	for	the	conditions	to	be	used	in	assays	

concerning	 MT	 dynamics.	 Movement	 of	 Klp5/Klp6/Mcp1	 along	 MTs	 can	 be	

probed	by	growing	S.	pombe	MTs	(stabilised	with	GMPCPP)	and	labelling	with	a	

red	 fluorophore	 before	 observing	 the	 movement	 of	 single	 Klp5/Klp6/Mcp1	

complexes,	 which	will	 be	 visible	 via	 the	 GFP	 tag	 attached	 to	Mcp1.	 	 If	 single	

complexes	 are	 processive,	 and	Mcp1	 is	 able	 to	 pellet	with	MT	 in	 vitro,	 it	will	

suggest	 that	Mcp1	 acts	 at	 the	 tail	 region	 of	S.	 pombe	kinesin-8	 increasing	 the	

processivity	of	the	complex.		If	the	complex	is	able	to	stably	accumulate	on	the	

plus	end	of	these	stabilised	MTs,	it	will	show	that	this	three-protein	complex	is	

sufficient	for	plus	end	localisation	and	add	further	evidence	that	the	SxIP	motif	

found	in	Mcp1	is	not	required	for	S.	pombe	kinesin-8-related	function	(Section	

3.22).	 	 It	 can	 also	 be	 tested	 whether	 Klp5/Klp6/Mcp1	 is	 able	 to	 destabilise	

GMPCPP	 stabilised	 S.	 pombe	 MTs	 in	 vitro	 in	 a	 manner	 consistent	 with	 other	
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kinesin-8	motors,	cooperatively	and	in	a	length-dependent	manner	(Varga	et	al.	

2006;	Varga	et	al.	2009;	Mayr	et	al.	2007;	Su	et	al.	2011;	Su	et	al.	2012).	 	The	

Klp5/Klp6/Mcp1	 complex	 could	 also	 be	 added	 to	 dynamic	 MTs	 to	 see	 if	 it	

accelerates	catastrophe	similarly	to	Kip3	(Gardner	et	al.	2011).		If	this	is	found	to	

be	true,	and	thus	different	to	expression	of	Klp5	and	Klp6	alone,	 it	would	also	

support	 the	 hypothesis	 that	 Klp5/Klp6	 has	 different	 activity	 depending	 on	

whether	it	is	bound	to	Mcp1	or	not.			

	

All	these	experiments	work	on	the	assumption	that	Klp5,	Klp6	and	Mcp1	are	the	

sole	 members	 of	 the	 complex.	 	 As	 mentioned	 in	 Chapter	 3	 (Section	 3.3.2),	

Kinesin-8	in	S.	pombe	also	binds	PP1	(Meadows	et	al.	2011).		If	the	proposed	in	

vivo	experiments	in	Chapter	3	show	that	PP1	binding	does	have	an	effect	on	MT	

dynamics,	 then	 identifying	 and	 purifying	 a	 fourth	 protein	might	 be	 necessary	

before	the	iMT	activity	can	be	fully	reconstituted	in	vitro.
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Chapter	 5	 Interactions	 between	 the	

Kinesin-8	 complex	 and	 the	 Tea	

system	
5.1	Introduction		
In	chapter	3	I	proposed	that	there	must	exist	a	blocker	at	the	end	of	interphase	

microtubules	(iMTs)	in	Schizosaccharomyces	pombe	(S.	pombe)	that	prevents	the	

Kinesin-8	complex	(Klp5,	Klp6	and	Mcp1)	from	inducing	premature	catastrophe	

and	shrinkage	of	 iMTs.	 	This	blocker	would	only	allow	iMT	shrinkage	to	occur	

once	 the	 iMT	 had	 reached	 the	 cell	 end.	 	 I	 propose	 that	 the	 Tea	 system	 (here	

defined	minimally	as	Tea2	and	Tip1)	may	serve	as	 that	blocker	serves	as	 this	

blocker.	 	 Tea2	 is	 a	 plus	 end	 directed	 S.	 pombe	 kinesin,	 orthologous	 to	

Saccharomyces	 cerevisiae	 (S.	 cerevisiae)	 Kip2.	 	 Deletion	 of	 Kip2	 results	 in	 a	

reduction	 in	 the	 number	 of	 cytoplasmic	 MTs	 in	 budding	 yeast	 (Huyett	 et	 al.	

1998)u	and	its	overexpression	results	in	hyper-stable	MTs	(Carvalho	et	al.	2004).		

In	S.	pombe,	deletion	of	Tea2	results	in	short	cytoplasmic	MTs,	many	of	which	fail	

to	reach	the	cell	end,	and	in	branched	and	bent	S.	pombe	cells	(Verde	et	al.	1995).		

Tea2	localises	to	iMT	plus	ends	and	the	cell	cortex	(Browning	et	al.	2000).		In	vivo,	

Tea2	forms	a	complex	with	Tip1	(orthologous	to	CLIP170	in	mammalian	cells	and	

Bik1	in	budding	yeast)	(Busch	&	Brunner	2004).			During	pre-anaphase	and	G1,	

Bik1	tracks	the	plus	end	of	growing	and	shrinking	MTs.		Kip2	and	Bik1	co-localise	

at	MT	plus	ends	with	Bik1	 requiring	Kip2	 for	 this	 localisation	 (Carvalho	et	al.	

2004).		Tip1	overexpression	or	deletion	results	in	bent	or	branched	S.	pombe	cells	

(Brunner	&	Nurse	2000).		Tip1	deletions	also	result	in	shorter	iMTs,	the	majority	

of	which	 do	 not	 reach	 cell	 ends	 (Brunner	&	Nurse	 2000).	 	 In	wild	 type	 cells,	

dynamic	 iMTs	 that	 collide	with	 the	 cell	walls	 in	 the	main	 part	 of	 the	 cell	 are	

deflected	 and	 continue	 growing	 towards	 the	 cell	 end.	 	 In	 cells	 lacking	 Tip1,	

however,	 such	 collisions	 trigger	 catastrophe	 and	 shrinkage	 of	 iMTs.	 	 Tip1	

localises	to	iMT	plus	ends	and	the	cell	cortex	(Brunner	&	Nurse	2000).		Tip1	and	

Tea2	double	deletion	mutants	have	identical	phenotypes	to	the	single	deleteion	
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mutants:	short	iMTs	and	polarity	defects.		The	localisations	of	Tea2	and	Tip1	to	

the	plus	end	of	iMTs	are	interdependent	(Busch	&	Brunner	2004).	Tip1	and	Tea2	

also	co-localise	at	cell	ends.	Both	Tip1	and	Tea2	require	Mal3	(orthologous	 to	

EB1)	 for	 in	vivo	 localisation	 to	 iMT	plus	ends	 (Browning,	et	al.	2003;	Busch	&	

Brunner	 2004).	 	 Likewise,	 Tip1	 and	 Tea2	 are	 interdependent	 for	 plus	 end	

tracking	in	vitro,	and	this	tracking	also	requires	Mal3	(Bieling	et	al.	2007).		This	

chapter	reports	experiments	that	test	my	hypothesis	that	the	Mal3-dependent	tip	

tracking	by	a	Tea2	-Tip1	complex	specifically	blocks	the	ability	of	the	Kinesin-8	

complex	to	induce	catastrophe	until	the	growing	MT	plus	end	arrives	in	the	end-

zone	of	the	cell.		Also	contained	are	investigations	into	the	role	of	the	S.	pombe	

plus	end	tracking	machinery	in	defining	cell	width.	

	

5.2	Results		
5.2.1	Tea	system	dynamics		

Tea2	and	Tip1	localise	to	the	plus	ends	of	iMTs	and	to	the	cell	cortex	(Browning	

et	al.	2000;	Brunner	&	Nurse	2000;	Figure	5.1).	 	To	measure	the	dynamics	of	

Tea2	on	iMT	plus	ends,	I	imaged	tea2-gfp	mcherry-atb2	strains	and	measured	the	

intensity	of	thirty	Tea2-GFP	puncta	on	the	end	of	thirty	iMTs.		Data	were	collected	

as	described	 for	Figure	3.19.	 	Measured	 fluorescence	 intensities	 for	Klp5	and	

Klp6	were	highly	variable	(Figure	3.19)	and	Tea2	intensities	were	also	highly	

variable.		Qualitatively	the	mean	and	median	values	of	these	thirty	traces	show	

similar	kinetics.		Tea2	intensity	quickly	accumulates	at	MT	plus	ends	(in	the	first	

10s,	three	frames)	before	reaching	a	roughly	steady	level	and	finally	decreasing	

rapidly	 two	 frames	 (10	 s)	 before	 unambiguous	 shrinkage	 is	 detected	 (Figure	

5.2).		When	the	same	data	is	plotted	against	iMT	length	there	is	no	correlation	

between	Tea2	accumulation	and	iMT	length	on	growing	iMTs	(p	=	0.158).		Tea2	

thus	 does	 not	 accumulate	 in	 a	 length-dependent	 manner	 on	 growing	 iMTs	

(Figure	5.3).		
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Figure	 5.1	 Tea2	 tracks	 plus	 ends	 of	 interphase	 microtubules	 and	

accumulates	 at	 cell	 ends.	Log	phase	 cultures	 of	 tea2-GFP	mcherry-atb2	 cells	

were	grown	at	30˚C	to	OD595	=	0.4	before	being	imaged	on	agarose	pads	at	29.5˚C	

–	 30˚C.	 	 Representative	montage	 is	 shown	 (A).	 	 Arrows	 show	 a	 population	 of	

Tea2-GFP	tracking	iMT	plus	ends	(green	arrow)	and	Tea2-GFP	accumulating	at	

the	 cell	 ends	 (blue	 arrow).	 	 Yellow	 asterisk	 shows	 the	 first	 frame	 where	

unambiguous	 iMT	 shrinkage	was	 detected.	 	 Black	 numbers	 show	 the	 time	 in	

seconds.	 	Scale	bars	represent	5	µm.	 	(B)	Shows	the	 intensity	of	 the	Tea2-GFP	

signal	 highlighted	 by	 the	 green	 arrow	 in	 part	 (A).	 	 The	 frame	 containing	 the	

yellow	asterisk	in	(A)	was	the	frame	closest	to	MT	shrinkage.	Individual	traces	

were	aligned	such	that	frame	closes	to	MT	shrinkage	occurred	at	time	=	0.			
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Figure	 5.2	 Tea2	 accumulates	 rapidly	 to	 the	 plus	 end	 of	 interphase	

microtubules	before	being	lost	before	shrinkage.		Log	phase	cultures	of	tea2-

GFP	mcherry-atb2	cells	were	grown	at	30	˚C	to	OD595	=	0.4	before	being	imaged	

on	agarose	pads	at	29.5˚C	–	30	˚C.		Intensity	for	Tea2	at	the	end	of	30	iMTs	was	

measured,	intensities	were	normalised	by	dividing	by	the	mean	intensity	of	the	
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iMT	signal.	Time	to	shrinkage”	was	defined	by	assigning	the	frame	closest	to	the	

time	of	shrinkage	a	value	of	0.		(A)	shows	all	30	intensity	traces,	in	black,	and	the	

mean	and	median	of	each	time	point	in	red	and	blue	respectively.		(B)	shows	the	

mean	and	median	intensities	for	each	time	point.	
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Figure	5.3	Tea	2	accumulation	on	growing	interphase	microtubules	is	not	

length	 dependent	 and	 is	 rapidly	 lost	 from	 shrinking	 microtubules.	 Log	

phase	cultures	of	tea2-GFP	mcherry-atb2	cells	were	grown	at	30	˚C	to	OD595	=	0.4	

before	being	imaged	on	agarose	pads	at	29.5	˚C	–	30	˚C.		Intensity	for	Tea2	at	the	

end	of	30	 iMTs	was	measured,	 intensities	were	normalised	by	dividing	by	 the	

mean	 intensity	of	 the	 iMT	signal.	 	The	p-value	and	r2	value	 refer	 to	 the	 linear	

model	fitted	to	the	data.		The	same	data	as	shown	in	Figure	5.2	is	shown	here	but	

instead	Tea2	intensity	is	plotted	against	the	length	of	the	growing	and	shrinking	

iMTs.	

	

	

	

	

	

	
	

	



	 169	

	

This	 is	 the	first	 time	that	Tea2	accumulation	dynamics	at	 	 iMT	plus	ends	have	

been	measured	on	dynamic	MTs	in	vivo	.Time	constraints	meant	I	was	unable	to	

analyse	the	Tip1	dynamics	in	the	same	way,	but	it	is	already	known	that	Tea2	and	

Tip1	are	interdependent	for	plus	end	localisation	(Busch	&	Brunner	2004).	

	

To	 compare	 the	 dynamics	 of	 Klp5	 and	 Klp6	 to	 Tea2	 I	 plotted	 the	 mean	 and	

median	 intensities	 of	 Klp5/Klp6	 (from	Figure	 3.19)	 and	 Tea2	 relative	 to	 the	

progress	 of	 MT	 shrinkage	 (Figure	 5.4).	 	 Both	 the	 mean	 and	 median	 values	

showed	Tea2	accumulates	rapidly	to	growing	plus	ends	at	an	early	stage	in	the	

lifetime	of	 each	MT,	whereas	 the	 accumulation	of	Klp5	 and	Klp6	 at	 plus	 ends	

occurs	steadily	and	much	more	slowly.		Both	mean	and	median	values	show	Tea2	

is	 lost	 from	 the	 plus	 end	 of	 iMT	 one	 frame	 (4.8	 s)	 before	 Klp5/Klp6	 loss	 is	

detectable.		This	suggests	that	Tea2	is	unloading	faster	than,	and	may	precede,	

Klp5/Klp6	loss	from	iMT	plus	ends.	
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Figure	5.4	Tea2	 is	 lost	before	Klp5	and	Klp6	 from	 the	end	of	 interphase	

microtubules.	The	median	(A)	and	mean	(B)	traces	of	Klp5	and	Klp6	(red)	and	

Tea2	(blue)	intensities	from	Figures	3.19	and	5.2	are	plotted	against	each	other.	
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5.2.2	 The	 Tea	 system	 (Tea2,	 Tip1)	 and	 Mcp1	 have	 opposing	 roles	 on	

interphase	microtubule	shrinkage	

Tip1	 and	 Tea2	 have	 already	 been	 shown	 to	 be	 required	 for	 iMT	 stability		

(Browning	et	al.	2000;	Brunner	&	Nurse	2000).		I	measured	the	dwell	times	of	

GFP-atb2	Dtip1	and	GFP-atb2	Dtea2	cells	(as	described	for	Figure	3.4)	(Figure	

5.5).		Both	GFP-atb2	Dtip1	and	GFP-atb2	Dtea2	cells	showed	reduced	dwell	times	

(mean	values	of	28	s	and	29	s	respectively	compared	to	54	s	 in	control	cells).		

There	distributions	 also	 significantly	 differed	 from	 control	 cells,	but	 not	 from	

each	other.	 	 Tip1	 and	Tea2	have	 identical	 effects	 on	 iMT	dwell	 times	 and	 are	

required	 for	 iMTs	 to	 remain	 at	 cell	 ends	 for	 the	 correct	 amount	 of	 time.		

Qualitatively	the	iMT	arrays	in	Dtip1	and	Dtea2	cells	appear	to	be	thinner	than	in	

control	cells,	suggesting	that	the	iMT	bundle	contains	fewer	MTs,	this	finding	has	

not	 been	 seen	 previously.	 	 Tea2	 and	Tip1	 appear	 to	 be	 required	 not	 only	 for	

correct	dynamics	but	correct	structure	of	iMT	arrays.		It	is	not	clear	at	this	point	

whether	the	dwell	times	effects	of	removing	Tip1	or	Tea2	are	independent	of	the	

MT	bundling	effects.			Tip1	deletions	lead	to	a	slight	but	statistically	significant	

increase	in	MT	growth	speed	(mean	growth	speed	of	0.09	µm	s-1	vs	control	cell	

growth	speed	of	0.08	µm	s-1)	and	a	statistically	significant	change	in	distribution	

whereas	 Tea2	 had	 no	 effect	 on	 growth	 speed	 (mean	 speed	 of	 0.08	 µm	 s-1).		

Neither	 Tea2	 nor	 Tip1	modulate	 MT	 shrinkage	 speed	 (control	 cell	 shrinkage	

speed	 of	 0.23	µm	 s-1,	Dtip1	 cells	 shrinkage	 speed	 0.23	µm	 s-1	 and	Dtea2	 cells	

shrinkage	speed	of	0.24	µm	s-1)	(Figures	5.6A	and	5.6B).		The	inability	of	either	

protein	 to	 influence	MT	 shrinkage	 speed	 is	 unsurprising	 considering	 Tea2	 is	

quickly	lost	from	the	tips	of	shrinking	iMTs.		Tea2	and	Tip1	have	identical	roles	

on	the	dwell	times	of	MT	plus	ends	at	cell	ends,	but	different	effects	on	MT	growth	

speed,	providing	additional	evidence	that	dwell	 time	of	MT	tips	 in	cell	ends	 is	

independent	of	the	growth	rate	of	iMTs.		
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Figure	 5.5	 Tea2	 and	 Tip1	 inhibit	 interphase	 microtubule	 shrinkage	

identically.		Log-phase	cultures	of	GFP-atb2,	GFP-atb2	Dtea2	and	GFP-atb2	Dtip1	

cells	were	grown	at	30	˚C	until	OD595	=	0.4	and	were	transferred	to	agarose	pads	

before	 being	 imaged	 at	 29.5˚C	 –	 30.0	 ˚C.	 	 (A)	 shows	 representative	 iMTs,	 (B)	

shows	the	dwell	times	of	iMTs	as	a	boxplot,	and	(C)	Shows	the	dwell	time	of	iMTs	

as	a	 cumulative	density	 function.	 	Dwell	 time	was	defined	as	 the	 time	an	 iMT	

spent	 in	 the	 final	 1.1	 µm	 of	 a	 cell.	 	 	 n	 refers	 to	 the	 number	 of	 dwell	 events	

measured.	 ***	 p	 value	 <	 0.001,	 n.s.	 means	 non-significant.	 	 P-values	 were	

calculated	 using	 discrete	 Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.		

Dwell	times	for	GFP-atb2	were	previously	shown	in	Figure	3.3.		All	images	were	

processed	 in	an	 identical	manner.	Boxplots	 show	 the	 inter	quartile	 range,	 full	

range	and	median.	
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Figure	 5.6	 Tea2	 and	Tip1	 differentially	 regulate	 interphase	microtubule	

growth	but	have	no	role	on	 interphase	microtubule	shrinkage.	Log	phase	

cultures	of	GFP-atb2,	GFP-atb2	Dtea2	 and	GFP-atb2	Dtip1	were	grown	at	30	˚C	

until	OD595	=	0.4	and	were	transferred	to	agarose	pads	before	being	imaged	at	

29.5	˚C	–	30.0	˚C.		Both	growth	speed	(A)	and	shrinkage	speed	(B)	of	iMTs	were	

measured	for	periods	when	the	MT	was	not	in	contact	with	the	cell	end	cortex.		

Boxplots	and	cumulative	density	functions	(CDF)	of	the	same	data	are	shown.		n	



	 176	

refers	to	the	number	of	independent	growth	or	shrinkage	events	recorded,	in	all	

instances	30	MT	life	times	were	measured.	*	P-value	<	0.05	and	n.s.	means	non-

significant.		P-values	were	calculated	using	discrete	Kolomogorov-Smirnov	Tests	

implemented	 using	 R.	 	 Growth	 and	 shrinkage	 speeds	 for	 GFP-atb2	 were	

previously	shown	in	Figure	3.4.	Boxplots	show	the	inter	quartile	range,	full	range	

and	median.	



	 177	

To	test	whether	the	Tea	system	and	Klp5/Klp6/Mcp1	had	directly	opposing	roles	

on	iMT	stability	I	measured	the	dwell	time	of	GFP-atb2	Dtea2Dmcp1	cells.	Mcp1,	

as	opposed	to	Klp5	or	Klp6,	was	chosen	for	the	double	deletion	is	because	the	

role	 of	 Mcp1	 is	 confined	 to	 interphase.	 	 Klp5	 and	 Klp6	 are	 involved	 in	 MT	

regulation	during	mitosis	and	 it	was	 important	 to	discount	any	risk	of	 tubulin	

changes	during	mitosis	being	carried	over	to	interphase.			

	

Dtea2Dmcp1	cells	had	a	mean	dwell	 time	of	MT	plus	ends	 in	cell	ends	of	42	s,	

longer	than	the	mean	dwell	time	of	Dtea2	cells	(29	s)	but	shorter	than	control	

cells	(54	s)	and	Dmcp1	cells	(88	s).	The	distributions	of	values	for	Dtea2Dmcp1	

also	 significantly	 differed	 from	 control,	 Dtea2	 and	 Dmcp1	 cells,	 and	 the	

distributions	were	shifted	away	from	those	of	Dtea2	cells	and	towards	those	of	

control	cells	(Figure	5.7).		Mcp1	and	Tea2	have	opposing	roles	in	determining	

the	 timing	 of	 iMT	 catastrophe	 and	 shrinkage.	 Neither	 growth	 nor	 shrinkage	

speed	of	Dtea2Dmcp1was	altered	significantly	compared	to	control	cell	or	Dtea2	

cells	 (Figure	5.8A	and	5.8B)	 indicating	 that	 the	opposing	effects	of	Mcp1	and	

Tea2	deletions	relate	only	to	the	timing	of	catastrophe.		Very	similar	results	are	

seen	in	Dtip1Dmcp1	GFP-atb2	cells.		Dtip1Dmcp1	cells	show	a	mean	dwell	time	of	

41	 s,	 longer	 that	Dtip1	cells	 (28	 s)	 and	 shorter	 than	 control	cells	 (54	 s).	 	 The	

distribution	 is	shifted	 to	 the	right,	closer	 to	control	cells	and	away	 from	Dtip1	

cells.		The	distribution	of	Dtip1Dmcp1	dwell	times	differs	significantly	from	that	

of	Dtip1,	control	cells	and	Dmcp1	cells	(Figure	5.9).		Again,	the	partial	rescue	of	

dwell	 times	 is	 not	 the	 result	 of	 changes	 in	 growth	 and	 shrinkage	 speed;	

Dtip1Dmcp1	 cells	have	 iMT	growth	and	 shrinkage	 speeds	 that	do	 significantly	

differ	from	control	cells	(Figure	5.10).	Tip1	and	Mcp1	have	opposing	roles	on	

iMT	 stability	 at	 cell	 ends.	 	Dtip1Dmcp1	and	Dtea2Dmcp1	dwell	 times	 are	 very	

similar	(mean	dwell	times	of	41	s	and	42	s	respectively)	and	their	distributions	

do	not	significantly	differ	(p	=	0.8127).	Tip1	and	Tea2	clearly	have	functionally	

identical	 effects	 in	 opposing	 the	 S.	 pombe	 kinesin-8	 complex	 in	 the	

spatiotemporal	control	of	iMT	catastrophe.			
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Figure	5.7	Mcp1	and	Tea2	have	opposing	effects	on	interphase	microtubule	

longevity.	 Log	 phase	 cultures	 of	 GFP-atb2,	 GFP-atb2	 Dtea2,	 GFP-atb2	

Dtea2Dmcp1	and	GFP-atb2	Dmcp1	were	grown	at	30	˚C	until	OD595	=	0.4	and	were	

transferred	to	agarose	pads	before	being	imaged	at	29.5	˚C	–	30.0	˚C.		(A)	shows	

representative	 iMTs,	 (B)	 shows	 the	dwell	 times	 of	 iMTs	 as	 a	 boxplot,	 and	 (C)	

shows	the	dwell	times	of	iMT	as	cumulative	density	functions.		Dwell	time	was	

defined	as	 the	time	an	 iMT	spent	 in	 the	 final	1.1	µm	of	a	cell.	 	 	n	refers	 to	 the	

number	of	dwell	events	measured.	***	p	value	<	0.001,	*	p	value	<	0.05.		P-values	

were	calculated	using	discrete	Kolomogorov-Smirnov	Tests	implemented	using	

R.		Dwell	times	for	GFP-atb2,	GFP-atb2	Dmcp1,	GFP-atb2	Dtea2	were	previously	

shown	in	Figures	3.3,	3.27,	and	5.6.		All	images	were	processed	in	an	identical	

manner.	Boxplots	show	the	inter	quartile	range,	full	range	and	median.	
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Figure	 5.8	 Tea2	 and	 Mcp1	 deletion	 slightly	 modulates	 interphase	

microtubule	growth	speed	but	not	shrinkage	speed.	 	Log	phase	cultures	of	

GFP-atb2,	 GFP-atb2	 Dtea2,	 GFP-atb2	 Dtea2Dmcp1	 and	 GFP-atb2	 Dmcp1	 were	
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grown	at	30	 ˚C	until	OD595	=	0.4	and	were	 transferred	 to	agarose	pads	before	

being	imaged	at	29.5	˚C	–	30.0	˚C.			Both	growth	speed	(A)	and	shrinkage	speed	

(B)	of	iMTs	were	measured	for	periods	when	the	iMT	was	not	in	contact	with	the	

cell	end	cortex.	 	Boxplots	and	cumulative	density	 functions	 (CDF)	of	 the	same	

data	 are	 shown.	 	 n	 refers	 to	 the	number	of	 independent	 growth	or	 shrinkage	

events	recorded,	in	all	instances	30	MT	life	times	were	measured.	***	P-value	<	

0.001	and	n.s.	means	non-significant.	 	 P-values	were	 calculated	using	discrete	

Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.	 	 Growth	 and	 shrinkage	

speeds	 for	 GFP-atb2,	 GFP-atb2	 Dmcp1	 and	 GFP-atb2	 Dtea2	 were	 shown	

previously	in	Figures	3.4,	3.28	and	5.6.		Boxplots	show	the	inter	quartile	range,	

full	range	and	median.	
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Figure	5.9	Mcp1	and	Tip1	have	opposing	roles	in	interphase	microtubule	

longevity.	Log	phase	cultures	of	GFP-atb2,	GFP-atb2	Dtip1,	GFP-atb2	Dtip1Dmcp1	

and	 GFP-atb2	 Dmcp1	 cells	 were	 grown	 at	 30	 ˚C	 until	 OD595	 =	 0.4	 and	 were	

transferred	to	agarose	pads	before	being	imaged	at	29.5	˚C	–	30.0	˚C.		(A)	shows	

representative	iMTs,	(B)	shows	the	dwell	times	of	iMT	as	a	boxplot,	and	(C)	shows	

the	dwell	times	of	iMT	as	cumulative	density	functions.		Dwell	time	was	defined	

as	the	time	an	iMT	spent	in	the	final	1.1	µm	of	a	cell.			n	refers	to	the	number	of	

dwell	events	measured.	 	***	p	value	<	0.001,	**	p	value	<	0.01.	 	P-values	were	

calculated	 using	 discrete	 Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.		

Dwell	times	for	GFP-atb2,	GFP-atb2	Dmcp1	and	GFP-atb2	Dtip1	were	previously	

shown	in	Figures	3.3,	3.27	and	5.5.		All	images	were	processed	in	an	identical	

manner.	Boxplots	show	the	inter	quartile	range,	full	range	and	median.	
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Figure	 5.10	 Tip1	 and	 Mcp1	 deletions	 slightly	 modulate	 interphase	

microtubule	growth	speed	but	not	shrinkage	speed.	 	Log	phase	cultures	of	

GFP-atb2,	GFP-atb2	Dtip1,	GFP-atb2	Dtip1Dmcp1	and	GFP-atb2	Dmcp1	cells	were	

grown	at	30	 ˚C	until	OD595	=	0.4	and	transferred	to	agarose	pads	before	being	
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imaged	at	29.5	˚C	–	30.0	˚C.		Both	growth	speed	(A)	and	shrinkage	speed	(B)	of	

iMTs	were	measured	for	periods	when	the	iMT	was	not	in	contact	with	the	cell	

end	cortex.	 	Boxplots	and	cumulative	density	functions	(CDF)	of	the	same	data	

are	shown.		n	refers	to	the	number	of	independent	growth	or	shrinkage	events	

recorded,	in	all	instances	30	iMT	life	times	were	measured.		***	P-value	<	0.001,	

*	P-value	<	0.05,	and	n.s.	means	non-significant.		P-values	were	calculated	using	

discrete	 Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.	 	 Growth	 and	

shrinkage	 speeds	 for	GFP-atb2,	GFP-atb2	Dmcp1,	GFP-atb2	Dtip1	 were	 shown	

previously	in	Figures	3.4,	3.28	and	5.6.	Boxplots	show	the	inter	quartile	range,	

full	range	and	median.	
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I	 next	 used	 tea2-mCherry	 GFP-atb2	 and	 tip1-tdTomato	 strains	 to	 observe	 the	

localisation	of	the	Tea	system	in	strains	lacking	mcp1	and	klp5.	 	Tea2	and	Tip1	

localise	to	the	plus	ends	of	iMTs	and	to	the	cell	cortex	independent	of	Mcp1	and	

Klp5	(Figure	5.11A	and	5.11B).	klp5-GFP	mCherry-atb2	strains	lacking	Tea2	or	

Tip1	still	Klp5-GFP	localise	to	the	plus	ends	of	iMTs	(Figure	5.12).	 	At	present	

the	localisation	has	only	been	examined	qualitatively;	in	the	future	the	dynamics	

of	 the	plus	end	 localisation	 (and	cell	 cortex	 localisation)	should	be	quantified.		

The	data	here	strongly	suggests	that	any	changes	in	dwell	times	are	not	the	result	

of	one	protein	complex	being	required	for	the	localisation	of	another.	 	The	tea	

system	and	the	kinesin-8	complex	have	opposite	effects	on	iMT	dwell	times	and	

the	 Tea	 system	 is	 lost	 before	 (or	 more	 rapidly)	 than	 the	 Kinesin-8	 complex	

preceding	unambiguous	shrinkage.		The	data	firmly	support	the	hypothesis	that	

the	Tea	system	and	the	Kinesin-8	complex	having	opposing	roles	 in	triggering	

the	plus	end	catastrophe	of	iMTs	that	reach	the	cell	end.		
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Figure	5.11	Tea2	and	Tip1	do	not	require	the	S.	pombe	Kinesin-8	complex	

for	interphase	localisation.	Log	phase	cultures	of	tea2-GFP	mCherry-atb2,	tea2-

GFP	 mCherry-atb2	 Dmcp1,	 tea2-GFP	 mCherry-atb2	 Dklp5,	 tip1-tdTomato	 GFP-

atb2,	tip1-	tdTomato	GFP-atb2	Dmcp1	and	tip1-	tdTomato	GFP-atb2	Dklp6	cells	

were	grown	at	30	̊ C	until	OD595	=	0.4	and	were	transferred	to	agarose	pads	before	

being	imaged	at	29.5	˚C	–	30.0	˚C.		Representative	images	of	interphase	cells	are	

shown.		(A)	Tea2-GFP	containing	strains	with	plus	end	localisation	highlighted	

by	 green	 arrows	 and	 cell	 end	 accumulation	 shown	 by	 blue	 arrows.	 (B)	 Tip1-

tdTomato	containing	strains	with	plus	end	localisation	highlighted	by	red	arrows	

and	cell	end	accumulation	shown	by	orange	arrows.		All	images	were	processed	

in	an	identical	manner.	
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Figure	 5.12	 Tea2	 and	 Tip1	 are	 not	 required	 for	 Klp5	 localisation	 to	

interphase	microtubule	plus	ends.	Log	phase	cultures	of	klp6-GFP	mCherry-

atb2,	klp6-GFP	mCherry-atb2	Dtea2	and	klp6-GFP	mCherry-atb2	Dtip1	cells	were	

grown	at	30	 ˚C	until	OD595	=	0.4	and	were	 transferred	 to	agarose	pads	before	

being	imaged	at	29.5	˚C	–	30.0	˚C.		Representative	images	of	interphase	cells	are	

shown.		Blue	arrows	show	plus	end	accumulation	of	Klp5-GFP.		All	images	were	

processed	in	an	identical	manner.	
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5.2.3	 Tea1	 modulates	 cell	 width	 but	 not	 interphase	 microtubule	 dwell	

times	

I	next	investigated	what	role,	if	any,	Tea1	had	on	iMT	dynamics.	Tea1	is	required	

for	cellular	polarity	and	localises	to	iMTs	plus	ends	and	to	the	cell	cortex	in	an	

iMT	dependent	manner.		Cells	lacking	tea1,	and	grown	at	36	˚C,	have	iMTs	which	

fail	to	pause	at	cell	ends	and	instead	curl	around	suggesting	that	Tea1	may	have	

some	role	in	destabilising	iMTs	(Verde	et	al.	1995;	Mata	&	Nurse	1997;	Behrens	

&	Nurse	2002).		Tea1	and	Tea2	colocalise	at	the	ends	of	iMT	and	the	cell	ends,	

and	Tea1	is	required	for	Tea2	anchoring	at	cell	ends.		In	turn	Tea1	requires	the	

motor	activity	of	Tea2	to	reach	cell	ends	(Browning,	et	al.	2003;	Behrens	&	Nurse	

2002).	 	 Tip1	 requires	 Tea1	 for	 cell	 cortex	 localisation	 and	 conversely	 Tea1	

requires	Tip1	(Brunner	&	Nurse	2000),	Tip1	is	localised	to	iMT	plus	ends	by	Tea2	

and	Mal3,	as	previously	discussed.	

	

Tea1	is	localised	to	cell	ends	and	iMT	plus	ends	by	binding	to	Tip1.	A	truncation	

mutant	of	Tip1,	which	shows	wild	type	iMTs,	fails	to	localise	Tea1	to	the	cell	end	

and	iMT	plus	end	(Brunner	&	Nurse	2000).		Tea1	deletion,	at	high	temperature,	

results	 in	a	population	of	curly	 iMTs	that	 fail	 to	catastrophise	at	cell	ends	and	

instead	curl	around	and	continue	to	grow,	superficially	resembling	klp5,	klp6	and	

mcp1	deletion	mutants.	Tea1	is	required	for	the	sequestering	of	Tea2	at	cell	ends	

(Browning	et	al.	2003).		Tea1	is	thus	a	potential	candidate	to	mediate	the	removal	

of	Tea2	and	Tip1	from	iMT	plus	ends,	removing	their	iMT	stabilising	activities.		

	

To	explore	this	possibility,	I	 first	examined	GFP-atb2	Dtea1.	 	 I	expected	that	in	

this	mutant,	the	dwell	times	of	iMT	plus	ends	in	cell	ends	would	be	longer	than	in	

control	 cells.	 	 Dtea1	 cells,	 at	 30°C	 show	 curly	 iMTs	 (Figure	 5.13)	 but	 the	

measured	 dwell	 time	 for	 those	 iMTs	 that	 did	 catastrophise	 in	 cell	 ends	 was	

similar	to	control	cells	(Dtea1	mean	dwell	time	57	s	compared	to	54	s	for	control	

cells)	and	dwell	time	distributions	were	congruent.		Tea1	thus	is	not	required	for	

the	mechanisms	that	determine	iMT	plus	end	longevity	at	cell	ends.	
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Figure	5.13	Tea1	does	not	modulate	interphase	microtubule	shrinkage.		Log	

phase	cultures	of	GFP-atb2	and	GFP-atb2	Dtea1	were	grown	at	30	˚C	until	OD595	

=	0.4	and	were	transferred	to	agarose	pads	before	being	imaged	at	29.5	˚C	–	30.0	

˚C.	 	(A)	shows	representative	iMTs,	(B)	shows	the	dwell	times	of	 iMTs	as	both	

boxplot	and	(C)	cumulative	density	function.		Dwell	time	was	defined	as	the	time	

an	iMT	spent	in	the	final	1.1	µm	of	a	cell.			n	refers	to	the	number	of	dwell	events	

measured,	n.s.	means	non-significant.	 	P-values	were	calculated	using	discrete	

Kolomogorov-Smirnov	 Tests	 implemented	 using	 R.	 	 Dwell	 times	 for	GFP-atb2	

were	shown	previously	in	Figure	3.3.		All	images	were	processed	in	an	identical	

manner.	Boxplots	show	the	inter	quartile	range,	full	range	and	median.	
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Dtea1	 does	 result	 in	 an	 increase	 in	mean	 iMT	 growth	 speed	 and	 a	 significant	

shifting	 of	 the	 distribution	 towards	 faster	 growth	 rates,	 but	 resulted	 in	 no	

changes	to	iMT	shrinkage	speed	(Figure	5.14).		The	increased	growth	speed	of	

iMT	does	not	correlate	with	the	observed	dwell	time,	again	arguing	that	the	dwell	

time	is	not	a	function	of	the	age	of	the	MT.		It	has	been	previously	reported	that	

the	curly	iMTs	in	Dtea1	cells	are	the	result	of	the	deletion	resulting	in	wider	cells.		

The	wider	cells	grant	 iMTs	more	space	allowing	for	their	curvature	and	Dtea1	

cells	with	similar	widths	to	wild	type	cells	have	non-curly	arrays	(Foethke	et	al.	

2009).	 	 I	 measured	 the	 widths	 of	 GFP-atb2	 and	 GFP-atb2	 Dtea1	 cells	

(perpendicular	 to	 the	cells’	 long	axes,	across	 the	nucleus)	and	 found	that	cells	

lacking	tea1	were	indeed	wider	than	control	cells	(mean	cell	width	of	Dtea1	cells	

was	3.3	µm	compared	to	3.1	µm,	p-value	=	3.933	x10-10)	(Figure	5.15).		These	

results	 suggest	 a	 robustness	 to	 the	 dwell	 time	 apparatus,	 and	 that	 even	 in	 a	

population	of	wider	cells	the	population	of	dwell	times	are	seen	not	to	differ	from	

wild	type	cells.	

	

5.2.4	Tea1	deletion	sensitises	cells	to	Mcp1	deletion	

I	next	investigated	whether	the	wider	cells	lead	to	a	sensitisation	of	the	cell	to	the	

effects	of	Mcp1	deletion	on	iMT	dwell	 time.	 	GFP-atb2	Dtea1Dmcp1	cells	had	a	

mean	dwell	time	of	115.3	s,	which	is	longer	than	control	cells	(54	s)	and	Dmcp1	

cells	(88	s).		The	distribution	of	dwell	times	of	GFP-atb2Dtea1Dmcp1	significantly	

differs	from	both	control	cells	and	GFP-atb2	Dmcp1	cells	(Figure	5.16).	GFP-atb2		

Dtea1	and	GFP-atb2	Dtea1Dmcp1	cells	have	the	same	width,	mean	width	of	3.3	

µm	(p	=	0.248)	(Figure	5.20).		The	extra	width	appears	to	sensitise	iMT	to	mcp1	

deletion.	 	The	distribution	of	 iMT	growth	speed	for	GFP-atb2	Dmcp1,	GFP-atb2	

Dmcp1Dtea1	and	GFP-atb2	Dtea1	cells	did	not	significantly	differ	from	each	other	

(Figure	5.17A).	There	is	a	slight	increase	in	mean	growth	speed	of	iMT	in	GFP-

atb2	Dmcp1Dtea1	cells	(0.1	µm	s-1)	compared	to	Dmcp1	and	Dtea1	cells	(0.09	µm	

s-1)	 but	 this	 is	 not	 fast	 enough	 to	 explain	 the	 increase	 in	 dwell	 time.	 	 iMT	

shrinkage	speeds	in	GFP-atb2		Dmcp1Dtea1	cells	did	not	differ	significantly	from	

control	cells	(Figure	5.17B).			
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Figure	5.14	Tea1	deletion	increases	interphase	microtubule	growth	rate.	

Log	phase	cultures	of	GFP-atb2	 and	GFP-atb2	Dtea1	were	grown	at	30	˚C	until	

OD595	=	0.4	and	transferred	to	agarose	pads	before	being	imaged	at	29.5	˚C	–	30.0	

˚C.		Both	growth	speed	(A)	and	shrinkage	speed	(B)	of	iMTs	were	measured	for	

periods	when	the	iMT	was	not	in	contact	with	the	cell	end	cortex.		Boxplots	(top)	

and	cumulative	density	functions	(CDF)	(bottom)	of	the	same	data	are	shown.		n	

refers	to	the	number	of	independent	growth	or	shrinkage	events	recorded,	in	all	

instances	30	iMT	life	times	were	measured.		***	P-value	<	0.001	and	n.s.	means	



	 197	

non-significant.		P-values	were	calculated	using	discrete	Kolomogorov-Smirnov	

Tests	 implemented	 using	 R.	 	 Growth	 speeds	 for	wild	 type	 cells	was	 previous	

shown	in	Figure	3.4.		All	images	were	processed	in	an	identical	manner.	Boxplots	

show	the	inter	quartile	range,	full	range	and	median.	
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Figure	5.15	Tea1	controls	cell	width.	Log	phase	cultures	of	GFP-atb2	and	GFP-

atb2	Dtea1	cells	were	grown	at	30	˚C	until	OD595	=	0.4	and	were	transferred	to	

agarose	pads	before	being	imaged	at	29.5	˚C	–	30.0	˚C.		(A)	Shows	representative	

interphase	cells.	(B)	Shows	boxplot	and	(C)	shows	cumulative	density	plots	of	the	

measured	cell	widths	of	interphase	cells.		***	p-value	<	0.001,	calculated	by	the	

Welch’s	T-test	implemented	using	R.		Boxplots	show	the	inter	quartile	range,	full	

range	and	median.	
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Figure	 5.16	 Tea1	 deletion	 sensitises	 microtubule	 dwell	 times	 to	 Mcp1	

deletion.		Log	phase	cultures	of	GFP-atb2,	GFP-atb2	Dtea1,	GFP-atb2	Dtea1Dmcp1	

and	GFP-atb2	Dmcp1	were	grown	at	30	˚C	until	OD595	=	0.4	and	were	transferred	

to	 agarose	 pads	 before	 being	 imaged	 at	 29.5	 ˚C	 –	 30.0	 ˚C.	 	 (A)	 shows	

representative	iMTs,	(B)	shows	dwell	times	of	iMTs	as	a	boxplot,	and	(C)	shows	

the	dwell	times	of	iMTs	as	cumulative	density	functions.		Dwell	time	was	defined	

as	the	time	an	iMT	spent	in	the	final	1.1	µm	of	a	cell.			n	refers	to	the	number	of	

dwell	events	measured.		***	p	value	<	0.001,	*	p	value	<	0.05,	and	n.s.	means	non-

significant.		P-values	were	calculated	using	discrete	Kolomogorov-Smirnov	Tests	

implemented	using	R.		Dwell	times	for	GFP-atb2,	GFP-atb2	Dmcp1	and	GFP-atb2	

Dtea1	were	previously	shown	in	Figures	3.3,	3.27	and	5.13.	 	All	images	were	

processed	 in	an	 identical	manner.	Boxplots	 show	 the	 inter	quartile	 range,	 full	

range	and	median.	
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Figure	 5.17	 Tea1	 and	 Mcp1	 deletions	 have	 similar,	 slight	 effects	 on	

interphase	microtubule	 growth	and	 shrinkage.	Log	phase	 cultures	 of	GFP-

atb2,	GFP-atb2	Dtea1,	GFP-atb2	Dtea1Dmcp1	and	GFP-atb2	Dmcp1	were	grown	at	

30	˚C	until	OD595	=	0.4	and	were	transferred	to	agarose	pads	before	being	imaged	

at	29.5	˚C	–	30.0	˚C.		Both	growth	speed	(A)	and	shrinkage	speed	(B)	of	iMTs	were	
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measured	for	periods	when	the	iMT	was	not	in	contact	with	the	cell	end	cortex.		

Boxplots	and	cumulative	density	functions	(CDF)	of	the	same	data	are	shown.		n	

refers	to	the	number	of	independent	growth	or	shrinkage	events	recorded,	in	all	

instances	30	iMT	life	times	were	measured.		***	P-value	<	0.001,	and	n.s.	means	

non-significant.		P-values	were	calculated	using	discrete	Kolomogorov-Smirnov	

Tests	 implemented	 using	 R.	 	 Growth	 and	 shrinkage	 speeds	 for	 GFP-atb2,		

GFP-atb2	Dmcp1	and	GFP-atb2	Dtea1	cells	were	shown	previously	in	Figures	3.4,	

Figures	3.28	 and	 Figure	3.14	 respectively.	 	 Boxplots	 show	 the	 inter	quartile	

range,	full	range	and	median.	
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I	 next	 observed	 the	 localisation	 of	 Tea1-GFP	 in	 control	 cells	 and	 cells	 lacking	

mcp1	and	klp6.	Mcp1	and	Klp6	are	not	required	for	Tea1	localisation	to	the	plus	

end	 of	 iMTs	 or	 to	 the	 cell	 cortex	 (Figure	 5.18).	 klp5-mNeonGreen	 klp6-

mNeonGreen	mchery-atb2	Dtea1	strains	still	show	Klp5	and	Klp6	accumulating	at	

iMT	plus	ends	(Figure	5.19).	These	data	are	again	consistent	with	the	hypothesis	

that	 the	 Tea	 system	 and	 the	 kinesin-8	 complex	 localise	 independently	 of	 one	

another	and	have	opposing	effects	on	the	dwell	times	of	iMT	tips	in	cell	ends.	

	

5.2.5	A	wide	range	of	+TIP	proteins	regulate	cell	width	

	
Tea1,	in	this	study	and	Foethke	et	al	2009,	has	been	found	to	regulate	cell	width	

and	in	previous	studies	Tea1	has	been	shown	to	be	a	polarity	regulator	(Verde	et	

al.	1995;	Mata	&	Nurse	1997).		And	both	cell	width	and	cellular	polarity	pathways	

share	a	common	component	in	Cdc42	(Martin	et	al.	2007;	Kelly	&	Nurse	2011).		

Since	all	other	genes	in	this	study	have	been	previously	found	to	regulate	cellular	

polarity	(Brunner	&	Nurse	2000;	Verde	et	al.	1995;	West	et	al.	2001,	Figure	3.29)	

I	next	investigated	whether	any	of	the	other	genes	previously	examined	in	this	

study	had	a	role	in	regulating	cellular	width.		I	measured	the	cell	width	of	GFP-

atb2	 Dtea1Dmcp1,	 GFP-atb2	 Dklp5Dklp6,	 GFP-atb2	 Dmcp1,	 GFP-atb2	

Dklp5Dklp6Dmcp1,	GFP-atb2	Dtea2,	GFP-atb2	Dtea2Dmcp1,	GFP-atb2	Dtip1	 and	

GFP-atb2	Dtip1Dmcp1	cells.		Deletion	of	the	majority	of	the	+TIP	proteins	I	have	

analysed	during	this	thesis	resulted	in	a	statistically	significant	increase	in	cell	

width	compared	to	control	cells	(Figure	5.20).		Mcp1	was	not	found	to	regulate	

cell	width	(p	=	0.46),	this	is	unsurprising	given	it	had	only	a	slight	role	in	cellular	

polarity	(Figure	3.29).	 	tip1	deletion	was	 found	to	not	 increase	cellular	width	

compared	 to	 control	 (p	=	0.54)	whereas	 tea2	 deletion	 increase	 cellular	width		

(p	<	2x10-16).		This	result	is	surprising	since,	baring	a	possible	role	during	mitosis	

(Goldstone	 et	 al.	 2010),	 tea2	 and	 tip1	 deletions	 have	 broadly	 the	 same	

phenotypes	in	regards	to	iMT	dynamics	and	cellular	polarity	(Verde	et	al.	1995;	

Brunner	 &	 Nurse	 2000,	 Figure	 5.4).	 	 Across	 the	whole	 spectrum	 of	 deletion	

mutants	 assayed,	 MT	 lifetime	 does	 not	 correlate	 with	 cell	 width.	 GFP-atb2	

Dklp5Dklp6	and	GFP-atb2		Dmcp1	cells	had	identical	dwell	times	but	different	cell	

widths	(p	=	0.00008).			GFP-atb2	Dtea2	and	GFP-atb2	Dtip1	cells	had	identical	iMT	
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dwell	times	and	identical	polarity	defects	(Verde	et	al.	1995;	Brunner	&	Nurse	

2000;	Figure	5.4)	but	significantly	different	cell	widths	(p	=	0.03).		
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Figure	5.18	Klp6	and	Mcp1	are	not	required	for	Tea1	localisation.	Log	phase	

cultures	of	tea1-GFP	mCherry-atb2,	tea1-GFP	mCherry-atb2	Dmcp1	and	tea1-GFP	

mCherry-atb2	 Dklp6	 cells	 were	 grown	 at	 30	 ˚C	 until	 OD595	 =	 0.4	 and	 were	

transferred	 to	 agarose	 pads	 before	 being	 imaged	 at	 29.5	 ˚C	 –	 30.0	 ˚C.		

Representative	 images	of	 interphase	cells	are	shown.	 	Tea1-GFP	 iMT	plus	end	

localisation	is	highlighted	by	green	arrows	and	cell	end	accumulation	shown	by	

blue	arrows.		All	images	were	processed	in	an	identical	manner.	
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Figure	 5.19	Klp5	 and	Klp6	 do	 not	 require	 Tea1	 for	 interphase	 plus	 end	

localisation.	Log	phase	cultures	of	klp5-mNeonGreen	klp6-mNeonGreen	mCherry-

atb2	 cut11-mCherry	 and	 klp5-mNeonGreen	 klp6-mNeonGreen	 mCherry-atb2	

Dtea1	cells	were	grown	at	30	˚C	until	OD595	=	0.4	and	were	transferred	to	agarose	

pads	 before	 being	 imaged	 at	 29.5	 ˚C	 –	 30.0	 ˚C.	 	 Representative	 images	 of	

interphase	cells	are	shown.		Green	arrows	show	plus	end	accumulation	of	Klp5	

and	Klp6.		All	images	were	processed	in	an	identical	manner.	
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Figure	5.20	Majority	of	the	genes	investigated	in	this	study	modulate	cell	

width.	 	Log	phase	cultures	of	GFP-atb2,	GFP-atb2	Dtea1,	GFP-atb2	Dtea1Dmcp1,	

GFP-atb2	Dklp5Dklp6,	GFP-atb2	Dmcp1,	DGFP-atb2	Dklp5Dklp6Dmcp1,	GFP-atb2	

Dtea2,	 GFP-atb2	 Dtea2Dmcp1,	 GFP-atb2	 Dtip1and	 GFP-atb2	 Dtip1Dmcp1	 cells	

were	grown	at	30	̊ C	until	OD595	=	0.4	and	were	transferred	to	agarose	pads	before	

being	imaged	at	29.5	˚C	–	30.0	˚C	and	then	cell	widths	measured.		Width	of	GFP-

atb2	 and	 GFP-atb2	 Dtea1	 were	 previously	 shown	 in	 Figure	 5.16.		

***	p-value	<	0.001,	*	p-value	<	0.05,	n.s.	means	non-significant.		Data	was	first	

analysed	by	a	one-way	ANOVA	 test	and	P-values	were	generated	using	Tukey	

honest	significant	difference	 t-test	and	 implemented	by	R.	 	Boxplots	show	the	

inter	quartile	range,	full	range	and	median.	
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5.3	Discussion	
Using	 genetic	 analysis	 combined	 with	 cell	 imaging	 I	 have	 characterised	 the	

opposing	 roles	 of	 the	 kinesin-8	 complex	 (Klp5,	 Klp6	 and	Mcp1)	 and	 the	 Tea	

system	(Tea2	and	Tip1)	on	controlling	iMT	spatially	regulated	shrinkage.		I	have	

also	observed	the	dynamics	of	the	Tea	system,	relative	to	the	kinesin-8	complex,	

on	the	plus	end	of	iMTs.	 	Further,	I	have	provided	preliminary	evidence	of	the	

role	of	various	S.	pombe	+TIP	proteins	in	controlling	cellular	width.	

	

5.3.1	Tea2	dynamics	

Tea2	accumulates	quickly	to	the	plus	end	of	iMTs.		There	is	a	small	delay	(two	

frames,	 9.6	 s)	which	 is	 possibly	 the	motor	 activity	 of	Tea2	moving	Tea2	 (and	

Tip1)	 to	 the	 plus	 end.	Once	 the	plus	 end	population	 of	 Tea2	 is	 established,	 it	

remains	 at	 a	 relatively	 stable	 level	 (compared	 to	 Klp5/Klp6),	 with	 some	

fluctuation.		The	binding	of	Tea2	at	plus	ends	is	the	result	of	the	plus	end	tracking	

behaviour	of	Tip1	and	EB1(Bieling	et	al.	2007;	Browning	et	al.	2003;	Busch	&	

Brunner	2004;	Busch	et	al.	2004).	The	MT	plus	end	is	a	dynamic	entity,	so	the	

fluctuations	in	Tea2	may	reflect	moment-by-moment	changes	in	the	size	of	the	

GTP-cap.	EB1	 tracking	 in	vitro	 shows	similar	 fluctuations,	with	 individual	EB1	

subunits	having	a	residence	time	of	<	1	s	at	the	MT	plus	end	(Dixit	et	al.	2009).	

The	behaviours	of	Tea2	contrast	markedly	with	those	of	Klp5	and	Klp6,	whose	

plus	end	populations	grow	steadily	over	time.		

	

For	deposition	of	Tea2	at	the	cell	cortex	it	must	be	first	be	lost	from	the	iMT.		My	

data	clearly	shows	that	Tea2	is	lost	before	shrinkage	is	detectable.		This	suggests	

that	 for	accurate	deposition	of	Tea2,	 for	 it	 to	be	 lost	 from	the	 iMT	plus	at	 the	

correct	place,	the	iMT	needs	to	be	in	the	correct	location	roughly	10	s	before	it	

undergoes	shrinkage.			

	

5.3.2	Tea	system	location		

In	cells	lacking	components	of	the	S.	pombe	kinesin-8	complex,	the	tea	system	is	

still	correctly	distributed	at	cell	ends	and	at	the	plus	end	of	iMTs.		Although	these	

cells	exhibit	iMTs	that	overgrow,	a	proportion	of	iMTs	have	wild	type	dwell	times	
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and	so	will	undergo	shrinkage	in	the	correct	locations,	so	the	Tea	system	will	be	

correctly	deposited.	These	 results	 suggest	 that	 the	protein	 complex,	Tea2	and	

Tip1,	required	for	delivery	of	the	polarity	signal,	Tea1,	also	controls	positioning	

of	 the	 iMT	 plus	 end.	 	 This	 would	 show	 evolutionary	 efficiency	 since	 correct	

positioning	of	the	iMT	plus	end	is	required	for	correct	deposition	of	the	polarity	

signal.	

	

Similar	 to	 the	 investigations	 into	Klp5/Klp6	accumulation	 (Section	3.3.5)	 the	

time	 resolution	 of	 the	 dynamics	 of	 Tea2	 accumulation	 could	 be	 improved	

through	use	of	a	dual	camera	setup	and	increased	repeats.	Accumulation	of	Tip1	

in	vivo	could	also	be	measured,	to	investigate	whether	Tip1	and	Tea2	bind	to	the	

plus	end	simultaneously	or	if	one	primes	binding	for	the	other.	

	

5.3.3	Role	of	Tea2	and	Tip1	on	microtubule	stability	

Tea2	 and	 Tip1	 are	 both	 required	 for	 wild	 type	 iMT	 dwell	 times.	 	 Mcp1	 and	

Klp5/Klp6	had	identical	and	non-additive	roles	in	regards	to	iMT	dwell	times.		In	

the	future	the	dwell	times	of	GFP-atb2	Dtea2Dtip1	should	be	measured	to	see	if	

Tea2	and	Tip1	have	identical	effects	on	iMT	dwell	times	considering	tip1	and	tea2	

have	 identical	 polarity	 and	 iMT	 array	 defects	 compared	 to	 single	 deletion	

mutants	(Busch	et	al.	2004).		

	

Tea2	and	Tip1	deletion	appears	to	result	in	a	“thinning”	of	the	iMT	bundles.		This	

loss	of	bundling	should,	in	future,	be	quantified.		One	way	of	doing	this	would	be	

to	image	GFP-atb2	cut11-mCherry	and	GFP-atb2	Dtea2	(or	GFP-atb2	Dtip1)	in	the	

same	field	of	view	and	quantify	the	relative	amount	of	tubulin	polymer	between	

cells	containing	and	lacking	Tea2	(or	Tip1).		It	is	not	possible	to	dissect	from	these	

results	whether	or	not	the	dwell	time	decrease	is	a	result	of	the	loss	of	bundling.		

A	 starting	 place	 for	 future	 experiments	 would	 be	 the	 tip1D299	 mutant	 (Tip1	

lacking	the	C-terminal	299	amino	acids)	(Brunner	&	Nurse	2000).		This	mutant	

results	in	normal	looking	iMT	arrays	(as	monitored	by	immunofluorescence)	but	

the	dwell	 times	have	not	been	examined.	 	 If	 these	cells	possessed	normal	 iMT	

bundling	but	the	same	decrease	in	dwell	time	it	would	suggest	the	processes	are	

distinct.		If	they	are	not	distinct	it	suggests	that	Tip1	and	Tea2	are	instrumental	
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for	this	bundling	and	that	there	is	communication	between	MTs	in	a	bundle.		The	

shrinkage	 of	 one	 member	 of	 the	 bundle	 is	 prevented	 by	 the	 others.	 	 This	

communication	between	bundles,	if	truly	dependent	on	Tea2	and	Tip1,	is	worth	

investigating	 in	 the	 future	 since	 it	 provides	 a	 model	 to	 probe	 co-ordination	

between	 MT	 as	 seen	 in	 kinetochore	 MTs	 when	 all	 undergo	 simultaneous	

shrinkage	at	anaphase	onset.		

	

5.3.4	The	Tea	system	as	a	blocker	of	S.	pombe	kinesin-8	complex	activity	

The	Tea	 system	 and	Mcp1	 have	 opposite	 effects	 on	 iMT	 dwell	 times,	 and	 the	

double	deletion	of	Mcp1	with	either	member	of	the	Tea	system	partially	rescued	

iMT	dwell	times.		The	inability	of	this	double	deletion	to	fully	replicate	wild	type	

iMT	dwell	times	suggests	that	the	Tea	system	stabilises	iMTs,	independent	of	any	

opposition	to	Klp5/Klp6	destabilising	activity.	 	Tea2	 loss	 from	the	plus	end	of	

iMTs	is	detected	before	the	loss	of	Klp5/Klp6	(Figure	5.4).	 	I	propose	that	the	

Tea	 system	blocks	 the	 shrinkage	 activity	 of	 the	 kinesin-8	 complex	preventing	

premature	shrinkage	of	iMTs	until	they	reach	the	cell	end.		At	the	cell	end	the	Tea	

system	is	lost	and	the	kinesin-8	complex	can	now	induce	MT	shrinkage.	

	

The	MT	stabilising	properties	of	 the	Tea	system	either	directly	counteract	 the	

destabilising	properties	of	the	kinesin-8	complex,	or	the	Tea	system	saturates	the	

iMT	 plus	 end	 kinesin	 binding	 sites,	 preventing	 the	 kinesin-8	 complex	 from	

reaching	 the	GTP-cap,	where	 it	 is	 presumed	 to	 induce	 shrinkage	 (Varga	 et	 al.	

2006;	Varga	et	al.	2009;	Mayr	et	al.	2007;	Su	et	al.	2011;	Su	et	al.	2012).	

	

Tea2	 was	 found	 to	 accumulate	 quickly	 at	 the	 iMT	 plus	 ends	 and	 rapidly	

(compared	 to	Klp5/Klp6)	 reach	relatively	 constant	 levels.	 	Tea2	accumulation	

was	not	length	dependent,	suggesting	that	Tea2	binding	is	not	dependent	on	the	

length	of	the	iMT	lattice	and	that	there	are	a	finite	number	of	Tea2	binding	sites	

on	the	end	of	an	iMT,	which	are	quickly	saturated.		If	these	binding	sites	are	solely	

confined	to	the	EB1	binding	domain	in	the	GTP-cap,	it	would	add	support	to	the	

hypothesis	that	Tea2	acts	to	block	the	access	of	the	kinesin-8	complex	to	the	plus	

end.		The	fast	accumulation,	combined	with	relatively	steady	protein	levels,	at	the	
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plus	ends	of	iMT	by	Tea2	provides	an	inhibitor	of	the	kinesin-8	complex	which	is	

quickly	recruited	and	can	immediately	stop	premature	shrinkage.	

Tea2	accumulation	was	slightly	higher	on	iMT	plus	ends	that	were	closer	to	the	

cell	end.	 	This	suggests	there	may	some	stabilisation	of	the	complex,	or	on	the	

underlying	 GTP-cap,	 at	 cell	 ends	whilst	 the	 iMT	 is	 paused	 at	 cell	 ends	 before	

shrinkage	is	induced.	

	

Klp5/Klp6	accumulation	was	found	to	be	length	dependent	(Figure	3.20)	and	so	

the	Tea	system	may	be	functioning	to	modulate	the	length	dependent	properties	

of	 the	 kinesin-8	 complex	 so	MT	 shrinkage	 can	 occur	 in	 a	 spatially	 controlled	

manner.	 	The	Tea	system	is	only	 lost	at	cell	ends	providing	the	spatial	cue	 for	

shrinkage.		This	allows	for	iMT	shrinkage	to	be	induced	by	the	kinesin-8	complex	

on	iMTs	of	variable	lengths	during	the	cell	cycle.	

	

The	measurements	in	the	study	comparing	the	dynamics	of	Tea2	and	Klp5/Klp6	

were	 performed	 by	 using	 data	 from	 two	 separate	 experiments,	 using	 two	

separate	strains.	 	To	better	measure	 the	dynamics,	and	specifically	 the	 loss	of	

Tea2	versus	Klp5/Klp6	from	the	end	of	iMT.		Tagging	one	of	the	complexes	with	

a	red	flurophore	and	the	other	with	a	green	would	allow	this	to	be	investigated	

using	the	dual	colour	imaging	system	proposed	in	Section	3.3.5.		MTs	would	not	

be	labelled;	however,	the	presence	of	Tea2	would	indicate	a	growing	iMT,	and	

the	lack	of	Tea2	would	indicate	a	shrinking	iMT.		Such	a	system	would	also	show	

if	Tea2	and	Klp5/Klp6	occupy	distinct	regions	of	the	iMT	(possibly	ordered	with	

Tea2	ahead	of	klp5/Klp6	on	a	growing	iMT)	and	might	be	able	to	indicate	if	Tea2	

does	block	the	kinesin-8	complex	from	reaching	the	iMT	plus	end.		It	would	also	

demonstrate	whether	Tea2	is	truly	lost	before	Klp5/Klp6	on	the	plus	end	of	iMTs.	

	

Experiments	concerning	dwell	times	and	growth	and	shrinkage	speeds	of	iMTs	

were	only	conducted	using	deletion	of	Mcp1	with	one	of	the	members	of	the	Tea	

system.	 	A	small	amount	of	Klp5/Klp6	 localises	 to	 the	plus	end	of	 iMT	in	cells	

lacking	Mcp1	(Figure	3.14	and	3.16).		Mcp1	and	Klp5/Klp6	removal	has	already	

been	 shown	 to	 have	 different	 effects	 on	 iMT	 dynamics	 (Figure	 3.28).	 iMT	
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dynamics	should	be	investigated	in	cells	lacking	the	Tea	system	and	should	be	

investigated	in	cells	lacking	both	Klp5	and	Klp6.	

	

5.3.5	Tea1	regulates	cell	width		

Tea1	deletion	led	to	cells	that	were	wider	than	control	cells,	but	showed	wild	type	

dwell	 times.	 	 Dtea1	 strains	 contain	 wild	 type	 iMTs	 in	 a	 non-wild	 type	 cell,	

agreeing	with	the	previous	finding	that	the	curly	iMTs	seen	in	Dtea1	cells	is	the	

result	of	the	cells’	width	(Foethke	et	al.	2009).	 	The	ability	of	 iMTs	to	undergo	

normal	 dwell	 times	 in	 an	 abnormal	 situation	 highlights	 the	 robustness	 of	 the	

system.		It	also	highlights	the	importance	of	the	cell	end.		Even	in	wider	cells,	the	

cell	end	appears	to	be	designated	differently	to	the	rest	of	the	cell.			

	

It	has	been	previously	reported	that	correct	iMT	shrinkage	relies	on	compressive	

forces	experienced	by	iMTs	at	the	plus	end	and	the	activity	S.	pombe	kinesin-8	

complex.		The	role	of	compressive	forces	on	the	iMT	is	seen	in	wild	type	cells,	by	

bent	iMTs	more	readily	undergoing	shrinkage	than	straight	iMTs	(Tischer	et	al.	

2009).		In	Dtea1	cells	I	have	found	that	although	MTs	are	more	bent	(curly)	they	

do	not	undergo	shrinkage	more	readily	than	iMT	in	wild	type	cells.		The	wider	

cells	reduce	the	compressive	force	felt	on	an	iMT	because	there	is	more	space	to	

bend,	which	 also	means	 that	 iMT	 growth	 speed	 is	 not	 slowed.	 	 This,	 in	 turn,	

suggests	 that	 the	 kinesin-8	 complex	 role	 in	 iMT	 shrinkage	 is	 sufficient	 to	

maintain	wild	type	dwell	times	in	Dtea1	cells	even	though	the	compressive	force	

component	of	shrinkage	is	reduced.		

	

In	Dtea1Dmcp1	cells,	iMT	dwell	times	are	larger	than	both	Dmcp1	and	Dtea1	cells.		

Dtea1Dmcp1	cells	are	lacking	both	the	compressive	force	on	bent	iMTs	and	the	

kinesin-8	 complex	 leading	 to	massively	 increased	 dwell	 times	 (Figure	 5.21).		

These	findings	support	the	earlier	work	of	(Tischer	et	al.	2009)	which	states	that	

compressive	 force	 and	 the	 kinesin-8	 complex	 are	 required	 for	 correct	 iMT	

dynamics.	

	

Tea1	 is	 required	 for	 sequestering	 of	 Tea2	 and	 Tip1	 at	 cell	 ends.	 	 Since	 Tea1	

deletion	 did	 not	 appear	 to	 alter	 iMT	 dwell	 times,	 this	 suggests	 that	 the	 iMT	



	 215	

regulatory	roles	of	Tea2	and	Tip1	remain	in	Dtea1	cells.		If	this	is	correct	it	means	

that	it	means	that	Tea2	and	Tip1	sequestering	are	not	required	for	iMT	dynamics.		

This	also	suggests	that	there	is	a	separation	in	function	between	loss	of	Tea2	(and	

Tip1)	 from	 iMTs,	which	occurs	 just	 before	 shrinkage,	 and	 the	 sequestering	of	

Tea2	and	Tip1	at	cell	ends.	
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Figure	5.21	Model	of	interphase	microtubule	regulation	by	Tea1	and	Mcp1.		

A)	In	wild	type	cells	interphase	microtubules	(iMTs)	nucleate	from	the	centre	of	

the	cell	and	grow	towards	the	cell	end.		At	the	cell	end	iMT	growth	rate	is	slowed	

by	compressive	forces	of	the	iMT	growing	against	the	cell	membrane			and	the	

action	 of	 Klp5/Klp6.	 	 Finally,	 shrinkage	 of	 the	 iMT	 is	 induced	 by	

Klp5/Klp6/Mcp1.	B)	In	Dmcp1	cells	iMT	growth	is	only	slowed	by	compressive	

forces	and	Klp5/Klp6/Mcp1	no	longer	induce	shrinkage	of	iMT	and	so	iMT	are	

curly	and	the	cell	experiences	increased	iMT	dwell	times.		C)	In	Dtea1	cells,	due	

to	 the	 wider	 nature	 of	 the	 cell,	 iMT	 growth	 is	 no	 longer	 slowed	 by	 the	

compressive	 forces	 of	 the	 cell.	 	 However,	 Klp5/Klp6/Mcp1	 still	 induce	 iMT	

shrinkage	and	so	despite	having	curly	iMTs	dwell	times	are	not	different	from	

wild	 type	 cells.	 D)	 In	 Dtea1Dmcp1	 cells	 iMT	 growth	 is	 not	 slowed	 and	

Klp5/Klp6/Mcp1	no	 longer	 induce	 iMT	shrinkage	resulting	 in	very	curly	 iMTs	

and,	compared	to	Dmcp1	cells,	further	increased	iMT	Dwell	times.
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Chapter	6	Discussion		
6.1	 S.	 pombe	 kinesin-8	 is	 regulated	 in	 vivo	 during	

interphase	

I	have	demonstrated	that	kinesin-8	in	S.	pombe	during	interphase	requires	Mcp1	

for	correct	localisation	(Figures	3.14	and	3.16)	and	activity	(Figure	3.27).		The	

in	vivo	speed	of	the	kinesin-8	complex	(Klp5,	Klp6	and	Mcp1)	was	found	to	be	

faster	than	the	growth	rate	of	an	interphase	microtubule	(iMT)	(Figure	3.24).		

The	Tea	system	(Tea2	and	Tip1)	appears	to	work	in	opposition	to	the	kinesin-8	

complex	 in	 determining	 iMT	 dwell	 times	 at	 cell	 ends	 (Figures	 5.7	 and	 5.9).	

Kinesin-8	 alone	 (Klp5	 and	Klp6)	has	 some	 intrinsic	properties,	 for	 instance	 it	

localises,	 in	small	amounts,	 to	 iMT	plus	ends	 in	 the	absence	of	Mcp1	(Figures	

3.14	and	3.16).	 	This	basal	activity	is	modulated	by	Mcp1	and	the	Tea	system.		

Mcp1	 allows	 for	 the	 length/time	 dependent	 accumulation	 of	 the	 kinesin-8	

complex	at	the	end	of	iMTs	(Figures	3.19	and	Figures	3.20).		Thus,	at	interphase,	

S.	 pombe	 kinesin-8	 does	 behave	 in	 a	 way	 consistent	 with	 the	 antenna	model	

(Varga	et	al.	2006;	Varga	et	al.	2009;	Mayr	et	al.	2007;	Su	et	al.	2011;	Su	et	al.	

2012)	 but	 must	 be	 in	 complex	 with	 Mcp1	 to	 achieve	 this.	 	 Accumulation	 is	

required	for	the	destabilisation	of	iMTs,	but	without	additional	regulation	length-

dependent	 accumulation	 would	 have	 the	 problem	 of	 inducing	 premature	

shrinkage	of	shorter	iMTs	in	longer	cells.		To	accommodate	this,	the	Tea	system	

inhibits	kinesin-8	complex-induced	catastrophe	and	shrinkage	until	the	iMT	plus	

end	grows	into	the	cell	end.		This	modulation	allows	for	the	same	protein	complex	

to	be	differentially	active	on	different	MT	arrays	and	at	different	points	in	the	cell	

cycle.		During	metaphase,	the	plus	end	binding	activity	of	Klp5	and	Klp6,	coupled	

with	 their	higher	nuclear	 concentration	 (compared	 to	 the	 cytoplasm),	may	be	

sufficient	in	itself	to	induce	catatrophies.		Or	Klp5	and	Klp6	in	the	nucleus	may	

have	different	interacting	partners,	such	as	PP1	(Chapter	3.3.2).			

	

During	mitosis	in	S.	cerevisae,	Kip3,	through	cooperation	with	Cin8	(kinesin-5)	

and	Ase1,	 crosslinks	and	slides	MTs	and	 this	sliding	promotes	bipolar	spindle	
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assembly.		Kip3	destabilising	and	sliding	activity	is	balanced	at	pre-anaphase,	and	

at	late	anaphase	the	destabilising	activity	becomes	dominant,	facilitating	spindle	

disassembly	 (Su	 et	 al.	 2013).	 	 Thus,	 there	 is	 precedent	 for	 kinesin-8	 being	

regulated	by	the	cellular	environment.		It	might	be	that	in	S.	pombe,	Klp5	and	Klp6	

also	possess	the	ability	to	slide	MTs	and	similarly	interact	with	Ase1	and	Cut7		

(S.	pombe	orthologue	of	Cin8).			

	

Mammalian	kinesin-8	also	does	not	work	in	isolation.		Kif18B	binds	both	EB1	and	

MCAK	to	destabilise	astral	MTs	(aMTs)(Tanenbaum	et	al.	2011;	Stout	et	al.	2011).		

Kif18A	 plus	 end	 localisation	 to	 K-fibres	 is	 modulated	 by	 HURP,	 and	 HURP	

accumulation	to	the	plus	end	is	itself	controlled	by	a	RanGTP	gradient	(Ye	et	al.	

2011).		

	

The	 different	 roles	 of	 S.	 pombe	 kinesin-8	 during	 interphase	 and	 metaphase	

require	modulation	of	the	protein	by	different	complexes.		This	is	also	apparent	

in	 mammalian	 cells,	 which	 employ	 three	 different	 kinesin-8	 proteins.	 	 Kif19	

regulates	 the	 length	of	MTs	 found	 in	cilia	(Niwa	et	al.	2012),	Kif18B	regulates	

astral	MT	length	during	mitosis	(Tanenbaum	et	al.	2011;	Stout	et	al.	2011)t	and	

Kif18A	 supresses	 chromosome	 oscillations	 during	 metaphase	 (Stumpff	 et	 al.	

2008).			

	

These	results	highlight	the	importance	of	placing	in	vitro	results,	for	instance	the	

inability	 of	 in	 vitro	 studies	 to	 recapitulate	 S.	 pombe	 Klp5	 and	 Klp6	 iMT	

destabilisation	(Grissom	et	al.	2009;	Erent	et	al.	2012),	 into	 the	wider	cellular	

context.	 	Erent	et	al.	showed	that	Klp5/6	binds	tightly	to	free	tubulin,	and	that	

this	activity	sequestered	the	motor	before	it	could	bind	the	MT	lattice.	In	vivo	this	

is	 clearly	 not	 happening,	 and	 it	 is	 likely	 in	 my	 view	 that	 if	 the	 full	

Klp5/Klp6/Mcp1	 complex	 was	 successfully	 purified	 (Figure	 4.4)	 it	 would	

depolymerise	dynamic	S.	pombe	MTs	in	a	length	dependent	manner	as	seen	for	

other	kinesin-8	proteins	acting	on	GMPCPP	mammalian	brain	MTs	(Varga	et	al.	

2006;	Varga	et	al.	2009;	Mayr	et	al.	2007).		That	finding	alone	would	not	be	able	

to	fully	explain	Klp5	and	Klp6	activity	at	interphase	since	it	would	lack	both	the	

cellular	milieu	(such	as	the	Tea	system)	and	the	physical	constraint	of	the	cell	end	
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(Drummond	 &	 Cross	 2000;	 Tischer	 et	 al.	 2009).	 	 Slight	 differences	 in	

experimental	setup	may	explain	why,	in	vitro,	Kif18A	has	been	found	to	be	both	

a	MT	depolymerase	(Mayr	et	al.	2007)	and	a	dampener	of	MT	dynamics	(Du	et	al.	

2010).	 	 Kif18A	 may	 display	 both	 properties	 in	 vivo	 (depending	 on	 cellular	

context)	but	each	in	vitro	environment	was	only	able	to	replicate	one.		This	does	

not	 diminish	 the	 importance	 of	 in	 vitro	 data	 but	 does	 highlight	 the	 need	 for	

caution	when	reading	across	to	in	vivo	conditions.	

	

6.2	 The	 tea	 system	 and	 the	 kinesin-8	 complex	 work	

together	to	control	shrinkage	
Chapter	5	 provided	 evidence	 that	 the	Tea	 system	 and	 the	 kinesin-8	 complex	

control	iMT	dwell	time	at	cell	ends,	and	thus,	iMT	shrinkage.		Tip1	is	also	required	

to	prevent	premature	iMT	shrinkage	at	cell	sides	(Brunner	&	Nurse	2000).		The	

mutual	antagonism	of	 the	Tea	system	and	 the	kinesin-8	complex	ensures	 that	

shrinkage	 occurs	 in	 the	 right	 place	 and,	 once	 there,	 at	 the	 right	 time.	 	 The	

competition	between	the	Tea	system	and	the	kinesin-8	complex	is	also	seen	with	

Saccharomyces	 cerevisiae	 (S.	 cerevisiae)	 orthologs,	 Kip2	 and	Kip3,	which	 have	

opposing	roles	in	positioning	the	mitotic	spindle	(Cottingham	&	Hoyt	1997).	Kip2	

and	Kip3	also	have	opposing	roles	on	the	stability	of	cytoplasmic	MTs	(mirroring	

Tea	 system	 and	 kinesin-8	 complex	 deletes).	 Similarly,	 Kip2	 localises	 to	

cytoplasmic	MTs	exclusively	whereas	Kip3	is	found	on	cytoplasmic	and	mitotic	

MTs	(Cottingham	&	Hoyt	1997;	Miller	et	al.	1998).		The	best	evidence	for	a	similar	

system	existing	in	S.	cerevisiae	is	that,	during	budding,	MTs	grow	from	the	mother	

cell	to	the	daughter	bud	and	Kip3	accumulates	at	the	plus	end	of	these	MTs	in	a	

length	 dependent	 manner.	 	 Longer	 MTs	 have	 more	 Kip3.	 	 Despite	 the		

length-	dependent	accumulation,	MT	catastrophe	and	shrinkage	are	only	induced	

when	the	MT	comes	into	contact	with	the	Bud	cortex.		A	mutant	of	Kip3	results	

in	MTs	 that	 fail	 to	pause	at	 the	cell	end	and	 instead	grow	around	the	cell	end	

(Fukuda	et	al.	2014).		This	situation	mirrors	my	results	for	Klp5	and	Klp6	on	S.	

pombe	iMTs.		Whether	Bik1	(Tip1/Clip170	orthologue)	and	Kip2	exert	control	in	

S.	cerevisiae	could	be	tested	by	examining	dwell	times	of	MTs	at	the	bud	in	cells	

lacking	both	Kip3	and	either	Bik1	or	Kip2.		The	S.	pombe	and	S.	cerevisae	systems	
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might	however	differ	with	respect	to	their	dependence	on	Bik1,	since	Kip2	is	able	

to	localise	to	the	plus	end	of	MTs,	in	vitro,	independently	of	Bik1	and	EB1	(Hibbel	

et	al.	2015)	whereas	Tea2	requires	Tip1	and	Mal3	for	plus	end	localisation	in	vitro	

(Bieling	et	al.	2007).	

	

Control	of	cytoplasmic	MTs	is	also	similar	in	Ashbya	gossypii	where	Bik1	(Tip1	

ortholog)	tracks	the	plus	end	of	growing	MTs	and	is	deposited	exclusively	at	the	

hyphal	tip	(as	opposed	to	the	hyphal	side)	in	a	Kip2	dependent	manner.		Bik1	is	

required	for	MT	stability	and	Kip3	for	destabilisation	(Grava	&	Philippsen	2010).		

Antagonism	 between	 kinesin-8	 and	 Tea	 system	 orthologs	 thus	 appears	 to	 be	

conserved	in	fungi.	

	

The	human	ortholog	of	Tea2	is	Kif22	(KID)	(Yates	et	al.	2016).		Kif22	is	a	plus	end	

directed	 motor,	 which	 has	 been	 found	 to	 bind	 to	 the	 mitotic	 spindle	 and	

chromosomal	DNA	(Tokai	et	al.	1996).	 	Kif22,	which	positively	regulates	polar	

ejection	 forces,	 and	 Kif18A,	 which	 regulates	 chromosome	 oscillations,	 work	

synergistically	 to	 confine	 chromosomes	 during	 metaphase	 and	 establish	 the	

metaphase	plate	(Stumpff	et	al.	2008;	Stumpff	et	al.	2012).		

	

Kif18B	also	shows	spatial	regulation.	Kif18B	disruption	results	in	longer	aMTs	

(Stout	et	al.	2011;	Marvin	E	Tanenbaum	et	al.	2011;	Walczak	et	al.	2016).		Kif18B	

RNAi	 increases	 the	 lifetime	 of	 aMTs	 in	 a	 spatially	 controlled	 manner.	 	 aMTs	

within	the	spindle	midzone	showed	the	least	increase	in	lifetime	compared	aMTs	

that	 grow	 towards	 the	 cell	 cortex	 (Walczak	 et	 al.	 2016).	 	 What	 causes	 this	

increase	 is	 not	 known,	 but	 it	 could	 be	 that	 aMTs	 that	 contact	 the	 cell	 cortex	

experience	alternative	regulation	not	experienced	by	those	which	do	not.		This	is	

reminiscent	of	the	way	S.	pombe	iMTs	are	differentially	regulated	upon	reaching	

the	cell	cortex	as	opposed	to	the	cell	side.	

	

In	multicellular	organisms,	spatial	regulation	of	MTs	could	be	applied	to	many	

cells	 of	 different	 sizes.	 	 Strictly	 length-dependent	 regulation	 would	 rely	 on	

changes	to	properties	such	as	kinesin	motor	speed,	and	MT	growth	and	shrinkage	
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rates	to	accommodate	cells	of	different	sizes.		A	spatial	regulatory	method	would	

only	require	maintenance	of	spatial	cues	such	as	the	cell	cortex	or	kinetochores.		

	

6.3	What	 is	 the	 signal	 causing	 the	Tea	 system	 to	 leave	

microtubules?	
	
Tea2	loss	from	iMTs	is	detected	10	s	before	unambiguous	shrinkage	is	detected.		

This	 loss	occurs	before	the	kinesin-8	complex	and	my	results	strongly	suggest	

that	this	 loss	is	required	for	kinesin-8	complex	induced	shrinkage	of	 iMT.	 	For	

this	to	be	true	there	must	be	a	spatially	controlled	signal	to	induce	the	loss	of	the	

Tea	 system.	 	 Tip1	 unloading	 appears	 to	 be	 the	 best	 candidate	 for	 a	 cell-end-

specific	signal.		In	Dtip1	cells,	iMTs	undergo	shrinkage	upon	interacting	with	the	

cell	 side,	 as	opposed	 to	 the	 cell	 end	 (Brunner	&	Nurse	2000).	 	Tip1	 is	 able	 to	

prevent	whatever	compressive	forces	are	generated	at	the	cell	side	from	inducing	

shrinkage.			

	

A	component	of	the	actin	cytoskeleton	is	required	for	Tip1	removal	from	the	plus	

end	of	iMTs.		Myo52	shows	unipolar	localisation	at	the	old	end	of	growing	cells	

until	new	end	take	off	(NETO)	occurs	(Motegi	et	al.	2001;	Win	et	al.	2001).		Myo52	

at	the	cell	ends	is	required	for	the	removal	of	Tip1	from	the	iMT	plus	end.		iMTs	

in	 cells	with	 a	myo52	mutant	 curl	 around	 cell	 ends,	 in	 a	manner	 superficially	

similar	 to	 kinesin-8	 complex	 (and	Tea1)	 deletion	 strains.	 	 In	 these	 cells,	 Tip1	

remains	bound	at	the	plus	ends	of	 iMTs	until	shrinkage	occurs,	but	 is	still	 lost	

preceding	 shrinkage.	 	 Tip1	 (and	 not	 Tea1	 and	 Tea2)	 localisation	 is	 partially	

depleted	 at	 the	 cell	 end	 in	Dmyo52	 strains	 (Martin-Garcia	 &	Mulvihill	 2009).		

Localisation	of	Myo52	at	the	cell	end	allows	for	spatial	control	of	this	removal.		

Tip1	 is	 ubiquitinated	 in	 vivo	 and	 it,	 along	 with	 Myo52,	 binds	 the	 ubiquitin	

receptor	Dph1.		Dph1	binding	targets	Tip1	for	degradation.		Ddhp1	also	results	in	

curly	iMTs	(Martin-Garcia	&	Mulvihill	2009).		In	the	future,	iMT	plus	end	dwell	

time	at	the	ends	of	such	cells	should	be	measured,	to	ensure	that	such	curly	iMTs	

are	not	the	result	of	a	widening	of	the	cell,	as	seen	in	Dtea1	cells	(Figures	5.14	

and	5.16).		Myo52	cannot	be	the	sole	factor	responsible	for	Tip1	unloading,	since	
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Tip1	cell	end	localisation	is	only	partially	depleted	in	Myo52	and	Tip	still	localises	

to	the	non-growing	end	(which	lacks	Myo52)	in	cdc10-v50	cells	that	arrest	pre-

NETO	(Martin-Garcia	&	Mulvihill	2009).		In	cells	lacking	the	kinesin-8	complex,	

iMTs	 still	 overgrow,	which	 suggests	 that	 either	Myo52	 removal	of	Tip1	 is	not	

sufficient	 for	 shrinkage,	 or	 that	 the	 removal	 of	 Tip1	 requires	 the	 kinesin-8	

complex.		In	Dmyo52	cells	Tip1	is	still	lost	preceding	shrinkage,	either	as	a	result	

of	stochastic	loss	of	the	plus	end	architecture	that	recruits	Tip1,	or	because	the	

kinesin-8	 complex	has	bound	 in	 sufficient	 amounts	 that	 it	 can	effectively	out-

compete	Tip1	for	plus	end	localisation.		In	Dtea2	cells	Tip1	fails	to	localise	to	the	

plus	 end	of	 iMTs	 and	 so	 the	 kinesin-8	 complex	 induces	 shrinkage	 once	 it	 has	

sufficiently	accumulated	to	destabilise	the	iMT	plus	end	(Browning	et	al.	2003).	

	

iMT	 shrinkage	 appears	 to	 be	 spatially	 induced,	 at	 growing	 ends,	 by	 Myo52	

dependent	removal	of	Tip1	at	cell	ends.		This	removal	is	possibly	facilitated	by	

the	kinesin-8	complex.		Once	Tip1	is	removed,	the	kinesin-8	complex	is	now	able	

to	induce	shrinkage	of	iMTs.		

	

The	robustness	of	this	system,	as	seen	in	wider	Dtea1	cells	which	still	display	wild	

type	dwell	times,	could	be	attributed	to	Myo52	localisation	at	cell	ends.		If	Myo52	

still	localises	to	cell	ends	in	Dtea1	cells	this	would	explain	why	dwell	times	are	

maintained	 in	wider	 cells.	 	 In	wider	 cells	 the	 compressive	 forces	 on	 iMTs	 are	

reduced,	 and	 so	 growth	 is	 not	 slowed,	 resulting	 in	 longer	 iMTs,	 but		

Myo52-dependent	Tip1	removal	still	 functions	with	the	same	kinetics.	 	Myo52	

localisation	 would	 be	 maintained	 in	 Dtea1	 cells	 by	 the	 Tea1-independent	

activation	of	Cdc42.		Mal3	transports	Moe1,	which	activates	Scd1	(a	Cdc42	GEF,	

which	then	activates	For3),	to	cell	ends	(Chen	et	al.	1999;	Chen	et	al.	2000;	Chang	

&	Martin	2009).	

	

As	 a	 result	 of	 these	 findings,	 and	 those	of	 this	 thesis	 I	 propose	 an	 “avalanche	

model”	 to	 explain	 iMT	 shrinkage	 in	 S.	 pombe	 (Figure,	 6.1).	 	 The	 iMT	 first	

nucleates	in	the	cytoplasm.		Soon	after	nucleation	Tea2,	Tip1	and	Tea1	(The	Tea	

complex),	in	a	Mal3	dependent	manner,	bind	to	the	plus	end	of	the	iMT.		As	the	

iMT	grows	towards	the	cell	end	a	dynamic	population	of	the	Tea	complex	remains	
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bound	at	the	plus	end	whilst	the	kinesin-8	complex	binds	in	a	length	dependent	

manner.		When	the	iMT	reaches	the	cell	end,	growth	is	slowed	by	compressive	

forces	 which	 help	 prevent	 iMT	 overgrowth,	 which	 would	 waste	 tubulin	 and	

increase	the	chances	of	mis-localisation	of	Tea1.		At	the	cell	end,	the	Tea	complex	

is	 removed	 through	 the	 Tip1	 interaction	with	Myo52;	 once	 removed	 the	 Tea	

complex	 remains	 stably	 bound	 at	 the	 cell	 end	 through	 Tea1	 interaction	with	

Mod5	and	Tea3.		With	the	stabilising	activities	of	Tea2/Tip1	removed	from	the	

iMT,	the	kinesin-8	complex	can	now	reach	the	iMT	plus	end	and	induce	shrinkage.	

The	kinesin-8	complex	is	then	steadily	lost	from	the	shrinking	iMT.	

	

This	model	could	be	tested	by	over	expressing	Klp5/Klp6	in	S.	pombe	cells	and	

measuring	 the	dynamics	of	Klp5/Klp6	accumulation	at	 iMT	plus	ends.	 	 If	over	

expression	increases	plus	end	accumulation	of	Klp5/Klp6	but	does	not	result	in	

premature	 iMT	 shrinkage	 it	 would	 add	 weight	 to	 the	 idea	 that	 Klp5/Klp6	

accumulation	 is	 not	 solely	 required	 for	 iMT	 shrinkage	 but	 a	 separate	 event	

occurring	 at	 cell	 ends	 is	 also	 needed.	 	 This	 model	 also	 predicts	 that	

Dmcp1Dmyo52	 cells	 would	 have	 dwell	 times	 longer	 than	 either	 of	 the	 single	

deletes	since	both	the	iMT	destabilising	factor	(kinesin-8	complex)	and	the	iMT	

destabilisation	signal	(Myo52	removal	of	Tip1)	are	missing	from	the	cell.	

	

This	 spatial	model	 is	 supported	by	 the	 result	 that,	 throughout	 this	 study,	 any	

changes	in	iMT	dwell	time	(as	a	result	of	gene	deletion)	did	not	correlate	with	

any	 changes	 to	 iMT	growth	or	 shrinkage	 rates.	 	These	 results	 suggest	 that,	 in	

terms	of	catastrophe,	the	speed	at	which	a	iMT	enters	or	leaves	the	cell	end	is	not	

important.		Adding	support	to	the	notion	that	the	cell	end	contains	specific	factors	

which	regulate	iMTs	once	they	reach	the	cell	end.		A	caveat	however	is	that	true	

iMT	growth	and	shrinkage	were	not	measured	during	this	study	since	only	the	

position	of	the	end	of	the	bundle	was	tracked.		It	is	unknown	how	much	sliding	

of	iMTs	within	the	bundle	or	what	the	accurate	position	of	the	iMT	bundle	minus	

end	was.		The	data	still	does	suggest	that	it	does	not	matter	how	a	iMT	plus	end	

enters	and	leaves	the	cell	end,	but	that	there	is	something	particular	about	the	

cell	end	which	controls	shrinkage.		
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The	 length-dependent	 accumulation	of	 the	 kinesin-8	 complex	 agrees	with	 the	

previously	 proposed	 antenna	 model	 (Varga	 et	 al.	 2009)	 but	 this	 model	 is	

insufficient	to	explain	 iMT	shrinkage	 in	vivo	which	requires	additional	cellular	

components.	

	

6.4	Control	of	cellular	width		
All	the	+TIPs	studied	in	this	thesis	increased	the	cell	width,	regardless	of	whether	

the	+TIP	stabilised	or	destabilised	iMTs	(Figure	5.20).		Also,	deletion	of	members	

of	the	same	complex	did	not	increase	width	in	the	same	manner;	Dklp5Dklp6	and	

Dklp5Dklp6Dmcp1	 cells	 were	 both	wider	 than	Dmcp1	 cells	 although	 they	 had	

identical	effects	on	iMT	dwell	times.		Cell	width	is	controlled	by	Cdc42,	a	GTPase	

that	regulates	actin	polymerisation	by	regulating	For3	 localisation	at	cell	ends	

and	preventing	 its	 autoinhibition	 (Martin	et	 al.	 2007).	 	 Cells	 lacking	Scd1	and	

Scd2	(a	scaffolding	protein	which	localises	Scd1	to	Cdc42	at	cell	tip)	(Chen	et	al.	

1999)are	wider	than	wild	type	cells	but	still	show	polarised	growth.		Scd1	and	

Scd2	localisation	to	cell	ends	is	removed	by	latrunculin,	an	actin	depolymerising	

agent	(Kelly	&	Nurse	2011).			

	

Klp5	 and	 Klp6	 bind	 Scd1	 and	 Cdc42.	 	 Double	 deletion	 of	 klp5	 and	 scd1,	 at		

36	 °C,	 results	 in	 mislocalisation	 of	 the	 actin	 ring	 during	 cytokinesis,	 and	

multinucleated	cells	(Li	&	Chang	2003).		The	interaction	between	Klp5/Klp6	Scd1	

and	Cdc42	may	be	required	for	cell	width	regulation.	
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Figure	 6.1	 Model	 for	 interphase	 microtubule	 shrinkage.	 1)	 interphase	

microtubule	(iMT)	nucleates	in	the	cytoplasm	and	the	Tea	complex	(Tea2,	Tea1	

and	Tip1)	binds	to	the	iMT	plus	end	in	a	Mal3	dependent	manner.		2)		As	the	iMT	

grows,	a	stable	population	of	the	Tea	complex	remains	bound	at	the	plus	end	as	

Klp5/Klp6/Mcp1	(the	kinesin-8	complex)	begins	to	bind.		3)	As	the	iMT	grows,	

the	kinesin-8	complex	accumulates	in	a	length	dependent	manner	at	the	plus	end.		

When	the	iMT	reaches	the	cell	end,	growth	is	slowed	by	compressive	forces.		4)		

At	the	plus	end,	the	Tea	complex	is	removed	by	Myo52	and	bound	to	the	cell	end	

through	Tea1	interactions.		The	kinesin-8	complex	can	now	reach	the	iMT	plus	

end	 and	 induce	 shrinkage.	 5)	 The	 kinesin-8	 complex	 is	 steadily	 lost	 from	 the	

shrinking	iMT.	
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	Tea2	and	Tea1,	are	regulate	cellular	polarity,	as	discussed	above.	Once	at	cell	

ends,	Tea1	recruits	Tea4	 (Tatebe	et	al.	2005).	 	The	Tea1/Tea4	complex	binds	

For3	to	help	localise	it	to	the	cell	tip	(Martin	et	al.	2005).		At	the	cell	tip	Cdc42	

binds	For3	and,	along	with	Bud6,	relieves	its	autoinhibition	and	facilitates	For3	

localisation	at	cell	ends	(Martin	et	al.	2007).		For3	nucleates	actin	filaments	and	

allows	for	growth	at	 the	new	cell	end	(Feierbach	&	Chang	2001;	Nakano	et	al.	

2002).	Tea	system	deletion	will	disrupt	actin	patch	formation,	which	will	reduce	

localisation	of	Scd1	since	Scd1	requires	the	presence	of	actin	to	localise	to	cell	

ends.		Reduction	of	Scd1	will	partially	mirror	Dscd1	resulting	in	the	partial	width	

increase.		Cells	do	not	reach	the	width	seen	in	Dscd1	cells	(between	~4	–	6	µm)	

because	of	Tea1	independent	Cdc42	activation;	Mal3	transport	of	Moe1	(which	

activates	Scd1)	to	cell	ends	(Chen	et	al.	1999;	Chen	et	al.	2000;	Chang	&	Martin	

2009).	 	Additional	evidence	 for	Tea1	 independent	width	control	are	 tea1D200	

mutants.	 	 Tea1D200	 protein	 localises	 to	 iMT	 plus	 ends	 but	 not	 to	 cell	 ends,	

suggesting	defects	in	polarity,	but	do	not	show	curly	MTs,	which	are	the	result	of	

wider	cells	(Behrens	&	Nurse	2002;	Foethke	et	al.	2009;	Figures	5.15	and	5.20).		

Whether	 these	 cells	 are	 the	 same	width	 as	wild	 type	 cells	 would	 have	 to	 be	

measured	to	confirm	this	hypothesis.	

	

tip1	deletion	did	not	increase	cellular	width.		It	may	be	that	in	cells	lacking	Tip1	

more	Moe1	is	able	to	bind	the	iMT	plus	end,	since	Moe1	no	longer	has	to	compete	

with	Tip1	for	Mal3	binding.		Increased	Moe1	localisation	to	iMT	plus	ends	might	

be	able	to	activate	sufficient	Scd1	to	maintain	the	correct	cell	width.			

	

Cdc42	is	also	activated	by	PP1	bound	to	Tea4,	which	promotes	recruitment	of	the	

GEF	 Gef1	 at	 cell	 tips	 and	 excludes	 Rga4	 (GTPase-Activating	 Protein)	 which	

deactivates	Cdc42	(Kokkoris	et	al.	2014).	 	This	PP1	dependence	would	explain	

width	caused	as	a	result	of	Tea	system	and,	possibly,	Klp5	and	Klp6	deletion	(if	

Klp5	and	Klp6	do	bind	PP1	at	interphase	(Meadows	et	al.	2011).	

	

The	control	of	cell	width,	in	the	future,	should	be	measured	in	the	context	of	total	

cell	volume	or	cell	surface	area.		S.	pombe	cells	have	been	shown	to	divide	at	a	

particular	 cell	 surface	area	 (Pan	et	 al.	 2014).	 	 It	 should	be	 investigated	 in	 the	
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future	whether	the	change	in	width	is	altering	entry	into	mitosis,	or	the	cells	are	

maintaining	a	wild	type	surface	area	even	with	altered	width.	

	

Accumulation	of	the	kinesin-8	complex	(and	Tea2)	could	also	be	probed	to	see	if	

it	correlates	with	cell	volume.	 	If	 it	does	not,	 it	would	mean	that	protein	levels	

either	correlate	with	cell	volume	or	are	in	excess	such	that	changes	in	volume	

during	the	cell	cycle	do	not	matter.		

	

6.5	 Why	 do	 microtubules	 continually	 revisit	 the	 cell	

end?	
iMT	growth	to	cell	ends	is	required	to	position	the	cell	nucleus	in	S.	pombe.		The	

iMT	pushing	against	the	cell	tip,	as	it	grows,	generates	the	force	required	to	move	

the	nucleus.	The	time	at	the	cell	tip	has	to	be	controlled	to	prevent	too	much	or	

too	little	pushing.		The	amount	also	has	to	be	the	same	at	both	ends	of	the	cell	

(Tran	et	al.	2001).		The	position	of	the	nucleus	is	required	to	establish	the	site	of	

cellular	division	through	the	localisation	of	proteins	such	as	Mid1	(Chang	&	Nurse	

1996;	Paoletti	&	Chang	2000).	

	

Dynamic	 instability	 allows	MTs	 to	 act	 as	 sensory	 organs,	 to	 find	 and	 capture	

kinetochores	and	 to	 find	cell	 ends	 in	S.	pombe.	The	 iMT	grows	 to	 the	 cell	 end	

where	it	pauses	to	allow	for	delivery	of	Tea1,	which	is	required	to	establish	new	

sites	 of	 polarised	 growth.	 	 Once	 Tea1	 has	 been	 delivered,	 the	 iMT	 no	 longer	

serves	a	purpose	and	 so	undergoes	 shrinkage	quickly.	 	 Shrinkage	occurs	10	 s	

after	 Tea2,	which	 delivers	 Tea1,	 is	 lost	 from	 the	 iMT	 (Figure	5.2).	 Shrinkage	

produces	 free	 tubulin	 allowing	 for	 another	 round	of	 iMT	 growth	 and	 another	

Tea1	 delivery.	 	 Tea2,	 serving	 as	 both	 the	 stabilisation	 factor	 and	 the	 delivery	

system	 of	 Tea1,	 allows	 for	 polarity	 establishment	 to	 immediately	 signal	 iMT	

shrinkage.	

	

Double	deletion	mutants	of	tea2	(or	tip1)	and	mcp1	had	iMT	dwell	times	which	

were	 not	 as	 long	 as	 wild	 type,	 but	 longer	 than	 tea2	 (or	 tip1)	 single	 deletion	

mutants	(Figures	5.7	and	5.9).		This	suggests	that	Tea2	and	Tip1	have	intrinsic	
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roles	 in	 iMT	stability,	 independent	of	opposing	 the	kinesin-8	complex.	 	 It	may	

have	been	in	the	evolutionary	past	that	the	loss	of	Tea2	(and	Tip1),	and	the	loss	

of	 their	 stabilising	 activity,	 from	 the	 iMT	 plus	 end	 was	 sufficient	 to	 induce	

shrinkage.	 The	 role	 of	 the	 kinesin-8	 complex	 in	 inducing	 shrinkage	may	have	

evolved	later	to	induce	shrinkage	more	rapidly,	thus	making	the	delivery	of	the	

polarity	signal	more	efficient.		
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Abbreviations		

AAA	 	 	 ATPases	Associated	with	various	cellular	Activities	

ADP	 	 	 Adenosine	diphosphate	

aMT	 	 	 Astral	microtubule		

APC/C		 	 Anaphase-Promoting	Complex	 	

ATP	 	 	 Adenosine	triphosphate	

BBM	 	 	 Bovine	brain	microtubules	

C.	elegans	 	 Caenorhabditis	elegans	

D.	melanogaster	 Drosophila	melanogaster	

E.	coli	 	 	 Escherichia	coli		

ECL	 	 	 Enhanced	chemiluminescence	

EMMG		 	 Edinburgh	minimal	media	with	glutatmate		

eMTOC	 	 equatorial	microtubule	organising	centre		

g-TuC	 	 	 g-tubulin	complex		

g-TuSC		 	 g-tubulin	small	complex	

GAP	 	 	 GTPase	activating	protein		

GDP	 	 	 Guanosine	disphosphate	

GFP	 	 	 Green	fluorescent	protein		

GMPCPP	 	 guanylyl	5′-α,β-methylenediphosphonate	

GTP	 	 	 Guanosine	triphosphate	

iMT	 	 	 interphase	microtubule		

IPTG	 	 	 Isopropyl	β-D-1-thiogalactopyranoside	

kMT	 	 	 kinetochore	microtubule		

LB	 	 	 Lysogeny	broth		

MAP	 	 	 Microtubule	associated	protein		

MT	 	 	 Microtubule	

MTOC	 	 	 Microtubule	organising	centre	

NEBD	 	 	 Nuclear	envelope	breakdown		

NETO	 	 	 New	end	take	off		

OD	 	 	 Optical	density		

PAA	 	 	 Post	anaphase	array		
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PBM	 	 	 Porcine	brain	microtubule		

PCR	 	 	 Polymerase	chain	reaction		

Pi	 	 	 Inorganic	phosphate		

S.	cerevisiae		 	 Saccharomyces	cerevisiae	

S.	pombe	 	 Schizosaccharomyces	pombe	

SDS-PAGE	 	 sodium	dodecyl	sulfate	polyacrylamide	gel	electrophoresis	

SPB	 	 	 Spindle	pole	body		

TAE		 	 	 Tris	base,	acetic	acid,	EDTA	

X.	laevis		 	 Xenopus	laevis	

YEA	 	 	 YES	agar	

YES	 	 	 Yeast	extract	plus	supplements		
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