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Abstract	

Wiskott-Aldrich	 Syndrome	 protein	 (WASP)	 is	 defective	 in	 Wiskott-Aldrich	

Syndrome,	 an	 inherited	 immunodeficiency	 disorder.	WASP	promotes	 assembly	

of	 branched	 actin	 filaments	 and	 functions	 in	 a	 complex	with	WASP-interacting	

protein	(WIP).	Both	proteins	are	proline-rich	and	bind	the	Src-homology	3	(SH3)	

domains	of	several	other	cytoskeletal	proteins	to	facilitate	signaling	to	the	actin	

cytoskeleton.	 The	 yeast	 Saccharomyces	 cerevisiae	 has	 an	 actin	 cytoskeleton	

similar	to	mammalian	cells	and	the	homologues	of	WASP	and	WIP	in	S.	cerevisiae	

are	 Las17p	 and	 Vrp1p.	 In	 yeast,	 Vrp1p	 binds	 the	 SH3	 domain	 of	 Hof1p,	 a	 key	

regulator	of	the	yeast	cytoskeleton,	and	this	binding	promotes	cytokinesis	while	

a	lack	of	Vrp1p	inhibits	cytokinesis.		

This	 study	 investigates	 the	 possibility	 that	 the	 interaction	 between	Vrp1p	 and	

the	Hof1p	SH3	domain	has	been	conserved	in	humans.	This	study	proposes	that	

human	WIP,	which	 is	known	to	 function	 in	yeast	cells	 lacking	Vrp1p,	binds	 the	

yeast	Hof1p	SH3	domain	through	proline-rich	motifs	and	thereby	counteracts	an	

inhibitory	effect	of	the	unbound	yeast	Hof1p	SH3	domain	on	cytokinesis.		

It	was	 found	 that	 the	 yeast	Hof1p	 SH3	domain	 interacts	with	 two	proline-rich	

motifs	 (PRMs)	 in	 the	 C-terminus	 of	 human	WIP.	 Yeast	 two-hybrid	 interaction	

tests	 and	 in	 vitro	 pull-down	 assays	 both	 confirmed	 the	 motif	 PRM1	

(PATPQLPSRS)	as	one	of	the	interaction	sites.	More	yeast	two-hybrid	interaction	

tests	revealed	the	second	PRM	(PRM2)	mediating	interaction	to	be	PPPPPSTS,	a	

PRM	 that	 has	 been	 previously	 reported	 to	 be	 required	 for	 the	 rescue	 of	

cytoskeletal	defects	 in	yeast	cells	 lacking	Vrp1p.	However,	 this	result	could	not	

be	 confirmed	 in	 in	 vitro	 pull-down	 assays.	 The	 other	 PRM	 essential	 for	

interaction	between	 the	C-terminus	of	human	WIP	and	 the	Hof1p	SH3	domain	

was	found	to	be	PRM3	(PPLPPIPR),	which	is	located	at	the	extreme	C-terminus	of	

human	WIP.		

Unexpectedly,	 yeast	 cells	 lacking	 Vrp1p	 but	 expressing	 mutated	 full-length	

human	WIP	 lacking	 PRM1	 and	 PRM2	 or	 PRM1	 and	 PRM3	 did	 not	 exhibit	 any	

cytoskeletal	defects	at	elevated	 temperatures	(a	stress	condition).	A	yeast	 two-

hybrid	 interaction	 test	 with	 these	 mutated	 full-length	 human	 WIP	 constructs	

revealed	that,	despite	the	deletion	of	the	PRMs	in	the	C-terminus	of	human	WIP	
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mediating	Hof1p	 SH3	 domain	 interaction,	 the	 full-length	WIP	 protein	was	 still	

able	to	interact	with	the	Hof1p	SH3	domain.		

This	study	provides	evidence	that	the	interaction	between	Vrp1p	and	the	Hof1p	

SH3	domain	 in	yeast	has	been	conserved	 in	humans.	Two	PRMs	were	 found	 in	

the	C-terminus	of	human	WIP	that	mediate	interaction	with	the	yeast	Hof1p	SH3	

domain.	Further,	 the	human	homologue	of	Hof1p,	PSTPIP1,	 interacted	with	 the	

same	C-terminal	fragment	of	human	WIP	in	the	yeast	two-hybrid	interaction	test	

demonstrating	that	a	similar	mechanism	exists	in	humans.		

In	 the	 absence	 of	 WIP,	 the	 unbound	 SH3	 domain	 of	 Hof1p	 (or	 PSTPIP1	 in	

humans)	 might	 be	 the	 cause	 cytoskeletal	 defects	 possibly	 contributing	 to	

Wiskott-Aldrich	 Syndrome.	 The	 results	 of	 this	 study	 help	 in	 revealing	 the	

mechanisms	 of	 cytoskeletal	 rearrangement	 in	 the	 yeast	 model	 allowing	 us	 to	

unravel	similar	mechanisms	in	humans	in	the	future.	
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1 Background and Hypothesis 

1.1 Actin polymerisation in the eukaryotic cell 

1.1.1 The cell division cycle, the actin cytoskeleton and actin 
polymerisation 

The	 concept	 of	 the	 continuity	 of	 life	 was	 proposed	 in	 1858	 by	 the	 German	

pathologist	 Rudolf	 Virchow,	 whose	 work	 brought	 more	 science	 to	 medicine:	

“Where	a	cell	arises,	there	must	be	a	previous	cell,	just	as	animals	can	only	arise	

from	animals	and	plants	from	plants.”	The	cell	cycle	is	an	essential	mechanism	by	

which	all	living	cells	reproduce	and	leads	to	the	duplication	of	one	cell.		

The	two	major	phases	of	cell	division	in	eukaryotic	cells	comprise	interphase	and	

M	 phase	 (M	 for	 mitosis).	 During	 interphase,	 the	 cell	 grows	 and	 accumulates	

nutrients	required	 for	mitosis.	Then,	 the	duplication	of	all	 chromosomes	 in	 the	

cell	during	S-Phase	(S	for	Synthesis)	is	followed	by	another	period	of	cell	growth.	

Mitosis	 initiates	 and	 progresses	 the	 duplication	 of	 the	 cell	 by	 dividing	 the	

nucleus	and	moving	one	copy	of	each	chromosome	to	opposite	poles	in	the	cell	

where	 two	 intact	 nuclei	 are	 reformed.	 Mitosis	 is	 followed	 by	 cytokinesis,	 the	

actual	division	of	the	cytoplasm	into	two	separate	cells	with	separate	nuclei	and	

organelles	(Alberts,	2002;	Smith	&	Martin,	1973).		

Cytoplasmic	division	 is	driven	by	 the	assembly	and	contraction	of	a	contractile	

ring	 located	at	 the	mid-point	of	 the	cell.	This	contractile	 ring	 is	made	of	 	 (non-

muscle)	myosin	II	and	actin	filaments	and	is	called	the	actomyosin	ring.	Initiating	

during	the	 late	states	of	mitosis	with	the	contractile	system	located	at	the	mid-

point	 of	 the	 cell,	 cytokinesis	 is	 a	 spatially	 and	 temporally	 regulated	 process	

(Fishkind	&	Wang,	1995;	Rappaport,	1996;	Satterwhite	&	Pollard,	1992).	

The	 spatiotemporal	 reorganisation	 of	 the	 cell	 that	 accompanies	 cell	 division	 is	

mediated	by	the	actin	cytoskeleton,	a	highly	dynamic	and	complex	framework	of	

the	 cell.	 Consisting	 of	 structural	 and	 signaling	 proteins,	 the	 actin	 cytoskeleton	

regulates	 fundamental	 processes	 in	 the	 cell	 such	 as	 cell	 migration,	 cell	

proliferation,	 immune	cell	 functions	and	nerve	transmission	(Mattila,	Batista,	&	

Treanor,	 2016;	 Witte	 &	 Bradke,	 2008).	 Many	 pathological	 conditions	 such	 as	
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autoimmune	disorders	and	metastatic	cancer	arise	from	a	dysregulation	of	

the	 actin	 cytoskeleton	 (Fife,	 McCarroll,	 &	 Kavallaris,	 2014;	 Yamaguchi	 &	

Condeelis,	 2007).	 The	 mammalian	 cytoskeleton	 consists	 of	 microfilaments,	

intermediate	 filaments	 for	 structural	 support	 and	 dynamic	 microtubules	 that	

play	a	key	role	 in	 intracellular	 transport.	Actin	microfilaments	are	nucleated	 in	

the	 cell	 by	 an	 actin	 filament	 nucleation	machine	 as	 described	 in	 the	 following	

section.	

1.1.2 Actin filament nucleation by the Arp2/3 complex 

Actin	is	a	globular	42	kDa	protein.	In	the	eukaryotic	cell,	actin	bundles	and	actin	

networks	are	the	most	common	arrangements	of	actin	filaments	(Alberts,	2002).	

Actin	 exists	 in	 a	 dynamic	 equilibrium	 between	 two	 states,	 monomer	 and	

filamentous	 polymer.	 Actin	 filaments	 (F-actin)	 are	 nucleated	 from	 globular	

monomeric	actin	subunits	 (G-actin)	and	a	key	nucleator	 for	 the	branched	actin	

filament	 network	 is	 the	 seven-subunit	 actin-related	 protein	 2/3	 (Arp2/3)	

complex	(Rotty,	Wu,	&	Bear,	2013).	Study	of	the	Arp2/3	complex	in	vivo	has	been	

difficult	as	dysfunction	of	 the	Arp2/3	complex	 is	accompanied	by	high	 lethality	

in	model	organisms	such	as	mice	and	yeast	(Schwob	&	Martin,	1992).		

In	eukaryotic	cells	actin	 is	assembled	 into	polar,	double-helical	 filaments.	Actin	

assembly	 occurs	 from	 “head	 to	 tail”	 (from	 the	 pointed	 to	 the	 barbed	 end)	

(Pollard	&	Borisy,	2003),	with	ATP-actin	subunits	being	added	to	the	barbed	end.	

The	Arp2/3	complex	functions	by	presenting	a	template	for	actin	assembly	in	the	

form	 of	 two	 actin-like	 subunits	 Arp2	 and	 Arp3	 (Goley	 &	 Welch,	 2006).	 Actin	

polymerisation	 by	 the	 Arp2/3	 complex	 is	 rather	 slow,	 amongst	 other	 reasons	

because	of	the	instability	of	initially	nucleated	actin	dimers.		

Branched	actin	is	then	produced	by	polymerising	new	filaments	attached	at	a	70°	

angle	 to	 the	 sides	 of	 existing	 actin	 filaments.	 In	 mammalian	 cells,	 the	 Arp2/3	

complex	 and	 F-actin	 are	 located	 at	 sites	 where	 rearrangement	 of	 the	 actin	

cytoskeleton	 is	 required	 to	 allow	 for	 processes	 such	 as	 uptake	 of	 particles	 or	

fluids	into	the	cell,	to	facilitate	cell	migration,	cell-to-cell	contact	or	intracellular	

transport	 (Rotty	et	 al.,	 2013).	Therefore,	 as	depicted	 in	Figure	1-1,	 the	Arp2/3	

complex	is	located	at	the	leading	edge	of	migrating	cells,	at	adherence	junctions,	

phagosomes	 (predominantly	 in	 immune	 cells),	 endosomes,	 lamellipodia,	
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filopodia,	 invadopodia	 and	 podosomes	 (for	 cell	 invasion	 and	 matrix	

degradation).		

	
Figure	1-1	Cellular	functions	of	the	Arp2/3	complex.	Localisation	of	the	Arp2/3	

complexes	 (blue	 dots)	 and	 branched	 actin	 (red)	 in	 the	 eukaryotic	 cell	 and	

cellular	 processes	 they	 are	 associated	with.	 Image	 obtained	 from	 (Rotty	 et	 al.,	

2013).		

1.1.3 Mediators of cytoskeletal reorganisation in humans 

The	 process	 of	 actin	 filament	 nucleation	 is	 greatly	 enhanced	 by	 nucleation	

promoting	factors	(NPFs)	that	bind	to	and	activate	the	Arp2/3	complex.	Arp2/3	

NPFs	bind	to	the	Arp2/3	complex	as	well	as	to	G-	or	F-actin	and	are	divided	into	

two	subclasses,	Type	I	and	Type	II.	Type	I	NPFs	feature	a	characteristic	verprolin	

homology	 (V)	 or	WASP-homology	2	 (WH2)	domain,	 a	 cofilin	 homology	 and	 an	
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acidic	 domain.	 The	 verprolin	 homology	 actin-binding	 domain	 consists	 of	

three	conserved	motifs	that	bind	G-actin	and	is	also	know	as	a	WH2	domain.	The	

cofilin	 homology	 (C)	 and	 acidic	 domains	 (A)	 allow	 for	 binding	 to	 the	 Arp2/3	

complex.	Type	I	NPFs	include	the	Wiskott-Aldrich	Syndrome	protein	(WASP)	and	

neural	WASP	(N-WASP).	Type	II	NPFs	do	not	comprise	complete	VCA	domains,	

but	bind	to	the	Arp2/3	complex	via	N-terminal	acidic	domains	and	bind	F-actin	

via	tandem	repeat	domains.	The	WH2	domains	of	WASP	and	N-WASP	are	known	

to	 bind	 to	 the	 Arp2/3	 complex	 GTPase	 and	 induce	 actin	 filament	 nucleation	

usually	triggered	by	binding	through	their	GTPase-binding	domain	(Kim,	Kakalis,	

Abdul-Manan,	 Liu,	&	Rosen,	 2000;	Machesky	&	 Insall,	 1998;	Marchand,	 Kaiser,	

Pollard,	&	Higgs,	 2001;	Rohatgi	 et	 al.,	 1999).	One	 (WASP)	or	 two	 (N-WASP)	C-

terminal	WH2	domains	of	WASP	bind	G-actin,	while	an	N-terminal	WH1	domain	

mediates	 interaction	 with	 WASP-interacting	 protein	 (WIP),	 thereby	 activating	

the	 Arp2/3	 complex.	 Further,	 WIP	 stabilises	 WASP	 and	 N-WASP	 and	 may	 be	

important	for	their	function	(de	la	Fuente	et	al.,	2007).		

WIP	 co-immunoprecipitates	 with	 WASP	 from	 lymphocytes	 and	 was	 first	

identified	as	a	binding	partner	of	WASP	in	the	yeast	two-hybrid	system	(Ramesh,	

Anton,	 Hartwig,	 &	 Geha,	 1997).	 WASP,	 N-WASP	 and	 WIP	 contain	 conserved	

proline-rich	domains	that	bind	signal	transduction	proteins	with	Src	homology	3	

(SH3)	 domains,	 suggesting	 that	 they	 are	 a	 link	 between	 signal	 transduction	

pathways	and	the	cytoskeleton	(Featherstone,	1997).		

In	 humans,	 WIP	 is	 broadly	 expressed	 and	 regulates	 actin	 polymerisation	 and	

spatial	 organisation	 of	 the	 actin	 cytoskeleton	 in	 many	 different	 cell	 types,	

including	haematopoietic	cells	and	neurons.	WASP	is	encoded	by	a	gene	on	the	X-

chromosome	and	is	expressed	exclusively	in	hematopoietic	cells	such	as	T-cells,	

B-cells,	 macrophages,	 neutrophils,	 and	 platelets.	 WASP	 contains	 various	

functional	domains	 involved	 in	signal	 transduction	that	 influence	both	 immune	

cell	activation	and	also	actin	cytoskeleton	organisation	(Badour	et	al.,	2003).		

Inherited	 mutations	 in	 WASP	 are	 the	 cause	 of	 Wiskott-Aldrich	 Syndrome,	 an	

immunodeficiency	 in	 which	 WASP	 and	 WIP	 interaction	 is	 defective	 (Stewart,	

Tian,	&	Nelson,	1999).	These	mutations	affect	T-cell	 function	as	 the	T-cells	 are	

unable	 to	 be	 activated	 by	 Antigen	 Presenting	 Cells	 (Molina,	 Kenney,	 Rosen,	 &	

Remold-O'Donnell,	 1992).	Wiskott-Aldrich	 Syndrome	 (WAS)	 is	 associated	with	
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blood	 clotting	 defects,	 immunodeficiency	 and	 an	 elevated	 incidence	 of	

lymphoma.	Defects	reported	in	hematopoietic	cells	include	enhanced	apoptosis,	

defective	 differentiation	 and	 morphological	 abnormalities.	 Current	 treatment	

options	 are	 limited	 and	 are	 based	 on	 correcting	 symptoms	 by	 platelet	

transfusions,	 splenectomy	 or	 intravenous	 immunoglobulins.	 To	 date,	

hematopoietic	stem	cell	 transplant	 is	 the	only	hope	of	cure	 for	Wiskott-Aldrich	

Syndrome	 patients	 but	 remains	 problematic	with	 severe	 risks	 and	 side	 effects	

(Badour	et	al.,	2003;	Boztug,	Dewey,	&	Klein,	2006).		

It	 was	 recently	 found	 that	 N-WASP	 and	 WIP	 might	 be	 involved	 in	 the	

development	 and	 pathology	 of	 cancer	 as	 cancer	 cells	 invade	 the	 extracellular	

matrix	by	using	actin-rich	structures	called	invadopodia	(Poincloux,	Lizarraga,	&	

Chavrier,	 2009).	 Formation	 of	 invadopodia	 is	 triggered	 by	 epidermal	 growth	

factor	signaling	(EGF)	which	then	recruits	the	WIP-N-WASP	complex	to	sites	of	

invadopodium	formation	(Yamaguchi	et	al.,	2005).	

N-WASP	 is	 a	 ubiquitously	 expressed	 paralogue	 of	WASP	 and	 is	 encoded	 by	 an	

autosomal	gene.	N-WASP	mediates	actin	dynamics	during	filopodia	formation	in	

the	submembrane	cortex	and	therefore	plays	crucial	roles	in	axonal	growth	cone	

motility,	 axon	outgrowth	and	guidance	 (Argiro,	Bunge,	&	 Johnson,	1984,	1985;	

You	&	Lin-Chao,	2010).	Mutations	of	N-WASP	are	not	yet	 reported,	however,	 a	

severe	reduction	in	N-WASP	expression	is	linked	to	breast	cancer	metastasis	and	

mortality	(Martin,	Pereira,	Watkins,	Mansel,	&	Jiang,	2008).		

WASP/N-WASP	 proteins	 are	 recruited	 and	 activated	 by	 binding	 to	 the	 Src	

homology	 3	 (SH3)	 domains	 of	 Fes-CIP4	 homology-Bin1/Amphiphysin/Rvs167	

domain	 (F-BAR)	 proteins.	 An	 F-BAR	 protein	 involved	 in	 cytoskeletal	

reorganisation	 in	 humans	 is	 proline-serine-threonine-phosphatase-interacting	

protein	 1	 (PSTPIP1),	 an	 adaptor	 protein	 predominantly	 expressed	 in	

haematopoietic	 cells.	 F-BAR	 proteins	 function	 in	 transforming	 lipid	 bilayer	

membranes	 into	 tubules,	 a	 process	 required	 for	 e.g.	 cytokinesis,	 cell	 motility,	

endocytosis	 and	 exocytosis	 (Tanaka-Takiguchi	 et	 al.,	 2013)	 and	 harbour	 SH3	

domains	at	their	C-termini	that	bind	short	linear	target	sequences	that	typically	

are	proline-rich.	SH3	domains	are	known	to	mediate	protein-protein	interactions	

and	are	known	to	play	a	role	in	direct	cell	compartmentalisation	(Bar-Sagi,	Rotin,	

Batzer,	Mandiyan,	&	Schlessinger,	1993;	Koch,	Anderson,	Moran,	Ellis,	&	Pawson,	
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1991).		

The	SH3	domains	of	F-BAR	proteins	bind	to	Arp2/3	NPFs	and	therefore	have	the	

potential	to	influence	assembly	of	branched	actin	filaments	(Takano,	Toyooka,	&	

Suetsugu,	2008).	PSTPIP1	 is	 involved	 in	 cytoskeletal	 reorganization,	 in	part	by	

interacting	 with	 protein	 tyrosine	 phosphatase	 PEST	 (PTP-PEST)	 and	 WASP	

(Badour	et	al.,	2003).		

Due	 to	 the	 conservation	 of	 the	 actin	 cytoskeleton	 during	 evolution,	 proteins	

homologous	 to	 these	mediators	 of	 cytoskeletal	 reorganisation	 exist	 in	 Baker’s	

yeast,	Saccharomyces	cerevisiae.		

1.1.4 Formins–additional proteins that regulate actin nucleation and 
polymerization 

Formins	 are	 components	 of	 the	 actin	 cytoskeleton	 that	 regulate	 cytoskeletal	

reorganization	and	cell	polarity.	Mutation	of	the	genes	encoding	formins	causes	

defects	 in	 cell	 polarity,	 cytokinesis	 and	 cell	 morphogenensis	 in	 yeast	 and	 in	

mammals	 (Breitsprecher	 &	 Goode,	 2013).	 This	 suggests	 that	 formins	 share	

mechanisms	 conserved	 from	 yeast	 to	 mammals.	 The	 yeast	 Saccharomyces	

cerevisiae	contains	two	formins	while	there	are	15	different	 family	members	of	

formins	 in	humans	(Baarlink,	Brandt,	&	Grosse,	2010).	Studies	 in	yeast	suggest	

that	some	actin	structures	are	nucleated	independently	of	the	Arp2/3	complex.	

In	fact,	it	has	been	shown	that	the	formin	homology	2	domain	(FH2)	domains	of	

the	 yeast	 formin	 Bni1p	 is	 sufficient	 to	 nucleate	 actin	 filaments	 in	 vitro	

(Evangelista,	Pruyne,	Amberg,	Boone,	&	Bretscher,	2002;	Pruyne	et	al.,	2002).	

The	 N-terminal	 key	 domains	 of	 formins	 are	 the	 highly	 conserved	 formin	

homology	1	(FH1)	and	FH2	domains	(Breitsprecher	&	Goode,	2013)	and	the	C-

terminal	 domains	 may	 comprise	 Dia-autoregulatory	 (DAD)	 domains	 and/or	

Wiskott-Aldrich	 Syndrome	 homology	 region	 2	 (WH2)-like	 domains.	

Intramolecular	binding	of	the	N-terminal	GTPase-binding	(GTP)	domain	to	the	C-

terminal	DAD	domain	causes	formins	to	be	in	an	inactive,	auto-inhibitory	state.	

The	 formin	 is	 activated	 by	 the	 N-terminal	 binding	 of	 Rho	 family	 GTPases,	 a	

family	of	signaling	proteins	known	to	regulate	actin	dynamics	(Alberts,	2001).		

The	exact	mechanism	by	which	formins	promote	actin	nucleation	and	elongation	

is	still	unknown.	The	proposed	mechanism	on	the	basis	of	in	vitro	studies	is	that	
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formins	nucleate	actin	filaments	by	stabilizing	actin	dimers	and	trimers	that	

occur	spontaneously	(Pring,	Evangelista,	Boone,	Yang,	&	Zigmond,	2003).	 It	has	

been	 shown	 in	vivo,	 though,	 that	 the	 C-terminus	 of	 formins	 requires	 the	 actin-

binding	protein	profilin	to	nucleate	actin	(Gould	et	al.,	2011;	Heimsath	&	Higgs,	

2012).	After	the	nucleation	of	 the	actin	 filament,	 the	FH2	domain	of	 the	 formin	

moves	along	the	growing	end	(the	barbed	end)	of	the	actin	filament	adding	actin	

monomers.		

Formins	are	part	of	many	signaling	pathways	such	as	Cytokinesis,	cell	polarity.	

An	 extensive	 table	 about	 formins	 and	 their	 functions	 has	 been	 published	 by	

Evangelista	et	al.	2003.	The	proline-rich	FH1	domain	of	formins	is	known	to	bind	

to	SH3	domains,	maybe	suggesting	a	role	for	the	SH3	domain	in	the	regulation	of	

conserved	signaling	pathways	through	the	actin	cytskeleton	(Kamei	et	al.,	1998;	

Tong	et	al.,	2002;	Vallen,	Caviston,	&	Bi,	2000).	Much	of	our	knowledge	about	cell	

polarity	and	actin	dis-	and	reassembly	is	derived	from	the	studies	of	Bni1p	and	

Bni1r	 in	 yeast	 (Pruyne	 et	 al.,	 2002;	 Sagot,	 Rodal,	 Moseley,	 Goode,	 &	 Pellman,	

2002).	 While	 the	 FH1	 and	 FH2	 domains	 of	 formins	 are	 highly	 conserved	

(Castrillon	&	Wasserman,	1994),	it	is	currently	not	known	if	mammalian	formins	

and	yeast	formins	share	common	mechanisms	

1.1.5 The role of mammalian PSTPIP1 in mammalian actin 
polymerisation, cytoskeletal reorganization and in WAS 

PSTPIP1	 or	 CD2-binding	 protein	 1	 (CD2BP1)	was	 discovered	 as	 a	 protein	 that	

binds	to	PTP-PEST	using	the	yeast	two-hybrid	system	(Li	et	al.,	1998;	Spencer	et	

al.,	1997).	A	schematic	diagram	of	the	domain	structure	of	PSTPIP1	is	depicted	in	

Figure	1-2.	
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Figure	 1-2:	 Schematic	 diagram	of	 the	 domain	 structure	 of	 the	 human	PSTPIP1	

protein.	

	

PSTPIP1	comprises	an	N-terminal	F-BAR	domain,	a	cdc15-like	domain	(cdc15	is	

a	 homologue	 of	 mammalian	 PSTPIP1	 in	 fission	 yeast	 S.	 pombe),	 a	 Proline,	

Glutamate,	Serine,	Threonine-rich	(PEST)	motif	and	a	C-terminal	SH3	domain.	

In	humans,	two	missense	mutations	in	the	coiled-coil	domain	of	PSTPIP1	are	the	

cause	of	Pyogenic	arthritis,	pyoderma	gangrenosum	and	acne	(PAPA	syndrome),	

an	autosomal-dominant	disorder	leading	to	destructive	inflammation	of	the	skin	

and	joints	(Wise	et	al.,	2002).		

Endogenous	PSTPIP1	localises	with	F-actin	in	the	cortical	actin	cytoskeleton	and	

lamellipodia	and	relocalises	to	the	cleavage	furrow	during	cytokinesis	(Spencer	

et	 al.,	 1997).	Overexpression	 of	 PSTPIP1	 in	mouse	 fibroblasts	 causes	 extended	

filopodia,	 suggesting	 a	 role	 of	 PSTPIP1	 in	 actin	 polymerisation	 (Spencer	 et	 al.,	

1997).	Moreover,	 PTP-PEST-deficient	 fibroblasts	 exhibit	 hyperphosphorylation	

of	 PSTPIP1	 and	 a	 cytokinetic	 defect,	 supporting	 a	 function	 of	 PSTPIP1	 in	

cytokinesis	 in	 mammalian	 cells	 and	 a	 possible	 inhibitory	 effect	 of	

phosphorylated	PSTPIP1	(Angers-Loustau	et	al.,	1999;	Cote	et	al.,	2002).	

The	 murine	 homologue	 of	 human	 PSTPIP1	 induces	 filopodia	 formation	 and	

colocalises	 with	 other	 actin-rich	 structures	 such	 as	 the	 cortical	 actin	

cytoskeleton	and	lamellipodia	in	3T3	cells.	During	cytokinesis	PSTPIP1	migrates	

to	the	cleavage	furrow.	These	findings	suggest	a	function	in	cell	polarization	and	

actin-polymerisation	driven	processes	(Cote et al., 2002; Spencer et al., 1997; Wu, 

Spencer, & Lasky, 1998).		

When	 overexpressed	 in	 S.	 pombe,	 human	 PSTPIP1	 inhibits	 cytokinesis.	 As	 a	

consequence,	 many	 of	 the	 cells	 become	 elongated.	 They	 do	 form	 septa	 after	

mitosis,	but	these	are	not	cleaved,	resulting	in	elongated	cells	each	with	multiple	
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septa	 and	 one	 nucleus	 in	 each	 segment	 (Spencer	 et	 al.,	 1997).	 PSTPIP1	

accumulates	at	the	cleavage	furrow	of	postmitotic	S.	Pombe	cells	and	at	the	ends	

of	 post-cleavage	 cells	 where	 it	 colocalises	 with	 cortical	 actin	 (Spencer	 et	 al.,	

1997).			

The	PSTPIP1	SH3	domain	binds	to	WASP	(Wu	et	al.,	1998)	and	this	binding	was	

shown	 to	 negatively	 regulate	 the	 F-actin	 bundling	 activity	 of	WASP	 (Wu	 et	 al.,	

1998).	To	investigate	how	this	interaction	is	regulated,	a	conserved	tyrosine	367	

in	the	SH3	domain	of	murine	PSTPIP1	was	mutated	to	aspartate	or	glutamate	to	

mimic	 a	 negatively-charged	 phosphate	 group	 and	 this	 mutation	 abolished	

interaction	with	WASP	in	 in	vitro	protein	binding	assays	and	also	abolished	co-

localisation	 of	 FLAG-tagged	 PSTPIP1	 and	 GFP-tagged	 WASP	 in	 co-transfected	

Chinese	Hamster	Ovary	(CHO)	cells	in	culture	(Wu	et	al.,	1998).	

Another	study	employed	co-immunoprecipiation	of	murine	WASP	and	PSTPIP1	

and	tryptic	phosphopeptide	mapping	and	found	that	the	PSTPIP1	SH3	domain	is	

not	phosphorylated	on	tyrosine	367	at	all	in	cultured	cell	lines	(Cote	et	al.,	2002).	

This	 study	 concluded	 that	 PSTPIP1	 serves	 as	 a	 scaffold,	 allowing	 the	

dephosphorylation	of	WASP	by	PTP-PEST.	

However,	both	studies	suggested	that	there	might	be	additional	phosphorylation	

sites	 in	 PSTPIP1,	 with	 their	 phosphorylation	 dependent	 on	 the	 prior	

phosphorylation	of	Tyr344.	Tyr344	is	the	major	phosphorylation	site	in	PSTPIP1	

(Cote	 et	 al.,	 2002;	 Wu	 et	 al.,	 1998).	 The	 timing	 of	 PSTPIP1	 phosphorylation	

during	the	cell	cycle	of	mammalian	cells	is	not	yet	known.		

Additional	 studies	 in	mice,	human	macrophage-derived	cell-lines	and	COS	cells	

support	 the	 idea	 that	 the	 SH3	domain	 of	 PSTPIP1	 binds	 to	WASP	 and	 thereby	

negatively	 regulates	 actin	 polymerisation	 (Badour	 et	 al.,	 2004;	 Starnes	 et	 al.,	

2014;	Wu	et	al.,	1998).	Deletion	of	a	proline-rich	region	in	murine	WASP	causes	

immunological	 deficiency	 in	 mice	 due	 to	 an	 inability	 of	 the	 T	 lymphocytes	 to	

form	 an	 immunological	 synapse	with	 antigen-presenting	 cells.	 The	 inability	 to	

form	 an	 immunological	 synapse	 occurs	 as	 a	 consequence	 as	 actin	 cytoskeletal	

defects	 impair	cell	polarity.	These	findings	show	that	this	proline-rich	region	is	

critical	for	the	immune	function	of	WASP	(Badour	et	al.,	2003).	In	this	context	it	

is	interesting	that	in	humans,	the	immunodeficiency	in	WAS	has	been	attributed	

to	actin	cytoskeletal	defects	in	T	lymphocytes	(Gallego	et	al.,	2006;	Jain,	George,	
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&	 Thanabalu,	 2014;	 Kenney	 et	 al.,	 1986;	 Snapper	 &	 Rosen,	 1999;	Wada,	

Jagadeesh,	Nelson,	&	Candotti,	2002).		

The	T	cell	marker	CD2	is	found	on	T	cells	and	natural	killer	cells	and	promotes	

the	 initial	 stages	 of	 T	 cell	 contact	 with	 e.g.	 antigen	 presenting	 cells	 (T	 cell	

activation)	 and	 regulates	 the	 efficiency	 of	 their	 interaction	 (Bierer,	 Sleckman,	

Ratnofsky,	&	Burakoff,	1989).		

In	 activated	 human	 T	 cells,	 PSTPIP1	 colocalises	 with	 CD2	 at	 the	 plasma	

membrane	 and	 functions	 to	 couple	 PTP-PEST	 to	 CD2.	 Binding	 of	 the	 PSTPIP1	

SH3	domain	to	a	proline-rich	motif	in	the	cytoplasmic	tail	of	CD2	downregulates	

CD2-mediated	T	cell	activation	and	adhesion	and	regulates	cell	motility	(Li	et	al.,	

1998).	A	negative	impact	of	PSTPIP1	(mediated	by	PTP-PEST)	on	CD2	triggered	

T	cell	activation	was	also	found	in	murine	T	cells	(Yang	&	Reinherz,	2006).	This	

data	indicates	that	PSTPIP1	SH3	domain	binding	to	PRMs	plays	a	critical	role	in	

the	immune	system.		

1.1.6 Defects in WASP and cytoskeletal abnormalities in monocytes of 
WAS patients 

The	most	common	cause	of	death	in	WAS	patients	is	not	only	immunodeficiency	

caused	 by	 defects	 in	 T-lymphocytes	 as	 described	 above,	 but	 also	 recurrent	

infections	 due	 to	 defects	 in	 monocytes	 and/or	 macrophages	 (Badolato	 et	 al.,	

1998;	 Calle	 et	 al.,	 2004;	 Jones,	 2000;	 Jones,	 Zicha,	 Dunn,	 Blundell,	 &	 Thrasher,	

2002).	 It	has	been	shown	 in	humans	and	mice	 that	WASP	signaling	 is	required	

for	 anti-inflammatory	 macrophage	 function	 and	 mucosal	 immune	 tolerance	

(Biswas	 et	 al.,	 2018).	 Inflammatory	 activity	 through	 IL1-beta	 release	 has	 been	

shown	increased	in	human	peripheral	blood	monocytes	from	WASP	patients	and	

in	WASP-	deficient	BDMC’s	compared	to	healthy	controls	after	stimulation	with	

enteropathogenic	E.	coli	(Lee	et	al.,	2017).	This	increased	release	in	IL1-beta	was	

linked	 with	 a	 defect	 in	 authophagy	 in	 WASP-deficient	 BDMC’s	 resulting	 in	

defective	bacterial	clearance	due	to	impaired	actin-dynamics	in	these	cells	(Lee	

et	al.,	2017).	These	results	suggests	that	cytoskeletal	rearrangement	mediated	by	

WASP	plays	a	role	in	inflammatory	activity	in	monocytes	and	that	defects	in	this	

mechanism	might	contribute	to	the	pathology	of	WAS.	

Inhibition	of	the	interaction	between	WASP	and	WIP	by	transfection	with	WASP-	
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or	WIP-	siRNA	has	been	shown	to	reduce	chemotaxis	in	the	human	THP-1	

monocyte	 cell	 line	 and	 in	 human	 primary	monocytes	 (Tsuboi,	 2006).	 Further,	

THP-1	 cells	 infected	with	WASP	 siRNA	 displayed	 reduced	 F-actin	 content	 and	

impaired	 cell	 polarization,	 a	 phenotype	 that	 has	 been	 observed	 in	 monocytes	

from	WAS	patients	(Aspenstrom,	2004;	Snapper	et	al.,	2005;	Tsuboi,	2006).	This	

indicates	 that	 a	 defect	 in	 the	 interaction	 between	 WASP	 and	 WIP	 causes	

cytoskeletal	defects	in	monocytes	of	WAS	patients.	Further,	macrophages	in	WAS	

patients	 display	 abnormal	 cell	 morphology	 and	 are	 deficient	 of	 chemotactic	

responses	 due	 to	 a	 lack	 of	 podosomes	 (Jones	 et	 al.,	 2002).	 These	 observed	

cytoskeletal	abnormalities	in	macrophages	from	WAS	patients	could	be	restored	

by	transfection	with	a	full-length	human	WASP	construct	(Jones	et	al.,	2002).		

Taken	 together,	 this	 data	 suggests	 a	 critical	 role	 for	WASP	 in	 regulating	 actin-

driven	 processes	 in	monocytes	 such	 as	 cell	 polarisation,	 inflammatory	 activity	

and	 chemotaxis.	 Further	 it	 supports	 the	 idea	 that	 a	 dysfunction	 of	WASP	 or	 a	

dysfunction	of	the	interaction	of	WASP	and	WIP	is	the	cause	of	the	cytoskeletal	

abnormalities	observed	in	WAS	patients.	

1.1.7 Structure and Binding of SH3 domains 

Proline-rich	sequences	play	an	essential	role	in	regulating	signal	transduction	in	

the	 cell	 (Rubin	 et	 al.,	 2000)	 and	 SH3	 domains	 are	 the	most	 abundant	 proline-

recognition	domains	(PRDs)	in	vertebrates.	An	estimated	409	SH3	domains	are	

present	 in	 humans	 (Castagnoli	 et	 al.,	 2004).	 SH3	 domains	 consist	 of	 highly	

conserved	 sequences	 that	 are	 about	 60	 amino	 acids	 long.	 The	 secondary	

structure	of	the	SH3	domain	is	formed	by	five	β-sheets:	three	of	the	β-sheets	are	

connected	by	three	variable	loops	named	the	RT,	N-Src	and	the	distal	loop,	while	

the	other	two	β-sheets	are	connected	by	a	short	310	helix.	The	SH3	domain	binds	

to	ligands	through	the	RT-	and	the	N-Src	loop.	The	third	loop,	the	distal	loop,	is	

located	 on	 the	 opposite	 site	 of	 the	 SH3	 domain	 and	might	mediate	 binding	 to	

other	parts	of	 the	 ligand.	Aromatic	residues	along	the	 ligand-binding	surface	of	

the	 SH3	 domain	 allow	 for	 binding	 to	 the	 mostly	 hydrophobic	 proline-rich	

sequences	(Cedergren-Zeppezauer	et	al.,	1994).		

SH3	 domains	 bind	 with	 high	 specificity	 to	 left-handed	 polyproline	 II	 (PPII)	

helixes	 comprising	 the	 consensus	 sequence	 PXXP,	 where	 X	 is	 any	 amino	 acid	
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(Ren,	Mayer,	Cicchetti,	&	Baltimore,	1993;	Yu	et	al.,	1994).	In	this	minimal	

consensus	sequence,	two	prolines	protrude	on	the	same	side	of	the	helix	and	this	

conformation	facilitates	binding	with	the	highly	conserved	poly-proline	pocket	of	

the	 SH3	 domain	 (Yu	 et	 al.,	 1994).	 In	 yeast,	 the	 proline-rich	 sequence	

91VNKPLPPLPV100	in	the	protein	Pbs2	has	been	found	to	bind	the	SH3	domain	of	

Sho1	 with	 almost	 absolute	 specificity,	 in	 vivo	 and	 in	 vitro	 (Zarrinpar,	

Bhattacharyya,	&	Lim,	2003).	Mutation	to	91VNKALPALPV100	reduced	the	binding	

specificity	significantly,	while	mutation	to	91VNKPLAPLAV100	abolished	binding,	

showing	the	importance	of	the	PXXP	core	motif	for	binding	specificity	(Zarrinpar	

et	al.,	2003).	

Using	point	mutation	of	SH3	domains	and	evaluating	their	effect	on	binding	by	

NMR	 structural	 analysis,	 it	 has	 been	 found	 that	 positively	 charged,	 basic,	 non-

proline	residues	flanking	the	PXXP	core	motif	play	an	additional,	important	role	

in	mediating	binding	specificity	(Yu	et	al.,	1994).	For	example,	amino	acids	such	

as	arginine	and	lysine	on	the	N-terminal	or	C-terminal	end	of	the	canonical	PXXP	

motif	 represent	 a	 usual	 recognition	 profile	 for	 SH3	 domains	 (Feng,	 Chen,	 Yu,	

Simon,	&	Schreiber,	1994;	Lim,	Richards,	&	Fox,	1994).	

Further	NMR	studies	revealed	 that	 the	SH3	domain	 is	able	 to	bind	proline-rich	

consensus	 sequences	 in	 two	 different	 orientations:	 (-)	 meaning	 amino-to-

carboxyl	orientation	(known	as	class	 I	binding)	and	(+)	meaning	a	carboxyl-to-

amino	orientation	(known	as	class	II	binding)	(Feng	et	al.,	1994;	Lim	et	al.,	1994).	

In	 general,	 as	 described	 above,	 SH3	 domains	 recognise	 the	 polyproline	

consensus	 sequence	with	high	 specificity.	On	 the	other	hand,	 SH3	domains	are	

also	known	for	their	versatility	and	for	playing	many	different	roles	in	the	cell.			

Like	other	proline-recognition	domains	(PRDs),	the	SH3	domain	has	been	found	

to	bind	to	motifs	that	differ	from	PXXP	e.g.	such	as	PXXDY	(Mongiovi	et	al.,	1999),	

RKXXYXXY	(Kang	et	al.,	2000),	etc.	A	table	PRDs	and	their	target	sequences	has	

been	 published	 by	 Li	 et	 al.	 (Li,	 2005),	making	 it	 evident	 that	 all	 PRDs	 bind	 to	

class	I	and	class	II	proline-rich	motifs	through	the	same	mechanism	but	are	also	

able	 to	bind	motifs	 that	differ	 from	the	PXXP	 target	 sequence.	Reasons	 for	 this	

variability	might	be	binding	across	PRD	classes	due	to	similar	binding	sequences	

in	PRDs	and/or	the	generally	weak	binding	strength	of	SH	domains	(Ladbury	&	

Arold,	2000).	Further,	due	to	the	flexible	structure	of	PRDs,	regions	outside	the	
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conserved	binding	sequence	might	be	able	to	adapt	 in	structure	and	bind	

to	varying	ligands	(Feng,	Kasahara,	Rickles,	&	Schreiber,	1995).	

	

1.2 Baker’s yeast Saccharomyces cerevisiae as a model 
organism  

1.2.1 Examples of applications of the yeast model 

Saccharomyces	 cerevisiae	 was	 discovered	 in	 connection	 with	 making	 beer	 in	

1837,	but	it	was	already	used	for	beer	brewing	in	Sumeria	and	Babylonia	around	

6000	 BC.	 This	 makes	 yeast	 probably	 the	 oldest	 domesticated	 organism.	 Yeast	

was	 introduced	as	 an	experimental	 organism	 in	1930,	when	many	 researchers	

realised	 that	 cell	 architecture	 and	 fundamental	 cellular	 mechanisms	 can	 be	

investigated	in	yeast	(Feldmann,	2010).		

Almost	 all	 knowledge	 about	 fundamental	 processes	 in	 living	 cells	 such	 as	 cell	

growth	 and	 division,	 expression	 of	 genetic	 information	 and	 metabolism,	 has	

come	 from	 the	 study	 of	 model	 organisms	 (Fields	 &	 Johnston,	 2005).	 Due	 to	

homologies	 of	 yeast	 and	 mammalian	 proteins,	 yeast	 is	 widely	 used	 as	 a	

eukaryotic	model	organism	in	biomedical	research.	

Some	yeast	metabolic	proteins	 for	example	are	proteins	 for	which	homologues	

exist	in	all	eukaryotic	organisms	and	in	humans	and	their	functions	are	involved	

in	 memory	 and	 immunity	 and	 diseases	 such	 as	 cancer,	 dementia	 and	 obesity	

(Sattlegger	 et	 al.,	 2011;	 Sherman	 &	 Muchowski,	 2003).	 Yeast	 non-Mendelian	

heritable	 elements	 that	 resemble	 mammalian	 prions	 cause	 neurodegenerative	

diseases	(Liebman	&	Chernoff,	2012).	Yeast	also	has	many	conserved	oxysterol-

binding	 and	 Vps	 proteins	 that	 are	 implicated	 non-vesicular	 cytoplasmic	 lipid	

transport	(Wang	et	al.,	2005)	which	act	as	host	factors	in	HIV	and	Ebola	infection	

in	 humans	 (Licata	 et	 al.,	 2003;	 Morita	 &	 Sundquist,	 2004;	 Patel	 &	 Latterich,	

1998).	

Furthermore,	 yeast	 metabolic	 engineering	 for	 food,	 beverage,	 and	 industrial	

biotechnology	 becomes	 increasingly	 popular	 as	 yeast	 tolerates	 low	 pH	

conditions,	 high	 ethanol	 concentrations	 and	 can	 grow	 anaerobically	 (Nevoigt,	

2008).	 Saccharomyces	 cerevisiae	 is	 a	 key	 cell	 factory	 in	 particular	 for	 the	
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production	of	butanol	(biofuel)	and	 isoprenoids.	 Isoprenoids	are	used	for	

pharmaceuticals	and	biodiesel	(Hong	&	Nielsen,	2012).		

Additionally,	the	use	of	yeast	allows	us	to	study	genes	that	control	the	cell	cycle	

by	enabling	 the	 isolation	of	mutant	yeast	 strains	 in	which	 the	genes	 important	

for	cell	cycle	progression	are	defective.		

Proteins	 implicated	 in	 actin	 assembly	 in	 yeast	 also	 share	 amino	 acid	 sequence	

homology	 with	 human	 actin	 filament	 assembly	 proteins	 and	 it	 is	 known	 that	

actin	assembly-promoting	activity	is	a	universal	function	of	all	proteins	that	play	

a	role	 in	the	polymerization	of	actin	(formins)	examined	in	animals,	plants	and	

fungi	(Higgs,	2005;	Kovar,	2006;	Moseley	&	Goode,	2006).	Therefore,	yeast	 is	a	

useful	model	organism	 to	 learn	about	actin-assembly	driven	processes	 such	as	

cytokinesis	 and	 endocytosis	 and	 how	 the	 proteins	 involved	 in	 these	 processes	

function.		

1.2.2 Actin assembly and actin structures in yeast 

In	yeast,	actin	 is	expressed	from	a	single,	essential	gene	ACT1.	The	three	major	

filamentous	 actin	 (F-actin)	 structures	 in	 yeast	 are	 cortical	 actin	 patches,	

cytoplasmic	 actin	 cables	 and	 the	 medial	 actomyosin	 ring	 (AMR).	 Actin	

disassembly	in	the	cell	is	as	important	as	actin	assembly,	and	therefore	the	three	

major	 actin	 structures	 in	 yeast	 undergo	 rapid	 turnover,	 with	 the	 lifetime	 of	 a	

yeast	 actin	 patch	 being	 10-20	 seconds	 (Carlsson,	 Shah,	 Elking,	 Karpova,	 &	

Cooper,	2002).	This	dynamic	flux	enables	the	cell	to	rapidly	respond	to	internal	

and	external	stimuli	by	coordinating	actin	assembly	dependent	processes	in	time	

and	space	to	facilitate	e.g.	cell	motility,	cytokinesis	and	endocytosis.	In	yeast,	the	

Arp2/3	complex	nucleates	the	branched	actin	network,	while	the	formins,	Bud-

neck-interacting	 protein	 1	 (Bni1p)	 and	 Bni1p-related	 protein	 (Bnr1p),	 are	

involved	 in	 assembling	 linear	 actin	 filaments	 that	 comprise	 actin	 cables	 and	

AMRs	(Evangelista	et	al.,	1997;	Moseley	&	Goode,	2006;	Sagot,	Klee,	&	Pellman,	

2002).	 As	 shown	 in	 Figure	 1-3,	 the	 Arp2/3	 complex	 is	 located	 at	 the	 apex	 of	

membrane	 invaginations	 at	 the	 yeast	 cell	 cortex.	 The	 arrow	 indicates	 the	

direction	of	membrane	invagination	during	endocytosis.		
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Actin 
filament Arp2/3 complex 

Actin-cortex linker 

	
Figure	 1-3:	Model	 for	 actin	 filament	 organisation	within	 a	 cortical	 actin	 patch	

based	 on	 data	 obtained	 using	 rapid-freeze-deep-etch	 electron	 microscopy.	

Figure	reproduced	from	(Rodal,	Kozubowski,	Goode,	Drubin,	&	Hartwig,	2005).		

	

Cortical	actin	patches	mediate	endocytosis	through	slow	actin	patch	movements	

at	 the	 cell	 cortex	 and	 this	 mechanism	 is	 dependent	 on	 Arp2/3-based	 actin	

filament	 nucleation	 and	 actin	 polymerization.	 The	 rapid	 inward	 movement	 of	

patches	relies	on	transport	of	patches	along	cytoplasmic	actin	cables	(Moseley	&	

Goode,	2006).	

Due	 to	 the	conservation	of	 the	actin	cytoskeleton,	 the	process	of	 cytokinesis	 in	

yeast	 is	 very	 similar	 to	 cytokinesis	 in	mammalian	 cells,	 allowing	 for	 functional	

analysis	of	actin	cytoskeleton	components	included	in	cytokinesis	using	yeast	as	

a	model	organism	(Bi	et	al.,	1998;	Lippincott	&	Li,	1998b;	Munn,	Sattlegger,	E.,	

2009).	 Yeast	 cells	 have	 only	 one	 (or	 rarely	 two)	 members	 of	 each	 family	 of	

cytoskeleton	 component	 and	 their	 regulation	 of	 the	 actin	 cytoskeleton	 is	 not	

compromised	 by	 pre-existing	 genetic	 changes	 as	 can	 be	 the	 case	with	 cancer-

derived	 cell	 lines	 and	 experimentally	 immortalised	 primary	 animal	 cells	

(Engqvist-Goldstein	&	Drubin,	2003;	Moseley	&	Goode,	2006;	Munn,	2001).		
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Figure	1-4:	The	various	types	of	F-actin	structures	and	their	cell-cycle-regulated	

rearrangements	in	S.	cerevisiae	(Moseley	&	Goode,	2006).	

The	actomyosin	ring	is	a	conserved	structure	and	consists	of	actin	filaments	and	

myosin	 II	 heavy	 chains.	 The	 only	 type	 II	 myosin	 in	 S.	 cerevisiae	 is	 Myo1p	

(encoded	by	the	MYO1	gene).	During	cytokinesis,	the	actomyosin	ring	constricts	

and	 then	 disassembles,	 while	 actin	 patches	 and	 actin	 cables	 are	 persistent	

elements	of	the	yeast	cytoskeleton	(Bi	et	al.,	1998;	Lippincott	&	Li,	1998b).	Actin	

ring	 formation	 in	 S.	 cerevisiae	 is	 thought	 to	 be	 independent	 of	 the	 Arp2/3	

complex,	while	 a	 temperature-sensitive	 formin	mutant	 strain	 fails	 to	 assemble	

the	actomyosin	ring	(Norden,	Liakopoulos,	&	Barral,	2004).		

Actin	 distribution	 polarises	 and	 depolarises	 during	 the	 yeast	 cell	 cycle	 (Figure	

1-4).	First,	actin	patch	distribution	is	polarised	to	the	nascent	bud	site.	Then	in	S-

phase	the	distribution	polarises	to	the	tips	of	small	buds.	Later,	actin	patches	are	

polarised	to	the	cortex	of	 large	buds	and	then	are	non-polarised	during	mitosis	

(M-phase).	 At	 the	 end	 of	 mitosis	 and	 start	 of	 cytokinesis,	 the	 actin	 patches	

repolarise	to	each	side	of	the	bud	neck	where	a	new	membrane	and	a	cell	wall	is	

deposited	 during	 cytokinesis	 (Adams	&	 Pringle,	 1984;	 Amberg,	 1998;	 Doyle	 &	

Botstein,	 1996;	 Pruyne,	 Legesse-Miller,	 Gao,	 Dong,	&	 Bretscher,	 2004;	Waddle,	

Karpova,	Waterston,	&	Cooper,	1996;	Winsor	&	Schiebel,	1997).	

1.2.3 Temperature-sensitivity of S. cerevisiae cdc mutants 

To	date,	much	of	our	knowledge	about	cell	cycle	control	 is	based	on	the	search	

for	mutations	in	yeast	that	inactivate	genes	controlling	the	cell	cycle.	The	genes	

affected	by	 these	mutations	are	 called	 cell-divison-cycle	 (cdc)	 genes.	Most	 cell-
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cycle	mutations	 in	yeast	are	 temperature-conditional	mutations,	meaning	

that	 the	 function	 of	 the	mutant	 protein	 is	 retained	 at	 low	 temperatures	 and	 is	

abolished	only	at	high	temperatures.	Upon	shift	to	high	temperature	the	mutant	

then	arrests	at	a	specific	point	in	the	cell	cycle.	The	phenotype	of	the	mutant	cell	

indicates	at	which	point	in	the	cell-cycle	arrest	has	occured	and	allows	study	of	

the	possible	functions	of	the	affected	gene.	On	the	other	hand,	the	temperature-

sensitive	mutant	propagates	at	a	 lower	temperature,	allowing	the	isolation	of	a	

mutant	yeast	strain	defective	in	an	essential	gene	(Hartwell,	Mortimer,	Culotti,	&	

Culotti,	1973).	This	conditional	phenotype	of	some	mutant	yeast	cells	is	depicted	

in	Figure	1-5.	At	a	permissive	(low)	temperature,	cdc	mutants	can	be	found	in	all	

stages	of	the	cell	cycle.	At	a	restrictive	(high)	temperature,	the	mutant	gene	fails	

to	function	and	the	cells	arrest	at	a	particular	point	of	the	cell	cycle	displaying	a	

characteristic	arrest	phenotype.	

	

M G2 S G1 

PERMISSIVE (LOW) 
TEMPERATURE 

RESTRICTIVE (HIGH) 
TEMPERATURE 

M G2 S G1 

	
Figure	 1-5:	 Temperature-sensitivity	 of	 yeast	 cdc	 mutants.	 Schematic	 diagram	

slightly	modified	from	(Alberts,	2002),	based	on	(Hartwell	et	al.,	1973).		

	

Using	yeast	as	a	model	organism	has	many	advantages,	amongst	others:		

• Yeast	 reproduces	 almost	 as	 rapidly	 as	 bacteria	 (90	 minutes	 doubling	

time)	 and	 has	 a	 small	 genome	 size	 (less	 than	 1%	 the	 genome	 of	 a	

mammal)	

• Rapid	molecular	genetic	manipulation	

• Yeast	 proliferates	 in	 a	 haploid	 state	 (facilitating	 the	 rapid	 isolation	 and	

study	of	recessive	mutants)	as	well	as	in	a	diploid	state	

• The	yeast	genome	has	been	sequenced	

• S.	 cerevisiae	 can	 be	 transformed	 with	 plasmid	 DNA	 and	 has	 a	 high	
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efficiency	of	homologous	recombination		

• Facilitates	of	gene	knockout	(or	conditional	knockdowns)	for	every	gene	

• Inexpensive	to	grow	

1.2.4 Conserved mediators of cytoskeletal reorganisation in yeast  

Actin	 cytoskeleton	 components	with	 conserved	modular	 domains	 in	 yeast	 and	

mammals	 include,	 amongst	 many	 others,	 actin,	 WIP,	 WASP,	 N-WASP,	 Type	 I	

Myosin,	Type	 II	myosin,	 the	Arp2/3	complex,	 formins	and	PSTPIP1.	Conserved	

modular	 domains	 in	 the	 yeast	 proteins	 relevant	 to	 this	 study	 and	 the	

corresponding	 human	 proteins	 are	 depicted	 in	 Figure	 1-6.	 S.	 cerevisiae	

Homologue	 of	 Fifteen	 1	 protein	 (Hof1p)	 and	 the	 human	 homologue	 PSTPIP1	

both	harbour	Fes-CIP4	homology-Bin1/Amphiphysin/Rvs167	(F-BAR)	domains	

at	their	N-	and	SH3	domains	at	their	C-termini.	SH3	domains,	first	discovered	as	

a	conserved	sequence	in	the	viral	oncoprotein	and	non-receptor	tyrosine	kinase	

v-Src,	 facilitate	 fast	 and	 specific	 binding	 to	 proline-rich	 core	 motifs	 such	 as	

“PXXP”	 (Feller,	 Ren,	 Hanafusa,	 &	 Baltimore,	 1994;	 Mayer	 &	 Eck,	 1995).	 SH3	

domain-mediated	 protein-protein	 interactions	 enable	 the	 precise	 regulation	 of	

highly	dynamic	processes	such	as	signaling	to	the	eukaryotic	actin	cytoskeleton	

and	 actin	 filament	 polymerisation	 (Bar-Sagi	 et	 al.,	 1993;	 Koch	 et	 al.,	 1991;	

Zarrinpar	et	al.,	2003).	

S.	 cerevisiae	 Local-anaesthetic-sensitive	 17	 protein	 (Las17p)	 and	 the	 human	

homologues	WASP	 and	N-WASP	 contain	WASP-homology	1	 (WH1)	domains	 at	

their	 N-terminus	 which	 bind	 the	 WASP-binding	 domain	 in	 Vrp1p	 or	 WIP,	

respectively.	 All	 three	 proteins	 also	 contain	 WH2	 actin-binding	 domains	 and	

proline-rich	motifs	(PRMs).	Mutations	in	the	WH1	domain	of	WASP	that	abolish	

interaction	 with	 WIP	 have	 been	 shown	 to	 be	 present	 in	 Wiskott-Aldrich	

Syndrome	 (Stewart	 et	 al.,	 1999).	 S.	 cerevisiae	 Very	 Rich	 in	 Proline	 1	 protein	

(Vrp1p)	and	human	WIP	feature	WH2	actin-binding	domains	at	their	N-termini	

and	WASP-binding	domains	at	their	C-termini.	
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Figure	1-6:	Conserved	modular	domains	in	yeast	Hof1p,	Las17p	and	Vrp1p	and	

the	corresponding	domains	in	the	human	proteins.		

	

Vrp1p	 also	 contains	 two	 VH2	 domains	 that	 resemble	WH2	 domains.	 The	 SH3	

domain	of	Hof1p	(Hof1p	SH3)	is	known	to	bind	to	the	proline-rich	Hof	one	trap	

(HOT)	domain	of	Vrp1p	and	this	binding	promotes	cytokinesis.	To	date,	it	is	not	

known	 if	 some	of	 the	 PRMs	 in	 the	 human	homologue	WIP	 comprise	 a	 domain	

functionally	similar	to	the	HOT	domain	of	Vrp1p.	

1.2.4.1 The role of Cdc15 and the importance of Hof1p SH3 domain 
interactions for yeast cytokinesis and actin patch polarisation 

	S.	 pombe	 cdc15	 (the	 homologue	 of	 PSTPIP1	 in	 mammals	 and	 Hof1p	 in	 S.	

cerevisiae),	 is	 a	 key	 regulator	 of	 cytokinesis	 and	 (similar	 to	 PSTPIP1	 in	

mammalian	 cells)	was	 shown	 to	 localise	 to	 the	 cleavage	 furrow	of	 cells	during	

cytokinesis	and	 to	 inhibit	 cytokinesis	when	strongly	overexpressed	 (Blondel	et	

al.,	 2005;	 Fankhauser	 et	 al.,	 1995;	 Spencer	 et	 al.,	 1997).	 At	 restrictive	

temperature	cdc15	temperature-sensitive	mutant	cells	are	defective	in	actin	ring	

formation.	 Upon	 shift	 to	 restrictive	 temperature	 F-actin	 becomes	 dispersed	

throughout	 the	post-mitotic	 cell	 and	actin	patches	are	unable	 to	 accumulate	 at	

the	septum.	This	suggests	a	role	for	Cdc15	in	actin	ring	formation	and	actin	patch	

polarization	during	cytokinesis	(Balasubramanian	et	al.,	1998;	Fankhauser	et	al.,	

1995).		

Cdc15	 expression	 is	 cell-cycle	 regulated	 with	 Cdc15	 protein	 reaching	 its	
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maximum	 level	 during	 cytokinesis.	 The	 homologue	 of	 Cdc15	 in	 S.	

cerevisiae,	Hof1p,	features	a	coiled-coil	domain	at	the	N–terminus,	a	PEST	motif	

and	a	Src	homology	3	(SH3)	domain	at	the	C-terminus	(Fankhauser	et	al.,	1995;	

Rechsteiner,	1990).	The	PEST	ubiquitin-dependent	 sequence	 (proline,	 glutamic	

acid,	 serine	 and	 threonine-rich)	 allows	 for	 rapid	 Hof1p	 degradation	 after	

cytokinesis	(Rechsteiner,	1990).	A	schematic	diagram	of	the	domain	structure	of	

Hof1p	is	depicted	in	Figure	1-7.	

	

F-BAR	1	
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PEST	mo.f	

669	SH3	

PCH	(FCH)	domain	

Hof1p	

central	domain		

SH3	domain		CC2	domain	

F-BAR	domain	

	
Figure	1-7:	Schematic	diagram	of	the	domain	structure	of	the	S.	cerevisiae	Hof1p	

protein.	

	

If	Hof1p	is	deleted	in	S.	cerevisiae	(hof1Δ)	cytokinesis	continues	but	is	inefficient	

at	 lower	 temperature	 and	 fails	 at	 higher	 temperature	 (a	 stress	 condition).	The	

cells	are	unable	to	divide	due	to	a	 lack	of	septum	deposition	and	this	results	 in	

chains	 of	multinucleate	 cells	with	 cytoplasmic	 continuity	 (Blondel	 et	 al.,	 2005;	

Kamei	et	al.,	1998;	Vallen	et	al.,	2000).	Moreover,	varying	degrees	of	actin	patch	

polarisation	defects	have	been	observed	at	restrictive	temperature,	ranging	from	

normal	actin	patch	polarisation	to	partial	polarisation	defects	and	actin	patches	

not	 recruited	 to	 the	 bud	 neck	 (Lippincott	 &	 Li,	 1998a;	 Meitinger	 et	 al.,	 2010;	

Vallen	et	al.,	2000).	

Actin	filament	staining	(using	rhodamine-phalloidin)	of	a	HOF1	gene	disruption	

strain	(hof1Δ)	obtained	by	tetrad	analysis	and	scoring	spores	for	a	temperature-

sensitive	phenotype	 revealed	 that	 cortical	 actin	patches	 accumulate	 at	 the	bud	

tip	in	Hof1p-deficient	cells,	but	not	at	the	bud	neck	as	in	wild	type	cells	(Kamei	et	

al.,	1998).	Another	study	confirmed	the	lack	of	repolarisation	of	actin	patches	to	

the	bud	neck	in	HOF1	delete	cells,	and	did	not	find	a	defect	in	the	assembly	of	the	

F-actin	 ring	 (Meitinger	 et	 al.,	 2010).	 In	 contrast,	 two	 other	 studies	 that	 used	
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rhodamine-phalloidin	 to	 stain	 HOF1-disrupted	 hof1Δ	 cells	 that	 had	 been	

fixed	in	formaldehyde	found	that	the	cytoskeleton	appears	normal	at	permissive	

and	 restrictive	 temperature	 with	 properly	 polarised	 actin	 patches	 and	 a	

contractile	 actin	 ring	 (Lippincott	&	Li,	1998a;	Vallen	et	 al.,	 2000).	However,	 all	

studies	confirmed	a	defect	in	cytokinesis	in	hof1Δ	cells.	

A	more	recent	study	used	a	different	method	and	quantitatively	compared	actin	

fluorescence	 intensities	 in	 fixed	 hof1Δ	 and	 wild	 type	 cells	 and	 concluded	 that	

Hof1p	 does	 not	 regulate	 these	 F-actin	 structures	 (Graziano	 et	 al.,	 2014).	

However,	actin	patches	are	highly	dynamic	structures	and	fixed	cell	populations	

might	not	represent	actin	levels	in	vivo.	Also,	as	S.	pombe	cdc15	mutant	cells	lack	

polarisation	of	actin	patches	and	an	actin	ring,	the	same	was	expected	for	hof1Δ	

cells	 and	 therefore	 actin	 cables	were	 less	 frequently	 examined.	 A	 recent	 study	

that	 analysed	 fixed	 and	 live	 hof1Δ	 cells	 that	 express	 integrated	 cable	 marker	

chromosome	 revealed	 an	 altered,	more	 fragmented	 actin	 cable	 architecture	 in	

hof1Δ	cells	(Graziano	et	al.,	2014).	

Hof1p	 was	 discovered	 through	 the	 interaction	 of	 its	 SH3	 domain	 with	 the	

proline-rich	 FH1	 domain	 of	 the	 formin	 Bnr1p	 (Kamei	 et	 al.,	 1998).	 This	

interaction	 suggests	 a	 role	 for	Hof1p	 in	 the	 assembly	 of	 linear	 actin	 filaments.	

The	formins	Bni1p	and	Bnr1p	play	an	important	role	in	cell	polarity	and	bind	to	

profilin,	 an	 actin-monomer	 binding	 protein,	 and	 function	 in	 cell	 polarity	 and	

assembly	of	linear	actin	filaments	(Evangelista	et	al.,	1997;	Imamura	et	al.,	1997).	

It	was	 found	 that	Hof1p	dimerises	 through	 its	 F-BAR	domain	 and	binds	 to	 the	

FH1	domain	of	Bnr1p	via	 its	 SH3	domain,	 thereby	 inhibiting	Bnr1p-dependent	

actin	polymerization.	Loss	of	this	 inhibitory	interaction	alters	actin	cable	shape	

and	functionality	(Graziano	et	al.,	2014).	

Hof1p	 localises	 to	a	 ring	positioned	on	 the	mother	 cell	 side	of	 the	bud	neck	 in	

G2/M	and	then	forms	a	second	ring	on	the	daughter	cell	side	of	the	bud	neck	just	

prior	to	exit	from	M-phase.	Hof1p	is	then	phosphorylated	during	telophase	and	

the	two	Hof1p	rings	condense	into	one	distinct	ring.	This	Hof1p	ring	colocalises	

with	the	actin	ring	and	contracts	slightly	during	cytokinesis	(Vallen	et	al.,	2000).	

There	 is	 evidence	 that	 SH3-dependent	 interactions	 of	Hof1p	 are	 important	 for	

actin	 ring	 constriction.	 Phosphorylation	 of	 Hof1p	 by	 Cdc5	 and	 subsequent	

phosphorylation	 at	 the	 C-terminal	 half	 of	Hof1p	 by	 the	 conserved	MEN-kinase	
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complex	Dbf2p-Mob1p	promotes	actin	ring	contraction,	septum	formation	

and	 membrane	 ingression	 (Meitinger	 et	 al.,	 2011;	 Meitinger,	 Palani,	 Hub,	 &	

Pereira,	2013).		

This	 promotion	 of	 AMR	 contraction	 is	 believed	 to	 be	 achieved	 through	

promoting	the	binding	of	the	Hof1p	SH3	domain	to	proline-rich	motifs,	while	the	

unbound	Hof1p	SH3	domain	may	inhibit	actin	ring	contraction	(Meitinger	et	al.,	

2013).	Furthermore,	 the	Hof1p	SH3	domain	binds	the	three	proline-rich	motifs	

of	 the	 HOT	 domain	 in	 Vrp1p,	 a	 protein	 assisting	 in	 the	 assembly	 of	 branched	

actin	filaments.	It	has	been	suggested	that	this	binding	promotes	the	assembly	of	

branched	 actin	 filaments	 as	well	 as	 linear	 actin	 filaments	 by	 counteracting	 an	

inhibitory	effect	of	the	unbound	Hof1p	SH3	domain	on	Las17p	and	Bnr1p	(Ren	et	

al.,	2005).		

Taken	 together,	 these	data	 suggest	 that	 inhibitory	 effects	 of	 the	Hof1p	SH3	

domain	on	actin	ring	constriction	and	the	polymerisation	of	linear	and	branched	

actin	 filaments	 strongly	 contribute	 to	 the	precise	 regulation	of	 cytokinesis	 and	

actin	 polymerisation	 in	 yeast	 cells.	 It	 has	 been	 shown	 already	 that	 Hof1p	 and	

Bnr1p	 regulate	 septum	 formation	 as	 a	 second	 pathway	 to	 achieve	 cytokinesis	

independent	of	actin	ring	constriction	(Vallen	et	al.,	2000).	

It	was	 recently	 found	 that	binding	of	 the	Hof1pSH3	domain	 to	PRMs	might	

also	 be	 implicated	 in	 the	 regulation	 of	 septum	 formation.	 The	 SH3	 domain	 of	

Hof1p	 binds	 to	 proline-rich	 motifs	 in	 Inn1p.	 Inn1p	 is	 a	 protein	 essential	 for	

primary	septum	formation	and	that	regulates	chitin	synthase	Chs2p.	Inn1p	also	

regulates	 Cyk3p,	 a	 protein	 that	 couples	 septum	 formation	 with	 membrane	

ingression	(Labedzka	et	al.,	2012;	Nishihama	et	al.,	2009).		

Interactions	of	the	yeast	Hof1p	SH3	domain	and	the	homologous	human	PSTPIP1	

SH3	 domain,	 the	 sequence	 of	 the	 interacting	 PRMs	 and	 the	 function	 of	 the	

interacting	protein	containing	the	PRMs	are	listed	in	Table	1-1.	
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Table	1-1.	Physical	interactions	of	the	Hof1p	SH3	domain	and	the	PSTPIP1	

SH3	domain	with	PRMs	and	the	functions	of	the	PRM-containing	proteins.	

Protein	
containing	
SH3	
domain	

Inter-
acting	
protein	

Experi-
mental	
system	

	Interacting	 PRM(s)	 in	
the	 interacting	
protein	

Function	of	
PRM	
containing	
protein	

Reference	

Hof1p	 Bnr1p	 In	 vivo	
and	 in	
vitro	

766PQLPPPPPPPPPPPL
P782,	
801PAPPPLP807	
	

Nucleation	
of	 the	
assembly	 of	
linear	 actin	
filaments	

(Graziano	
et	 al.,	 2014;	
Kamei	 et	
al.,	1998)	

Hof1p	 Inn1p	 In	 vivo	
and	 in	
vitro	

377PKLPPLP383,	
160PIPPLP165,	
329PPLPPIP325		
	

Regulation	
of	Chs2p	

(Labedzka	
et	 al.,	 2012;	
Nishihama	
et	al.,	2009)	

Hof1p	 Cyk3p	 In	 vivo	
and	 in	
vitro	

	185PPLPPLP191		
	

Connects	
membrane	
with	AMR		

(Labedzka	
et	al.,	2012)	

Hof1p	 Vrp1p	 In	 vivo	
and	 in	
vitro	 144PAVPSIPSS152,	

156PIPDIPSS163,	
167PIPIVPSS174	

Nucleation	
of	 the	
assembly	 of	
branched	
actin	
filaments	

(Ren	 et	 al.,	
2005)	

PSTPIP1	 WASP	 in	vitro	
359PPPPGRGGPPPPPPP-	
ATGRSGPLPPP384	
	

Promotes	
actin	
filament	
assembly	

(Wu	 et	 al.,	
1998)	

PSTPIP1	 CD2	 In	 vivo	
and	 in	
vitro	 300KGPPLPRPRV309		

	

Cell	
adhesion,	
immunologi
cal	 synapse	
formation	

(Li	 et	 al.,	
1998)	

	

1.2.5  Cytokinesis in yeast 

In	yeast,	cytokinesis	is	achieved	by	two	complementary	mechanisms:	contraction	

of	 the	 actomyosin	 ring	 and	 formation	 of	 a	 septum.	 Formation	 of	 a	 septum	 is	

achieved	by	delivery	of	secretory	vesicles	to	the	bud	neck	to	facilitate	membrane	

deposition	 and	 cell	 wall	 synthesis.	 This	 pathway	 is	 independent	 of	 the	

constriction	 of	 the	 actomyosin	 ring.	 Septum	 formation	 is	 dependent	 on	Hof1p,	

the	 yeast	 ortholog	 of	mammalian	 PSTPIP1	 (Bi	 et	 al.,	 1998;	 Kamei	 et	 al.,	 1998;	

Lippincott	&	Li,	1998a;	Vallen	et	al.,	2000).	Hof1p	forms	one	ring	on	each	side	of	
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the	 bud	 neck	 of	 the	 dividing	 yeast	 cell	 and,	 at	 a	 later	 stage	 during	

cytokinesis,	 these	 two	rings	condense	 into	a	 single	 ring.	This	 ring	 is	 coincident	

with	the	actomyosin	ring,	but	distinct	(Kamei	et	al.,	1998;	Lippincott	&	Li,	1998a;	

Naqvi,	Feng,	Boulton,	Zahn,	&	Munn,	2001;	Vallen	et	al.,	2000).	It	has	been	shown	

that	 Vrp1p	 is	 conditionally	 required	 at	 37°C	 for	 the	 function	 of	 both	 of	 the	

independent	 cytokinesis	 pathways	 in	 yeast:	 formation	 and	 function	 of	 the	

actomyosin	 ring	 and	 localisation	 of	 Hof1p	 for	 septum	 formation	 (Naqvi	 et	 al.,	

2001).		

There	 are	 three	 major	 differences	 between	 cytokinesis	 in	 S.	 cerevisiae	 and	 in	

animal	 cells.	 In	 S.	 cerevisiae,	 the	 site	 for	 cell	 division	 is	 determined	 at	 the	

beginning	of	the	cell	cycle,	while	in	animal	cells	the	cleavage	site	is	determined	

around	anaphase	by	the	position	of	the	spindle	(Drubin	&	Nelson,	1996;	Pringle	

et	al.,	1995;	Rappaport,	1996;	Satterwhite	&	Pollard,	1992;	Vallen	et	al.,	2000).	

Second,	 cytokinesis	 in	 S.	 cerevisiae	 involves	 septum	 formation,	 while	 animals	

cells	 do	 not	 have	 a	 cell	 wall	 but	 extracellular	matrix	 polysaccharide	 (Bi	 et	 al.,	

1998).	Third,	the	actomyosin	ring	is	essential	for	cytokinesis	in	mammalian	cells,	

but	 not	 in	 S.	 cerevisae.	 This	 makes	 it	 possible	 to	 assess	 the	 effects	 of	 gene	

deletions	 on	 actomyosin	 ring	 constriction	 in	 S.	 cerevisiae	 (Bi	 et	 al.,	 1998;	

Lippincott	&	Li,	1998a;	Rodriguez	&	Paterson,	1990;	Vallen	et	al.,	2000).		

In	 yeast,	 Hof1p	 mRNA	 and	 protein	 expression	 are	 cell-cycle	 regulated	 and	

localisation	of	Hof1p	 to	 the	bud	neck	 is	 dependent	on	 actin	patch	 components	

such	as	Vrp1p,	Las17p	and	the	 type	 I	myosins	Myo3p	and	Myo5p	(Naqvi	et	al.,	

2001).	 Actin	 patches	 (that	 depend	 on	 Arp2/3	 activity	 for	 their	 activity)	 have	

been	observed	to	repolarise	to	the	bud	neck	prior	 to	cytokinesis.	This	suggests	

that	the	NPF	Las17p	and	its	partner	protein	Vrp1p	may	play	important	roles	in	

cytokinesis	 (Naqvi	 et	 al.,	 2001;	 Norden	 et	 al.,	 2004;	 Schwob	 &	 Martin,	 1992).	

Furthermore,	 yeast	 cells	 deficient	 in	 Vrp1p	 (vrp1Δ	 cells)	 are	 temperature-

sensitive	 and	 their	phenotype	at	 the	 restrictive	 temperature	 also	 suggests	 that	

Vrp1p	 functions	 in	 yeast	 cytokinesis.	 Vrp1p	 localises	 to	 cortical	 patches	 that	

partially	 co-localise	 with	 cortical	 actin	 patches.	 As	 well	 as	 interacting	 with	

Las17p,	 Vrp1p	 also	 interacts	 with	 the	 type	 I	myosin	Myo5p	 (which	 is	 also	 an	

NPF).	 Therefore,	 Vrp1p	 may	 regulate	 the	 activity	 of	 the	 Arp2/3	 complex	 and	

actin	filament	assembly	(Anderson	et	al.,	1998;	Madania	et	al.,	1999;	Naqvi,	Zahn,	
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Mitchell,	Stevenson,	&	Munn,	1998).	Some	aspects	of	 the	role	of	Vrp1p	 in	

yeast	cytokinesis	have	been	elucidated	by	examining	the	temperature-sensitive	

phenotypes	of	vrp1Δ	cells.	

1.2.5.1 How the yeast model can provide insight into the function of 
PSTPIP1 in mammals 

Similar	 to	 the	 mechanism	 of	 WASP	 binding	 to	 WIP	 in	 mammals,	 the	 yeast	

homologue	 of	 human	WASP	 (Las17p)	 binds	 to	 the	 yeast	 homologue	 of	 human	

WIP	(Vrp1p)	to	promote	nucleation	of	branched	actin	filament	assembly	(Ren	et	

al.,	2005;	Thanabalu	&	Munn,	2001).	Moreover,	Hof1p	has	been	shown	to	bind	to	

three	 tandem	 PRMs	 in	 yeast	 WIP	 which	 are	 referred	 to	 as	 the	 Hof	 One	 Trap	

(HOT)	 domain,	 thereby	 promoting	 cytokinesis	 and	 other	 actin	 filament-

assembly-driven	processes	(Ren	et	al.,	2005).		

It	has	been	shown	that	strong	expression	of	human	WIP	in	yeast	suppresses	the	

temperature-sensitive	 growth	 defects	 of	 yeast	 cells	 lacking	 yeast	WIP	 (vrp1Δ),	

suggesting	that	human	and	yeast	WIP	are	functional	homologues	(Vaduva	et	al.,	

1999).	Consistent	with	this,	domains	of	human	WIP	required	for	the	suppression	

of	 growth	 defects	 in	 yeast	 cells	 lacking	 yeast	WIP/Vrp1p	 have	 been	 identified	

and	include	the	human	WIP	WH2	actin-binding	domain	as	well	as	the	conserved	

PRM	APPPPP	of	human	WIP.	Intriguingly,	this	PRM	resembles	each	of	the	three	

single	 PRMs	 that	 comprise	 the	HOT	 domain	 in	 yeast	WIP/Vrp1p	 This	 proline-

rich	motif	 also	 resembles	 an	 Actin-Based	Motility	 (ABM)	 domain	 that	 in	 other	

proteins	acts	as	a	profilin	binding	domain	(Vaduva	et	al.,	1999).		

An	amino	acid	sequence	comparison	between	yeast	WIP/Vrp1p	and	human	WIP	

is	 shown	 in	 Figure	 1-8.	 The	 stippled	 blue	 bar	 underlines	 the	 sequence	 located	

within	 the	WH2	domain	of	WIP	 that	 is	 essential	 for	 the	 suppression	of	growth	

defects	 in	yeast	cells	 lacking	Vrp1p.	The	conserved	PRM	which	 is	also	required	

for	suppression	of	the	growth	defects	of	these	cells	and	that	resembles	a	part	of	

each	single	PRM	of	the	three	that	comprise	the	Vrp1p	HOT	domain	is	underlined	

in	black:	APPPPP.		
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Figure	1-8:	Amino	acid	sequence	comparison	between	yeast	WIP/Vrp1p	and	the	

homologous	 protein,	 human	 WIP.	 The	 stippled	 blue	 bar	 underlines	 the	 WH2	

domain	 of	 both	 proteins	 and	 the	 black	 underlines	 a	 conserved	 PRM	 which	 is	

required	for	suppressing	the	growth	defect	in	yeast	cells	lacking	Vrp1p	(Vaduva	

et	al.,	1999).		

	

As	 the	 yeast	 Hof1p	 SH3	 domain	 is	 not	 required	 for	 cytokinesis	 (i.e.	 is	

dispensable),	 this	data	might	 indicate	 that	 the	Hof1p	SH3	domain	could	 inhibit	

actin-assembly-driven	 processes	 (e.g.	 cytokinesis)	 in	 the	 absence	 of	 the	 yeast	

WIP/Vrp1p	HOT	domain	(Ren	et	al.,	2005;	Thanabalu	&	Munn,	2001).		

Expression	 of	 human	WASP	 in	 yeast	 is	 unable	 to	 suppress	 the	 growth	 defects	

displayed	by	yeast	cells	 that	 lack	yeast	WASP	(las17Δ).	However,	expression	of	

human	WASP	and	WIP	in	combination	is	able	to	suppress	at	least	some	of	these	

growth	 defects.	 This	 supports	 the	 idea	 that	 human	 WASP	 is	 the	 functional	

homologue	 of	 yeast	 Las17p	 and	 that,	 like	 in	 humans,	 WASP	 function	 in	 yeast	

requires	 human	 WIP	 (Rajmohan,	 Meng,	 Yu,	 &	 Thanabalu,	 2006).	 A	 possible	

mechanism	would	 be	 that	 PRMs	 in	WIP,	WASP	 (or	N-WASP)	 contribute	 to	 the	

suppression	of	the	growth	defects	of	mutant	yeast	cells	lacking	yeast	WIP/Vrp1p	

and	 or	 WASP/Las17	 function	 by	 binding	 the	 Hof1p	 SH3	 domain	 and	 thereby	

counteracting	its	inhibitory	effect	on	actin-polymerisation-driven	processes.		

In	mammals,	dysfunction	of	Pombe	cdc15	homology	proteins	(PCH)	proteins	(or	

F-BAR	 proteins)	 such	 as	 PSTPIP1	 is	 implicated	 in	 a	 range	 of	 diseases,	 such	 as	

neurodegenerative	disorders,	cancer,	and	autoimmune-	and	auto-	inflammatory	
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disorders	 (Endris	 et	 al.,	 2002;	 Itoh	 &	 De	 Camilli,	 2006;	Megonigal	 et	 al.,	

2000;	Takano	et	al.,	2008;	Wise	et	al.,	2002).	As	can	be	seen	in	Table	1-1,	more	

data	is	available	about	Hof1p	and	its	physical	interactions	with	PRMs	compared	

to	 PSTPIP1.	 If	 the	 interactions	 of	 the	 Hof1p	 and	 PSTPIP1	 SH3	 domains	 with	

PRMs	 are	 conserved,	 then	 the	 yeast	 model	 could	 give	 valuable	 clues	 to	 the	

molecular	basis	of	the	function	of	PSTPIP1	in	mammals.	

Then,	 the	 yeast	 model	 might	 aid	 in	 unraveling	 the	 molecular	 mechanisms	

involved	 in	human	diseases	and	might	help	 to	 identify	new	treatments	such	as	

counteracting	 an	 inhibitory	 effect	 of	 SH3	 domains	 by	 introducing	 appropriate	

proline-rich	peptides	into	the	affected	cells.		

	

1.2.6 Vrp1p-deficient	yeast	cells	are	temperature-sensitive	for	growth	and	

cytokinesis	

Vrp1p	 is	 required	 for	 yeast	 viability	 at	 elevated	 temperatures	 (a	 stress	

condition).	Cytokinesis	is	delayed	in	vrp1Δ	cells	(up	to	4	times	slower	than	in	WT	

cells	at	24°C)	and	the	septum	that	forms	between	the	dividing	cells	is	aberrantly	

thick.	 Figure	 1-9	 a)	 and	 b)	 show	wild-type	 cells	 at	 24°C.	 Figure	 1-9	 c)	 and	 d)	

show	vrp1Δ	cells	at	24°C.	Figure	1-9	shows	vrp1Δ	cells	after	shift	to	37°C	[(e)	and	

f)].	The	septum	of	vrp1Δ	 cells	grown	at	24°C	 is	disorganised	(see	Figure	1-9	d)	

and	cytokinesis	 fails	upon	shift	 to	37°C	as	can	be	seen	 in	(Figure	1-9	e)	and	 f),	

where	the	cytoplasm	of	the	mother	cell	and	the	large	bud	has	failed	to	divide.		

The	cell	wall	of	the	mother	cell	 is	aberrantly	thick	(Figure	1-9	e)	and	f),	double	

black	 arrowhead).	 In	 vrp1Δ	 cells	 arrested	 at	 37°C,	 the	 actomyosin	 ring	 is	

unconstricted	 and	 Hof1p	 is	 not	 recruited	 to	 the	 bud	 neck,	 but	 diffusely	

distributed	throughout	 the	cytoplasm	of	 the	cell	 (Thanabalu	&	Munn,	2001).	 In	

the	 few	 cells	 where	 Hof1p	 is	 recruited	 to	 the	 bud	 neck,	 it	 localises	 to	 double	

rings.	Condensation	of	 the	double	 rings	 to	 single	 rings	can	only	be	 restored	by	

expression	 of	 N-Vrp1p	 (comprising	 residues	 1-364	 of	 the	 Vrp1p	 protein),	 C-

Vrp1p	(comprising	residues	364-817	of	Vrp1p)	or	full-length	Vrp1p	(Thanabalu	

and	Munn,	2001;Naqvi	et	al.,	2001).	
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WT at 24°C vrp1Δ at 37°C vrp1Δ at 24°C 

	
Figure	1-9:	Ultrastructure	of	wild-type	and	vrp1Δ	cells	after	growth	at	24°C	and	

after	shift	to	37°C.	Figure	reproduced	from	((Naqvi	et	al.,	2001).	

	

It	is	currently	not	known	where	in	the	yeast	cell	Hof1p	and	Vrp1p	co-localise	and	

physically	 interact	 but	 it	 has	 been	 suggested	 that	 Vrp1p	 might	 function	 in	

recruiting	Hof1p	to	the	bud	neck	of	the	cell	during	cytokinesis	and	in	the	process	

transiently	bind	Hof1p	(Naqvi	et	al.,	2001).		

In	summary,	if	Hof1p	or	the	actomysin	ring	is	defective,	yeast	cells	still	undergo	

cytokinesis	but	if	Vrp1p	is	defective,	the	cells	arrest	in	cytokinesis	at	37°C.	This	

data	suggests	that	Vrp1p	plays	an	important	role	in	both	actomyosin-	and	Hof1p-

dependent	 pathways	 of	 cytokinesis.	 The	 next	 two	 paragraphs	 will	 outline	 the	

function	of	Vrp1p	in	cortical	actin	patch	polarisation	and	endocytosis.	

	

1.2.7 Vrp1p-deficient	yeast	cells	are	defective	 in	actin	patch	polarisation	

and	endocytosis	

Under	normal	growth	conditions,	the	distribution	of	actin-rich	cortical	patches	in	

yeast	 cells	 is	 polarised	 to	 the	 nascent	 bud	 site	 and	 growing	 bud	 until	mitosis,	

where	 polarisation	 is	 lost.	 Upon	 exit	 from	 mitosis	 (at	 the	 beginning	 of	

cytokinesis),	 the	 actin	 patches	 in	 mother	 cell	 and	 bud	 are	 repolarised	 to	 the	

division	 site.	 Cortical	 Vrp1p	 patches	 partially	 co-localise	 with	 cortical	 actin	

patches	 and	vrp1Δ	 cells	 display	 severe	defects	 in	 both	 cytokinesis	 and	 cortical	

actin	patch	polarization	even	at	24°C	(Thanabalu	&	Munn,	2001).	
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	vrp1Δ	+	VRP1							vrp1Δ	+	vector		

	
Figure	 1-10:	 Vrp1p	 is	 essential	 for	 fluid-phase	 endocytosis.	 vrp1Δ	 yeast	 cells	

carrying	an	empty	vector	or	a	plasmid-borne	VRP1	gene.	Figure	reproduced	from	

(A.	L.	Munn,	Stevenson,	Geli,	&	Riezman,	1995;	Naqvi	et	al.,	1998;	Thanabalu	&	

Munn,	2001).	

	

Cortical	actin	patches	are	made	up	of	branched	actin	filaments	(Young,	Cooper,	&	

Bridgman,	2004).	The	 function	of	 actin-patch	polarisation	 in	 cytokinesis	 is	 still	

unknown.		

Further	 dysfunctions	 of	 vrp1Δ	 cells	 include	 a	 loss	 of	 actin-filament-assembly	

driven	 membrane	 trafficking	 processes	 such	 as	 receptor-mediated	 and	 fluid-

phase	 endocytosis	 (Munn	 et	 al.,	 1995;	 Naqvi	 et	 al.,	 1998;	 Thanabalu	 &	Munn,	

2001).	As	shown	in	Figure	1-10,	vrp1Δ	yeast	cells	carrying	a	plasmid-borne	copy	

of	the	VRP1	gene	can	take	up	the	dye	Lucifer	Yellow	into	their	vacuoles	(vacuoles	

shown	 with	 differential	 interference	 contrast	 optics	 in	 lower	 panels).	 In	

comparison,	vrp1Δ	 cells	 carrying	an	empty	vector	are	unable	 to	 internalise	 the	

dye.	Vrp1p-Las17p	and	Vrp1p-type	 I	myosin	 (Myo5p)	complexes	are	known	to	

function	in	nucleation	of	the	assembly	of	F-actin	and	both	complexes	localise	to	

cortical	actin	patches	and	are	required	for	endocytosis	(Anderson	et	al.,	1998;	Li,	

1997;	Naqvi	 et	 al.,	 1998;	Vaduva,	Martin,	&	Hopper,	 1997).	 Therefore,	 Las17p,	

type	I	myosins	(Myo3p	and	Myo5p),	and	Vrp1p	play	crucial	roles	in	endocytosis.	

The	actin	polymerisation	defects	 in	yeast	cells	 lacking	Vrp1p	can	be	minimised	

or	 abolished	 by	 overexpressing	 fragments	 of	 Vrp1p	 that	 contain	 a	 specific	

domain.	One	 of	 the	 domains	 of	 Vrp1p	 required	 for	 rescue	 of	 the	 temperature-

sensitive	growth	phenotype	of	vrp1Δ	cells	(the	HOT	domain)	mediates	physical	
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interaction	 of	 Vrp1p	 with	 the	 SH3	 domain	 of	 Hof1p,	 a	 key	 regulator	 of	

yeast	cytokinesis.	

	

1.2.8 The	Hof1p	SH3	domain:	a	key	regulator	of	yeast	cytokinesis	

An	 N-terminal	 fragment	 of	 Vrp1p	 (N-Vrp1p	 comprising	 residues	 1-364)	

expressed	 in	 vrp1Δ	 cells	 can	 restore	 cytokinesis,	 cell	 viability,	 endocytosis	 and	

actin	patch-polarisation	at	elevated	temperature	(Munn	et	al.,	1995;	Thanabalu	

&	 Munn,	 2001).	 Furthermore,	 the	 temperature-sensitive	 phenotype	 of	 vrp1Δ	

yeast	 cells	 described	 above	 (cytokinesis,	 cell	 viability	 and	 endocytosis,	 but	 not	

actin	 patch	 polarisation)	 can	 be	 rescued	 by	 overexpression	 of	 Las17p	 in	 these	

cells.	The	minimal	fragment	of	N-Vrp1p	that	is	sufficient	to	rescue	vrp1Δ	viability	

at	 elevated	 temperature	 comprises	 two	 domains	 of	 Vrp1p:	 the	 WH2	 domain	

(WASP-Homology	 2),	which	 is	 an	 actin	 binding	 domain,	 and	 the	Hof	One	Trap	

(HOT)	 domain.	 The	 HOT	 domain	 consists	 of	 three	 tandem	 proline-rich	 motifs	

(PRMs)	 flanked	 on	 the	 C-terminal	 side	 by	 pairs	 of	 serine	 residues:	 PAVPSIPSS	

(PRM1),	 PIPDIPSS	 (PRM2)	 and	 PIPIVPSS	 (PRM3)	 and	 binds	 to	 the	 Hof1p	 SH3	

domain	(G.	Ren	et	al.,	2005).	

The	core	motif	of	the	PXPXXPSS	PRM,	PXXP,	facilitates	SH3	domain	binding	and	

stability	 (X	 denotes	 any	 amino	 acid)	 (Yu	 et	 al.,	 1994).	 The	 ligand	 binding	

preference	for	each	PRM	is	dependent	on	the	additional	flanking	residues	around	

the	 PXXP	 core,	 meaning	 that	 each	 PRM	 engages	 in	 a	 variety	 of	 very	 specific	

protein-protein	 interactions.	PRMs	often	function	as	adaptors	to	bring	together	

multiple	proteins	to	facilitate	protein	complex	formations	in	response	to	signals.	

Therefore,	proteins	 that	contain	PRMs	are	 found	to	play	 important	roles	 in	 the	

initiation	 of	 transcription,	 signaling	 cascades	 and	 cytoskeletal	 reorganisation,	

where	 rapid	 recruitment	 of	 several	 proteins	 to	 form	 protein	 complexes	 is	

required	(Kay,	Williamson,	&	Sudol,	2000).	

Binding	of	the	Hof1p	SH3	domain	to	the	Vrp1p	HOT	domain	is	known	to	promote	

cytokinesis	 (Ren	 et	 al.,	 2005).	Deletion	 of	 the	whole	HOF1	 gene	does	 lead	 to	 a	

temperature-sensitive	 defect	 in	 septum-formation	 during	 cytokinesis	 and	 it	 is	

suggested	 that	 Hof1p	 functions	 by	 coupling	 actomyosin	 ring	 constriction	 to	

primary	septum	formation	(Kamei	et	al.,	1998;	Oh,	Schreiter,	Nishihama,	Wloka,	

&	Bi,	2013;	Vallen	et	al.,	2000).	A	summary	of	the	defects	in	vrp1Δ	cells	and	hof1Δ	
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cells	is	shown	in	Table	1-2.	

Furthermore,	in	vrp1Δ	cells	in	which	the	DNA	sequence	encoding	the	Hof1p	SH3	

domain	is	also	deleted	(vrp1Δ,	hof1SH3Δ	cells),	the	Vrp1p	HOT	domain	becomes	

dispensable	 and	 the	 Vrp1p	 WH2	 domain	 is	 sufficient	 to	 restore	 viability	 at	

elevated	 temperature.	 This	 indicates	 that	 the	Hof1p	 SH3	domain	might	 have	 a	

toxic	effect	in	the	absence	of	the	Vrp1p	HOT	domain	(Ren	et	al.,	2005;	Thanabalu	

&	 Munn,	 2001).	 Together,	 these	 data	 form	 the	 basis	 of	 our	 hypothesis,	 as	

outlined	in	the	following	section.	

	

	

	

Table	 1-2:	 defects	 in	 hof1Δ-	 and	 vrp1Δ	 cells	 at	 the	 restrictive	 temperature	

compared	to	wild	type	cells.	

Defects	in	hof1Δ	cells	 Defects	in	vrp1Δ	cells	

Cytokinesis	

• Cytokinesis	 fails	 at	 restrictive	

temperature	 due	 to	 lack	 of	 a	

septum.		

• Cells	 are	 multinucleate	 with	 a	

continuous	 cytoplasm	 (Blondel	

et	 al.,	 2005;	 Kamei	 et	 al.,	 1998;	

Vallen	et	al.,	2000).	

• Cytokinesis	fails,	the	septum	is	

disorganised.		

• The	 cytoplasm	 of	 the	 mother	

cell	and	the	large	bud	does	not	

divide	(Naqvi	et	al.,	2001).	

• Cell	 wall	 of	 the	mother	 cell	 is	

abnormally	thick.	

• Hof1p	 not	 localizing	 to	 the	

bud-neck	(Thanabalu	&	Munn,	

2001).	

Actin	polymerisation	

• Defects	 range	 from	normal	 actin	

polymerisation	 to	partial	defects	

to	 actin	 not	 being	 recruited	 to	

the	 bud	 neck	 (Meitinger	 et	 al.,	

2010;	 Thevissen	 et	 al.,	 2007;	

Vallen	et	al.,	2000).	

• Actomyosin	 ring	 is	

unconstricted	 (Thanabalu	 &	

Munn,	2001).	
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Cortical	actin	patches	and	endocytosis	

• Cortial	 actin	 patches	 accumulate	

at	 the	 bud	 tip	 but	 not	 at	 the	

mother-bud	 neck	 (Kamei	 et	 al.,	

1998).	

• Defective	 cortical	 actin	 patch	

polarization	 (Thanabalu	 &	

Munn,	2001).	

• Defects	 in	 receptor	 mediated	

and	 fluid-phase	 mediated	

endocytosis	 (Munn	 et	 al.,	

1995;	 Naqvi	 et	 al.,	 1998;	

Thanabalu	&	Munn,	2001).	

Actin	cables	

• Altered,	 fragmented	 actin	 cable	

architecture	 (Graziano	 et	 al.,	

2014).	

	

	

1.3 Gaps in Knowledge and Hypothesis 
The	yeast	Hof1p	SH3	domain	is	without	any	deleterious	effect	when	it	can	bind	

Vrp1p,	but	becomes	a	potent	inhibitor	of	cytokinesis	and	cell	proliferation	when	

Vrp1p	is	absent	(e.g.	in	vrp1Δ	cells),	or	when	the	HOT	domain	is	mutated	(Naqvi	

et	 al.,	 2001;	 G.	 Ren	 et	 al.,	 2005;	 Thanabalu	 &	 Munn,	 2001).	 To	 rescue	 the	

temperature-sensitive	 growth	 (i.e.	 restore	 cytokinesis	 and	 cell	 viability	 at	

elevated	temperature)	of	vrp1Δ	cells,	the	Vrp1p	WH2	and	HOT	domains	are	both	

necessary	and,	in	combination,	sufficient.	

It	is	known	that	Vrp1p-Las17p	and	Vrp1p-type	I	myosin	complexes	partially	co-

localise	with	actin	patches	and	function	in	the	nucleation	step	in	the	assembly	of	

branched	F-actin	networks	(Li,	1997;	Naqvi	et	al.,	1998;	Vaduva	et	al.,	1997).	We	

propose	that	Vrp1p	has	a	dual	role	and	that	in	addition	to	its	known	role	in	these	

NPF	 complexes	 we	 propose	 that	 it	 has	 a	 second	 role	 in	 counteracting	 an	

inhibitory	effect	of	the	Hof1p	SH3	domain.	In	addition,	we	propose	that	WIP	and	

Vrp1p	on	 the	one	hand	and	 the	PSTPIP1	and	Hof1p	SH3	domains	on	 the	other	

hand	 are	 functional	 homologues.	 For	WIP	 and	 Vrp1p	 this	was	 shown	 in	 1999	

(Vaduva	et	al.,	1999).	
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It	 has	 been	 shown	 that	 strong	 expression	 of	 human	 WIP	 in	 yeast	

suppresses	 the	 temperature-sensitive	 growth	 defects	 of	 vrp1Δ	 yeast	 cells	

suggesting	that	human	WIP	and	yeast	Vrp1p	are	functional	homologues	(Vaduva	

et	 al.,	 1999).	 Consistent	 with	 this,	 domains	 of	 human	 WIP	 required	 for	 the	

suppression	of	vrp1Δ	growth	defects	have	been	identified	and	include	the	human	

WIP	WH2	domain	as	well	as	 the	PRM	APPPPP	of	human	WIP	 that	 resembles	a	

part	of	each	single	PRM	of	the	three	that	comprise	the	Vrp1p	HOT	domain.	This	

proline-rich	 motif	 also	 resembles	 an	 Actin-Based	 Motility	 (ABM)	 domain	

(Vaduva	 et	 al.,	 1999).	 This	 PRM	 is	 followed	 by	 the	 sequence	 “PSTS”	 that	

resembles	 the	 pairs	 of	 serine	 residues	 that	 in	 other	 proteins	 bind	 profiling.	 In	

yeast,	the	HOT	domain	of	Vrp1p	binds	to	the	Hof1p	SH3	domain	and	counteracts	

its	 toxic	 effect.	 Human	 WIP,	 WASP	 and	 N-WASP	 contain	 conserved	 PRMs	

(yellow)	that	are	likely	to	bind	SH3	domains	and	play	a	similar	role	to	the	Vrp1p	

HOT	domain	in	yeast	cells.	

In	this	study,	we	have	applied	this	knowledge,	which	is	based	on	studies	of	both	

yeast	 and	 human	 proteins,	 to	 identify	 the	 protein	 interactions	 responsible	 for	

rescue	 of	 vrp1Δ	 mutant	 phenotypes	 in	 yeast	 by	 expression	 of	 human	 WIP.	

Expression	 of	 human	WASP	 and	WIP	 in	 combination	 is	 able	 to	 rescue	 at	 least	

some	of	the	growth	defects	displayed	by	 las17Δ	yeast	cells	(in	which	the	LAS17	

gene	 is	 deleted).	 Intriguingly,	 however,	 expression	 of	 human	 WASP	 alone	 is	

unable	 to	 suppress	 las17Δ	 growth	 defects.	 This	 supports	 the	 idea	 that	 human	

WASP	 is	 the	 functional	 homologue	 of	 yeast	 Las17p	 and	 that	 human	 WASP	

function	in	yeast	requires	human	WIP	(Rajmohan	et	al.,	2006).	

Our	hypothesis	is	that	human	WIP,	WASP	and	N-WASP	each	bind	via	proline-rich	

motifs	 within	 HOT-like	 domains	 to	 the	 yeast	 Hof1p	 SH3	 domain	 and	 thereby	

protect	 the	 yeast	 cytoskeletal	 machinery	 from	 the	 Hof1p	 SH3	 domain	 as	

illustrated	in	Figure	1-11.	In	wild-type	cells	Figure	1-11	A,	yeast	Hof1p	binds	to	

the	 HOT	 domain	 of	 yeast	 Vrp1p	 or	 human	 WIP	 via	 its	 SH3	 domain	 (orange	

circle).	 Under	 these	 conditions,	 the	 Arp2/3	 activators	 required	 for	 cell	

proliferation	are	not	inhibited	and	the	cells	proliferate.	In	cells	lacking	yeast	WIP	

(Vrp1p)	 or	 human	WIP	 Figure	 1-11	 B,	 the	 yeast	 Hof1p	 SH3	 domain	 binds	 to	

Arp2/3	 NPFs	 such	 as	 yeast	 WASP	 (Las17p),	 human	 WASP	 or	 N-WASP.	 This	

inhibits	cell	proliferation	by	inducing	actin-cytoskeletal	defects	in	these	cells.	
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When	 expressed	 at	 high	 levels,	 the	 proline-rich	 motifs	 of	 these	 human	

proteins	may	be	able	to	titrate	out	the	inhibitory	Hof1p	SH3	domain	and	restore	

actin-filament-dependent	 cellular	 processes,	 such	 as	 endocytosis	 and	

cytokinesis,	 to	 yeast	 vrp1Δ	 and	 las17Δ	 mutant	 cells	 deficient	 in	 endogenous	

proteins	with	proline-rich	motifs.	

	

Arp2/3 NPFs 
(active) 

Arp2/3 NPFs 
(inactive) 

A 

yeast Vrp1p/ 
human WIP 

yeast  
Hof1p 

B 

yeast  
Hof1p 

yeast Vrp1p/ 
human WIP 

wild type vrp1Δ  

	
Figure	 1-11:	 Hypothesis	 to	 explain	 how	 human	 WIP	 expression	 protects	 the	

yeast	actin	cytoskeletal	machinery	from	the	effects	of	the	Hof1p	SH3	domain.	

	

In	 support	 of	 our	 hypothesis,	 it	 has	 already	 been	 shown	 that	 human	 WASP	

interacts	 via	 a	 proline-rich	 region	 (potentially	 a	 HOT	 domain)	 with	 the	 SH3	

domain	 of	 PSTPIP1	 (Wu	 et	 al.,	 1998).	Human	PSTPIP1	 bears	 a	 similar	 domain	

structure	 to	 yeast	 Hof1p	 and,	 like	 Hof1p,	 functions	 in	 cytokinesis	 and	 actin	

filament	 assembly.	 Deletion	 of	 the	 equivalent	 proline-rich	 region	 in	 murine	

WASP	causes	immunological	deficiency	in	mice	due	to	actin	cytoskeletal	defects	

in	T	 lymphocytes	 (Badour	 et	 al.,	 2003).	 In	 this	 context,	 it	 is	 interesting	 that	 in	

humans,	the	immunodeficiency	in	WAS	has	been	attributed	to	actin	cytoskeletal	

defects	 in	 T	 lymphocytes	 (Gallego	 et	 al.,	 2006;	 Jain	 et	 al.,	 2014;	 Kenney	 et	 al.,	

1986;	Snapper	&	Rosen,	1999;	Wada	et	al.,	2002).	

That	the	proline-rich	region	of	human	WASP	is	critical	for	the	immune	function	

of	WASP	supports	our	hypothesis	that	 interaction	of	the	proline-rich	regions	of	

human	WASP	and	WIP	 (and	possibly	 also	N-WASP,	 although	 this	has	not	been	

investigated)	 with	 the	 PSTPIP1	 SH3	 domain	 counteracts	 a	 toxicity	 of	 the	

PSTPIP1	 SH3	 domain	 in	 mammalian	 cells	 that	 resembles	 the	 toxicity	 of	 the	

Hof1p	SH3	domain	in	Vrp1p-deficient	yeast.	
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There	 is	 evidence	 that	 the	 clinical	 features	of	WAS	 in	humans	are	due	 to	

the	inability	of	WASP	to	act	together	with	WIP	to	promote	actin	polymerisation	

in	lymphocytes	(Stewart	et	al.,	1999).	

If	 the	 role	 of	 the	 yeast	 Vrp1p-Hof1p	 interaction	 is	 conserved	 for	 the	 WASP-

PSTPIP1	interaction	in	humans,	our	findings	may	provide	the	basis	for	the	future	

development	of	novel	treatments	for	WAS.	Possible	treatments	may	involve	the	

introduction	of	peptides	with	proline-rich	SH3	domain	binding	or	small	molecule	

peptide	mimetics	that	mimic	proline-rich	peptides	into	diseased	cells.		

In	 summary,	we	 propose	 that	 human	WIP	 and	 yeast	 Vrp1p	 share	 a	 conserved	

mechanism	 in	 actin	 polymerisation	 in	 humans	 and	 in	 yeast.	 Human	WIP	 and	

yeast	 Vrp1p	 bind	 the	 PSTPIP1	 SH3	 domain	 and	 the	 Hof1p	 SH3	 domain,	

respectively,	 and	 this	 binding	 facilitates	 the	 polymerisation	 of	 actin	 by	 the	

Arp2/3	complex.	This	study	investigates	if	the	yeast	Hof1p	SH3	domain	binds	to	

conserved	 PRMs	 in	 human	WIP	 and	 if	 the	 identified	 PRMs	 can	 counteract	 the	

toxic	 effect	 of	 the	 Hof1p	 SH3	 domain	 in	 vrp1Δ	 cells.	 This	 will	 be	 achieved	 by	

mapping	 the	 binding	 site	 of	 the	 Hof1p	 SH3	 domain	 in	 WIP	 and	 then	 by	

phenotypic	analysis	of	vrp1Δ	cells	expressing	the	WIP	fragments	which	comprise	

these	PRMs.		
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2 Aims and Significance 

2.1 Aims 
The	 broad	 aim	 of	 this	 study	 is	 to	 learn	 about	 the	 physiological	 significance	 of	

Hof1p	SH3	domain	binding	to	actin	cytoskeletal	proteins.	This	study	investigates		

if	the	interaction	of	the	yeast	Hof1p	SH3	domain	and	the	Vrp1p	HOT	domain	in	

yeast	 has	 been	 conserved	 in	 humans.	 This	 is	 achieved	 by	 testing	 if	 the	 human	

homologues	of	these	yeast	proteins,	the	PSTPIP1	SH3	domain	and	WIP,	interact	

in	 a	 similar	 way.	 In	 order	 to	 further	 confirm	 the	 conservation	 of	 this	 protein	

interaction,	the	study	investigates	if	the	yeast	Hof1p	SH3	domain	binds	to	human	

WIP	and	aims	to	identify	the	binding	sites	for	the	Hof1p	SH3	domain	in	human	

WIP.	 The	 actin-cytoskeletal	 function	 of	 this	 binding	 will	 be	 tested	 by	

overexpression	human	WIP	lacking	the	identified	binding	sites	in	in	yeast	vrp1Δ	

or	las17Δ	 cells	and	by	analysis	of	 the	resulting	mutant	phenotypes.	This	means	

that	 deletion	 of	 the	 identified	 binding	 sites	 or	 PRMs	 in	 WIP	 should	 induce	 a	

temperature-sensitive	 phenotype	 in	 vrp1Δ	 or	 las17Δ	 cells	 expressing	 human	

WIP.	 Analysis	 of	 this	mutant	 yeast	 phenotype	might	 then	 give	 insight	 into	 the	

function	of	this	protein	binding	in	yeast	and	in	humans.	

	

2.2 Significance 
To	date,	 the	 role	 of	many	 actin	 cytoskeleton	 components	 in	 yeast	 and	humans	

and	their	importance	for	the	control	of	actin	cytoskeletal	dynamics	has	yet	to	be	

elucidated.	Mutations	that	affect	the	proteins	this	study	focuses	on	are	the	cause	

of	various	human	diseases	suggesting	that	the	interactions	and	functions	of	these	

proteins	are	of	fundamental	importance	to	the	cell	and	the	whole	organism.	

F-BAR	 proteins	 function	 downstream	 of	 various	 signalling	 pathways	 to	

coordinate	actomyosin	assembly	with	membrane	dynamics.	Dysfunction	of	these	

proteins	 is	 associated	with	 neurodegenerative	 and	 auto-inflammatory	 diseases	

in	humans	(Aspenstrom,	Fransson,	&	Richnau,	2006).	Elucidating	the	molecular	

mechanisms	by	which	these	proteins	function	will	help	to	reveal	potential	drug	

targets.	
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This	 study	 investigates	 the	 role	 of	 the	 SH3	 domain	 of	 the	 F-Bar	 protein	

PSTPIP1	 in	 the	autoimmune	disorder	WAS.	WAS	 is	 caused	by	mutations	 in	 the	

WASP	 gene	 that	 result	 in	 defective	 interaction	 between	 WASP	 and	 WIP.	 This	

might	 not	 be	 the	 only	 cause	 of	WAS,	 though,	 as	 mutations	 in	 the	WASP	 gene	

might	also	affect	interactions	of	WASP	with	other	proteins,	such	as	the	PSTPIP1	

SH3	 domain.	 Mutations	 in	 the	 proline-rich	 regions	 of	 WASP,	 WIP	 or	 N-WASP	

might	 abolish	 the	 interaction	 with	 the	 PSTPIP1	 SH3	 domain,	 leading	 to	

accumulation	of	unbound	PSTPIP1	in	the	cells	and	may	result	in	a	toxic	effect	of	

the	 unbound	 PSTPIP1	 SH3	 domain.	 If	 the	 function	 of	 PSTPIP1	 SH3	 domain	

binding	 in	 humans	 is	 similar	 to	 the	 function	 of	 Hof1p	 SH3	 domain	 binding	 is	

yeast,	 then	what	 is	 already	 is	 known	 about	 the	 function	 of	Hof1p	 SH3	domain	

binding	 in	 yeast	 could	 aid	 as	 a	 model	 for	 PSTPIP1	 SH3	 domain	 binding	 in	

humans.	 This	 knowledge	 might	 then	 allow	 the	 future	 development	 of	 new	

treatments	 for	 WAS,	 for	 example	 the	 introduction	 of	 proline-rich	 peptide	

mimetics	 into	the	cells	of	WAS	patients	 in	order	to	bind	the	toxic	PSTPIP1	SH3	

domains.	 This	 might	 restore	 actin	 cytoskeletal	 functions	 and	 antigen	

responsiveness	 in	 these	patients.	Most	current	 treatment	options	 for	WAS	only	

focus	 on	 alleviating	 the	 symptoms	 and	 the	 hematopoietic	 stem	 cell	 transplant	

therapy	is	associated	with	severe	risks	and	side	effects.	

Further,	 this	study	 investigates	mechanisms	to	control	WASP/WIP	driven	actin	

filament	assembly	and	actin	cytoskeletal	organisation	and	function.	Members	of	

the	WASP	 family	 of	 proteins	 have	 roles	 in	 tumor	 suppression.	 Elucidating	 the	

molecular	mechanisms	 that	 regulate	nucleation	of	 actin	 filament	 assembly	 and	

actin	 cytoskeletal	 remodelling	has	 the	potential	 to	give	 important	new	 insights	

into	 the	 role	 of	WASP-family	 proteins	 in	 protection	 against	 cancer.	 Therefore,	

this	 study	 aimed	 to	 improve	 our	 basic	 understanding	 of,	 and	 potentially	 our	

ability	to	diagnose	and	treat,	cancer.	

Wiskott-Aldrich	 syndrome	 patients	 also	 die	 of	 malignancies	 such	 as	

lymphoreticular	 tumours,	 leukaemia	 and	 reticuloendothelial	 system	

malignancies.	In	cancer	patients,	tumour	metastasis	is	a	major	cause	of	death	and	

metastasis	 is	 dependent	 on	 cell	 motility,	 a	 process	 regulated	 by	 the	 actin	

cytoskeleton.		



Aims	and	Significance	

Birgit	Heike	Mack	

38	

This	area	of	research	is	also	significant	because	of	the	central	role	of	actin	

filament	 assembly	 in	 endocytosis.	 All	 of	 the	 different	 endocytosis	 pathways	 in	

mammalian	 cells	 are	 dependent	 on	 a	 functional	 actin	 cytoskeleton	 (Engqvist-

Goldstein	&	Drubin,	2003)	but	the	dynamics	of	endocytotic	proteins	are	yet	to	be	

elucidated	 but	 have	 been	 studied	 in	 great	 detail	 in	 yeast.	 Endocytosis	 is	

important	 for	 the	 uptake	 of	 nutrients	 into	 the	 cell,	 for	 the	 defense	 against	

microorganisms	mediated	by	the	 immune	system,	 for	neurotransmission	at	 the	

synapses,	 for	 removal	 of	 cholesterol	 from	 blood	 and	 for	 the	 suppression	 of	

oncogenic	transformation	in	cancer.		
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3 Materials and Methods 

3.1 Materials  

3.1.1 Laboratory equipment 

Centrifuges	used	in	this	study	were	manufactured	by	Heraeus	(Hanau,	Germany),	

Beckman-Coulter™	(Brea,	California,	USA),	and	MyLab™	Technologies	(Tampere,	

Finland).	DNA	gel	electrophoresis	equipment,	Micropulser	and	PCR	thermocycler	

were	obtained	from	Biorad	(Hercules,	California,	USA).	Vortex	mixers	were	from	

MyLab™	Technologies	 (Tampere,	 Finland)	or	 Seolin	Biosciences	 (South	Korea),	

heating	 blocks	 from	LABEC	 (Sydney,	 Australia),	 and	Wisestir	magnetic	 stirrers	

were	obtained	 from	WiTEG	 (Wertheim,	Germany)	or	Seolin	Biosciences	 (South	

Korea).	 PH-meter	 and	 weighing	 balances	 were	 purchased	 from	 CHEETAH,	

photospectrometer	 from	 Shimadzu	 Biotech	 (Kyoto,	 Japan),	 shaking	 incubator	

cabinets	 from	 IKA®	 (Staufen,	 Germany),	 incubators	 from	 Sanyo	 (Moriguchi,	

Osaka	 Prefecture,	 Japan)	 and	 the	 autoclave	was	 purchased	 from	 TOMY	Digital	

Biology	 (Tokyo,	 Japan).	 The	 light	 microscope	 was	 manufactured	 by	 Olympus	

(Tokyo,	 Japan),	 the	 class	 II	 biological	 safety	 cabinet	 by	 GelairePTY	 LTD	 (Sydney,	

Australia),	the	reverse	osmosis	water	purification	system	by	Millipore	(Billerica,	

Massachusetts,	 USA)	 and	 the	 ChemiDoc	 imaging	 system	 and	 the	 ImageLab4.1	

software	 were	manufactured	 by	 Biorad	 (Hercules,	 Califoria,	 USA).	 To	 perform	

SDS-PAGE,	 the	 Biorad	 Mini-Protean	 III	 or	 Tetra	 Electrophoresis	 Systems	 was	

used	and	were	purchased	from	Biorad	(Hercules,	California,	USA).	Bacterial	cells	

were	 lysed	 using	 a	 Branson	 sonifier	 (Emerson,	 St	 Louis,	 USA).	 Waterbath	

incubators	were	obtained	from	Brunswick	Scientific	(New	Jersey,	USA)	and	the	-

80°C	freezer	from	Sanyo	(Osaka,	Japan).	

3.1.2 Reagents and Kits 

Reagents	for	microbiological	procedures	and	media	

YNB	(Yeast-Nitrogen	Base)	w/o	amino	acids,	Bacto	Yeast	Extract	and	Bacto-Agar	

for	 yeast	 growth	 media	 were	 purchased	 from	 Becton-Dickinson	 Biosciences	

(Franklin	Lakes,	New	Jersey,	USA),	D-glucose,	sodium	hydroxide,	 imidazole	and	
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sodium	 chloride	 from	Merck	 (Darmstadt,	 Germany),	 amino	 acids,	 lithium	

acetate	 3-amino-triazole	 (3-AT)	 and	 Tris	 base	 (Trizma)	 were	 purchased	 from	

Sigma-Aldrich	(St	Louis,	Missouri,	USA).	Soy	peptone	and	yeast	extract	for	E.	Coli	

growth	 media	 were	 obtained	 from	 Oxoid	 (Basingstoke,	 Hampshire,	 UK),	

polyethyleneglycol,	 ethanol	 and	 methanol	 from	 Chem-Supply	 (Gillman,	 South	

Australia)	 and	 PBS	 (phosphate-buffered-saline)	 and	 ampicillin	 were	 obtained	

from	amresco	(Solon,	Ohio,	USA)	or	Life	Technologies	(Carlsbad,	California,	USA).	

DMSO	(dimethyl-sulfoxide),	glycerol,	PEG,	Sorbitol	and	Ethylendiamintetraacetic	

acid	 (EDTA)	 and	 glacial	 acetic	 acid	 were	 purchased	 from	 Ajax	 Finechem	

(Waltham,	Massachussets,	USA).		

	

SDS	gels	

Precision	Plus	prestained	protein	standards	in	dual	colour	and	40%	Acrylamide	

solution	were	obtained	from	Biorad	(Hercules,	California,	USA)	and	BenchMark	

pre-stained	protein	ladder	was	purchased	from	Invitrogen	(Carlsbad,	California,	

USA).	 SDS	 was	 obtained	 from	 Scharlau	 Chemicals	 (Barcelona,	 Spain)	 and	 Tris	

from	AppliChem	(Darmstadt,	Germany).	

	

Reagents	and	enzymes	for	molecular	cloning		

Taq	 polymerase,	 10x	 Thermopol	 buffer	 restriction	 enzymes	BamHI-HF,	EcoRI-

HF,	NcoI-HF	 and	 SalI-HF	with	 10x	 CutSmart	 buffer	were	 purchased	 from	NEB	

(Ipswich,	Massachussets,	USA).	Pfu	Ultra	II	Fusion	Hot	Start	DNA	polymerase	and	

10x	 buffer	 were	 obtained	 from	 Stratagene/Agilent	 (La	 Jolla,	 California,	 USA),	

dNTPs	 from	Fisher	Biotec	 (Perth,	Australia)	 and	T4	DNA	 ligase	 and	10x	buffer	

were	 obtained	 from	 Promega	 (Fitchburg,	 Wisconsin,	 USA).	 DNA	 Oligos	 were	

manufactured	by	Gene	Works	 (Hindmarsh,	Australia),	 1kb	Plus	DNA	 ladder	by	

Invitrogen	(Carlsbad,	California,	USA),	and	agarose	was	manufactured	by	Progen	

(Melbourne,	Australia).		
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Kits	

For	 DNA	 purification,	 the	 Promega	 (Fitchburg,	 Wisconsin,	 USA)	 Wizard®	 SV	

Plasmid	Minipreps	DNA	Purification	System	and	Wizard®	SV	Gel	and	PCR	Clean-

Up	System	were	used	 following	the	 instructions	provided	by	the	manufacturer.	

DNA	 from	agarose	gels	was	purified	using	 the	Eppendorf	 (Hamburg,	Germany)	

PerfectPrep	Gel	Cleanup	kit	and	the	instructions	provided	by	the	manufacturer.	

DNA	sequencing	was	performed	using	the	BigDye	Terminator	v3.1	kit	from	Life	

Technologies/Applied	Biosystems	(Carlsbad,	California,	USA)	and	the	sequencing	

reactions	were	sent	 to	the	Griffith	University	DNA	Sequencing	Facility	(GUDSF)	

for	separation	and	sequence	analysis.		

Nickel-nitrilotriacetic	acid	(Ni2+-NTA)	agarose	resin	was	purchased	from	Pierce	

Biotechnology	 (Rockford,	 USA)	 and	 glutathione	 agarose	 beads	 from	Macherey-

Nagel	 (Dueren,	 Germany).	 PD10	 desalting	 colums	 were	 obtained	 from	 GE	

Healthcare	(Little	Chalfont,	United	Kingdom).	

	

Yeast	strains	used	in	this	study	

The	 genotypes	 of	 the	 yeast	 strains	 used	 in	 this	 study	 and	 the	 corresponding	

references	are	listed	in	Table	3-1.	

	

Table	3-1:	name	and	genotype	of	the	yeast	strain	that	was	used	in	this	study.	

Strains Genotype Reference 

PJ69-4a MATa leu2-3, 112 ura3-52 trp1-901 his3-200 

gal4Δgal80ΔGAL2-ADE2 LYS2::GAL1-HIS3 

MET2::GAL7-LacZ 

(James, Halladay, & 

Craig, 1996) 

	

	

	

	

	

	

	



Materials	and	Methods	

Birgit	Heike	Mack	

42	

3.1.3 Microbiological growth media  
(for	a	volume	of	1	l):	

Bacterial	growth	media	

LB	media	

Yeast	extract	(Oxoid)	 5	g	

Soy	peptone	 	10	g	

NaCl	 	 10	g	

pH	adjusted	to	7.5	

Bacteriological-Agar	 	 20	g	

Yeast	growth	media	

Yeast	extract	Peptone	Dextrose	(YPD)	media	

Bacto	Yeast	extract	 10	g	

Soy-Peptone	 20	g	

Dextrose	(D-glucose)	 20	g	

Bacto	agar	 20	g	

Dextrose	(D-glucose)	was	autoclaved	separately	and	added	to	the	Yeast	Peptone	

after	autoclaving.	Agar	was	omitted	for	liquid	YPD	medium.	

Synthetic	Dextrose	(SD)	media	

YNB	w/o	amino	acids	 6.7	g	

Dextrose	(D-glucose)	 20	g	

Bacto-agar		 20	g	

Glucose	was	 autoclaved	 separately	 and	 added	 to	 the	Yeast	Nitrogen	Base	 after	

autoclaving.	 Where	 required	 by	 various	 yeast	 strains	 due	 to	 nutritional	

auxotrophies	the	following	supplements	were	added:	

adenine		 40	mg	

L-histidine	 40	mg	

L-leucine		 40	mg	

L-methionine	 40	mg	

L-tryptophan		 40	mg	

uracil	 40	mg	

Nutrient	supplement	stocks	were	autoclaved	separately	(except	tryptophan	and	

methionine,	which	were	filter	sterilised)	and	were	added	to	the	SD	media	after	it	
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cooled	 to	 a	 temperature	 of	 approximately	 60°C.	 Agar	 was	 omitted	 for	

liquid	SD	medium.	

3.1.4 Solutions and buffers  
3.1.4.1 Yeast transformation solutions and buffers 
10x	Tris-EDTA	buffer	(per	litre)	

Tris	base	 12.1	g	

EDTA	(dihydrate)	 3.73	g	

pH	was	adjusted	with	HCl	to	7.5	

	

10x	lithium	acetate	(LiAc)	(per	liter)	

lithium	acetate	 65.98	g	

pH	was	adjusted	to	7.5	with	dilute	acetic	acid	

	

TE	buffer	(1x)	and	LiAc-TE	(1x)	buffer	were	prepared	from	these	10x	stocks.	

	

70%	(w/v)	polyethylene	glycol	(for	100	ml)	

PEG	 70	g	

PEG	was	dissolved	in	a	small	amount	of	1x	TE	buffer	by	microwaving	and	then	

TE	was	added	to	a	final	volume	of	100	ml.	

All	solutions	were	sterilised	by	autoclaving.	

	

3.1.4.2 SDS-PAGE gel electrophoresis solutions and buffers 
SDS-PAGE	

2x	Laemmli	sample	buffer	

per	10	ml	

0.5	M	Tris-HCl	[pH	6.8]	 1.25	ml	

2.5	ml	glycerol	 2.5	ml	

SDS	 0.2	g		

bromphenol	Blue	 1.0	mg	

Before	 use,	 50	 μl	 of	 β-mercaptoethanol	 were	 added	 per	 950	 μl	 of	 Laemmli	

sample	buffer.		
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SDS-PAGE	running	buffer		

Per	litre	

50	mM	Tris	base	 6.056	g	

384	mM	glycine	 28.82	g	 	

0.1	%	(w/v)	SDS	 1.0	g	

	

Stacking	gel	buffer	

0.5	M	Tris-HCl	pH	6.8	

Per	100	ml:	

Tris	base	 6.1	g	

pH	was	adjusted	to	6.8	with	HCl	

	

Resolving	gel	buffer	

1.5	M	Tris-HCl	pH	8.8	

Per	100	ml:	

Tris	base	 18.2	g	

pH	was	adjusted	to	8.8	with	HCl	

3.1.4.3 Protein affinity purification 

These	buffers	were	prepared	according	to	the	“Gluthathione	Affinity	Handbook”	

from	Qiagen	(Venlo,	The	Netherlands),	with	some	modification	

		

Purification	of	GST-tagged	fusion	proteins	and	pull-down	assays	

PBS-L	(PBS-based	lysis	buffer),	per	litre	

1xPBS	

NaH2PO4	 5.95	g	

NaCl	 8.76	g	

DTT	 0.154	g	

Triton	X-100	 1	ml	

The	pH	was	adjusted	to	7.2	with	HCl	

	

PBS-EW	(PBS-based	equilibration	and	wash	buffer)	

This	is	the	same	buffer	as	PBS-L,	but	without	Triton	X-100.	
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TN1	(Tris/NaCl-based	GST	pull-down	binding	and	wash	buffer)	

Per	litre	

Tris	base	 6.05	g	

NaCl	 11.68	g	

EDTA	 		0.372	g	

Triton	X-100	 1.0	ml	

DTT	 		0.154	g	

pH	was	adjusted	with	HCl	to	8.0.	

	

Buffers	 for	 the	 purification	 of	 6xHis-tagged	 proteins	were	 prepared	 for	 native	

conditions	 according	 to	 “The	 Qia-Expressionist	 Handbook”	 from	 Qiagen,	 with	

some	modification.	

	

Lysis	buffer	(per	liter)	

NaH2PO4	H20	 6.9	g	

NaCl	 17.54	g	

imidazole	 0.69	g	

The	pH	was	adjusted	to	8.0	using	concentrated	(5N)	NaOH	

	

Wash	buffer	

NaH2PO4	H20	 6.9	g	

NaCl	 17.54	g	

imidazole	 1.36	g	

The	pH	was	adjusted	to	8.0	using	concentrated	NaOH.	

	

Elution	buffer	

NaH2PO4	H20	 6.9	g	

NaCl	 17.54	g	

imidazole	 17.00	g	

The	pH	was	adjusted	to	8.0	using	concentrated	NaOH.	
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Coomassie	Stain	for	SDS-PAGE	gel	

methanol	 50	%	(v/v)	

glacial	acetic	acid	 10	%	(v/v)	

Coomassie	Brilliant	Blue	R250	 	 0.25	%	(w/v)	

	

Destaining	solution	

methanol	 50	%	(v/v)	

glacial	acetic	acid	 10	%	(v/v)	

	

3.1.5 Vectors used in this study 
The	 vectors	 used	 in	 this	 study	 are	 shuttle	 vectors,	 meaning	 that	 they	 can	

replicate	autonomously	in	E.	coli	(using	the	Col	E1	origin)	and	S.	cerevisiae	(using	

the	 2μ	 ori).	 The	 plasmids	 carry	 the	 β-lactamase	 (bla)	 gene	 for	 ampicillin	

resistance	in	E.	coli	(Clontech	Laboratories,	2009).	To	fuse	the	prey	protein	to	the	

Gal4p	 activation	 domain	 (Gal4p	 AD)	 the	 DNA	 sequence	 encoding	 the	 prey	

protein	was	 inserted	 into	 the	multiple	 cloning	 site	of	 the	Clontech	pACT2	 two-

hybrid	vector.	Gal4p	AD	targets	the	fusion	protein	to	the	nucleus	of	the	yeast	cell	

and	a	 truncated	ADH1	promoter	mediates	gene	expression	at	medium	levels.	A	

restriction	map	of	 the	pACT2	vector	 is	depicted	 in	Figure	3-1.	Yeast	cells	 to	be	

transformed	 with	 the	 pACT2	 vector	 and	 constructs	 based	 on	 it	 are	 leucine	

auxotrophs	 (Leu-).	 PACT2	 contains	 the	 LEU2	marker	 allowing	 for	 selection	 of	

transformant	yeast	cells	on	solid	SD	media	lacking	leucine.	The	pACT2	vector	is	

used	 to	generate	a	hybrid	containing	 the	Gal4p	AD,	an	HA	epitope	 tag,	and	 the	

prey	protein	of	interest.		
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Figure	 3-1:	 The	 restriction	map	 of	 the	 yeast	 two-hybrid	 vector	 pACT2.	 Figure	

reproduced	from	(Clontech	Laboratories,	1997).	

	

To	 fuse	 the	 bait	 protein	 to	 the	 Gal4p	 binding	 domain	 (Gal4p	 BD)	 the	 DNA	

sequence	 encoding	 the	 bait	 protein	 (the	 protein	 possibly	 interacting	 with	 the	

prey	 protein)	 is	 inserted	 into	 the	multiple	 cloning	 site	 of	 the	 Clontech	 pAS2-1	

two-hybrid	vector.	A	restriction	map	of	 the	pAS2-1	vector	 is	depicted	 in	Figure	

3-2.	

	

	
Figure	 3-2:	 The	 restriction	map	 of	 the	 yeast	 two-hybrid	 vector	 pAS2-1.	 Figure	

reproduced	from	(Clontech	Laboratories,	1997).	

	

pAS2-1	also	targets	the	fusion	protein	to	the	nucleus	of	the	yeast	cell	and	a	full-

length	 ADH1	 promoter	 mediates	 expression	 at	 high	 levels.	 Yeast	 cells	 to	 be	

transformed	with	 the	 pAS2-1	 vector	 and	 contructs	 based	 on	 it	 are	 tryptophan	

auxotrophs	 (Trp-).	 pAS2-1	 contains	 the	TRP1	 marker	 allowing	 for	 selection	 of	
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transformant	 yeast	 cells	 on	 solid	 SD	 media	 lacking	 tryptophan	 (Harper,	

Adami,	Wei,	Keyomarsi,	&	Elledge,	1993).		

3.1.6 Oligos used in this study 

The	 DNA	 sequences	 of	 the	 oligos	 that	 were	 used	 in	 this	 study	 to	 amplify	 and	

clone	plasmid	DNA	are	listed	in	Table	3-2.	

	

Table	3-2:Table	of	DNA	oligos	used	in	this	study.	

Oligo	Name	 Sequence	(5’-3’)	

WIPF1.for	 GAT	CGA	TCC	CAT	GGA	GAT	GCC	TGT	CCC	TCC	CCC	TCC	
AGC	A	

WIPF1.rev	 GAT	CGA	TCG	TCG	ACT	AAG	CAT	TAT	CCC	TGT	TGG	CCG	
TGG	A	

WIPF2.for	 GAT	 CGA	 TCC	 CAT	 GGA	 GAG	 TTT	 TGG	 AGG	 GGG	 CGG	
ACC	TCC	A	

WIPF2.rev	 GAT	 CGA	 TCG	 TCG	 ACT	 AGG	 GAG	 GAG	 TGG	 GCC	 CGG	
GGC	TGG	G	

WIPF3.for	 GAT	 CGA	 TCC	 CAT	 GGA	 GCC	 AAG	 ACC	 CAT	 TCA	 ATC	
AAG	TCC	G	

WIPF3.rev	 GAT	 CGA	 TCG	 TCG	 ACT	 ATG	 AGG	 AGG	 CCG	 AAG	 GCC	
GCG	GAG	T	

WIPF4.for	 GAT	CGA	TCC	CAT	GGA	GCC	CTC	CAT	CCA	CAG	GGA	AGC	
GGT	T	

WIPF4.rev	 GAT	 CGA	 TCG	 TCG	 ACT	 ACC	 TGG	 ATG	 GCA	 ACT	 GAG	
GGG	TAG	C	

WIPF5.for	 GAT	CGA	TCC	CAT	GGA	GCG	ATC	AGG	CCC	CCT	CCC	ACC	
ACC	T	

WIPF5.rev	 GAT	 CGA	 TCG	 TCG	 ACT	 CAC	 CTC	 GGG	 ATG	 GGA	 GGG	
AGT	GG	

WIPF6.rev	 GAT	CGA	TCG	AAT	TCT	CCA	CTC	CTG	GAT	GGC	AAC	TGA	
GG	

WIPF7.rev	 GAT	 CGA	 TCG	 AAT	 TCG	 CCA	 TTT	 CTA	 ATA	 GAT	 GTT	
GAT	GG	
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WIPF8.rev	 GAT	 CGA	 TCG	 AAT	 TCC	 GTT	 TGT	 ACA	 TAT	 GGC	 TCT	
GGA	GG	

WIPF10.rev	 GA	TCG	ATC	GAA	TTC	CCT	ATC	AGG	AGG	AAG	GGG	AGG	

WIPF11.For	 GATC	GAT	CC	ATG	GAG	CCC	AGT	GCT	GGG	GCA	CCT	CCC	

WIPF11.rev	 GAT	CGA	TC	GAA	TTC	GTA	GAA	TCT	GCT	TTC	CCA	CTC		

WIPF12.for	 GATC	 GATC	 CCATG	 GAG	 TTC	 CAT	 CCG	 ATT	 TCC	 GAT	
TTG	

Hof1-pGEX-rev	 gAT	CgA	TCC	ATg	gTC	AAA	gAC	CTT	gAT	gCAg	TAg	

Hof1-575-for	 gAT	CgA	Tgg	ATC	CAT	ggA	TgA	gAg	Agg	TgT	ggT	C	

WIPF5.1.rev	 GAT	 CGA	 TCG	 AAT	 TCT	 CAC	 CTC	 GGG	 ATG	 GGA	 GGG	
AGT	GG	

Hof1p608ya.for	 GAA	 TAT	 GCC	 AAG	 GCA	 ATG	 GAA	 CCA	 TTG	 ATT	 GGA	
AAT	G	

Hof1p608ya.rev	 CAT	TTC	CAA	TCA	ATG	GTT	CCA	TTG	CCT	TGG	CAT	ATT	
C	

Hof1psil606a.for	 GAA	 TAT	 GCC	 AAG	 GCA	 ATG	 TAT	 CCA	 TTG	 ATT	 GGA	
AAT	G	

Hof1psil606a.rev	 CAT	 TTC	 CAA	 TCA	 ATG	 GAT	 ACA	 TTG	 CCT	 TGG	 CAT	
ATT	C	

hPSTPIP1SH3ST-F	 CAT	 TTT	 CCT	 ACC	 ATG	 GAG	 GGA	 GCA	 GGA	 GCA	 GGA	
GCA	TAC	CGG	GCG	CTC	TAC	GAT	TAT	

hPSTPIP1SH3LG-F	 CAT	TTT	CCT	ACC	ATG	GAG	ACG	CTG	GAA	GGC	TGC	AGC	
ATA	

WIPF5Δ396-405new.for	 GC	ACA	TCT	CGG	GCC	CTG	GGA	GTA	GAC	AGT	
CCC	

WIPF5Δ396-405new.rev	 GGG	ACT	GTC	TAC	TCC	CAG	GGA	CCG	AGA	TGT	
GC	

WIPF5d495-503.rev	 GAT	CGA	TCG	AAT	TCT	CAA	GCA	CCC	CTT	TCT	
CTT	CG	

WIPF5d378-386.for	 ATG	GAG	CGA	TCA	GGC	AGA	AAC	GGC	AGC	ACA	

WIPF5d378-386.rev	 TGT	GCT	GCC	GTT	TCT	GCC	TGA	TCG	CTC	CAT	

WIPF5ddd414-424.for	 AGT	CCC	AGG	AGT	GGA	GCT	GGG	GCT	ATT	AGA	
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Hof1p	SH3ST-F	 CAT	 TTT	 CCT	 ACC	 ATG	 GAG	 GGA	 GCA	 GGA	 GCA	 GGA	 GCA	
TAT	GCC	AAG	GCC	ATG	TAT	CCA	

Hof1p	SH3-R	 CAT	TTT	CCT	AGA	ATT	CTC	AAA	GAC	CTT	GAT	GCA	GTA	G		

Hof1SH3-593-F	 CAT	TTT	CCT	ACC	ATG	GAG	GGA	GCA	GGA	GCA	GGA	GCA	GTC	
ACC	AGT	GAA	GGT	TTT	CCA		

L17-Full-For	 GAT	 CGA	 TCC	 CAT	 GGA	 GAT	 GGG	 ACT	 CCT	 AAA	 CTC	 TTC	
AGA	T	

L17-Full-Rev	 GAT	CGA	TCG	GAT	CCT	TAC	CAA	TCA	TCA	CCA	TTG	TCC	AT	

	

The	DNA	oligo	names	and	sequences	used	in	this	study	to	confirm	plasmid	insert	

sequences	by	DNA	sequencing	analysis	are	listed	in	Table	3-3.	

	

Table	3-3:	Sequencing	primers	used	in	this	study	

Oligo	name	 Sequence	(5’-3’)	

pACT2.for	 TAC	CAC	TAC	AAT	GGA	TGA	T	

pACT2.rev	 GTG	AAC	TTG	CGG	GGT	TTT	T	

pAS2-1.for	 TCA	TCG	GAA	GAG	AGT	AGT	TTG	

pAS2-1.rev	 CGT	TTT	AAA	ACC	TAA	GAG	TCA	C	

T7.for	 TAA	TAC	GAC	TCA	CTA	TAG	GG	

T7	termin.rev	 CTA	GTT	ATT	GCT	CAG	CGG	TGG	CAG	

pGEX	5’	 GGG	CTG	GCA	AGC	CAC	GTT	TGG	TG	

pGEX	3’	 CCG	GGA	GCT	GCA	TGT	GTC	AGA	GG	
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3.2 Methods 

3.2.1 Molecular cloning techniques 

3.2.1.1 General cloning protocols 
Forward	 and	 reverse	 primers	 were	 designed	 that	 were	 specific	 to	 the	 human	

WIP	cDNA	sequence	to	be	amplified	by	PCR	and	unique	restriction	enzyme	sites	

were	 integrated	 into	 the	primers	 	 to	 facilitate	 cloning	 of	 the	PCR	product.	 The	

pubmed	 website	 url	 was	 used	 to	 find	 the	 nucleotide	 sequence	 of	 the	 DNA	

fragment	to	be	amplified	by	PCR.	The	NEBcutter	website	url	was	used	to	ensure	

that	 the	 restriction	 enzyme	 sites	 chosen	 are	 unique	 (i.e.	 do	 not	 cut	 the	 PCR	

product	internally).	The	PCR	protocol	was	adjusted	to	make	it	more	suitable	for	

the	use	of	Pfu	II	Ultra	Fusion	DNA	polymeraseas	described	below.	PCR	products	

purified	 with	 the	 Wizard	 DNA	 cleanup	 kit	 were	 digested	 using	 restriction	

enzymes	 according	 to	 standard	 techniques	 or	 according	 to	 the	 manufacturers	

instructions	 as	 described	 in	 (Sambrook	 &	 Russell,	 2001).	 PCR	 products	 and	

digested	vectors	were	viewed	after	resolution	by	gel	electrophoresis	on	1	%-2	%	

Tris-acetate-EDTA	 (TAE)-agarose	 gels	 containing	 0.5	 μg/ml	 ethidium	 bromide.	

DNA	fragment	sizes	were	determined	by	comparing	band	mobility	to	that	of	the	

bands	 in	 the	 1kb	 Plus	 DNA	 ladder.	 Digested	 PCR	 products	 and	 vectors	 were	

purified	using	the	Wizard	PCR	Clean-Up	System	and	the	digested	PCR	fragments	

were	 ligated	 into	 the	vectors	 according	 to	 standard	 techniques	as	described	 in	

(Sambrook	&	Russell,	2001)	using	T4	DNA	ligase.		

	

General	PCR	protocol	

10x	Pfu	PCR	buffer	 	 5	μl	

primer	for	 	 1	μl	(20	pmol)	

primer	rev	 	 1	μl	(20	pmol)	

dNTPs	(2.5mM	each)	 2	μl	

template	DNA	 30	ng	

Pfu	Ultra	II	Fusion		

HS	DNA	polymerase	 1	μl	

H2O	 	 up	to	50	μl	
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The	PCR	reaction	was	performed	using	the	following	parameters:	

95	°C		 2	min	 	

95	°C		 30	s	

60	°C		 30	s																	

72	°C		 1	min	

72	°C		 10	min	

4	°C		 ∞	

	

General	restriction	enzyme	double	digestion	protocol	

restriction	enzyme	1	 1	μl	

restriction	enzyme	2	 1	μl	

DNA		 1	μg	

10x	buffer		 2.5	μl	

Adjusted	to	a	final	volume	of	25	μl	with	dH2O.	

Incubation	times	and	temperature	for	restriction	enzyme	digestions	varied	and	

were	 chosen	 for	 each	 specific	 restriction	 enzyme	 according	 to	 the	 instructions	

for	the	specific	restriction	enzymes	provided	at	the	NEB	website.	

	

General	DNA	ligation	protocol	

digested	vector		 150-200	ng	

insert	DNA	 30	ng	

10x	DNA	ligase	buffer	 1	μl	

H2O	 up	to	10	μl	

T4	DNA	ligase	 1	μl	

Ligation	reactions	were	incubated	at	4	°C	over	night.	

3.2.1.2 Transformation of DNA into Escherichia coli 

Electroporation	 of	 E.	 coli	 and	 preparation	 of	 electrocompetent	 cells	 was	

performed	 according	 to	 the	 Biorad	 Micropulser	 protocol	

(http://www.biorad.com/webroot/web/pdf/lsr/literature/4006174B.pdf)	

which	is	based	on	the	protocol	of	(Miller	&	Nickoloff,	1995)	

35	cycles	
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500	ml	 of	 L-Broth	were	 inoculated	with	 5	ml	 of	 a	 fresh	 overnight	E.coli	

JM109	culture.	The	cells	were	grown	shaking	at	250	rpm	at	37	°C	to	an	OD600	of	

0.5	 to	 0.7	 and	 then	 chilled	 on	 ice	 for	 20	 min.	 To	 harvest,	 the	 cells	 were	

transferred	to	a	cold,	sterilised	centrifuge	bottle	and	spun	down	at	4000	g	for	15	

min	 at	 4°C.	 The	 supernatant	 was	 discarded	 and	 the	 pelleted	 cells	 were	

resuspended	in	500	ml	of	ice-cold,	sterile	dH2O	and	harvested	again	at	4000	g	for	

15	min	 at	 4	 °C.	 Then,	 this	 step	 was	 repeated	 using	 250	ml	 of	 ice-cold,	 sterile	

dH2O.	After	centrifugation,	 the	pelleted	cells	were	resuspended	 in	20	ml	of	 ice-

cold,	 sterile	 10	 %	 (v/v)	 glycerol,	 transferred	 to	 a	 sterile	 50	 ml	 tube	 and	

harvested	as	before.	After	the	supernatant	was	discarded,	the	pelleted	cells	were	

resuspended	 in	1-2	ml	of	 ice-cold,	sterile	 	10	%	(v/v)	glycerol	and	51	μl	of	cell	

suspension	were	aliquoted	 into	precooled	1.5	ml	microfuge	tubes.	The	aliquots	

were	stored	at	-80	°C	for	up	to	6	months.		

	

L-Broth	

See	LB	media,	but	compared	to	LB	media	only	half	the	NaCl	was	added	(5	g/l	).	

	

10	%	(v/v)	glycerol	

12.6	g	glycerol	in	90	ml	of	dH2O	

3.2.1.3 Electroporation of E.coli with plasmid DNA 
An	 aliquot	 of	 electrocompetent	 cells	 was	 thawed	 on	 ice	 and	 a	 0.2	 cm	

electroporation	cuvette	and	sterile	1.5	ml	microfuge	tube	were	placed	on	ice.	In	

the	 1.5	 ml	 microfuge	 tube,	 50	 μl	 of	 electrocompetent	 cells	 and	 10	 μl	 of	 the	

ligation	mix	(or	1	μl	of	plasmid	DNA	only)	were	mixed	and	incubated	on	ice	for	1	

min.	The	Micropulser	was	set	 to	“EC2”	and	the	cell/DNA	mix	was	pipetted	 into	

the	 electroporation	 cuvette.	 The	 cuvette	 was	 placed	 in	 the	 chamber	 slide	 and	

pulsed	 once.	 1	 ml	 of	 ice-cold	 LB	 medium	 was	 added	 immediately	 after	

electroporation	to	cool	the	cells.	The	cells	were	transferred	to	a	1.5	ml	microfuge	

tube	using	a	glass	Pasteur	pipette	and	then	incubated	shaking	at	37	°C	for	60	min	

to	 acquire	 antibiotic	 resistance.	 After	 incubation,	 the	 cells	 were	 pelleted	 in	 a	

microcentrifuge,	 800	 μl	 of	 the	 supernatant	 was	 discarded	 and	 the	 cells	 were	
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resuspended	 and	 plated	 out	 on	 LB	 agar	 plates	 supplemented	 with	

ampicillin	to	select	for	plasmid	bearing	cells	(transformants).	

LB	agar	plates	were	incubated	over	night	to	allow	colony	formation.	Eight	single	

colonies	were	picked	from	the	plate	using	a	sterile	inoculation	loop	and	streaked	

out	 for	 single	 colonies	 on	 a	 fresh	 LB	 ampicillin	 agar	 plate.	 These	 plates	 were	

incubated	again	over	night	at	37	°C	and	the	colonies	that	formed	were	tested	for	

the	correct	insert	DNA	by	colony	cracking	PCR.		

3.2.1.4 Colony Cracking PCR 
The	 freshly	 transformed	 and	 re-streaked	 bacterial	 transformant	 cells	 were	

scraped	from	an	agar	plate	using	a	200	μl	pipette	tip	and	resuspended	in	10	μl	

dH2O.	To	lyse	the	bacterial	cells	and	release	their	DNA,	the	cells	were	boiled	for	

10	min	and	 the	 cellular	debris	was	pelleted	by	 centrifugation	at	16000	g	 for	5	

min	at	room	temperature.	Then,	1	μl	of	the	cleared	supernatant	was	used	as	the	

template	DNA	for	PCR	amplification	using	forward	and	reverse	primers	specific	

to	sequence	the	DNA	insert	cloned	into	the	vector.		

	

Colony	Cracking	PCR	protocol	

10x	Thermopol	PCR	buffer	 5	μl	

primer	(For)	 	 1	μl	(20	pmol)	

primer	(Rev)	 	 1	μl	(20	pmol)	

dNTPs	(2.5	mM	each)	 1	μl	

template	DNA	 1	μl	(about	30	ng)	

Taq	DNA	polymerase	 0.2	μl	

dH2O	 	 up	to	50	μl	final	volume	

	

The	PCR	was	performed	using	the	following	parameters:	

95°C		 2	min	

95°C		 1	 min	

60°C		 1	min																

68°C		 2	min	

68°C		 10	min	

4°C		 ∞	

35	cycles	
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PCR	products	and	digested	vectors	were	resolved	and	viewed	on	1	%-2	%	TAE-

agarose	gel	electrophoresis	containing	0.5	μg/ml	ethidium	bromide.	The	colonies	

that	 resulted	 in	 a	 positive	 PCR	 product	 of	 the	 correct	 size	 were	 retained	 for	

plasmid	isolation.		

Plasmid	 DNA	 was	 isolated	 using	 the	 Wizard	 DNA	 Miniprep	 System	 and	 the	

concentration	 and	 purity	 of	 the	 plasmid	 was	 measured	 using	 a	 nanodrop	

spectrophotometer	and	nucleic	acid	quantification	software.	The	identity	of	the	

insert	DNA	carried	by	clones	was	confirmed	using	DNA	sequencing.		

3.2.1.5 DNA Sequencing PCR reaction 
DNA	 sequencing	 reactions	 were	 performed	 according	 to	 the	 GUDSF	 DNA	

sequencing	protocol	which	is	based	on	the	Big	Dye	Terminator	(BDT)	v3.1	Cycle	

sequencing	protocol:		

	

plasmid	template	DNA	 150-300	ng	

5x	sequencing	buffer	 	5	μl	

sequencing	primer	 	3.2	pmol	

BDT	reaction	mix	 4	μl	

ultrapure	water	 up	to	20	μl	final	volume.	

Two	reactions	were	prepared	per	plasmid:	one	reaction	containing	the	forward	

primer	 and	 one	 reaction	 containing	 the	 reverse	 primer.	 This	 was	 so	 the	 two	

reads	would	overlap	and	the	sequence	of	the	entire	insert	could	be	confirmed.		

	

The	PCR	was	performed	with	the	following	parameters:	

96	°C		 1	min	

96	°C		 10	s	

50	°C		 5	s																

60	°C		 4	min	

4	°C		 ∞	

	

The	PCR	products	were	purified	before	sequencing	analysis	using	ethanol/EDTA	

precipitation	(see	below).	

30	cycles	
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For	Ethanol/EDTA	precipitation	of	BDT	sequencing	reaction	products	a	1.5	

ml	microcentrifuge	tube	containing	5	μl	of	125	mM	EDTA,	pH8.0	was	prepared	

for	 each	 sequencing	 reaction	 product.	 Each	 sequencing	 reaction	 product	 was	

pipetted	 into	 one	 of	 these	 1.5	ml	microcentrifuge	 tubes	 and	mixed	 by	 using	 a	

vortex	before	being	spun	down	briefly.	Then,	60	μl	of	100	%	ethanol	were	added	

to	each	sequencing	reaction	and	again	the	sample	was	mixed	by	vortexing	before	

being	spun	down	briefly.	After	 incubation	at	room	temperature	 for	15	min,	 the	

sample	was	centrifuged	for	20	min	in	a	table	top	centrifuge	at	maximum	speed	at	

room	temperature.	The	supernatant	was	aspirated	away	from	the	pellet	and	then	

the	pellet	was	rinsed	by	addition	of	250	μl	of	70	%	(v/v)	ethanol.	After	mixing	by	

using	a	vortex	mixer,	the	sample	was	centrifuged	for	5	min	at	maximum	speed	in	

a	table	top	centrifuge.	The	supernatant	was	aspirated	away	from	the	pellet	and	

the	pellet	was	 air-dried	until	 completely	dry.	 The	 samples	 in	1.5	ml	microfuge	

tubes	 were	wrapped	 in	 aluminium	 foil	 and	 sent	 to	 the	 GUDSF	 for	 analysis	 by	

capillary	electrophoresis.		

The	 resulting	 nucleotide	 sequences	 were	 analysed	 using	 Finch	 TV	 or	 the	

Snapgene	 software	 (www.snapgene.com)	 and	 Pubmed	

(http://www.ncbi.nlm.nih.gov/pubmed)	 and	 BLAST	

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).	 The	 reading	 frames	 of	 coding	

sequences	 (e.g.	 for	 fusion	 proteins)	 were	 confirmed	 using	 Expasy	

(http://web.expasy.org/translate).	

	

3.2.2 Preparation of glycerol stocks 
Bacteria	

After	 review	 of	 the	 DNA	 sequencing	 results,	 transformant	 bacteria	 harbouring	

the	desired	plasmid	clones	were	grown	over	night	in	a	50	ml	centrifuge	tube	in	5	

ml	LB	medium	with	ampicillin	shaking	(220	rpm)	at	37	°C.	Glycerol	stocks	were	

prepared	using	sterile	technique.	850	μl	of	bacteria	suspension	and	150	μl	of	80	

%	(w/v)	 sterile	glycerol	were	pipetted	 into	a	1.5	ml	 screw	cap	cryovial,	mixed	

using	a	vortex	mixer	and	stored	at	-80	°C.	
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Yeast	

Yeast	 cells	were	grown	on	selective	SD	plates	 for	5	days	at	24	 °C.	Yeast	 stocks	

were	prepared	using	sterile	techniques.	1	ml	of	YPD	medium	was	pipetted	into	a	

sterile	1.5	ml	screw	cap	cryovial	and	one	inoculation	loopful	of	cells	of	the	yeast	

strain	was	scraped	from	the	selective	SD	agar	plate	and	resuspended	in	the	YPD	

medium.	430	μl	of	50	%	(w/v)	sterile	glycerol	solution	was	added	to	give	a	final	

concentration	 of	 15	%	 (w/v)	 glycerol.	 Yeast	 stocks	were	mixed	 using	 a	 vortex	

mixer	and	stored	at	-80	°C.		

	

3.2.3 Mutagenesis PCR 
Mutagenesis	 PCR	 was	 performed	 according	 to	 a	 modified	 protocol	 of	 the	

QuickChangeTM	 (Agilent	 Technologies	 Australia,	 NSW,	 Australia)	 site-directed	

mutagenesis	 protocol	 (Hahn	 &	 Marsh,	 2005;	 Zheng,	 Baumann,	 &	 Reymond,	

2004).	Mutagenesis	primers	were	designed	such	that	they	anneal	on	both	sides	

of	 the	 site	 or	 the	 template	 where	 the	 mutation	 was	 to	 be	 created,	 with	 the	

reverse	 mutagenesis	 primer	 having	 a	 nucleotide	 sequence	 complementary	 to	

that	of	the	forward	primer.	Mutagenesis	primers	serve	to	prime	a	PCR	reaction	

that	amplifies	 the	 complete	 circular	plasmid	and	 in	 the	process	alters	 the	DNA	

sequence	to	be	mutated.	The	50	μl	PCR	reaction	mix	was	prepared	as	follows:		

	

10x	Pfu	PCR	buffer	 	 5	μl	

primer	(For)	 	 125	ng	(12	pmol)	

primer	(Rev)	 	 125	ng	(12	pmol)	

dNTPs	(2.5	mM	each)	 6	μl	

10x	Enhancer	solution	 5	μl	

template	DNA	 200	ng	

Pfu	Ultra	II	Fusion		

HS	DNA	polymerase	 1	μl	

dH2O	 	 up	to	50	μl	
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The	PCR	was	performed	with	the	following	parameters:	

	

95	°C		 2	min	

95	°C		 30	s	

56	°C		 30	s																	

72	°C		 8	min	

72	°C		 10	min	

4	°C		 ∞	

	

The	PCR	product	was	separated	by	a	TAE-1	%	agarose	gel	containing	0.5	μg/ml	

ethidium	bromide.	To	destroy	 the	parental	 (methylated)	 template	DNA	strands	

containing	 the	 wildtype	 sequence,	 the	 remaining	 template	 DNA	 in	 the	 PCR	

product	was	digested	by	incubation	with	1	μl	of	DpnI	at	37	°C	for	2	h.	DpnI	 is	a	

four	 base	 cutter	 (GATC)	 that	 cuts	 frequenly	 and	 only	 at	 methylated	 sites.	

Therefore,	 it	 is	 able	 to	 digest	 the	methylated	 plasmid	 template	 obtained	 from	

E.coli,	 but	 unable	 to	digest	 the	product	 of	 the	mutagenesis	PCR.	Then,	 20	μl	 of	

digested	 PCR	 product	 containing	 only	 the	 newly	 synthesised	 and	 therefore	

mutated	 (unmethylated)	 DNA	 strands	 was	 used	 to	 transform	 E.	 coli.	 Colonies	

were	 selected	 on	 LB	 agar	 containing	 the	 antibiotic	 corresponding	 to	 the	

resistance	 gene	 on	 the	 plasmid.	 Plasmid	 DNA	 was	 isolated	 from	 two	 to	 four	

independent	 transformant	 colonies	 and	 subjected	 to	 DNA	 sequence	 analysis.	

Insert	DNA	that	harboured	the	desired	mutation	was	subcloned	into	pAS2-1	and	

pACT2.	This	would	ensure	there	were	no	unwanted	mutations	in	the	vector	DNA,	

i.e.	subcloned	into	a	“clean”	vector.		

	

3.2.4 Yeast transformation 

Yeast	 cells	 (strain	 PJ69-4a)	 were	 grown	 on	 YPD	 agar	 plates	 at	 24	 °C.	

Transformed	yeast	 cells	harbouring	plasmids	with	nutritional	 selective	marker	

genes	 were	 grown	 on	 synthetic	 dextrose	 (SD)	minimal	medium	 agar	 with	 the	

required	nutritional	supplements	at	24	°C	in	order	to	select	for	retention	of	the	

plasmid	(James	et	al.,	1996).	For	example,	 for	untransformed	yeast	cells	 the	SD	

media	were	supplemented	with	leucine	(Leu),	tryptophan	(Trp),	histidine	(His),	

adenine	 (Ade),	 methionine	 (Met)	 and	 uracil	 (Ura).	 Trp	 and	 Leu	 were	 omitted	

15	cycles	
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from	the	SD	media	for	yeast	cells	transformed	with	the	pACT2	(TRP1)	and	

the	 pAS2-1	 (LEU2)	 vectors,	 respectively.	 Yeast	 cells	 were	 transformed	 with	

plasmid	 DNA	 according	 to	 the	 yeast	 transformation	 protocol	 as	 described	 by	

(Gietz	&	Schiestl,	2007),	with	some	modification.	A	100	ml	YPD	broth	culture	of	

yeast	cells	was	grown	shaking	at	24	°C	to	an	OD600	of	0.5	to	1.	The	cells	were	

harvested	 in	50	ml	 tubes	 at	4000	g	 for	5	min	and	 then	 the	pelleted	 cells	were	

resuspended	in	50	ml	LiAc-TE	buffer.	The	cells	were	harvested	again	at	4000	g	

for	5	min	and	the	pelleted	cells	were	resuspended	in	1	ml	of	LiAc-TE	buffer.	100	

μl	of	yeast	cell	suspension	was	added	to	a	1.5	ml	microfuge	tube	containing	up	to	

1	μg	of	plasmid	DNA.	Then,	100	μl	of	70	%	(w/v)	PEG	were	added	 to	 the	 tube	

containing	 plasmid	DNA	 and	 cells	 and	 the	 reagents	 and	 cells	were	mixed	well	

using	a	vortex	mixer.	After	30	min	of	 incubation	at	room	temperature,	the	cells	

were	heat	shocked	at	42	°C	for	15	min	and	200	μl	of	TE	buffer	was	added	and	the	

sample	was	mixed	well	using	a	vortex	mixer.	The	cells	were	then	plated	out	on	

selective	SD	agar	plates	and	incubated	for	three	days	at	24	°C.	

Four	 independent	 transformant	 colonies	 carrying	 each	 plasmid	 combination	

were	 chosen	 and	 streaked	 out	 for	 single	 colonies	 on	 fresh	 selective	 SD	 agar	

plates.	The	plates	were	incubated	at	24	°C	for	three	days.	The	yeast	two-hybrid	

interaction	 test	 was	 performed	 on	 at	 least	 three	 independent	 transformant	

colonies	carrying	each	plasmid	combination.		

3.2.5 Constructs used in this study 

The	names	of	the	constructs	that	were	made	for	(or	used	in)	this	study	and	the	

encoded	protein	sequences	are	listed	in	Table	3-4.	

	

Table	 3-4:	 list	 of	 construct	 names	 and	 description	 of	 the	 encoded	 amino	 acid	

sequence.	

Name	of	plasmid	 Description	

WIP(Full)(pAS2-1)	 hWIP1-503	in	pAS2-1	

WIPF1	 hWIP1-120	in	pAS2-1	

WIPF2	 hWIP91-220	in	pAS2-1	
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WIPF3	 hWIP191-304	in	pAS2-1	

WIPF4	 hWIP275-404	in	pAS2-1	

WIPF5	 hWIP375-503	in	pAS2-1	

WIPF10	 hWIP375-422	in	pAS2-1	

WIPF11	 hWIP423-455	in	pAS2-1	

WIPF12	 hWIP456-503	in	pAS2-1	

WIPF13	 hWIP275-406	in	pAS2-1	

WIPF14	 hWIP275-441	in	pAS2-1	

WIPF15	 hWIP275-470	in	pAS2-1	

WIPF5d428-435		 hWIP375-503Δ428-435	in	pAS2-1	

WIPF5d396-405d428-435	 hWIP375-503Δ396-405Δ428-435	in	pAS2-1	

pAM221	 Hof1501-669p	in	pGEX-KG	

(Naqvi	et	al.,	2001)	

WIPF5(pET30a)	 hWIP375-503	in	pET30a(+)	

WIPF5d3(pET30a)	 hWIP375-503Δ396-405	in	pET30a(+)	

WIPF5d4(pET30a)	 hWIP375-503Δ428-435	in	pET30a(+)	

WIPF5dd(pET30a)	 hWIP375-503Δ396-405Δ428-435	in	pET30a(+)	

WIPF5d3d495(pET30a)	 hWIP375-503Δ396-405Δ495-503	in	pET30a(+)	

WIPF5d3d4d495(pET30a)	 hWIP375-503Δ396-405Δ428-435Δ495-503	 in	
pET30a(+)	

WIPF5d3d4d378(pET30a)	 hWIP375-503Δ396-405Δ428-435Δ378-386	 in	
pET30a(+)	

WIPF5d3d4d461(pET30a)	 hWIP375-503Δ396-405Δ428-435Δ461-467	 in	
pET30a(+)	

WIPF5d4d495(pET30a)	 hWIP375-503Δ396-405	 Δ428-435Δ495-503	 in	
pET30a(+)	

PSTPIP1(ST)(pACT2)	 PSTPIP1364-416	in	pACT2	

PSTPIP1(LG)(pACT2)	 PSTPIP1291-416	in	pACT2	
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Hof1SH3(ST)(pACT2)	 Hof1p	SH3605-669	in	pACT2	

pAM419		 Hof1p	SH3501-669	in	pAS2-1	

(G.	Ren	et	al.,	2005)	

pAM219		 Hof1p	SH3501-669	in	pGAD-C3	

(G.	Ren	et	al.,	2005)	

Hof1575	(pACT2)	 Hof1p575-669	(pACT2)	

Hof1SH3-593	(pACT2)	 Hof1p	SH3593-669	in	pACT2	

pAM237	 Plasmid	comprising	the	Vrp1	promoter	

WIPFL(pAM237)	 WIP1-503	in	pAM237	

WIPFLd3d495(pAM237)	 WIP1-503	Δ396-405Δ495-503	(pAM237)		

WIPFLd4d495(pAM237)	 WIP1-503	Δ428-435Δ495-503	(pAM237)		

WIPFLd495(pAM237)	 WIP1-503Δ495-503	(pAM237)		

WIPFLd3d495(pAS2-1)	 WIP1-503	Δ396-405Δ495-503	(pAS2-1)		

WIPFLd4d495(pAS2-1)	 WIP1-503	Δ428-435Δ495-503	(pAS2-1)		

WIPFLd495(pAS2-1)	 WIP1-503Δ495-503	(pAS2-1)		

WIPFL(pAS2-1)	Nco/Eco	 hWIP1-503	in	pAS2-1	(NcoI/EcoRI)	sites	

WIPFL(pET30a)		 hWIP1-503	in	pET30a	(+)	(NcoI/EcoRI)	
sites	

	

Table	3-5	describes	the	plasmid	name,	the	DNA	oligos	used	to	amplify	the	target	

DNA	 inserted	 into	 the	 plasmid	 and	 the	 restriction	 enzymes	 that	were	 used	 to	

ligate	the	target	DNA	into	the	plasmid.	

	

Table	3-5:	Table	describing	the	name	of	the	plasmid,	the	name	of	the	DNA	oligos	

used	 to	 amplify	 the	 target	DNA	and	 the	 restriction	 enzymes	used	 to	 insert	 the	

target	DNA	into	the	plasmid.	

Construct	name		 Oligos		 Restriction	enzymes	

WIP(FL)(PAS2-1)	 WIPF1.for/WIPF5.rev	 NcoI/SalI	
WIP(FL)(pAS2-1)	 WIPF1.for/WIPF5.1.rev	 NcoI/EcoRI	
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Nco/Eco	
WIPF1(pAS2-1)	 WIPF1.for/WIPF1.rev	 NcoI/SalI	

WIPF2(pAS2-1)	 WIPF2.for/WIPF2.rev	 NcoI/SalI	
WIPF3(pAS2-1)	 WIPF3.for/WIPF3.rev	 NcoI/SalI	

WIPF4(pAS2-1)	 WIPF4.for/WIPF4.rev	 NcoI/SalI	

WIPF5(pAS2-1)	 WIPF5.for/WIPF5.rev	 NcoI/SalI	
WIPF10(pAS2-1)	 WIPF5.for/WIPF10.rev	 NcoI/EcoRI	

WIPF11(pAS2-1)	 WIPF11.for/WIPF11.rev	 NcoI/EcoRI	
WIPF12(pAS2-1)	 WIPF12.for/WIPF5.1.rev	 NcoI/EcoRI	

WIPF13(pAS2-1)	 WIPF4.for/WIPF6.rev	 NcoI/EcoRI	

WIPF14(pAS2-1)	 WIPF4.for/WIPF7.rev	 NcoI/EcoRI	
WIPF15(pAS2-1)	 WIPF4.for/WIPF8.rev	 NcoI/EcoRI	

WIPF5d428-435	(pAS2-1)	 WIPF5Δ428-435.for/rev	

Template:	WIPF5	 (pAS2-
1)	

NcoI/EcoRI	

WIPF5d396-405d428-435	 WIPF5Δ396-405.for/rev	
Template:	 WIPF5d428-
435	(pAS2-1)	

NcoI/EcoRI	

WIPF5(pET30a)	 WIPF5.for/WIPF5.1.rev	 NcoI/EcoRI	
WIPF5d3(pET30a)	 WIPF5.for/WIPF5.1.rev	

WIPF5Δ396-405.for/rev	

NcoI/EcoRI	

WIPF5d4(pET30a)	 WIPF5.for/WIPF5.1.rev	
Template:	 WIPF5d428-
435	(pAS2-1)	

NcoI/EcoRI	

WIPF5dd(pET30a)	 WIPF5.for/WIPF5.1.rev	

Template:	 WIPF5d396-
405d428-435	

NcoI/EcoRI	

WIPF5d3d495(pET30a)	 WIPF5.for/WIPF5d495-
503.rev	
WIPF5Δ396-405.for/rev	

NcoI/EcoRI	

WIPF5d3d4d495(pET30a)	 WIPF5Δ396-405.for/rev	

Template:	
WIPF5d3d495(pET30a)	

NcoI/EcoRI	

WIPF5d3d4d378(pET30a)	 WIPF5d378-386.for	

Template:	
WIPF5d3d4(pAS2-1)	

NcoI/EcoRI	
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WIPF5d3d4d461(pET30a)	 WIPF5ddd414-424.for	
template:	
WIPF5d3d4(pAS2-1)	

NcoI/EcoRI	

WIPF5d4d495(pET30a)	 WIPF5.for/	 WIPF5d495-
503.rev	

Template:	
WIPF5d4(PAS2-1)	

NcoI/EcoRI	

PSTPIP1(ST)(pACT2)	 hPSTPIP1SH3SH-
F/hPSTPIP1SH3-R	

NcoI/EcoRI	

PSTPIP1(LG)(pACT2)	 hPSTPIP1SH3LG-F/	
hPSTPIP1SH3-R	

NcoI/EcoRI	

Hof1575(pGEX-KG)	 Hof1-575-for/Hof1-
pGEX-rev	

	

Hof1SH3-593(pACT2)	 Hof1SH3-593-
F/Hof1pSH3-R	

Template:	pAM419	

	

WIPFL(pAM237)	 Subcloned	 from	
WIPFL(pAS2-1)Nco/Eco	

NcoI/EcoRI	

WIPFLd3d495(pAM237)	 WIPF5Δ396-405.for/rev	
Template:	
WIPFLd495(pAM237)	

	

WIPFLd4d495(pAM237)	 WIPF5Δ428-435.for/rev	
Template:	
WIPFLd495(pAM237)	

	

WIPFLd495(pAM237)	 WIPF1.for/	 WIPF5d495-
503.rev	

NcoI/EcoRI	

Hof1575(pACT2)	 Hof1-575-for/Hof1pSH3-
R	

	

WIPFLd3d495(pAS2-1)	 WIPF5Δ396-405.for/rev	
Template:	
WIPFLd495(pAS2-1)	

	

WIPFLd4d495(pAS2-1)	 WIPF5Δ428-435.for/rev	
Template:	
WIPFLd495(pAS2-1)	

	

WIPFLd495(pAS2-1)	 WIPF1.for/	 WIPF5d495-
503.rev	

NcoI/EcoRI	
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3.2.6 Yeast two-hybrid interaction test 
The	 yeast	 two-hybrid	 system	 was	 first	 described	 in	 1989	 as	 a	 novel	 genetic	

system	 to	 detect	 protein-protein	 interactions	 in	 S.	 cerevisiae	 (Fields	 &	 Song,	

1989).	 Figure	 3-3	 shows	 a	 schematic	 of	 the	 classic	 yeast	 two-hybrid	 system,	

where	the	Gal4p	transcription	factor	is	reconstituted	through	the	interaction	of	

two	fusion	proteins	each	comprising	a	protein	of	interest	fused	to	one	part	of	the	

Gal4p	transcription	factor.	

	

Gal4 BD 
(WIP) 

Gal4 AD  
(Hof1p) 

A B 

UAS 

Gal4 
BD 

WIP 

Hof1p Gal4 
AD 

C 

yeast cell 
 nucleus 

Reporter Gene 

Plasmid encoding  
Gal4 AD fusion protein 

Plasmid encoding  
Gal4 BD fusion protein 

	
Figure	 3-3:	 A	 schematic	 showing	 the	 classic	 yeast	 two-hybrid	 interaction	 test.	

Schematic	“A”	and	“B”	depict	 the	vectors	encoding	Gal4	AD	(e.g.	 the	Hof1p	SH3	

domain)	and	Gal4	BD	(e.g.	a	fragment	of	WIP)	fusion	proteins,	while	C	describes	

the	activation	of	the	reporter	gene	transcription	in	the	nucleus.		

	

This	 reconstituted	 Gal4p	 transcription	 factor	 recruits	 RNA	 polymerase	 II	 and	

facilitates	 the	 transcription	 of	 a	 reporter	 gene	 with	 a	 Gal4p-specific	 upstream	

activation	 sequence	 (UAS).	 The	 GAL4	 gene	 produces	 a	 protein	 (Gal4p)	 that	

comprises	 two	 domains:	 a	 DNA-binding	 domain	 (BD)	 and	 a	 transcription-

activation	 domain	 (AD),	 both	 of	which	 are	 essential	 for	 transcription	 from	 the	

Gal4p-specific	UAS	of	 the	 reporter	 gene.	As	 shown	 in	 Figure	3-3,	 two	 separate	

plasmids	 encoding	 a	 protein	 of	 interested	 fused	 to	 the	 Gal4p	 BD	 (A)	 and	 a	

protein	of	interest	fused	to	the	Gal4p	AD	(B)	are	transformed	into	the	yeast	cell.	

To	facilitate	transcriptional	activation	and	expression	of	the	reporter	gene,	both	

fusion	proteins	 are	 targeted	 to	 the	nucleus	 and	 if	 both	proteins	of	 interest	 are	

expressed	 and	 physically	 interact,	 transcription	 is	 activated	 via	 the	 upstream	
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activating	sequence(s)	 (UAS)(s)	and	transcription	of	one	or	more	nuclear	

reporter	gene(s)	occurs	(C).		

More	 information	 about	 yeast	 two-hybrid	 systems	 is	 available,	 e.g.	 in	 (Gietz,	

Triggs-Raine,	 Robbins,	 Graham,	 &	 Woods,	 1997).	 The	 yeast	 two-hybrid	

interaction	test	is	employed	in	this	study	as	some	of	the	proteins	were	identified	

as	 interactors	 using	 the	 yeast	 two-hybrid	 interaction	 test,	 e.g.	 WIP	 was	

discovered	as	an	interaction	partner	of	WASP	in	the	yeast	two-hybrid	interaction	

test	(Ramesh	et	al.,	1997).		

The	 yeast	 two-hybrid	 interaction	 test	 was	 performed	 using	 the	 Clontech 

MatchmakerTM	Gal4p	Two-Hybrid	System	2.	The	activation	domain	vector	pACT2	

and	clones	based	on	pACT2	were	transformed	into	yeast	strain	PJ69-4a	together	

with	 the	 DNA-binding	 domain	 vector	 (pAS2-1)	 or	 clones	 based	 on	 pAS2-1.	

Controls	 included	each	empty	vector	 in	combination	with	a	clone	encoding	 the	

bait	 fusion	 protein	 of	 interest	 or	 a	 clone	 encoding	 the	 putative	 prey	 fusion	

protein.	The	yeast	two-hybrid	interaction	test	was	performed	at	24	°C	on	SD	agar	

plates	containing	5	mM	3-amino-triazole	(3-AT)	and	lacking	leucine,	tryptophan	

(to	select	for	bait	and	prey	plasmid	retention)	and	either	histidine	or	adenine	(as	

HIS3	 and	 ADE2	 are	 yeast	 two-hybrid	 interaction	 reporter	 genes.	 3-AT	 is	 an	

inhibitor	 of	 histidine	 biosynthesis	 and	 therefore	 eliminates	 yeast	 two-hybrid	

background	 growth	 caused	 by	 any	 low-level	 nonspecific	 transactivation	 of	 the	

HIS3	 reporter	 gene.	 As	 a	 control	 all	 yeast	 strains	 harbouring	 yeast	 two-hybrid	

plasmids	were	also	grown	on	the	same	SD	agar	media	except	containing	either	

histidine	(as	a	control	for	-His)	or	adenine	(as	a	control	for	-Ade)	and	5	mM	3-AT.	

This	was	to	ensure	that	and	differences	in	growth	rate	observed	on	–His	or	–Ade	

SD	medium	were	due	to	differences	in	expression	of	the	HIS3	or	ADE2	yeast	two-

hybrid	 interaction	 reporter	 genes,	 respectively,	 and	 not	 simply	 to	 intrinsically	

different	 growth	 rates	 (e.g.	 due	 to	 toxic	 effects	 of	 the	 plasmid	 constructs	 they	

harbor).	Strains	that	grew	poorly	on	–His	,	but	also	on	+His	or	that	grew	poorly	

on	 –Ade	 but	 also	 +Ade	 were	 deemed	 to	 be	 positive	 for	 yeast	 two-hybrid	

interaction,	but	poor	growers.	

Four	 independent	 transformant	 colonies	with	 each	 plasmid	 combination	 to	 be	

tested	were	streaked	out	 for	single	colonies	on	selective	SD	agar	plates	 lacking	

leucine	 and	 tryptophan.	 Plates	 were	 incubated	 for	 5	 days	 at	 24	 °C.	 One	
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inoculation	 loopful	 of	 yeast	 cells	 was	 scraped	 from	 the	 plate	 and	

resuspended	(using	a	vortex	mixer)	in	1	ml	SD	liquid	media	without	nutritional	

supplements	in	a	1.5	ml	microfuge	tube.	A	dilution	series	with	five	10-fold	serial	

dilutions	of	 the	 initial	yeast	cell	suspension	was	prepared.	5	μl	of	each	dilution	

(of	 the	yeast	cells	harbouring	each	plasmid	combination	to	be	 tested,	 including	

the	controls)	was	pipetted	onto	the	surface	of	a	selective	SD	agar	plate,	 lacking	

histidine	 (-His)	 and	 containing	 3-AT.	 The	 drops	 containing	 yeast	 cells	 with	

different	 plasmid	 combinations	were	 arranged	 in	 a	 dot-pattern	 (five	 dots,	 one	

dot	 for	 each	 dilution)	 from	 the	 left	 to	 the	 right	 side	 of	 the	 plate.	 As	 a	 growth	

control,	 the	 same	 dilutions	 of	 the	 yeast	 cells	 harbouring	 each	 plasmid	

combination	 were	 pipetted	 in	 the	 same	 pattern	 onto	 SD	 agar	 plates	 that	

contained	histidine	(+His)	and	3-AT.	The	plates	were	incubated	for	 five	days	at	

24	 °C	 and	 then	 photographed	 using	 the	 “reflective	 white	 light”	 option	 of	 the	

Biorad	 system.	 Yeast	 two-hybrid	 interaction	 was	 detected	 by	 monitoring	 the	

ability	 of	 the	 yeast	 cells	 harbouring	 each	 plasmid	 combination	 to	 grow	 on	

selective	SD	agar	plates	without	histidine	(-His)	and	with	3-AT.		

	

3.2.7 Preparation of SDS-PAGE gels 
Four	glass	plates	with	a	thickness	of	0.75	mm	(Biorad	Mini-Protean)	for	two	SDS-

PAGE	 gels	 were	 cleaned	 with	 ethanol.	 The	 plain	 and	 notched	 plates	 were	

assembled	for	use	and	assembled	into	the	casting	stand.	The	space	between	the	

plain	 and	 notched	 plates	 was	 filled	 with	 deionised	 water	 (dH2O)	 in	 order	 to	

detect	any	 leaks	prior	 to	casting.	The	deionised	water	was	 then	discarded.	The	

various	 components	 of	 the	 resolving	 gel	were	pipetted	 into	 a	50	ml	 centrifuge	

tube	 in	the	amounts/volumes	described	 in	Table	3-6,	and	10	%	(w/v)	APS	and	

TEMED	were	the	last	components	added	as	these	catalyse	the	polymerisation.	
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Table	3-6:	Preparation	of	SDS-PAGE	gels.	

	 4	%	stacking	gel	 12	%	resolving	gel	

40	%	acrylamide/bis	 0.5	ml	 3	ml	

stacking	gel	buffer	 1.26	ml	 -	

resolving	gel	buffer	 -	 2.5	ml	

10	%	(w/v)	SDS	 50	μl	 100	μl	

distilled	deionised	water	 3.2	ml	 4.4	ml	

TEMED	 5	μl	 5	μl	

10	 %	 (w/v)	 ammonium	

persulfate	

25	μl	 50	μl	

Final	volume	 5.0	ml	 10.1	ml	

	

The	reaction	solution	was	mixed	briefly	was	pipetted	into	the	space	between	the	

plain	 and	 notched	 glass	 plates	 using	 a	 glass	 Pasteur	 pipette.	 Isopropanol	 was	

pipetted	onto	 the	gel	solution	after	casting	(enough	to	create	a	 layer	of	depth).	

This	overlay	of	 isopropanol	ensures	that	the	polyacrylamide	gel	polymerises	to	

create	 a	 straight	 top	 edge	 (excludes	 oxygen	 which	 is	 an	 inhibitor	 of	

polymerization).	Then	the	gel	was	left	to	polymerise	for	about	45	min.	After	45	

mins,	 the	 isopropanol	 was	 decanted	 and	 the	 components	 of	 the	 stacking	 gel	

solution	 were	 pipetted	 together	 in	 a	 14	 ml	 centrifuge	 tube	 (again,	 APS	 and	

TEMED	 were	 added	 last)	 and	 mixed	 briefly.	 The	 stacking	 gel	 solution	 was	

pipetted	on	top	of	the	polymerised	resolving	gel	and	the	gel	comb	was	inserted.	

The	 gel	 was	 left	 for	 about	 15	 min	 to	 polymerise	 and	 then	 the	 combs	 were	

carefully	removed.	The	gels	were	placed	 into	the	gel	 tank	and	the	gel	 tank	was	

filled	 with	 SDS	 running	 buffer.	 About	 12	 μl	 of	 sample	 protein	 in	 1x	 Laemmli	

sample	buffer	was	loaded	into	each	well	of	the	gel.	

The	SDS-gel	electrophoresis	was	performed	at	180	V	for	45	mins	by	which	time	

the	bromphenol	blue	dye	had	migrated	to	the	end	of	the	gel.	The	SDS	gels	were	

carefully	 placed	 in	 a	 plastic	weighing	 tray.	 They	were	 then	washed	 twice	with	

dH2O.	 SDS-PAGE	 gels	 were	 submerged	 in	 Coomassie	 Brilliant	 Blue	 Stain	 and	

gently	agitated	for	1	hr	or	over	night.	Gels	were	destained	in	destain	solution	and	

the	destain	solution	was	replaced	several	 times	until	 the	background	of	 the	gel	

was	 fully	 destained.	 The	 destained	 gel	 was	 photographed	 using	 the	 white	
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reflected	light	option	of	the	ChemiDoc	MP	imaging	system	(Biorad)	and	the	

ImageLab4.1	software	(Biorad).	

3.2.8 Recombinant protein expression in Escherichia Coli 

3.2.8.1 Growth of standard E. coli cultures for recombinant protein 
expression 

Different	 species	 have	 different	 preferences	 for	 codons	 to	 specify	 some	 amino	

acids	 and	 E.	 coli	 prefers	 different	 codons	 to	 humans.	 To	 ensure	 that	 E.	 coli	

expresses	 the	 human	 proteins	 a	 strain	 of	E.	 coli	 supplied	with	 extra	 tRNAs	 to	

synthesise	 human	 proteins	 has	 been	 used.	 pET30a(+)-based	 constructs	 were	

transformed	 into	BL21	 (DE3)	Codon	Plus	RIPL	E.	coli	which	has	been	 supplied	

with	extra	tRNAs	to	synthesise	proline	because	of	the	high	content	of	proline	in	

the	 expressed	 human	WIP	 protein	 fragments.	 pGEX-KG-based	 constructs	were	

transformed	into	E.	Coli	BL21	(DE3).	The	6xHis-tagged	proteins	and	GST	fusion	

proteins	were	expressed	according	to	 the	protocols	 in	 the	Gluthathione	affinity	

handbook	and	QiaExpressionist	handbook.	To	prepare	an	overnight	culture,	25	

ml	of	LB	media	containing	the	appropriate	antibiotic	(kanamycin	for	pET30a(+)	

and	 ampicillin	 for	 pGEX-KG)	 was	 placed	 in	 a	 sterile	 100	 ml	 culture	 flask	 and	

inoculated.	The	culture	was	grown	overnight	at	30	°C	shaking	at	150	rpm.	The	

next	day,	200	ml	of	LB	media	with	antibiotic	was	inoculated	in	a	1	l	culture	flask	

to	a	starting	OD600	of	0.05-0.1	using	the	fresh	overnight	culture.	The	culture	was	

incubated	at	37	°C	shaking	at	100	rpm	until	an	OD600	of	0.6-1.0	was	achieved.	A	

0.5	ml	sample	was	taken	before	induction	for	SDS-PAGE	analysis.	Expression	of	

the	protein	was	 induced	by	adding	 IPTG	 to	a	 final	 concentration	of	1	mM.	The	

culture	was	 incubated	 for	an	additional	3	h	(at	37	°C	 for	6xHis-tagged	proteins	

and	 at	 30	 °C	 for	GST	 fusion	 proteins)	 and	 then	 a	 0.5	ml	 sample	was	 taken	 for	

SDS-PAGE	analysis.	The	cells	were	harvested	by	centrifugation	at	4000xg	for	20	

min	at	RT,	the	supernatant	was	discarded	and	the	cell	pellets	were	stored	at	-20	

°C.		

To	 analyse	 E.	 Coli	 whole-cell	 lysates	 on	 an	 SDS-PAGE	 gel,	 the	 cell	 pellet	 was	

resuspended	in	50ul	1x	Laemmli	buffer	and	boiled	for	5	mins	on	a	heating	block	

at	100°C.	The	cell	lysates	were	spun	down	for	5	mins	with	a	table	centrifuge	and	
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then	12ul	of	the	supernatant	of	each	sample	were	loaded	onto	the	SDS	gel	

for	analysis.	

	

3.2.8.2 Batch affinity purification of GST fusion proteins 
Whole	cell	extracts	were	made	by	sonication	of	a	cell	suspension	in	lysis	buffer	

and	 the	 GST-fusion	 proteins	 were	 affinity-purified	 using	 glutathione-agarose	

beads	using	the	protocol	recommended	by	the	manufacturer.	

Lysis	buffer	was	added	to	a	cell	pellet	obtained	from	100	ml	of	E.	Coli	culture	so	

that	 the	 final	volume	of	 the	cell	 suspension	was	0.03	 times	 the	original	culture	

volume.	The	cells	were	lysed	by	sonication	and	then	Triton	X-100	was	added	to	

the	lysate	to	a	final	concentration	of	1	%	(v/v).	The	lysate	was	incubated	for	30	

min	on	a	rotation	wheel	at	4	°C	to	allow	better	solubilisation	and	then	subjected	

to	centrifugation	to	remove	insoluble	material	(debris)	at	15000	rpm	for	20	min	

at	4	°C.	The	supernatant	(cleared	lysate)	was	removed	and	transferred	to	a	14	ml	

centrifuge	 tube	and	a	sample	was	 taken	 for	SDS-PAGE	analysis.	1	ml	of	a	50	%	

slurry	of	gluthathione	agarose	beads	that	had	been	prewashed	in	lysis	buffer	was	

added	to	the	supernatant.	The	sample	was	incubated	on	a	rotation	wheel	for	2	h	

at	4	°C	and	then	the	beads	were	sedimented	by	centrifugation	at	4000	rpm	for	5	

min.	The	supernatant	was	removed	from	the	beads	and	a	sample	was	taken	for	

SDS-PAGE	 analysis.	 The	 beads	 were	 washed	 three	 times	 with	 10	 ml	 of	 wash-

buffer	and	following	each	wash	the	beads	were	sedimented	by	centrifugation	at	

4000	rpm	for	5	min	and	the	supernatant	was	removed.	To	prepare	the	beads	for	

use	in	the	pull-down	experiment,	the	beads	were	washed	three	times	with	10	ml	

of	 binding	 buffer	 (buffer	 TN1)	 and	 following	 each	 wash	 the	 beads	 were	

sedimented	 by	 centrifugation	 at	 4000	 rpm	 for	 5	min	 and	 the	 supernatant	was	

removed.	GST	 fusion	proteins	were	 stored	bound	 to	beads	as	 a	50	%	slurry	of	

beads	in	1xTN1	buffer	and	25μl	aliquots	of	the	slurry	were	pipetted	into	1.5	ml	

microfuge	tubes	and	stored	at	-20	°C.	A	sample	of	the	beads	was	taken	for	SDS-

PAGE	analysis.		

The	 samples	 of	 GST	 fusion	 protein-coated	 beads	 taken	 for	 SDS-PAGE	 analysis	

were	pelleted	and	the	beads	resuspended	in	Laemmli	sample	buffer	and	heated	

at	95	°C	for	5	min.	The	samples	were	subjected	to	centrifugation	to	sediment	the	

beads	 and	 the	 proteins	 in	 the	 supernatant	 were	 resolved	 by	 SDS-PAGE	
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electrophoresis	on	a	12	%	polyacrylamide-SDS	gel.	The	gels	were	stained	

with	Coomassie	Brilliant	Blue	and	photographed	using	the	white	light	option	of	

the	ChemiDoc	MP	imaging	system	(Biorad).	

	

3.2.8.3 Batch affinity purification of 6xhis-tagged proteins 
6xHis-tagged	proteins	were	 affinity-purified	 under	 native	 conditions	 according	

to	 the	 manufacturers	 instructions	 (using	 Ni2+-NTA-agarose)	 and	 the	 buffers	

described	in	the	Materials	section.		

The	 cell	 pellet	 obtained	 from	 harvesting	 100	 ml	 of	 induced	 E.	 coli	 was	

resuspended	 in	3	ml	of	 ice-cold	 lysis	buffer.	The	cells	were	 lysed	by	sonication	

(on	ice)	and	the	lysate	was	subjected	to	centrifugation	at	10000	g	for	20		min	at	

4°C	 to	 pellet	 cellular	 debris.	 A	 sample	 of	 the	 supernatant	 (cleared	 lysate)	was	

kept	for	SDS-PAGE	analysis	and	the	remaining	supernatant	was	used	for	batch-

purification	fo	the	6xHis-tagged	protein.	

1	ml	of	50	%	Ni2+-NTA	bead	slurry	(pre-washed	in	lysis	buffer)	was	added	to	the	

cleared	 lysate	 and	 the	 lysate	 with	 the	 Ni2+-NTA	 beads	 was	 incubated	 on	 a	

rotating	 wheel	 at	 4	 °C	 for	 30	 min.	 The	 Ni2+-NTA	 beads	 were	 pelleted	 by	

centrifugation	at	700	g	for	2	min	and	a	sample	of	the	supernatant	was	kept	for	

SDS-PAGE	analysis.	The	Ni2+-NTA	beads	were	washed	 three	 times	with	2	ml	of	

wash	buffer	and	after	each	wash	the	beads	were	sedimented	by	centrifugiation	

at	700	g	at	4	°C.	The	bound	6xHis-tagged	protein	was	eluted	by	adding	1	ml	of	

elution	 buffer	 twice	 and	 sedimenting	 the	 beads	 by	 centrifuging	 at	 700	 g	 for	 2	

min.	Again,	a	sample	was	kept	for	SDS-PAGE	analysis.	

To	remove	imidazole,	6xHis-tagged	proteins	were	desalted	using	PD10	desalting	

colunms	 according	 to	 the	 manufacturer’s	 instructions.	 The	 column	 was	

equilibrated	by	washing	it	four	times	with	ultrafiltered	water	(about	25	ml)	and	

discarding	the	flow	through.	Then,	2.5	ml	of	sample	(6xHis-tagged	protein)	was	

applied	 to	 the	 column	 and	 the	 flow-through	 was	 discarded.	 Then	 a	 15	 ml	

centrifuge	tube	was	placed	under	the	column	for	collection	of	the	protein	and	the	

protein	was	eluted	from	the	column	using	3.5	ml	of	ultrafiltered	water.	350	μl	of	

10xTN1	buffer	(binding	buffer)	was	added	to	the	protein.	The	eluted	protein	was	

divided	into	0.5	ml	aliquots	in	1.5	ml	microfuge	tubes	and	stored	at	-20	°C.	
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3.2.8.4 Pull-down assays (or in vitro protein binding assays) 
6xHis-tagged	proteins	were	diluted	with	1xTN1	 to	 give	protein	bands	of	 equal	

intensity	 following	 SDS-PAGE	 gel	 electrophoresis	 and	 staining	with	 Coomassie	

blue.	 50	 μl	 of	 each	 6xHis-tagged	 protein	 were	 added	 to	 25	 μl	 of	 GST	 fusion	

protein	bound	to	glutathione-agarose	beads	and	incubated	for	2	hrs	at	4	°C	on	a	

rotating	 wheel.	 Equal	 volumes	 of	 GST	 fusion	 protein	 bound	 to	 agarose	 beads	

from	 the	 same	batch	were	used	 for	one	pull-down	experiment	on	one	SDS	gel.	

Following	the	pull-down	reactions	the	beads	were	sedimented	by	centrifugation	

at	1000xg	for	2	min	at	4	°C	and	the	supernatant	was	removed.	A	sample	of	the	

supernatant	 was	 kept	 for	 SDS-PAGE	 analysis	 and	 stored	 at	 -20	 °C.	 The	

glutathione-agarose	beads	with	bound	protein	were	washed	three	times	at	4	°C	

with	500	μl	of	buffer	TN1.	Then,	50	μl	of	Laemmli	sample	buffer	was	added	to	the	

beads	and	the	beads	were	heated	at	95	°C	for	5	min	in	a	heating	block	to	release	

the	 protein	 from	 the	 beads.	 The	 pull-down	 samples	 were	 then	 subjected	 to	

centrifugation	to	pellet	the	beads	and	12	μl	of	each	supernatant	was	loaded	on	a	

12	%	SDS-PAGE	gel.	The	gel	was	performed	at	180	V	for	45	mins	and	the	gel	was	

then	 stained	 with	 Coomassie	 blue	 to	 visualise	 the	 protein	 bands.	 After	

destaining,	 the	 gel	 was	 photographed	 using	 the	 white	 light	 option	 of	 the	

ChemiDoc	MP	imaging	system	(Biorad).	
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4 Results 
In	 this	 chapter,	 the	 yeast	 two-hybrid	 system	was	 employed	 to	 test	 if	 the	 yeast	

Hof1p	SH3	domain	binds	human	WIP	and	if	the	HOT-like	domain	in	human	WIP	

mediates	this	binding.	The	HOT	domain	has	been	shown	to	be	essential	 for	the	

ability	of	N-Vrp1p	to	rescue	of	temperature-sensitive	growth	in	cells	in	which	the	

chromosomal	VRP1	gene	is	deleted	(as	described	on	page	24).	Next,	the	binding	

sites	for	the	Hof1p	SH3	domain	in	human	WIP	were	mapped	using	the	yeast	two-

hybrid	system	and	 the	results	were	confirmed	 through	 in	vitro	protein	binding	

assays	using	purified	recombinant	proteins.		

His-tagged	versions	of	Hof1p	SH3	were	highly	expressed	 in	E.	coli	 and	affinity-

purified.	 Glutathione	 S-transferase	 (GST)-fusions	 of	 human	 WIP	 protein	

fragments	were	over-expressed	 in	E.	coli.	It	was	 then	tested	whether	 the	beads	

with	 affinity-purified	 Hof1p	 SH3	 can	 bind	 and	 pull	 down	 the	 WIP	 GST-fusion	

proteins	 affinity	 purified	 from	 the	 E.	 Coli	 cell	 lysate.	 To	 separate	 bound	 and	

unbound	 proteins,	 beads	 with	 the	 affinity-purified	 proteins	 were	 sedimented	

(bound	 protein)	 and	 the	 supernatant	 containing	 the	 unbound	 protein	 was	

retained.	 Bound	 protein	 was	 eluted	 from	 the	 beads	 and	 bound	 and	 unbound	

proteins	were	then	analysed	by	SDS-PAGE	and	Coomassie	Blue	staining.		

	

4.1 Demonstrating the interaction of the Hof1p SH3 domain 
and Las17p using the yeast two-hybrid interaction test 

The	 construct	 pAM419	 is	 based	 on	 the	 yeast	 two-hybrid	 vector	 pACT2	 and	

contains	a	DNA	sequence	encoding	amino	acid	residues	aa501-669	of	the	yeast	

Hof1p	protein.	These	residues	comprise	the	SH3	domain	and	a	part	of	the	central	

domain	 of	 Hof1p.	 To	 determine	 whether	 a	 construct	 encoding	 the	 Hof1p	 SH3	

domain	 only	 would	 still	 retain	 detectable	 interaction	 in	 the	 yeast	 two-hybrid	

interaction	 test,	a	similar	construct	encoding	residues	aa605-669	of	Hof1p	was	

made.	 To	 validate	 and	 establish	 the	 yeast	 two-hybrid	 interaction	 test,	 both	

constructs,	 Hof1501-669	 and	 Hof1605-669,	 were	 tested	 for	 yeast	 two-hybrid	

interaction	with	a	known	interacting	protein,	Las17p.	Las17p	is	an	actin-binding	

protein	which	was	previously	shown	by	a	former	student	(the	original	data	are	
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not	 published,	 but	 cited	 in	 (Ren	 et	 al.,	 2005)	 to	 bind	 to	 the	 Hof1p	 SH3	

domain.	Las17p	was	expressed	as	a	full-length	protein	(aa1-633)	from	the	yeast	

two-hybrid	 vector	 pAS2-1.	 A	 schematic	 diagram	 of	 the	 Hof1p	 and	 Las17p	

proteins	 and	 the	 full-length	proteins	 and	protein	 fragments	 expressed	by	 each	

yeast	two-hybrid	construct	is	depicted	in	Figure	4-1.	

SH3 1 669 Hof1p 

Hof1501-669p 669 501 

 F-BAR 

Hof1605-669p 669 605 

Las17p 1 633 
	

Figure	4-1:	a	schematic	diagram	showing	the	domain	structure	of	the	Hof1p	and	

Las17p	proteins	and	the	full-length	proteins	and	protein	fragments	expressed	by	

the	yeast	two-hybrid	constructs	used	to	test	interaction	between	the	Hof1p	SH3	

domain	and	Las17p	expressed	from	pACT2	and	pAS2-1,	respectively.	
	

The	Gal4p	activation	domain	 construct	pAM419	 (containing	 the	DNA	sequence	

encoding	 Hof1501-669p	 in	 pACT2)	 and	 pACT2	 containing	 the	 DNA	 sequence	

encoding	 Hof1605-669p	 were	 each	 transformed	 into	 the	 yeast	 two-hybrid	

interaction	 reporter	 strain	 PJ69-4a	 expressing	 full-length	 Las17p	 fused	 to	 the	

Gal4p	DNA-binding	domain	together	with	a	pAS2-1-based	construct.	Yeast	two-

hybrid	 strains	 transformed	 with	 the	 corresponding	 empty	 vectors	 were	 also	

tested	for	yeast	two-hybrid	interaction	as	negative	controls.	Five	ten-fold	serial	

dilutions	of	 each	yeast	 two-hybrid	 strain	were	 spotted	on	SD	minimal	medium	

agar	plates	lacking	histidine	(for	detection	of	expression	of	the	yeast	two-hybrid	

reporter	 gene	 HIS3)	 or	 on	 plates	 of	 the	 same	 medium	 supplemented	 with	

histidine	 to	 control	 for	 differences	 in	 growth	 rate	 between	 strains.	The	 results	

are	shown	in	Figure	4-2.	

The	yeast	strain	expressing	the	Gal4-fusion	proteins	Hof1501-669p	and	Las17p	was	

able	 to	grow	on	SD	minimal	media	 lacking	histidine,	demonstrating	yeast	 two-

hybrid	interaction	between	the	two	proteins.	The	strain	expressing	the	reporter	

gene	grows	almost	to	the	same	extent	on	media	lacking	histidine	as	on	the	media	
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supplemented	 with	 histidine.	 This	 indicates	 strong	 expression	 of	 the	

reporter	genes	and	interaction	of	the	two	Gal4-fusion	proteins.	

	

 Hof1501-669p  + Las171-633p  
Hof1605-669p  + Las171-633p  
Empty vector + Las171-633p  
 Empty vector + Hof1501-669p 
Empty vector + Hof1605-669p  

-His  +His 

	
Figure	4-2:	Yeast	two-hybrid	interaction	test	involving	Hof1p605-669,	Hof1501-669p	

and	Las17p.	The	fragments	of	Hof1p	were	both	expressed	from	pACT2	and	full-

length	Las17p	was	expressed	from	pAS2-1.	

	

The	shorter	Gal4-activation	domain	fusion	protein,	Hof1605-669p,	did	not	interact	

with	Las17p.	Further,	the	empty	vector	control	expressing	the	Hof1605-669p	fusion	

protein	and	carrying	the	empty	pAS2-1	empty	vector	was	able	to	grow	on	media	

lacking	 histidine,	 indicating	 auto-activation	 of	 the	 reporter	 gene.	 Yeast	 two-

hybrid	 strains	 expressing	 a	 construct	 encoding	 Hof1575-669p	or	Hof1595-669p	did	

also	not	 interact	with	Las171-633p	 in	 the	yeast	 two-hybrid	 interaction	test	(data	

not	 shown).	 Therefore,	 for	 further	 studies,	 the	 construct	 pAM419	 encoding	

Hof1501-669p	was	 used	 to	 test	 yeast	 two-hybrid	 interactions	 of	 the	 Hof1p	 SH3	

domain.	

4.1.1 The C-terminus of human WIP exhibits yeast two-hybrid 
interaction with the yeast Hof1p SH3 domain 

To	determine	whether	the	yeast	Hof1p	SH3	domain	 interacts	with	human	WIP,	

the	construct	that	expresses	full-length	human	WIP	fusion	protein	from	the	yeast	

two-hybrid	vector	pAS2-1	was	used.	To	identify	the	amino	acid	sequences	within	

WIP	 that	 are	 important	 for	 the	 observed	 interaction,	 the	 coding	 sequence	 of	

human	WIP	was	divided	 into	 five	 overlapping	 sequences,	 each	 encoding	 about	

120	 amino	 acids	 residues.	 Each	 of	 these	DNA	 sequences	was	 inserted	 into	 the	

pAS2-1	 vector	 in	 order	 to	 create	 a	 set	 of	 yeast	 two-hybrid	 strains	 expressing	

each	fragment	of	human	WIP	as	a	Gal4p-BD	fusion	protein.	A	schematic	diagram	
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of	 the	domain	structures	of	yeast	Hof1p	and	human	WIP	and	 the	protein	

fragments	encoded	by	each	yeast	 two-hybrid	construct	used	 in	 this	 interaction	

test	is	shown	in	Figure	4-3.	

	

SH3 1 669 Hof1p 

Hof1501-669p 669 501 

WIP 

WIP (Full) 
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WIP1-120 

WIP91-220 

WIP191-304 

WIP275-404 

WIP375-503 
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SH3 

WH2 
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Figure	4-3:	schematic	showing	the	domain	structures	of	yeast	Hof1p	and	human	

WIP	and	their	protein	fragments	encoded	by	the	designated	pACT2	(Hof1p)	and	

pAS2-1	 (WIP)-	 based	 yeast	 two-hybrid	 constructs	 used	 to	 map	 the	 sequences	

conferring	interaction.	

	

The	 PJ69-4a	 yeast	 two-hybrid	 reporter	 strain	 was	 transformed	 with	 pAM419	

(Hof1501-669p	in	pACT2)	and	one	pAS2-1-based	construct	(either	empty	vector	or	

encoding	full	 length	WIP	or	WIP	fragment).	The	yeast	transformants	were	then	

spotted	onto	minimal	medium	agar	plates	supplemented	with	adenine	or	lacking	

adenine.	 The	 ADE2	 interaction	 reporter	 gene	 was	 used	 because	 the	 WIP	

fragments	showed	a	tendency	to	auto-activate	the	histidine	(HIS3)	reporter.	The	

ADE2	 reporter	 gene	 of	 the	 PJ69-4a	 strain	 is	 more	 stringent	 than	 the	 other	

reporter	genes	and	is	use	therefore	reduces	auto-activation.		

Figure	4-4	depicts	the	results	of	the	yeast	two-hybrid	interaction	test.	First,	the	

empty	vector	controls	are	shown,	PJ69-4a	transformed	with	pACT2	and	pAS2-1	

empty	vectors	only	and	a	yeast	strain	transformed	with	pAM419	(Hof1501-669p	in	

pACT2)	 and	pAS2-1	 empty	 vector	 only.	 The	 first	 column	 labeled	 “pACT2	only”	

shows	 the	 negative	 controls	 transformed	with	 pACT2	 empty	 vector	 and	 a	 full-
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length	WIP	or	a	WIP	fragment	(pAS2-1)	grown	on	media	lacking	adenine.	

None	of	these	strains	were	able	to	grow	without	adenine,	but	all	of	them	grew	on	

the	same	medium	supplemented	with	adenine.	This	means	the	negative	controls	

for	 this	 experiment	were	 viable	 and,	 as	 expected,	 the	ADE2	reporter	 gene	was	

not	activated	in	these	strains.	

As	can	be	seen	in	Figure	4-4,	full-length	human	WIP	was	able	to	interact	with	the	

yeast	Hof1p	SH3	domain,	as	PJ69-4a	transformed	with	pAM419	(Hof1501-669p	in	

pACT2)	and	with	human	WIP	in	pAS2-1	were	able	to	grow	on	minimal	medium	

lacking	 adenine.	 Fragments	 of	 human	 WIP	 were	 then	 tested	 to	 see	 which	

fragment	retains	the	ability	to	interact	with	the	Hof1p	SH3	domain	in	the	yeast	

two-hybrid	 interaction	 test.	 As	 shown	 in	 Figure	 4-4,	 the	 most	 C-terminal	

fragment	of	WIP,	WIP375-503,	retained	the	ability	to	 interact	with	the	Hof1p	SH3	

domain,	 as	 PJ69-4a	 with	 this	 combination	 of	 plasmids	 was	 able	 to	 grow	 on	

minimal	media	lacking	adenine.	In	contrast,	the	remaining	four	fragments	of	WIP	

did	not	exhibit	interaction	with	the	Hof1p	SH3	domain.		

	

WIP1-503	

	
empty	

pAS2-1	only	

Hof1		
501-669p	

WIP1-120	
WIP91-220	
WIP191-304	
WIP275-404	
WIP375-503	

	
empty	

Hof1	
501-669p	

-Ade	 +Ade	

pAS2-1	 pACT2	

	
Figure	4-4:	Yeast	two-hybrid	interaction	test	with	yeast	Hof1501-669p,	 full-length	

human	WIP	and	five	overlapping	fragments	of	human	WIP	expressed	from	pAS2-

1.	

	

The	core	of	 the	consensus	motif	 for	SH3	domain	binding	 is	PXXP	 (or	PXPXXP),	

where	X	is	any	amino	acid	and	P	is	proline.	Binding	of	the	Hof1p	SH3	domain	to	

yeast	WIP,	Vrp1p,	is	mediated	by	such	core	motifs	flanked	by	serines	(Ren	et	al.,	

2005).	Inspection	of	the	amino	acid	sequence	of	WIP375-503	revealed	three	motifs	
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that	 could	 potentially	 mediate	 Hof1p	 SH3	 domain	 binding:	

396PATPQLPSRS405	(PRM1),	428PPPPPSTS435	(PRM2),	and	496PPLPPIPR503	(PRM3)	

(Nishihama	et	al.,	2009;	Vaduva	et	al.,	1999).	As	shown	in	Figure	4-5,	these	three	

PRMs	are	located	at	the	C-terminus	of	WIP.	

1MPVPPPPAPPPPPTFALANTEKPTLNKTEQAGRNALLSDISKGKKLKKTVTN
DRSAPILDKPKGAGAGGGGGGFGGGGGFGGGGGGGGGGSFGGGGPPGL
GGLFQAGMPKLRSTANRDNDSGGSRPPLLPPGGRSTSAKPFSPPSGPGRFP
VPSPGHRSGPPEPQRNRMPPPRPDVGSKPDSIPPPVPSTPRPIQSSPHNRGS
PPVPGGPRQPSPGPTPPPFPGNRGTALGGGSIRQSPLSSSSPFSNRPPLPPTP
SRALDDKPPPPPPPVGNRPSIHREAVPPPPPQNNKPPVPSTPRPSASSQAPP
PPPPPSRPGPPPLPPSSSGNDETPRLPQRNLSLSSSTPPLPSPGRSGPLPPPPS
ERPPPPVRDPPGRSGPLPPPPPVSRNGSTSRAL396PATPQLPSRS405GVDSPR
SGPRPPLPPDRPSAGA428PPPPPPSTS435IRNGFQDSPCEDEWESRFYFHPIS
DLPPPEPYVQTTKSYPSKLARNESRSGSNRRERGA496PPLPPIPR503	 	
Figure	 4-5:	 The	 amino	 acid	 sequence	 of	WIP.	 The	 three	 PRMs	 that	 potentially	

mediate	 Hof1p	 SH3	 binding	 are	 located	 at	 the	 C-terminus	 of	 WIP	 and	 are	

highlighted	in	yellow.	

4.1.2 The contribution of proline-rich motifs (PRMs) to the interaction 
between WIP and the Hof1p SH3 domain 

	

4.1.2.1  PRM1 (PATPQLPSRS) and PRM2 (PPPPPSTS) contribute to the 
yeast two-hybrid interaction between human WIP and the yeast 
Hof1p SH3 domain 

To	determine	whether	PRM1	and/or	PRM2	in	WIP	contribute	to	interaction	with	

the	Hof1p	SH3	domain,	a	 series	of	 four	yeast	 two-hybrid	constructs	was	made,	

based	on	 the	most	 C-terminal	 of	 the	non-interacting	WIP	 fragments	WIP275-404,	

but	 with	 progressively	 longer	 extensions	 on	 the	 C-terminal	 end.	 Each	 WIP	

fragment	 in	 the	 series	 was	 about	 30	 amino	 acid	 residues	 longer	 than	 the	

previous	fragment.	Figure	4-6	depicts	a	schematic	diagram	of	human	full	length	

WIP	followed	by	a	schematic	diagram	of	the	non-interacting	fragment	WIP275-404	

and	 the	 interacting	 C-terminal	 fragment	WIP375-503.	 The	 figure	 also	 depicts	 the	

various	 extensions	 of	 the	 non-interacting	 fragment	 WIP275-404	 such	 that	 the	

various	 extensions	 include	 progressively	 more	 amino	 acid	 residues	 of	 the	

interacting	fragment,	WIP375-503	(WIP275-406,	WIP275-441,	WIP275-470,	WIP275-503).	To	
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ensure	 that	 none	 of	 the	 proline-rich	 motifs	 within	 WIP375-503	 were	

disrupted	in	the	new	series	of	constructs,	three	additional	constructs	were	made	

that	each	span	an	end-point	of	the	first	four	constructs	(i.e.	WIP375-422,	WIP423-455,	

WIP456-503).		

Then,	as	shown	in	Figure	4-6,	a	construct	was	made	where	PRM2	is	deleted	from	

the	 interacting	 fragment	 WIP375-503	 to	 determine	 whether	 deletion	 of	 PRM2	

would	 affect	 interaction	 with	 the	 Hof1p	 SH3	 domain	 (WIP375-503Δ428-435).	

Additionally,	a	construct	was	made	in	which	both	PRMs,	PRM1	and	PRM2,	were	

deleted	in	WIP375-503	(WIP375-503Δ428-435Δ396-405).	

Again,	the	yeast	two-hybrid	interaction	reporter	strain	PJ69-4a	was	transformed	

with	 pAM419	 (Hof1501-669p	 in	 pACT2)	 or	 empty	 pACT2	 and	 one	 of	 the	 newly	

made	pAS2-1-based	WIP	constructs	or	pAS2-1	only	as	an	empty	vector	control.	

The	 various	 yeast	 transformants	 were	 spotted	 out	 on	 SD	minimal	 agar	 plates	

without	adenine	and	the	same	medium	supplemented	with	adenine.	

	

hWIP 503 WH2 PRMs WASP-                
binding 

1

404 
375 503 

WIP275-404 

WIP375-503 

275 

406 275 
441 275 

470 275 
503 275 

WIP275-406 

WIP275-441 

WIP275-470 

WIP275-503 

375 422 

423 455 

456 503 

WIP375-422 

WIP423-455 

WIP456-503 

375 503 WIP375-503Δ428-435 

375 503 WIP375-503Δ428-435Δ396-405 
 	

Figure	 4-6:	 Additional	 human	 WIP	 yeast	 two-hybrid	 constructs	 were	 used	 to	

locate	more	precisely	 the	 site	within	WIP	 responsible	 for	 the	yeast	 two-hybrid	

interaction	with	the	Hof1p	SH3	domain.	

	

The	results	of	this	yeast	two-hybrid	interaction	test	are	shown	in	Figure	4-7.	The	

yeast	 strains	 used	 as	 negative	 controls	 and	 transformed	 with	 pAS2-1-based	
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plasmids	(pAS2-1	and	empty	pACT2	vector)	are	shown	in	the	first	column.	

In	the	second	column	are	the	yeast	strains	that	were	transformed	with	pAS2-1-

based	 plasmids	 expressing	 various	 fragments	 (pAS2-1	 and	 Hof1501-669p	 in	

pACT2)	instead	of	the	pACT2	empty	vector.	

As	 can	 be	 seen	 in	 Figure	 4-7,	 the	 yeast	 two-hybrid	 interaction	 reporter	 strain	

transformed	with	WIP275-404	did	not	exhibit	significant	interaction,	but	the	strain	

transformed	with	WIP275-406	(extended	by	 2aa	 and	 now	with	 a	 complete	 PRM1	

(PATPQLPSRS,	 aa396-405)	 grew	 on	 SD	minimal	medium	 lacking	 adenine.	 This	

indicates	 that	 the	 Gal4p-fusion	 proteins	 Gal4p	 AD-Hof1501-669p	 and	 Gal4p	 BD-

WIP275-406	 interacted.	 The	 yeast	 strains	 transformed	 with	 the	 pAS2-1-based	

plasmids	expressing	the	progressively	extended	plasmids	based	on	WIP275-404	in	

PAS2-1	all	 grew	on	minimal	media	 lacking	adenine,	most	 likely	due	 to	 the	 fact	

that	all	of	the	extended	fragments	contain	PRM1	and	PRM2.	PJ69-4a	transformed	

with	 pAM419	 (Hof1501-669p	 in	 pACT2)	 and	 expressing	 WIP275-503	 from	 pAS2-1,	

was	also	able	to	grow	on	minimal	media	lacking	adenine.	WIP275-503	is	a	fragment	

that	includes	both,	the	non-interacting	fragment	WIP275-404	and	the	interacting	C-

terminal	 fragment	 WIP375-503.	 To	 investigate	 the	 possible	 existence	 of	 other	

interaction	 sites	 within	 WIP375-503	 pAS2-1-based	 constructs	 were	 made	 that	

express	 three	 smaller	 fragments	 (WIP375-422,	 WIP423-455,	 WIP456-503).	 Of	 these,	

WIP375-422,	 WIP423-455	 contain	 one	 putative	 interaction	 site	 each	 (PRM1	 and	

PRM2,	respectively)	while	WIP456-503	does	not	contain	either	putative	interaction	

site.		
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Figure	 4-7:	 PRM1	 and	 PRM2	 each	 contribute	 to	 yeast	 two-hybrid	 interaction	

between	the	Hof1p	SH3	domain	and	WIP375-503.		

	

As	 can	 be	 seen	 in	 Figure	 4-7,	 WIP375-422	 (containing	 PRM1)	 and	 (containing	

PRM2)	 both	 interacted	 with	 the	 Hof1p	 SH3	 domain,	 while	 WIP456-503	 did	 not	

show	any	interaction.		

Comparing	the	growth	of	the	yeast	strain	expressing	WIP275-406	containing	PRM1	

and	 the	 yeast	 strain	 expressing	WIP275-441	containing	 both,	 PRM1	 and	PRM2,	 it	

seems	that	the	effects	of	PRM1	and	PRM2	are	additive.	This	is	because	the	yeast	

strain	expressing	 the	WIP	 fragment	encoding	both	PRMs	seems	 to	grow	better	

which	might	be	due	 to	 improved	 interaction	of	 the	Hof1p-	and	WIP	yeast	 two-

hybrid	 fusion	 proteins.	 In	 contrast,	 the	 yeast	 strain	 expressing	 the	 WIP275-503	

fusion	protein	contains	both	PRMs	but	displays	weaker	growth,	while	the	yeast	

strains	expressing	fragments	containing	a	single	PRM	each,	PRM1	only	or	PRM2	

only	(WIP375-422,	WIP423-455)	exhibit	better	growth.		

Looking	at	the	last	two	experiments	in	Figure	4-7,	it	seems	again	that	the	effects	

or	PRM1	and	PRM2	 in	 terms	of	binding	 to	 the	Hof1p	SH3	domain	are	additive.	

Both	 yeast	 two-hybrid	 constructs	WIP375-503Δ428-435	(lacking	PRM2)	 and	WIP375-
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503Δ428-435+Δ396-405	(lacking	 PRM1	 and	 PRM2)	 encode	 proteins	 of	 about	 the	

same	length.	The	yeast	strain	transformed	with	the	construct	encoding	WIP375-503	

lacking	 PRM1	 shows	 weak	 growth,	 while	 the	 yeast	 strain	 transformed	 with	

WIP375-503	lacking	PRM1	and	PRM2	is	not	able	to	grow	at	all.	Overall,	the	results	

indicate	 that	 PRM1	 and	 PRM2	 both	 contribute	 to	 binding	 to	 the	 Hof1p	 SH3	

domain	in	the	yeast	two-hybrid	interaction	test,	and	that	the	effects	of	the	PRMs	

on	this	binding	are	additive.		

Interestingly,	a	part	of	PRM2	(PPPPPSTS)	has	been	shown	to	play	a	crucial	role	

in	 the	 rescue	 of	 the	 growth	 and	 actin	 cytoskeletal	 defects	 of	 vrp1Δ	 and	 vrp1-1	

missense	 yeast	 cells	 (Vaduva	 et	 al.,	 1999).	 To	 explore	 the	 role	 of	 PRM2	 in	 the	

interaction	between	 the	Hof1p	SH3	domain	and	human	WIP,	we	deleted	PRM2	

(residues	428-435)	in	WIP375-503.	As	can	be	seen	in	Figure	4-7,	deletion	of	PRM2	

reduced	 the	 strength	 of	 the	 yeast	 two-hybrid	 interaction	 as	 the	 transformed	

yeast	strain	was	only	marginally	able	to	grow	on	minimal	media	lacking	adenine.	

Additional	 deletion	 of	 PRM1	 in	WIP375-503	completely	 abolished	 the	 interaction	

with	the	Hof1p	SH3	domain.	This	result	supports	a	role	for	both	PRM1	and	PRM2	

in	the	interaction	of	the	yeast	Hof1p	SH3	domain	with	human	WIP.		

	

4.1.2.2 The contribution of PRM3 (PPLPPIPR) to the yeast two-hybrid 
interaction between WIP and the Hof1p SH3 domain 

The	 PRM	 496PPLPPIPR503	 (PRM3)	 has	 been	 previously	 described	 as	 a	 possible	

consensus	sequence	for	SH3	domain	binding	(Nishihama	et	al.,	2009).	This	exact	

sequence	 can	be	 found	at	 the	very	 end	of	human	WIP	 (aa496-503).	A	possible	

contribution	 of	 WIP	 PRM3	 to	 Hof1p	 SH3	 domain	 binding	 was	 not	 directly	

investigated	 in	 the	 yeast	 two-hybrid	 experiment	 in	 Figure	4-7.	 In	 Figure	4-7	 it	

can	be	seen	that	the	yeast	strain	expressing	the	fusion	protein	Gal4p	AD-Hof1501-

669p	 and	 Gal4p	 BD-WIP456-503	 (a	 WIP	 fragment	 that	 comprises	 PRM3	 only)	 is	

unable	 to	 grow	 on	 the	 media	 lacking	 adenine	 and	 so	 is	 the	 yeast	 strain	

expressing	 Gal4p	 AD-Hof1501-669p	 and	 Gal4p	 BD-WIP456-503	 lacking	 PRM1	 and	

PRM2,	but	comprising	PRM3.	Both	of	 these	constructs	comprise	PRM3	and	this	

means	that	PRM3	is	most	likely	not	mediating	an	interaction	with	the	Hof1p	SH3	

domain.	Further,	the	yeast	strains	expressing	the	Hof1501-669p	fusion	protein	and	

the	WIP275-441	or	WIP275-470	fusion	proteins	that	 lack	PRM3	(but	comprise	PRM1	
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and	PRM2)	grow	with	the	same	strength	as	the	positive	control	expressing	

the	WIP375-503	fusion	protein,	which	comprises	all	three	PRMs.	This	also	indicates	

that	PRM3	in	WIP	most	likely	does	not	play	a	major	role	in	binding	to	the	Hof1p	

SH3	domain.	

To	 further	see	 if	PRM3	 influences	binding	 to	 the	Hof1p	SH3	domain,	a	pAS2-1-

based	construct	was	made	that	expresses	a	truncated	C-terminal	WIP	fragment	

lacking	PRM3	 (residues	496-503).	This	 resulted	 in	 a	 truncated	C-terminal	WIP	

protein	 fragment	 (WIP375-495)	 expressed	 from	 the	pAS2-1	vector	 as	depicted	 in	

Figure	 4-8.	 If	 PRM3	mediates	 binding	 to	 the	Hof1p	 SH3	 domain	 together	with	

PRM1	and	PRM2	 in	WIP,	 then	 the	 growth	of	 the	 yeast	 strain	 expressing	Gal4p	

AD-Hof1501-669p	and	Gal4p	BD-WIP456-495	on	SD	minimal	medium	lacking	adenine	

might	be	reduced	compared	to	the	control	strain.	

	

WIP 503 WH2 PRMs WASP-                
binding 

1

375 503 WIP375-503 

375 WIP375-495 495 
	

Figure	4-8:	Schematic	diagram	of	the	domain	structure	of	the	human	WIP	protein	

and	 the	 C-terminal	WIP	 fragments	WIP375-503	and	 the	 truncated	WIP	 construct	

that	lacks	PRM3	(WIP496-503).	

	

The	yeast	strain	PJ69-4a	was	transformed	with	pAM419	(Hof1501-669p	in	pACT2)	

or	 pACT2	 empty	 vector	 and	WIP375-495	 in	 pAS2-1	 or	 pAS2-1	 empty	 vector	 as	 a	

negative	 control	 and	 the	 transformants	 were	 spotted	 out	 on	 minimal	 agar	

lacking	adenine	and	on	the	same	medium	with	adenine	to	control	for	differences	

in	growth	rate.	The	result	of	this	yeast	two-hybrid	interaction	test	is	shown	in	

Figure	4-9.		
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Figure	 4-9:	 Yeast	 two-hybrid	 interaction	 test	 to	 assess	 for	 the	 contribution	 of	

WIP	PRM3	to	Hof1p	SH3	domain	binding.	

	

As	expected,	the	PJ69-4a	transformed	with	pAM419	(Hof1501-669p	in	pACT2)	and	

expressing	WIP	375-503	(pAS2-1)	grew	on	minimal	media	lacking	adenine	and	was	

used	 as	 a	 positive	 control	 for	 this	 experiment	 (Figure	 4-9).	 At	 least	 three	

transformants	were	 tested	 for	each	yeast	 two-hybrid	plasmid	combination	and	

deletion	 of	 PRM3	 in	WIP375-503	abolished	 the	 interaction	 between	WIP	 and	 the	

Hof1p	 SH3	 domain	 in	 approximately	 60%	 of	 the	 transformants	 tested.	 The	

transformant	shown	in		

Figure	4-9	did	not	grow	on	SD	minimal	medium	lacking	adenine	and	the	negative	

and	 positive	 controls	 for	 this	 experiment	 gave	 the	 expected	 results.	 The	 other	

40%	 of	 transformants	 were	 able	 to	 grow	 on	 SD	 minimal	 medium	 lacking	

adenine,	most	likely	due	to	the	interaction	of	PRM1	and	PRM2	in	the	WIP375-495	

fusion	protein.		

The	yeast	strain	expressing	WIP275-470	comprising	PRM1	and	PRM2	was	able	 to	

grow	on	selective	media	(Figure	4-7).	 It	could	be	expected	that	the	yeast	strain	

expressing	WIP375-495	in	Figure	4-9	displays	equal	growth	or	reduced	growth	due	

to	the	lack	of	PRM3.	Therefore	it	is	likely	that	the	construct	Gal4p	BD-WIP375-495	

was	not	expressed	in	the	60%	of	transformants	that	were	unable	to	grow	on	SDS	

minimal	 medium	 lacking	 adenine.	 Considering	 this,	 it	 can	 be	 concluded	 that	

PRM3	does	most	likely	not	contribute	to	binding	to	Hof1501-669p	in	the	yeast	two-

hybrid	interaction	test.	
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4.1.2.3 The role of tyrosine 608 in the interaction of the Hof1p SH3 
domain with human WIP 

Tyrosine	 608	 is	 located	 in	 the	 ligand	 polyproline-binding	 pocket	 of	 the	 Hof1p	

SH3	domain	and	has	previously	been	 shown	 to	be	 required	 for	 the	 interaction	

between	the	Hof1p	SH3	domain	and	Vrp1p,	the	yeast	homologue	of	human	WIP	

(Ren	et	al.,	2005).	Substitution	of	the	equivalent	tyrosine	Tyr367	with	glutamate	

in	 the	 SH3	 domain	 of	 the	 human	 homologue	 of	 Hof1p,	 PSTPIP1,	 abolishes	 the	

PSTPIP1	SH3	domain	interaction	with	WASP	(Wu	et	al.,	1998).	This	was	tested	to	

mimic	 phosphorylation	 of	 Tyr367	 as	 some	 studies	 found	 Tyr367	 to	 be	

phosphorylated.	 Phosphorylation	 of	 Tyr367	 was	 proposed	 to	 regulate	 SH3	

domain	binding	to	WASP.	

To	determine	whether	the	interaction	between	the	yeast	Hof1p	SH3	domain	and	

human	WIP	is	abolished	by	substitution	of	the	conserved	Tyr608	within	the	SH3	

domain	with	 glutamate,	 Tyr608	was	mutated	 to	 negatively	 charged	 glutamate	

using	site-directed	mutagenesis.	A	schematic	diagram	of	the	constructs	prepared	

for	this	yeast	two-hybrid	interaction	test	is	shown	in	Figure	4-10.	

	

SH3 1 669 Hof1p 

Hof1501-669p 
669 501 

Hof1501-669,Y608Ep* 669 501 

Hof1501-669p* 669 501 

Mutation Y608E 

SH3 

SH3 

SH3 

 F-BAR 

	
Figure	 4-10:	 schematic	 diagram	 showing	 the	 domain	 structure	 of	 the	 Hof1p	

protein	 and	 the	 protein	 fragments	 expressed	 by	 the	 Hof1p	 SH3	 domain	 yeast	

two-hybrid	constructs	including	those	in	which	Tyr608	is	mutated	to	glutamate	

and	those	that	harbor	the	silent	mutation	in	codon	606.	

	

In	 order	 to	 substitute	 Tyr608	 with	 glutamate	 two	 mutations	 had	 to	 be	

introduced	 into	 the	 construct	 pAM419	 (Hof1501-669p	 in	 pACT2):	 a	 mutation	 to	

substitute	Tyr608	with	 glutamate	 and	a	 silent	mutation	 in	 the	 codon	encoding	
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alanine	606.	The	silent	mutation	was	necessary	because	the	mutation	that	

substituted	 Tyr608	 with	 glutamate	 introduced	 a	Nco	 I	 restriction	 enzyme	 site	

into	the	sequence	encoding	the	Hof1p	SH3	domain	and	a	Nco	I	site	was	used	to	

clone	 the	 DNA	 sequence	 encoding	 the	 mutated	 Hof1p	 SH3	 domain	 into	 the	

pACT2	vector.	To	avoid	the	DNA	being	cut	twice	instead	of	once	by	Nco	I	during	

the	 cloning	process,	 a	 silent	mutation	was	 introduced	 in	 codon	608	 to	destroy	

the	internal	Nco	I	site.	

The	 DNA	 constructs	 encoding	 the	wild	 type	 (Hof1501-669p)	 and	mutated	 Hof1p	

SH3	sequences	in	pACT2	were	transformed	into	the	yeast	two-hybrid	interaction	

reporter	 strain	 together	 with	 the	 sequence	 encoding	 WIP375-503	 (pAS2-1).	 The	

various	transformant	yeast	strains	were	spotted	on	SD	minimal	medium	lacking	

adenine	and	the	same	medium	except	with	adenine	and	the	result	of	 this	yeast	

two-hybrid	interaction	test	is	shown	in	Figure	4-11.	
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Figure	 4-11:	 A	 yeast	 two-hybrid	 interaction	 test	 to	 determine	 whether	 the	

substitution	of	tyrosine	608	in	the	Hof1p	SH3	domain	with	glutamate	abolishes	

yeast	two-hybrid	interaction	with	WIP.	

	

As	can	be	seen	in	Figure	4-11,	both	of	the	strains	carrying	the	silent	mutation	in	

codon	 606	 of	 HOF1	 (either	 alone	 or	 in	 combination	 with	 the	 mutation	 from	

tyrosine	to	glutamate)	were	unable	to	grow	on	minimal	media	packing	adenine.	

Therefore,	it	was	not	possible	to	draw	any	conclusions	about	the	requirement	for	

Tyr608	for	Hof1p	SH3	domain	interaction	with	human	WIP	from	this	yeast	two-

hybrid	 interaction	 test.	 It	 is	 possible	 that	 the	 construct	 carrying	 the	 silent	

mutation	has	not	been	expressed	in	yeast.	
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4.2 Yeast two-hybrid interaction of the PSTPIP1 SH3 domain 
with human WIP  

4.2.1 The PSTPIP1 SH3 domain interacts with full length human WIP 

To	 investigate	 if	 the	 SH3	 domain	 of	 the	 human	 homologue	 of	 yeast	 Hof1p,	

PSTPIP1,	interacts	with	human	WIP,	two	constructs	that	express	two	fragments	

from	 the	pACT2	vector	 containing	 the	 SH3	domain	of	PSTPIP1	were	prepared.	

Figure	4-12	depicts	a	schematic	diagram	of	the	domain	structure	of	PSTPIP1	and	

the	 two	 fragments	 encoded	 by	 two-hybrid	 constructs	 comprising	 the	 SH3	

domain	 of	 PSTPIP1.	 The	 construct	 (PSTPIP1291-416)	 encodes	 the	 PSTPIP1	 SH3	

domain	and	flanking	region,	while	the	construct	PSTPIP1364-416	(pACT2)	encodes	

the	PSTPIP1	SH3	domain	only.		

	

 PSTPIP1 1 416  SH3 

PSTPIP1364-416  364 416 

 F-BAR 

PSTPIP1291-416  291 416  SH3 

 SH3 
	

Figure	4-12:	A	schematic	diagram	showing	the	domain	structure	of	PSTPIP1	and	

the	 fragments	 expressed	 by	 the	 yeast	 two-hybrid	 constructs	 used	 to	 test	

interaction	between	PSTPIP1	and	WIP.	

	

The	yeast	two-hybrid	interaction	reporter	strain	PJ69-4a	was	transformed	with	

one	of	the	two	pACT2-based	PSTPIP1	constructs	and	a	construct	expressing	full-

length	 wild	 type	 human	WIP	 (pAS2-1-based).	 The	 various	 yeast	 transformant	

strains	were	grown	on	minimal	medium	lacking	histidine	and	the	same	medium	

except	 with	 histidine.	 Unexpectedly,	 PJ69-4a	 yeast	 cells	 transformed	 with	 the	

construct	expressing	PSTPIP1291-416	(pACT2)	were	not	viable,	possibly	due	to	the	

toxicity	of	human	PSTPIP1	expression	in	yeast.		

The	results	of	this	yeast	two-hybrid	interaction	test	are	shown	in	Figure	4-13.	
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WIP1-503  + PSTPIP1364-416  

Empty vector +  WIP1-503 
Empty vector + PSTPIP1364-416     

+His -His  

	
Figure	 4-13:	 A	 yeast	 two-hybrid	 interaction	 test	 to	 determine	 whether	 the	

PSTPIP1	SH3	domain	interacts	with	full-length	human	WIP.	

	

The	PJ69-4a	yeast	 two-hybrid	 interaction	reporter	strain	expressing	 full-length	

human	WIP	and	PSTPIP1364-416	was	able	to	grow	on	SD	minimal	medium	lacking	

histidine,	 demonstrating	 an	 interaction	 between	 these	 two	 proteins.	 The	HIS3	

reporter	gene	of	PJ69-4a	strain	was	used	for	yeast	two-hybrid	 interaction	tests	

involving	PSTPIP1,	 as	PSTPIP1	expressions	 can	be	 toxic	 to	 yeast	 and	 the	yeast	

two-hybrid	 strains	 grew	 poorly	 and	 only	 formed	 small	 colonies.	 Therefore,	 a	

rather	weak	 two-hybrid	 interaction	was	expected	and	a	 less	 stringent	 reporter	

gene	was	used	to	detect	interaction.	

4.2.1.1 The PSTPIP1 SH3 domain interacts with the C-terminus of 
human WIP 

The	 five	 fragments	 of	WIP	 depicted	 in	 Figure	 4-3	 were	 tested	 for	 two-hybrid	

interaction	with	PSTPIP1364-416,	as	shown	in	Figure	4-14.	The	PJ69-4a	yeast	two-

hybrid	reporter	yeast	strain	expressing	PSTPIP1364-416	(from	pACT2)	and	each	of	

the	five	fragment	of	WIP	(expressed	from	pAS2-1)	were	spotted	on	SD	minimal	

medium	lacking	histidine	and	the	same	medium	containing	histidine.		

The	C-terminal	 fragment	of	 human	WIP	 (WIP375-503)	interacted	with	 the	human	

PSTPIP1	SH3	domain	as	 the	PJ69-4a	yeast	 strain	 transformed	with	a	 construct	

expressing	 this	 human	 WIP	 yeast	 two-hybrid	 fusion	 protein	 and	 a	 construct	

expressing	the	human	PSTIPIP1	SH3	domain	two-hybrid	fusion	protein	was	able	

to	grow	on	SD	minimal	medium	lacking	histidine.	A	subpopulation	of	yeast	cells	

expressing	 PSTPIP1364-416	 (from	 pACT2)	 and	 the	 WIP	 fragments	 WIP91-220,	

WIP191-304	and	WIP275-404	 (from	pAS2-1)	 displayed	 a	 low	 level	 of	 growth	 on	 SD	

minimal	 medium	 lacking	 histidine.	 This	 result	 might	 indicate	 the	 presence	 of	

multiple	 weak	 interaction	 sites	 for	 the	 PSTPIP1	 SH3	 domain	 throughout	WIP,	
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with	 the	 strong	 interaction	 site(s)	 in	 WIP375-503.	 All	 controls	 for	 this	

experiment	gave	the	expected	results,	as	shown	in	Figure	4-14.	

	

pAS2-1 empty vector + PSTPIP1364-416 

pACT2 empty vector + WIP1-120  

pACT2 empty vector + WIP91-220 

pACT2 empty vector + WIP191-304 

pACT2 empty vector + WIP275-404 

pACT2 empty vector + WIP375-503 

PSTPIP1364-416 + WIP1-120  

-His          +His          

PSTPIP1364-416 + WIP91-220  

PSTPIP1364-416 + WIP191-304  

PSTPIP1364-416 + WIP275-404  

PSTPIP1364-416 + WIP375-503  

	
Figure	4-14:	A	yeast	two-hybrid	interaction	test	to	map	the	site	on	human	WIP	

where	the	human	PSTPIP1	SH3	domain	interacts.	

	

4.3 Independent assessment of yeast two-hybrid interactions 
involving the Hof1p SH3 and human WIP domain using in 
vitro protein binding 

Cloning	into	the	vector	pET30a	(+)	

In	order	 to	be	able	 to	purify	WIP	protein	 fragments	using	an	Ni2+-NTA	agarose	

column,	 the	DNA	 sequences	 encoding	 the	WIP	 fragments	were	 cloned	 into	 the	

vector	 pET30a	 (+)	 from	 which	 they	 are	 expressed	 in	 E.	 coli	 as	 6xHis-tagged	

proteins.	The	DNA	 sequences	 encoding	 the	WIP	 fragments	 carried	 in	 the	yeast	

two-hybrid	 vector	 pAS2-1	 were	 excised	 from	 the	 vector	 DNA	 using	 the	

restriction	enzymes	Nco	I	and	EcoR	I	and	then	vector	and	insert	DNA	bands	were	

separated	 by	 TAE	 agarose	 gel	 electrophoresis	 and	 stained	 with	 ethidium	

bromide.	The	insert	DNA	band	was	excised	from	the	gel	and	the	insert	DNA	was	

purified	 using	 the	 Wizard	 PCR	 Cleanup	 kit.	 The	 pET30a	 (+)	 vector	 DNA	 was	

digested	with	 the	 restriction	 enzymes	Nco	 I	 and	EcoR	 I	and	 purified	 using	 the	
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Wizard	PCR	Cleanup	kit.	The	insert	DNA	was	then	ligated	with	the	digested	

and	purified	pET30a	(+)	vector	DNA.		

Cloning	into	the	vector	pGEX-KG	

To	express	the	Hof1p	SH3	domain	as	a	GST	fusion	protein	and	purify	the	fusion	

protein	using	gluthathione-agarose	beads,	the	DNA	sequence	encoding	residues	

575	 to	 669	 of	Hof1p	 (Hof1p575-669)	was	 inserted	 into	 the	 vector	 pGEX-KG.	 The	

DNA	sequence	was	amplified	using	PCR	and	specific	primers	 that	 incorporated	

sites	for	the	restriction	enzymes	EcoR	I	(For)/Nco	I	(Rev).	The	PCR	product	was	

then	purified,	digested	with	EcoR	I	and	Nco	I,	repurified	and	ligated	with	pGEX-

KG	that	had	also	been	digested	with	EcoR	I	and	Nco	I	and	purified.	

4.3.1 Expression and Purification of GST-Hof1501-669p and GST-Hof1575-

669p and of 6xHis-tagged fusion proteins 
The	Hof1p	SH3	domain	and	a	part	of	 the	central	domain	of	Hof1p,	Hof1501-669p,	

was	expressed	as	a	GST	fusion	protein	using	the	vector	pGEX-KG.	The	construct	

was	 introduced	 into	 the	 E.	 coli	 strain	 BL21	 (DE3)	 and	 the	 GST	 fusion	 protein	

expression	was	 induced	using	 IPTG.	GST	only	 (i.e.	not	as	a	 fusion	protein)	was	

also	 expressed	 as	 a	 control	 for	 non-specific	 binding	 to	 the	GST	portion	 of	 GST	

fusion	 proteins.	 Figure	 4-15	 (A)	 shows	 the	 soluble	 proteins	 before	 and	 after	

induction	 of	 E.	 coli	 cells	 harbouring	 GST	 and	 GST-Hof1501-669p	 expression	

plasmids	resolved	on	an	SDS-PAGE	gel	and	stained	with	Coomassie	Brilliant	Blue.	

The	molecular	weight	protein	markers	were	loaded	in	lane	1	of	the	gel	followed	

by	 the	whole	 cell	 extract	of	 the	E.	coli	 strain	prior	 to	 induction	harbouring	 the	

empty	pGEX-KG	vector.	Lane	3	of	the	gel	contains	a	whole	cell	extract	of	the	same	

E.coli	 strain	 after	 induction.	The	GST	protein	 can	be	 seen	on	 the	 gel	 as	 a	band	

with	the	mobility	corresponding	to	a	26	kDa	protein.	Lane	4	contains	a	whole	cell	

extract	 of	 the	 E.	 coli	 strain	 harbouring	 the	 GST-Hof1501-669p	 fusion	 protein	

plasmid	prior	to	induction.	Lane	5	contains	a	whole	cell	extract	of	the	same	E.	coli	

strain	 after	 induction.	 The	GST-Hof1501-669p	fusion	 protein	 band	had	 a	mobility	

consistent	with	a	42	kDa	protein.		

After	 larger	scale	expression	of	 the	GST	only	and	GST	 fusion	proteins,	 the	cells	

were	lysed	by	sonication	and	the	GST	and	GST	fusion	proteins	were	purified	by	
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affinity	 chromatography	 using	 glutathione-agarose	 beads.	 The	 SDS-PAGE	

gel	shown	in	Figure	4-15	(B)	depicts	the	results	of	the	purification.	It	displays	the	

whole	cell	extracts	of	the	E.	coli	strain	that	expresses	GST	only	and	of	the	E.	coli	

strain	 that	 expresses	 the	 GST-Hof1501-669p	 fusion	 protein	 in	 lanes	 2	 and	 3,	

respectively.	 The	 supernatants	 after	 incubation	 with	 the	 glutathione-agarose	

beads	and	the	purified	GST	and	GST-Hof1501-669p	proteins	are	shown	in	lanes	4,	5,	

6	and	7	respectively.	Strong	bands	with	the	expected	mobility	of	GST	and	GST-

Hof1501-669p	in	 lanes	6	and	 lane	7,	 respectively,	demonstrate	 that	 these	proteins	

had	 been	 purified	 and	 that	 most	 of	 the	 other	 bacterial	 proteins	 had	 been	

removed.		
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Figure	4-15:	SDS-PAGE	gels	showing	whole	cell	extracts	with	overexpressed	(A)	

and	purified	(B)	GST	only	and	GST-Hof1501-669p.	
	

The	purification	of	the	GST	only	and	GST-Hof1501-669p	proteins	is	shown	in	Figure	

4-15	 (B).	 Whole	 cell	 extract,	 supernatant	 after	 incubation	 with	 glutathione-

agarose	beads	and	the	affinity-purified	GST	protein	is	shown	in	lanes	2,	4	and	6,	

respectively,	while	 the	whole-cell	 extract,	 supernatant	after	 incubation	and	 the	

affinity-purified	 GST-Hof1501-669p	 fusion	 protein	 is	 shown	 in	 lanes	 3,	 5	 and	 7,	

respectively.	

To	determine	whether	the	interaction	between	Hof1501-669p	and	WIP	is	mediated	

by	the	SH3	domain	only,	a	construct	that	expresses	Hof1575-669p	as	a	GST	fusion	

protein	 was	 made.	 This	 sequence	 (i.e.	 aa575-669)	 represents	 the	 minimum	
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sequence	 required	 for	 the	 Hof1p	 SH3	 domain	 to	 interact	 with	 protein	

ligands	 (Graziano	 et	 al.,	 2014).	 The	 DNA	 sequence	 encoding	 Hof1575-669p	was	

cloned	 into	 the	 pGEX-KG	 vector	 and	 this	 construct	was	 introduced	 into	E.	 coli	

BL21	(DE3)	and	fusion	protein	expression	was	induced	using	IPTG.	Figure	4-16	

shows	 whole	 cell	 extracts	 of	 the	 strains	 carrying	 plasmids	 encoding	 GST	 and	

GST-	 Hof1575-669p	 after	 induction	 in	 lanes	 2	 and	 5	 of	 the	 gel.	 The	 supernatant	

(flow-through)	after	the	protein	purification	 is	shown	in	 lanes	3	and	6,	and	the	

purified	 GST	 and	 GST-	 Hof1575-669p	 proteins	 are	 shown	 in	 lanes	 3	 and	 6,	

respectively.	Both	GST	only	 and	GST-Hof1575-669p	proteins	were	 expressed	 at	 a	

high	level	after	induction.	The	GST-Hof1575-669p	band	had	a	mobility	in	SDS-PAGE	

corresponding	to	a	size	of	approximately	33	kDa.	
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Figure	 4-16:	 SDS-PAGE	 gel	 showing	 whole-cell	 extracts	 (lane	 5	 and	 7)	 with	

overexpressed	(lane	2)	and	purified	GST	only	(lane	4)	and	GST-Hof1575-669p.	

	

DNA	sequences	encoding	full-length	human	WIP	or	WIP	fragments	were	inserted	

into	 the	 vector	 pET30a(+)	 for	 expression	 with	 an	 N-terminal	 6xHis	 tag.	 DNA	

inserted	into	this	vector	encoded	WIP	sequences	with	WIP375-503	(wild	type	WIP),	

WIP375-503Δ396-405	(WIP	lacking	PRM1),	WIP375-503Δ428-435	(WIP	lacking	PRM2)	and	

WIP375-503Δ396-405Δ428-435	(WIP	lacking	PRM1	and	PRM2).	Each	of	these	expression	

constructs	was	 introduced	into	E.	coli	BL21	(DE3)	Codon	Plus	RIPL.	Expression	

of	 the	6xHis-tagged	proteins	was	 induced	using	 IPTG,	whole-cell	 extracts	were	

made	by	 sonication,	 cleared	by	 centrifugation,	 and	 each	of	 the	 affinity-purified	
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6xHis-tagged	proteins	was	purified	using	Ni2+-nitrilotriacetic	acid-agarose	

and	batch	purification.		
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Figure	4-17:	SDS-PAGE	gels	showing	overexpressed	(lane	2)	and	purified	(lane	

4)	6xHis-WIP375-503	(A)	and	protein	bands	of	comparable	strength	of	purified	

wild	type	and	mutated	6xHis-WIP	fragments	(B).		

	

Figure	 4-17	 (A)	 shows	 the	whole	 cell	 extract	 of	E.	 coli	over-expressing	 6xHis-

WIP375-503	(lane	2),	the	supernatant	(flow	through)	after	purification	(lane	3)	and	

the	 affinity-purified	 6xHis-WIP375-503	 protein	 (lane	 4).	 The	 SDS-PAGE	 gel	 in	

Figure	 4-17	 (B)	 displays	 all	 four	 affinity-purified	 6xHis-tagged	WIP	 fragments:	

wild	type	WIP375-503	(lane	2),	WIP375-503Δ396-405	(lane	3),	WIP375-503Δ428-435	(lane	4)	

and	 WIP375-503Δ396-405Δ428-435	 (lane	 5).	 To	 ensure	 that	 comparable	 amounts	 of	

recombinant	 protein	 are	 used	 for	 each	 in	 vitro	 pull-down	 assay,	 each	 purified	

WIP	protein	was	diluted	in	binding	buffer	in	such	a	way	as	to	obtain	bands	of	the	

same	strength	on	an	SDS-PAGE	gel	after	staining	with	Coomassie	Brilliant	Blue	as	

shown	in	Figure	4-17	(B).	This	was	done	in	order	to	be	able	to	visually	compare	

the	amount	of	bound	protein	to	the	amount	of	unbound	protein	after	the	in	vitro	

pull	down	assay.	
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4.3.2 The Hof1p SH3 domain binds to the C-terminus of human 
WIP in vitro 

Purified	6xHis-tagged	wild	 type	 and	mutated	WIP375-503	 fragments	were	 tested	

for	binding	 to	GST-Hof1501-669p	fusion	proteins	bound	 to	agarose	beads	 in	vitro.	

Equal	amounts	of	the	same	batch	of	GST-Hof1501-669p	beads	were	incubated	with	

purified	6xHis-tagged	WIP	protein	 fragment.	The	dilution	of	 these	WIP	protein	

fragments	was	adjusted	prior	 to	 the	pull	down	assay	so	 that	equal	bands	were	

achieved	on	an	SDS-PAGE	gel	stained	with	Coomassie	brilliant	blue.	The	results	

of	one	in	vitro	pull-down	assay	were	loaded	onto	the	same	SDS-PAGE	gel	in	order	

to	compare	the	binding	of	the	proteins	visually	by	using	Coomassie	brilliant	blue	

stain.	 The	beads	were	 then	 sedimented	 (to	 obtain	 the	 bound	 fraction)	 and	 the	

supernatants	 were	 retained	 (to	 obtain	 the	 unbound	 fraction).	 Bound	 and	

unbound	fractions	and	a	sample	of	the	load	were	subjected	to	SDS	PAGE	and	the	

protein	bands	were	detected	by	staining	with	Coomassie	Brilliant	Blue.		

Hof1501-669p	was	 the	 only	 Hof1p	 fragment	 that	 contains	 the	 SH3	 domain	 that	

interacted	with	WIP375-503	in	the	yeast	two-hybrid	interaction	test	(p.	70,	data	not	

shown).	 Because	 GST-Hof1501-669p	 contains	 a	 substantial	 amount	 of	 flanking	

sequences	from	the	central	domain	 in	addition	to	the	SH3	domain,	 it	 is	unclear	

whether	 the	 two-hybrid	 interaction	 between	 Hof1501-669p	 and	 the	 wild-type	

human	WIP375-503	is	mediated	by	the	SH3	domain.	Therefore,	to	test	whether	the	

flanking	 sequences	 mediate	 binding	 of	 Hof1501-669p	 to	 WIP375-503,	 a	 construct	

expressing	 the	 fusion	 protein	 GST-Hof1575-669p	 was	 prepared.	 Hof1575-669p	

contains	the	minimum	sequence	required	for	Hof1p	SH3	domain	to	bind	ligands.	

GST-Hof1575-669p	 was	 the	 expressed,	 affinity-purified,	 and	 used	 in	 pull-down	

experiments	 with	 WIP375-503.	 For	 comparison,	 the	 results	 of	 pull	 down	

experiments	showing	GST-Hof1501-669p	and	GST-Hof1575-669p	binding	to	wild-type	

WIP375-503	in	vitro	are	shown	side	by	side	in	Figure	4-18.	

Figure	 4-18	 shows	 the	 bound	 fraction	 for	 GST	 only	 after	 incubation	 of	 beads	

coated	with	GST	only	with	6xHis-WIP375-503	 in	solution	(lanes	2	and	3)	and	 the	

corresponding	 unbound	 fraction	 (6xHis-WIP375-503)	 (lanes	 4	 and	 5).	 6xHis-

WIP375-503	had	 a	mobility	 suggestive	of	 a	molecular	weight	of	 approximately	20	

kDa.	 This	WIP	 protein	 fragment	 could	 not	 be	 detected	 in	 lanes	 2	 or	 3	 (bound	

fraction),	meaning	that	6xHis-WIP375-503	does	not	bind	to	the	GST	protein	alone.	
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Instead,	 6xHis-WIP375-503	 could	 be	 found	 in	 the	 supernatant	 (unbound	

fraction	lanes	4	and	5)	meaning	that	it	did	not	bind	to	GST	and	remained	in	the	

supernatant.	
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Figure	 4-18:	 SDS-PAGE	 gel	 showing	 the	 results	 of	 an	 in	 vitro	 pull-down	 assay	

using	GST-Hof1501-669p	or	GST-Hof1p575-669	on	the	beads	and	6xHis-WIP375-503.		

	

The	bound	fractions	for	similar	experiments	performed	using	beads	coated	with	

GST-Hof1501-669p	and	GST-Hof1575-669p	 (after	incubation	with	6xHis-WIP375-503	 in	

solution)	can	be	 found	 in	 lanes	6	and	7.	 In	both	of	 these	 lanes	a	strong	protein	

band	 the	 mobility	 characteristic	 of	 6xHis-WIP375-503	can	 be	 seen	 meaning	 that	

6xHis-WIP375-503	was	pulled	down	into	the	pellet	by	the	Hof1p	SH3	domain	fusion	

proteins	 on	 the	 agarose	 beads.	 The	 corresponding	 unbound	 fractions	 (the	

supernatants)	(lanes	8	and	9)	did	hardly	contain	detectable	6xHis-WIP375-503.	The	

last	 lane	 of	 the	 gel	 (lane	 10)	 contains	 the	 amount	 (protein	 loading)	 of	 6xHis-

WIP375-503	in	solution	that	was	used	in	each	pull-down	experiment.	The	inclusion	

of	this	loading	control	allows	a	comparison	of	how	much	protein	was	incubated	
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with	 the	 agarose	 beads	 with	 how	much	 protein	 was	 bound	 to	 the	 GST-

Hof1p	fragments	on	the	beads	after	incubation.	Although	the	GST	fusion	proteins	

GST-Hof1501-669p	and	GST-Hof1575-669p	were	not	 loaded	 in	exact	 equivalence	 for	

this	SDS-PAGE	gel,	it	seems	that	both	GST	fusion	proteins	bind	to	6xHis-WIP375-

503	to	a	similar	extent	(Figure	4-18).	It	can	be	concluded	that	the	yeast	Hof1p	SH3	

domain	binds	to	the	C-terminus	of	human	WIP.	

	

4.3.3 WIP PRM1 (PATPQLPSRS) and PRM3 (PPLPPIPR) are both 
essential for in vitro binding to the Hof1p SH3 domain 

To	 determine	 whether	 PRM1	 or	 PRM2	 or	 both	 in	 WIP375-503	 are	 essential	 for	

binding	 of	WIP375-503	to	 the	Hof1p	 SH3	domain,	 in	vitro	 pull-down	 assays	were	

performed.	The	pull-down	experiment	 investigated	if	GST-Hof1501-669p	bound	to	

agarose	 beads	 can	 pull	 down	 6xHis-WIP375-503	 or	 the	 three	 mutated	 WIP	

fragments	lacking	PRM1,	PRM2	or	both	PRM1	and	PRM2.		

The	SDS-PAGE	gel	in	Figure	4-19	(A)	shows	the	bound	and	the	unbound	fractions	

of	 GST-Hof1501-669p	 incubated	 with	 wild	 type	 6xHis-WIP375-503,	6xHis-WIP375-503	

with	PRM1	deleted	(PRM1	del),	PRM2	deleted	(PRM2	del)	or	both	PRMs	deleted	

(PRM1+2	del),	respectively.	

As	 can	be	 seen	 in	Figure	4-19	 (A),	wild	 type	6xHis-WIP375-503	was	 found	 in	 the	

bound	 fraction	 but,	 unexpectedly,	 deletion	 of	 PRM1,	 PRM2	 or	 both	 PRM1	 and	

PRM2	did	not	abolish	binding	of	wild	type	6xHis-WIP375-503	to	GST-Hof1501-669p	as	

each	mutated	6xHis-WIP375-503	protein	was	also	found	in	the	bound	fraction.	This	

can	be	seen	in	lanes	2	to	5	of	the	SDS-PAGE	gel.	The	mobility	of	the	wild	type	and	

mutated	 6xHis-WIP375-503	 fragments	 corresponds	 to	 a	 molecular	 weight	 of	

approximately	 20	 kDa	 or	 slightly	 less.	 A	 comparison	 of	 the	 unbound	 fractions	

though	 revealed	 that	 the	 introduced	mutations	 seemed	 to	 slightly	weaken	 the	

binding	of	6xHis-WIP375-503	to	GST-Hof1501-669p	as	more	protein	(stronger	protein	

bands)	 of	 the	6xHis-WIP375-503	protein	could	be	 found	 in	 the	unbound	 fractions	

for	the	mutated	6xHis-WIP375-503	proteins	(lanes	7,	8	and	9)	compared	to	the	wild	

type	6xHis-WIP375-503	(lane	6).		

Additional	 pull-down	experiments	were	performed	 to	 investigate	 if	 deletion	of	

PRM3	or	deletion	of	both	PRM2	and	PRM3	in	6xHis-WIP375-503	abolishes	binding	

of	WIP375-503	to	the	Hof1p	SH3	domain.	To	ensure	that	only	binding	mediated	by	
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the	Hof1p	 SH3	 domain	was	 assessed,	 GST-Hof1575-669p	was	 used	 in	 these	

pull-down	 experiments.	 Bound	 and	 unbound	 fractions	 following	 GST-Hof1575-

669p	incubation	with	6xHis-WIP375-503	lacking	PRM3	(PRM3	del)	or	lacking	PRM2	

and	 PRM3	 (PRM2+3	 del)	 are	 shown	 in	 Figure	 4-19	 (B).	 Deletion	 of	 PRM3	 in	

WIP375-503	did	 significantly	weaken	binding	 to	 the	Hof1p	SH3	domain	as	only	a	

faint	 band	 of	 6xHis-WIP375-503	with	 PRM3	 deleted	 was	 detected	 in	 the	 bound	

fraction	 (lane	3).	This	 suggests	 that	PRM3	plays	a	 role	 in	mediating	binding	of	

WIP	to	the	Hof1p	SH3	domain.	The	additional	deletion	of	PRM2	did	not	further	

appear	to	weaken	binding	to	the	Hof1p	SH3	domain	(lane	4),	meaning	that	PRM2	

does	not	seem	to	significantly	contribute	to	the	binding	of	WIP375-503	to	the	Hof1p	

SH3	 domain.	 The	 strength	 of	 the	 binding	was	 assessed	 relative	 to	 the	 positive	

control	 (lane	 2	 of	 the	 SDS-PAGE	 gel),	 which	 is	 the	 bound	 fraction	 of	 the	 pull-

down	 experiment	 in	which	 beads	 coated	with	GST-Hof1575-669p	were	 incubated	

with	wild	type	6xHis-WIP375-503	in	solution.	
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Figure	 4-19:	 SDS-PAGE	 gels	 showing	 the	 results	 of	 in	 vitro	 pull-down	 assays	

using	GST-Hof1501-669p	or	GST-Hof1575-669p	on	the	beads	and	wild	type	or	mutated	

WIP	 fragments	 lacking	 individual	 PRMs	 or	 various	 combinations	 of	 PRMs	 in	

solution.	

	

With	 the	 knowledge	 that	 deletion	 of	 PRM3	 in	 6xHis-WIP375-503	 significantly	

weakens	binding	to	GST-Hof1575-669p,	a	pull-down	experiment	was	performed	 in	

which	both	PRM1	and	PRM3	were	deleted	(PRM1+3	del),	 leaving	only	PRM2	in	

6xHis-WIP375-503.	In	order	to	compare	the	strength	of	binding	to	GST-Hof1575-669p	

of	 deletion	 of	 both	 PRM1	 and	 PRM3	 with	 deletion	 of	 both	 PRM2	 and	 PRM3	

(leaving	only	PRM1)	in	WIP	and	to	evaluate	each	interaction,	the	results	of	both	

pull-downs	 were	 compared	 on	 an	 SDS-PAGE	 gel	 with	 GST-Hof1575-669p	

interacting	with	that	of	a	pull-down	with	wild	type	WIP375-503.		

The	bound	and	unbound	fractions	of	this	experiment	can	be	seen	in	Figure	4-19	

(C).	The	bound	fraction	of	the	pull-down	using	GST-Hof1575-669p	on	the	beads	and	
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wild	type	6xHis-WIP375-503	(WT)	in	solution	is	shown	on	the	SDS-PAGE	gel	

as	a	positive	control	(lane	2).	The	result	of	the	equivalent	pull-down	experiment	

using	 GST-Hof1575-669p	on	the	 beads	 and	 6xHis-WIP375-503	 with	 both	 PRM1	 and	

PRM3	(PRM1+3	del)	(lane	3)	and	PRM2	and	PRM3	deleted	(PRM2+3	del)	(lane	

4)	in	solution	are	also	shown	on	the	SDS-PAGE	gel.	Samples	of	the	corresponding	

unbound	fractions	were	loaded	in	the	same	order	on	the	SDS-PAGE	gel	(lanes	5,	

6	and	7).		

Combined	deletion	of	both	PRM1	and	PRM3	 in	WIP375-503	completely	abolished	

binding	 to	 GST-Hof1575-669p	 as	 the	 mutated	 WIP	 protein	 lacking	 these	 PRMs	

(PRM1+3	del)	could	not	be	detected	in	the	bound	fraction	on	the	SDS-PAGE	gel	

(lane	3).	Additionally,	a	strong	protein	band	could	be	seen	in	the	corresponding	

unbound	fraction,	meaning	that	this	mutated	WIP	protein	was	not	pulled	down	

into	the	pellet	by	the	GST-Hof1575-669p	bound	to	the	agarose	beads.	This	mutated	

WIP	 protein	 fragment	 only	 contains	 PRM2	 and	 therefore	 the	 experiment	

suggests	 that	PRM2	does	not	mediate	binding	between	 the	Hof1p	SH3	domain	

and	WIP.	As	can	be	seen	in	Figure	4-19	(C)	deletion	of	both	PRM2	and	PRM3	in	

6xHis-WIP375-503	 (PRM2+3	 del)	 did	 not	 abolish	 binding	 to	 GST-Hof1575-669p	

meaning	 that	 PRM1	 contributes	 to	 binding	 of	 6xHis-WIP375-503	 to	GST-Hof1575-

669p	 in	vitro.	 In	 summary,	PRM1	 in	WIP	contributes	more	 to	 the	binding	 to	 the	

Hof1p	SH3	domain	than	PRM2.	In	addition,	combined	deletion	of	both	PRM1	and	

PRM3	 is	 sufficient	 to	 abolish	 in	vitro	 binding	 of	 6xHis-WIP375-503	between	GST-

Hof1575-669p	to	6xHis-WIP375-503.		

	

Control	experiments	for	the	in	vitro	pull-down	assays	

To	control	for	possible	binding	of	wild	type	and	mutant	6xHis-tagged	proteins	to	

the	agarose	beads	or	to	GST	alone,	agarose	beads	without	any	bound	protein	and	

agarose	 beads	 with	 GST	 alone	 (only)	 were	 also	 tested	 for	 their	 ability	 to	 pull	

down	wild	type	and	mutant	6xHis-WIP375-503	protein	fragments	in	solution.	
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Figure	 4-20:	 SDS-PAGE	 gels	 of	 in	 vitro	 pull-down	 assay	 controls	 using	

glutathione-agarose	resin	beads	only	or	GST	only	on	the	beads	and	wild	type	or	

mutated	WIP375-503	fragments	 lacking	 individual	 PRMs	or	 various	 combinations	

of	PRMS	in	solution.	
	

Therefore,	as	negative	controls,	glutathione-agarose	resin	beads	only	and	beads	

bound	to	GST	only	were	incubated	with	wild	type	and	mutated	6xHis-WIP375-503	

fragments.	 Figure	 4-20	 (A)	 depicts	 the	 bound	 and	unbound	 fractions	GST	only	

(upper	 image)	 and	 glutathione-agarose	 only	 (lower	 image)	 on	 the	 beads	 and	

wild	type	(WT)	6xHis-WIP375-503,	6xHis-WIP375-503	with	residues	396-405	deleted	

(PRM1	del),	6xHis-WIP375-503	with	residues	428-435	deleted	(PRM2	del),	6xHis-

WIP375-503	with	residues	396-405	and	residues	428-435	deleted	(PRM1+2	del)	in	

solution.	None	of	the	6xHis-WIP375-503	fusion	protein	fragments	could	be	detected	

in	the	bound	fractions,	while	all	protein	fragments	were	could	be	detected	in	the	

supernatants	(unbound	fractions).	

	The	 SDS-PAGE	 gel	 in	 Figure	 4-20	 (B)	 shows	 the	 bound	 fractions	 of	 pull-down	

experiments	performed	using	glutathione	agarose	resin	only	and	GST	only	on	the	
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beads	and	6xHis-WIP375-503	with	residues	396-405,	residues	428-435	and	

residues	 495-503	 deleted	 (PRM1+2+3	 del)	 and	 6xHis-WIP375-503	 with	 residues	

495-503	deleted	(PRM3	del)	 in	solution.	The	bound	 fractions	are	 loaded	 in	 the	

lanes	 on	 the	 left	 and	 the	 unbound	 fractions	 (supernatants)	 are	 loaded	 in	 the	

lanes	on	the	right.		

The	 negative	 controls	 for	 the	 pull-down	 experiments	 performed	with	mutated	

WIP	fragments	with	deleted	PRM1+3	and	deleted	PRM2+3	can	be	seen	in	Figure	

4-20	 (C).	 The	 SDS-PAGE	 gel	 depicts	 the	 bound	 and	 unbound	 fractions	 of	 pull-

down	experiments	performed	with	glutathione-agarose	resin	only	and	GST	only	

on	the	beads	and	6xHis-WIP375-503	with	residues	396-405	and	residues	495-503	

deleted	(PRM1+3	del)	and	6xHis-WIP375-503	with	residues	428-435	and	residues	

495-503	deleted	(PRM2+3	del).	

None	 of	 the	wild	 type	 or	mutated	 6xHis-WIP375-503	protein	fragments	 could	 be	

detected	 in	 any	 of	 the	 bound	 fractions,	 which	 rules	 out	 the	 possibility	 of	 any	

significant	 non-specific	 binding	 of	 these	 protein	 fragments	 to	 the	 GST	 protein	

only	or	to	the	glutathione-agarose	resin.	

Contribution	of	other	PRMs	in	WIP	to	Hof1p	SH3	binding	in	vitro	

In	order	to	assess	the	contribution	of	other	PRMs	located	within	the	C-terminus	

of	 WIP	 to	 Hof1p	 SH3	 domain	 binding,	 two	 more	 PRMs	 in	 the	 C-terminus	 of	

human	WIP	 were	 deleted	 and	 in	 vitro	 pull-down	 assays	 were	 performed.	 The	

PRMs	deleted	are	PLPPPPPVS	(PRM4,	aa378-386)	and	PRPPLPP	(PRM5,	aa461-

467),	which	both	include	the	PXXP	core	motif	for	SH3	domain	binding.	As	shown	

in	Figure	4-19	(A),	combined	deletion	of	both	PRM1	and	PRM2	in	6xHis-WIP375-

503	did	not	abolish	binding	to	the	Hof1p	SH3	domain.	Therefore,	constructs	were	

made	 that	 express	 forms	 of	 6xHis-WIP375-503	 in	which	 a	 combination	 of	 PRM1,	

PRM2	 and	 PRM3	were	 deleted	 or	 in	which	 combinations	 of	 PRM1,	 PRM2	 and	

PRM4	or	PRM1,	PRM2	and	PRM5	were	deleted	in	order	to	assess	how	deletion	of	

additional	PRMs,	PRM3,	PRM4	or	PRM5	in	the	context	of	deletion	of	PRMs1	and	2	

would	affect	binding	to	the	Hof1p	SH3	domain	in	vitro.		
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Figure	4-21:	SDS-PAGE	gel	of	in	vitro	pull-down	assays	using	GST-Hof1p575-669	on	

the	 beads	 and	 6xHis-WIP375-503	 fragments	 with	 additional	 deletion	 of	 PRMs	 in	

combination	with	deletion	of	PRM1	and	PRM2	in	6xHis-WIP375-503	in	solution.	

	

The	SDS-PAGE	gel	showing	the	results	of	these	pull-down	assays	can	be	seen	in	

Figure	4-21	(A)	and	(B).	The	sample	in	lane	2	of	the	gel	in	Figure	4-21	(A)	is	GST-

Hof1575-669p	on	the	beads	incubated	with	wild	type	6xHis-WIP375-503	and	it	can	be	

seen	that	the	wild	type	6xHis-WIP375-503	fragment	is	pulled	down	into	the	pellet	

by	the	Hof1p	SH3	domain.		As	a	negative	control	(lane	3),	6xHis-WIP375-503	with	a	

combination	of	PRM1,	PRM2	and	PRM3	deleted	 in	solution	was	 incubated	with	

GST-Hof1575-669p	 on	 beads.	 As	 can	 be	 seen	 in	 Figure	 4-21	 (A),	 the	 additional	

deletion	 of	 PRM3	 in	 combination	with	 deletion	 of	 PRMs	 1	 and	 2	 in	 the	 6xHis-

WIP375-503	fragment	expressed	by	 this	 construct	 abolishes	binding	 to	 the	Hof1p	

SH3	domain,	suggesting	that	PRM3	makes	a	contribution	to	binding	to	the	Hof1p	

SH3	domain.	In	contrast,	deletion	of	PRM4	or	PRM5	in	combination	with	deletion	

of	 PRM1	 and	 PRM2	 in	 6xHis-WIP375-503	 does	 not	 strongly	 affect	 binding	 to	 the	

Hof1p	SH3	domain	in	vitro	(lanes	4	and	5,	respectively).	Figure	4-21	(B)	depicts	

the	negative	controls	 for	the	GST	pull-down	assays	performed	with	glutathione	

agarose	 beads	 only	 or	 glutathione	 agarose	 beads	 coated	 with	 GST	 or	 GST-

Hof1575-669p.	Protein	bands	with	the	mobility	predicted	for	a	protein	the	size	of	

6xHis-WIP375-503	 could	 not	 be	 detected	 in	 the	 bound	 fractions	 on	 this	 gel,	

meaning	that	the	6xHis-tagged	WIP	fragment	does	not	bind	to	the	agarose	beads	
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or	GST	only.	These	results	support	the	specificity	of	the	observed	binding	

of	 6xHis-WIP375-503	to	the	Hof1p	 SH3	domain	 in	vitro,	 as	 they	 demonstrate	 that	

the	deletion	of	specific	PRMs	but	not	any	PRM	can	abolish	binding	to	the	Hof1p	

SH3	domain	in	vitro.	

In	summary,	 it	can	be	concluded	 from	the	 in	vitro	pull-down	experiments,	 that	

PRM1	 and	 PRM3	 both	make	 important	 contributions	 to	 the	 binding	 of	 6xHis-

WIP375-503	to	GST-Hof1575-669p.	

	

4.4 Yeast two-hybrid interaction test of full-length WIP with 
the Hof1p SH3 domain 

In	 order	 to	 assess	 the	 contribution	 of	 PRM1	 and	 PRM3	 to	 yeast	 two-hybrid	

interaction	 of	 full-length	 human	WIP	with	 the	 Hof1p	 SH3	 domain,	 two-hybrid	

constructs	expressing	mutated	 forms	of	 full-length	human	WIP	(pAS2-1-based)	

were	made.	One	construct	expresses	WIP1-503	lacking	a	combination	of	PRM1	and	

PRM3,	 one	 construct	 expresses	 a	 combination	 of	 WIP1-503	 lacking	 PRM2	 and	

PRM3	 and	 one	 construct	 expresses	WIP1-503	 lacking	 PRM3	 only.	 Each	 of	 these	

constructs	were	 tested	 for	yeast	 two-hybrid	 interaction	with	pam419	 (Hof1501-

669p	in	pACT2).	Unexpectedly,	deletion	of	these	PRMs	or	combination	of	PRMs	in	

full-length	WIP	 did	 not	 affect	 the	 strength	 of	 the	 yeast	 two-hybrid	 interaction	

between	WIP1-503	and	Hof1501-669p.	

	

pAS2-1 (empty) + Hof1501-669p 
pACT2 (empty) + WIP1-503  

pACT2 (empty) + WIP1-503 ΔPRM1ΔPRM3 

pACT2 (empty) + WIP1-503 ΔPRM3 

pACT2 (empty) + WIP1-503 ΔPRM2ΔPRM3 

Hof1501-669p + WIP1-503  

Hof1501-669p + WIP1-503 ΔPRM1ΔPRM3 

Hof1501-669p + WIP1-503 ΔPRM3 

Hof1501-669p + WIP1-503 ΔPRM2ΔPRM3 

+Ade -Ade 

	

Figure	 4-22:	 yeast	 two-hybrid	 interaction	 test	 assessing	 binding	 of	 full-length	

human	WIP1-503	 lacking	PRM1	and	PRM3	or	PRM2	and	PRM3	to	the	Hof1p	SH3	

domain.		
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As	 shown	 in	 Figure	 4-22,	 the	 yeast	 two-hybrid	 interaction	 reporter	 strain	

transformed	 with	 Hof1501-669p	 (pACT2)	 and	 expressing	 WIP1-503	 (pAS2-1)	 can	

grow	on	minimal	media	lacking	adenine,	indicating	that	the	ADE2	reporter	gene	

is	switched	on	and	therefore	the	two	proteins	interact.	Unexpectedly,	combined	

deletion	of	combinations	of	PRM1	and	PRM3	or	PRM2	and	PRM3	did	not	abolish	

or	even	appear	to	weaken	this	two-hybrid	interaction	significantly.		

4.5 Discussion  
It	 is	 known	 that	 the	 SH3	 domain	 of	 the	 human	 homologue	 of	 yeast	 Hof1p,	

PSTPIP1,	interacts	with	a	PRM	in	WASP	to	inhibit	actin	filament	assembly	(Wu	et	

al.,	 1998).	 A	 similar	 mechanism	 exists	 in	 yeast	 as	 the	 SH3	 domain	 of	 Hof1p	

interacts	with	 the	 yeast	 homologue	 of	 human	WASP,	 Las17p,	 as	 shown	 in	 the	

yeast	two-hybrid	interaction	test	in	Figure	4-2.	The	function	of	this	interaction	is	

not	known.	It	would	be	a	separate	project	to	map	the	binding	sites	for	the	Hof1p	

SH3	domain	in	Las17p.	Therefore,	this	topic	has	not	been	further	investigated	in	

this	study.		

It	 is	known	that	 in	yeast,	 the	Hof1p	SH3	domain	binds	to	 three	PRMs	 in	Vrp1p	

(the	 yeast	 homologue	 of	 human	 WIP),	 and	 that	 this	 binding	 promotes	

cytokinesis,	 an	 actin-filament	 assembly	 driven	 process	 (Ren	 et	 al.,	 2005).	 As	

yeast	 Vrp1p	 and	 human	WIP	 are	 functional	 homologues	 (Vaduva	 et	 al.,	 1999),	

the	aim	of	 this	 study	was	 to	 test	 if	 the	PSTPIP1-WASP	 interaction	 identified	 in	

humans	has	been	conserved	 in	yeast	 and	 if	 a	 conserved	PSTPIP1	SH3	domain-

WIP	interaction	similar	to	the	yeast	Hof1p	SH3	domain-Vrp1p	interaction	exists	

in	humans.		

The	 yeast	 two-hybrid	 interaction	 test	 shown	 in	 Figure	 4-4	 demonstrates	 that	

full-length	 human	 WIP	 interacts	 with	 a	 C-terminal	 fragment	 of	 Hof1p	 which	

contains	the	SH3	domain,	Hof1501-669p.	Intriguingly,	the	Hof1p	fragment	interacts	

with	a	C-terminal	 fragment	of	human	WIP	(WIP375-503).	This	 fragment	harbours	

the	PRM	PPPPPSTS	which	was	previously	reported	to	be	crucial	for	rescue	of	the	

defects	of	Vrp1p-deficient	yeast	cells	by	human	WIP	(Vaduva	et	al.,	1999).	This	

supports	the	hypothesis	that	PRMs	in	WIP	bind	to	the	otherwise	toxic	Hof1p	SH3	

domain	and	 therefore	prevent	growth-defect	 in	yeast	cells.	 It	also	supports	 the	
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idea	that	 the	 interaction	between	the	Hof1p	SH3	domain	and	Vrp1p	has	

been	conserved	as	an	interaction	between	the	PSTPIP1	SH3	domain	and	WIP	in	

humans.		

	

In	the	yeast	two-hybrid	interaction	test	shown	in	Figure	4-7,	two	PRMs	that	each	

mediate	 interaction	 with	 the	 Hof1p	 SH3	 domain	 were	 identified:	 PRM1	

(PATPQPLSRS)	 (aa396-405)	 and	 PRM2	 (PPPPPSTS)	 (aa428-435).	 Deletion	 of	

both	of	these	PRMs	in	the	C-terminal	fragment	of	WIP	abolished	interaction	with	

the	Hof1p	SH3	domain.		

However,	 one	 PRM	 that	 was	 believed	 to	 also	 mediate	 this	 yeast	 two-hybrid	

interaction,	i.e	PRM3	(PPLPPIPR	aa496-503).	This	PRM	was	previously	identified	

to	mediate	interaction	between	the	Hof1p	SH3	domain	and	Inn1p	(Nishihama	et	

al.,	 2009)	 but	 it	 did	 not	 seem	 to	 be	 the	 sufficient	 for	 in	 the	 interaction	 of	 the	

Hof1p	SH3	domain	with	WIP,	as	the	PJ69-4a	yeast	strain	expressing	a	fragment	

of	WIP	containing	only	PRM3	did	not	grow	on	minimal	media	 lacking	adenine.	

Furthermore,	 deletion	 of	 PRM1	 and	 PRM2	 abolished	 yeast	 two-hybrid	

interaction	between	the	Hof1p	SH3	domain	and	WIP	indicating	again	that	PRM3	

is	not	sufficient	to	mediate	interaction	with	the	Hof1p	SH3	domain.	However,	the	

ADE2	reporter	gene	of	the	yeast	two-hybrid	interaction	reporter	strain	PJ69-4a	

is	 the	 most	 stringent	 and	 it	 might	 not	 be	 sensitive	 enough	 to	 detect	 weak	

interactions.	It	is	also	possible	that	the	WIP	protein	fragment	containing	PRM3	is	

not	expressed	at	a	high	enough	level	in	the	yeast	cell	to	yield	a	detectable	yeast	

two-hybrid	interaction.		

To	investigate	if	PRM3	is	required	for	the	yeast	two-hybrid	interaction	between	

the	Hof1p	SH3	domain	and	WIP,	a	two-hybrid	construct	of	WIP	expressing	a	C-

terminal	fragment	lacking	PRM3	was	prepared.	Unexpectedly,	an	extremely	low	

number	 of	 transformant	 colonies	was	 obtained	when	 transforming	 two-hybrid	

constructs	 expressing	 WIP375-495	 (pAS2-1-based)	 into	 PJ69-4a	 cells	 already	

expressing	Hof1501-669p	from	the	pACT2	vector.	This	might	be	due	to	a	toxic	effect	

that	 the	 expression	 of	 the	 human	 protein	 fragment	 has	 on	 yeast	 cells.	

Approximately	 50%	 of	 the	 transformant	 colonies	 that	 were	 subjected	 to	 the	

yeast	 two-hybrid	 interaction	 test	were	 found	 to	be	unable	 to	grow	on	minimal	

media	lacking	adenine,	while	the	other	50%	were	able	to	grow	on	this	medium.		
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Figure	4-9	shows	a	transformant	expressing	WIP375-495	and	the	Hof1p	SH3	

domain	that	was	 unable	 to	 grow	on	minimal	media	 lacking	 adenine.	WIP375-495	

still	 contains	 PRM1	 and	 PRM2	 and	 therefore	 (based	 on	 previous	 yeast	 two-

hybrid	results)	should	still	 interact	with	 the	Hof1p	SH3	domain.	Therefore	 it	 is	

possible	 that	 WIP375-495	 is	 not	 expressed	 at	 a	 sufficient	 level	 in	 all	 of	 the	

transformant	 colonies	 to	 exhibit	 interaction,	 thus	 resulting	 in	 some	 colonies	

being	 positive	 and	 some	 colonies	 being	 negative	 for	 yeast	 two-hybrid	

interaction.	Because	of	the	inconsistent	results,	the	contribution	of	PRM3	to	the	

interaction	between	human	WIP	and	the	Hof1p	SH3	domain	was	not	confirmed	

by	 these	 experiments.	 Expression	 levels	 of	WIP375-495	 in	 the	 transformed	 yeast	

strain	could	be	investigated	with	in	vitro	pull-down	assays	using	crude	yeast	cell	

lysates	and	bacterially-expressed	purified	recombinant	Hof1p	SH3	domain-GST	

fusion	protein	on	beads.	It	might	also	be	useful	to	test	the	WIP	construct	lacking	

PRM3	 in	 Figure	 4-9	 using	 another	 yeast	 two-hybrid	 system,	 such	 as	 the	 split	

ubiquitin	 system,	 and	 verifying	 the	 expression	 of	 the	 constructs	 in	 the	 yeast	

strain	by	mass	spectrometry.		

Another	way	of	testing	the	importance	of	PRM3	for	the	binding	of	the	Hof1p	SH3	

domain	 to	WIP	would	be	 to	 test	WIP375-503	(wild	 type),	WIP375-503	lacking	PRM1	

and	 PRM2	 (comprising	 PRM3	 only)	 and	 WIP375-503	 lacking	 PRM1,	 PRM2	 and	

PRM3	in	one	in	vitro	pull-down	experiment.	

In	an	earlier	study,	it	was	found	that	substitution	of	the	conserved	tyrosine	367	

in	the	PSTPIP1	SH3	domain	with	glutamate	abolished	binding	of	the	SH3	domain	

to	WASP	in	vitro	(Wu	et	al.,	1998).	This	finding	is	consistent	with	the	possibility	

that	 binding	 of	 the	 PSTPIP1	 SH3	 domain	 to	 WASP	 is	 regulated	 by	

phosphorylation	of	tyrosine	367.	Another	study,	though,	concluded	that	tyrosine	

367	 in	 PSTPIP1	 is	 not	 phosphorylated	 at	 all	 in	 vivo	 (Cote	 et	 al.,	 2002).	 The	

corresponding	 tyrosine	 in	 the	 Hof1p	 SH3	 domain	 is	 tyrosine	 608	 and	

substitution	of	this	tyrosine	with	glutamate	abolished	interaction	with	the	yeast	

homologue	of	human	WIP,	Vrp1p	(Ren	et	al.,	2005).	

The	effect	of	substituting	tyrosine	608	with	glutamate	in	the	Hof1p	SH3	domain	

on	the	 interaction	of	 the	Hof1p	SH3	domain	with	human	WIP	was	examined	 in	

the	yeast	two-hybrid	interaction	test	shown	in	Figure	4-11.	A	mutation	had	to	be	

introduced	 into	 the	 DNA	 sequence	 that	 encodes	 the	 Hof1p	 SH3	 domain	 to	
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remove	an	NcoI	site	and	avoid	digestion	of	the	insert	DNA	during	cloning.	

The	yeast	strain	expressing	the	construct	introducing	the	silent	mutation	into	the	

Hof1p	SH3	domain	and	WIP	was	unable	to	grow	on	SD	minimal	medium	lacking	

adenine.	 The	 silent	mutation	 does	 not	 change	 the	 amino	 acid	 sequence	 of	 the	

expressed	protein	and	it	should	not	change	the	structure	or	function	of	the	Hof1p	

SH3	 domain.	 Possibly	 the	 construct	 harbouring	 the	 silent	 mutation	 was	 not	

expressed.	 Therefore,	 our	 experiment	 to	 test	 the	 importance	 of	 Tyr608	 for	

binding	to	human	WIP	was	inconclusive.		

To	determine	whether	the	human	homologue	of	Hof1p,	PSTPIP1,	interacts	with	

human	WIP,	a	yeast	two-hybrid	interaction	test	was	performed.	The	yeast	two-

hybrid	 construct	 encoding	 the	 SH3	 domain	 of	 PSTPIP1	 did	 not	 encode	 any	

flanking	regions.	Therefore,	only	the	PSTPIP1	SH3	domain	was	expressed	as	an	

SD-fusion	 protein	 (pACT2-based).	 As	 expected	 and	 shown	 in	 Figure	 4-13,	 the	

SH3	domain	of	PSTPIP1	interacted	with	full-length	WIP.	This	result	supports	the	

idea	that	the	interaction	between	the	Hof1p	SH3	domain	and	Vrp1p	in	yeast	has	

been	 conserved	 in	 humans	 in	 the	 form	 of	 an	 interaction	 of	 the	 PSTPIP	 SH3	

domain	 and	WIP.	 It	 also	 suggests	 that	 this	 interaction	 is	mediated	 by	 the	 SH3	

domain	only	and	does	not	require	any	of	the	regions	that	flank	the	SH3	domain.		

To	determine	whether	the	PSTPIP1	SH3	domain	binds	the	same	region	in	WIP	as	

the	Hof1p	SH3	domain,	a	yeast	two-hybrid	interaction	test	was	performed	with	

the	PSTPIP1	SH3	domain	and	various	fragments	of	WIP.	The	results	of	this	test	

(Figure	4-14)	show	that	the	PSTPIP1	SH3	domain	interacts	with	the	same	region	

of	WIP	as	 the	Hof1p	SH3	domain,	 i.e.	 the	C-terminus	of	human	WIP.	The	yeast	

strains	expressing	some	of	the	fragments	of	WIP	located	closer	to	the	N-terminus	

as	 well	 as	 the	 PSTPIP1	 SH3	 domain	 displayed	 some	 thin	 growth	 on	 minimal	

media.	This	thin	growth	might	be	due	to	the	fact	that	the	HIS3	reporter	gene	of	

the	 PJ69-4a	 strain	 was	 used	 for	 this	 experiment,	 which	 is	 known	 to	 be	 more	

“leaky”.	It	might	also	indicate	that	there	are	several	more	weak	interaction	sites	

for	 the	 PSTPIP1	 SH3	 domain	 in	 WIP.	 Yeast	 cells	 transformed	 with	 constructs	

expressing	 fragments	 of	 PSTPIP1	 took	 significantly	 longer	 to	 recover	 after	 the	

transformation.	The	 transformed	colonies	grew	only	 to	one	 third	of	 the	 size	of	

the	 size	 of	 average	 yeast	 colonies.	 Colony	 growth	 after	 spotting	 on	 yeast	 two-

hybrid	plates	with	SD	minimal	medium	lacking	adenine	was	often	in	patches.	In	
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general,	 the	various	transformed	yeast	strains	did	not	grow	very	well	 in	

this	experiment	and	the	small	colony	size	may	indicate	poor	cell	growth	due	to	

the	toxicity	of	PSTPIP1	expression	in	yeast	(Spencer	et	al.,	1997).	However,	the	

yeast	two-hybrid	experiment	did	deliver	the	expected	results	suggesting	that	the	

Hof1p-	and	PSTPIP1	SH3	domains	engage	in	highly	conserved	interactions	with	

WIP-family	proteins.		

The	GST	fusion	proteins	GST-Hof1501-669p	and	GST-Hof1575-669p	were	expressed	at	

a	 high	 level	 in	E.	coli	 after	 induction	 as	 shown	 in	 Figure	 4-15	 (A).	 Both	 fusion	

proteins	 were	 affinity-purified	 and	 most	 of	 the	 contaminant	 proteins	 were	

removed	(Figure	4-15	(B)	and	Figure	4-16).		

The	6xHis-tagged	wild	type	and	mutated	WIP	proteins	were	more	complicated	to	

express	 in	E.coli,	with	some	of	 the	recombinant	protein	being	expressed	before	

induction	 (data	 not	 shown)	 and	 the	 protein	 yield	 was	 low.	 Nevertheless,	 a	

sufficient	amount	of	good	quality	protein	was	obtained	after	purification	(Figure	

4-17).		

The	original	plan	was	 to	express	 the	 full	 length	WIP	protein	and	 the	wild	 type	

and	 mutated	 WIP375-503	 C-terminal	 fragments	 from	 a	 methanol-inducible	

promoter	in	the	yeast	Pichia	pastoris	GS115	(De	Schutter	et	al.,	2009).	Therefore,	

the	DNA	sequences	encoding	these	wild	 type	and	mutated	WIP	proteins	with	a	

6xHis-tag	and	a	thrombin	cleavage	site	were	introduced	into	the	pHIL-S1	vector	

(Tschopp,	 Brust,	 Cregg,	 Stillman,	 &	 Gingeras,	 1987).	 The	 Pichia	 expression	

system	has	 the	 advantage	 that	 the	 recombinant	 protein	 is	 expressed	 at	 higher	

levels	than	is	possible	 in	S.	cerevisiae	and	the	expressed	protein	can	be	directly	

secreted	 into	 the	medium	 (Ellis	 et	 al.,	 1985;	Koutz	 et	 al.,	 1989;	 Tschopp	 et	 al.,	

1987).	However,	 the	recombinant	WIP	proteins	could	not	be	detected	 in	either	

the	 medium	 or	 the	 cell	 lysate.	 The	 amino	 acid	 proline	 is	 known	 to	 break	 the	

tertiary	 structure	 of	 a	 protein	 as	 proline	 inhibits	 folding,	 resulting	 in	 rather	

linear	segments	of	tertiary	structure	in	the	protein.	This	makes	proteins	rich	in	

proline,	such	as	WIP,	very	susceptible	to	proteases.	However,	 the	characteristic	

smear	 of	 highly	 expressed	 proteins	 digested	 by	 proteases	 could	 also	 not	 be	

detected	on	SDS-PAGE	gels.	These	results	make	 it	very	 likely	 that	WIP	was	not	

expressed	properly	in	Pichia	maybe	due	to	different	codon	usage.		



Results	and	Discussion	

Birgit	Heike	Mack	

108	

For	 these	 reasons,	 a	 bacterial	 system	 was	 chosen	 to	 express	 WIP.	

Unexpectedly,	 even	 the	 E.	 coli	 strain	 BL21	 (DE3)	 Codon	 Plus	 RIPL,	 which	 is	

genetically	 engineered	 to	 express	 extra	 proline-specific	 tRNA,	 did	 not	 express	

detectable	quantities	of	full-length	WIP	(Greener,	Callahan,	&	Jerpseth,	1997).	If	

the	protein	is	in	inclusion	bodies,	it	often	can	be	detected	at	low	quantities	in	the	

cell	lysate.	As	the	WIP	protein	could	not	be	detected	in	the	cell	lysate	at	all,	it	is	

unlikely	that	it	was	present	in	inclusion	bodies.	

Both	GST-Hof1p	 fusion	proteins	 that	contain	 the	SH3	domain	were	able	 to	pull	

down	 the	wild	 type	C-terminal	WIP	 fragment	 (6xHis-)WIP375-503	into	 the	pellet,	

meaning	that	 the	Hof1p	SH3	domain	binds	 to	 the	C-terminus	of	wild	 type	WIP.	

This	 pull-down	 experiment	 confirmed	 the	 results	 of	 the	 yeast	 two-hybrid	

interaction	 test,	where	 Hof1501-669p	interacted	with	 the	 C-terminal	 fragment	 of	

human	WIP	 (Figure 4-4).	Furthermore,	 the	hypothesis	 that	Hof1p	binds	human	

WIP	 via	 an	 SH3	 domain-mediated	 mechanism	 was	 confirmed,	 as	 the	 fusion	

protein	GST-Hof1575-669p	was	also	able	 to	pull-down	wild	 type	6xHis-WIP375-503.	

This	fusion	protein	only	encodes	the	minimal	part	of	the	Hof1p	SH3	domain	that	

retains	 function	 and	 excludes	 any	 flanking	 sequences	 of	 Hof1p	 that	 could	

mediate	or	contribute	to	the	interaction	(Graziano	et	al.,	2014).	

Unexpectedly,	 the	 results	 of	 the	 in	 vitro	 pull	 down	 assays	 suggest	 slightly	

different	binding	sites	for	the	Hof1p	SH3	domain	in	WIP	compared	to	the	results	

of	 the	yeast	two-hybrid	 interaction	test.	Unlike	what	was	observed	in	the	yeast	

two-hybrid	 interaction	 test,	 combined	 deletion	 of	 PRM1	 and	 PRM2	 in	 the	 C-

terminal	 fragment	 of	 human	WIP	 (6xHis-WIP375-503)	 did	 not	 abolish	 binding	 to	

the	Hof1p	SH3	domain	in	vitro	(Figure 4-19).		

An	explanation	for	these	results	might	be	that	the	folding	of	proline-rich	proteins	

might	 differ	 in	vivo	 and	 in	vitro.	 For	 binding	 to	 occur,	 the	 proline-rich	 peptide	

sequences	 in	WIP	have	 to	be	accessible	 to	 the	Hof1p	SH3	domain	and	proline-

rich	 sequences	 are	 often	 found	 on	 the	 surface	 of	 a	 protein	 as	 they	 break	 the	

secondary	 structure	 (Holt	&	Koffer,	 2001).	 In	 the	 yeast	 two-hybrid	 interaction	

test,	 fusion	 of	 WIP	 fragments	 to	 the	 Gal4p-BD	 protein	 might	 prevent	 the	

exposure	of	 these	proline-rich	sequences	 in	WIP	to	 the	Hof1p	SH3	domain	and	

might	thereby	prevent	their	interaction.	This	could	lead	to	false-negative	results	

due	 to	 a	 lack	 of	 growth	 of	 the	 transformed	 yeast	 two-hybrid	 strain	 and	 could	
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explain	 some	 of	 the	 unexpected	 negative	 results	 observed	 in	 the	 yeast	

two-hybrid	interaction	tests	in	this	study.		

Two	or	more	prolines	in	a	row	form	a	left	handed	helix	(the	polyproline	type	II	

helix)	with	three	residues	per	turn,	a	structure	that	is	known	to	be	more	flexible	

than	other	types	of	secondary	structure.	The	increased	flexibility	of	proline-rich	

sequences	might	lead	to	enhanced	protein	interactions	 in	vitro,	especially	when	

compared	to	in	vivo	methods	such	as	the	yeast	two-hybrid	interaction	test.	This	

is	 because	 the	 proline-rich	 protein	 is	 subjected	 to	 increased	mechanical	 stress	

during	 the	 purification	 and	 the	 in	 vitro	 pull-down	 assay,	 even	 when	 isolated	

under	 native	 conditions.	 Due	 to	 these	 reasons,	 the	 exposure	 of	 proline-rich	

motifs	 in	 the	 WIP	 protein	 fragments	 to	 the	 Hof1p	 SH3	 domain	 might	 be	

improved,	 promoting	 the	 interaction	 of	 these	 two	 proteins.	 The	 more	 flexible	

structure	 of	 proline-rich	motifs	might	 explain	 the	 excellent	 binding	of	 the	WIP	

sequences	 to	 the	 Hof1p	 SH3	 domain	 in	 the	 in-vitro	 pull	 down	 assays	 and	 the	

difficulties	experienced	in	this	study	when	trying	to	abolish	this	binding.	

Due	to	different	chaperones/foldases	in	eukaryotes	and	prokaryotes,	the	folding	

of	some	eukaryotic	proteins	is	inefficient	in	bacteria	resulting	in	the	formation	of	

aggregates	of	improperly	folded	proteins.	This	might	cause	different	results	in	in	

vitro	 pull	 down	 assays	 compared	 to	 yeast	 two-hybrid	 interaction	 tests	 as	 the	

folding	of	the	same	protein	might	differ	in	yeast	and	bacteria.	

It	has	previously	been	shown	that	deletion	of	PRM2	alone	abolished	the	ability	of	

WIP	to	rescue	the	temperature-sensitive	growth	phenotype	of	yeast	cells	lacking	

Vrp1p	(Vaduva	et	al.,	1999).	According	to	the	hypothesis	of	this	study,	this	might	

be	due	to	the	toxic	effect	of	the	Hof1p	SH3	domain	as	it	is	unable	to	bind	to	PRM2	

in	WIP	(or	 to	 the	HOT	domain	of	Vrp1p	 in	yeast)	and	therefore	 impedes	actin-

assembly-driven	processes.	

In	this	study,	it	was	observed	that	deletion	of	PRM2	alone	in	WIP375-503	weakened	

interaction	with	the	Hof1p	SH3	domain	in	the	yeast	two-hybrid	interaction	test	

(Figure 4-7).	 However,	 this	 weaker	 interaction	 could	 be	 due	 to	 a	 lower	

expression	 level	 of	 the	 mutated	 protein	 in	 the	 yeast	 two-hybrid	 interaction	

reporter	stain.	Furthermore,	only	the	additional	deletion	of	PRM1	in	WIP375	-503	

completely	 abolished	 the	 yeast	 two-hybrid	 interaction.	 Also,	 WIP	 fragment	

WIP375-422	lacks	PRM2	and	interacts	as	well	as	the	wild	type	fragment	WIP375-503	
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in	 the	 yeast	 two-hybrid	 interaction	 test	 (Figure 4-7).	 This	 data	 supports	

the	importance	of	PRM1	in	the	yeast	two-hybrid	interaction	between	the	Hof1p	

SH3	domain	and	WIP375-503.	

In	 contrast,	 one	 WIP	 fragment	 containing	 PRM2	 but	 not	 PRM1	 (WIP423-455)	

interacted	with	 the	Hof1p	SH3	domain	 in	 the	yeast	 two-hybrid	 interaction	 test	

(Figure 4-7)	indicating	that	PRM2	might	also	contribute	to	this	interaction.		

In	 the	 yeast	 two-hybrid	 interaction	 test	 expressing	 the	 progressively	 extended	

plasmids	based	on	WIP275-404	in	PAS2-1,	 it	 seemed	 that	 the	effects	of	PRM1	and	

PRM2	are	additive	(Figure	4-7).	However,	the	smaller	WIP	fragments	containing	

PRM1	 or	 PRM2	 only,	 showed	 very	 good	 growth	 expressing	 one	 PRM	 only.	 An	

explanation	for	this	observation	could	be	that	the	protein	fragments	containing	

single	PRMs	are	significantly	 shorter	 (less	 than	50	amino	acids	 long	not	 taking	

the	Gal4p	BD	and/or	Gal4p	AD	 into	account),	while	 the	progressively	extended	

WIP	fragments	consist	of	more	than	200	amino	acids.		

Smaller	fusion	proteins	might	be	expressed	at	higher	levels	in	yeast	and	interact	

better	than	larger	proteins	in	the	yeast	two-hybrid	interaction	test.	This	is	due	to	

the	fact	that	the	tertiary	structure/folding	of	the	protein	is	less	likely	to	interfere	

with	binding.	Smaller	proteins	are	also	more	likely	to	be	expressed	in	the	yeast	

cell	and	have	higher	stability	and	therefore	more	protection	against	degradation	

than	larger	proteins.	

Evaluating	the	results	obtained	from	the	in	vitro	pull	down	assays	shows	that	the	

contribution	 of	 PRM2	 to	 6xHis-WIP375-503	 binding	 to	 the	 Hof1p	 SH3	 domain	

remains	unclear.	Deletion	of	PRM2	alone	did	not	appear	to	affect	the	strength	of	

binding	of	6xHis-WIP375-503	 to	 the	Hof1p	SH3	domain	(Figure 4-19	 (A)	and	(B)).	

However,	in	this	experiment	only	Coomassie	Brilliant	Blue	staining	was	used	and	

more	 sensitive	 methods	 (e.g.	 silver	 staining)	 might	 help	 to	 clarify	 the	

contribution	of	PRM2	to	Hof1p	SH3	domain	binding	to	WIP	in	vitro.		

A	WIP	fragment	containing	only	PRM1	interacted	with	the	Hof1p	SH3	domain	in	

the	 yeast	 two-hybrid	 interaction	 test	 (Figure	 4-7).	 Furthermore,	 deletion	 of	

PRM1	(in	combination	with	deletion	of	PRM2)	abolished	two-hybrid	interaction	

Figure	4-7.	(WIP375-422,	WIP423-455)	exhibit	better	growth.		

The	contribution	of	PRM1	to	Hof1p	SH3	binding	could	be	confirmed	 in	vitro,	as	

deletion	 of	 PRM1	 (in	 combination	 with	 deletion	 of	 PRM3)	 was	 required	 to	
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abolish	binding	of	6xHis-WIP375-503	to	the	Hof1p	SH3	domain	(Figure 4-19	

(A),	(B)	and	(C).	The	contribution	of	PRM3	remained	unclear	from	the	results	of	

the	yeast	two-hybrid	interaction	test,	but	was	supported	by	the	results	obtained	

using	in	vitro	pull-down	assays	(Figure 4-19	(B)	and	(C)).	

Deletion	 of	 additional	 PRMs	 (PRM4	 and	 PRM5)	 in	 the	 C-terminal	 fragment	 of	

WIP	 (WIP375-503)	 did	 not	 appear	 to	 further	 weaken	 binding	 to	 the	 Hof1p	 SH3	

domain	 in	 vitro	 (Figure 4-21).	 Furthermore,	 combined	 deletion	 of	 PRM1	 and	

PRM2	 did	 not	 abolish	 binding	 of	 6xHis-WIP375-503	 to	 the	 Hof1p	 SH3	 domain	

demonstrating	 that	 SH3	 domain	 binding	 is	 highly	 sequence	 specific	 and	 that	

Hof1p	 SH3	 domain	 binding	 to	 6xHis-WIP375-503	 is	 mediated	 predominantly	 by	

6xHis-WIP375-503	PRM1	and	PRM3	(mostly	PRM3).		

Unexpectedly,	combined	deletion	of	PRM1	and	PRM3	in	full-length	WIP	protein	

did	not	abolish	 the	 two-hybrid	 interaction	with	 the	Hof1p	SH3	domain (Figure 

4-22). Therefore,	it	cannot	be	ruled	out	that	binding	sites	in	the	N-terminal	half	of	

WIP	 were	 overlooked	 in	 the	 initial	 yeast	 two-hybrid	 experiments.	 Figure 4-23	

depicts	a	potential	SH3	domain	binding	site	in	WIP	containing	the	‘PXXP’	motif:	

126PPLLPP132.	As	can	also	be	seen	in	a	sequence	comparison	between	Vrp1p	and	

WIP	in	Figure 1-8,	this	PXXP	core	motif	has	been	conserved	in	WIP	and	Vrp1p.	

	

1MPV4PPPPAPPPPP13TFALANTEKPTLNKTEQAGRNALLSDISKGKKLKKTV
TNDRSAPILDKPKGAGAGGGGGGFGGGGGFGGGGGGGGGGSFGGGGPP
GLGGLFQAGMPKLRSTANRDNDSGGSR126PPLLPP132GGRSTSAKPFSPPS
GPGRFPVPSPGHRSGPPEPQRNRMPPPRPDVGSKPDSIPPPVPSTPRPIQSS
PHNRGSPPVPGGPRQPSPGPTPPPFPGNRGTALGGGSIRQSPLSSSSPFSNR
PPLPPTPSRALDDKPPPPPPPVGNRPSIHREAVPPPPPQNNKPPVPSTPRPSA
SSQAPPPPPPPSRPGPPPLPPSSSGNDETPRLPQRNLSLSSSTPPLPSPGRSGP
LPPPPSERPPPPVRDPPGRSGPLPPPPPVSRNGSTSRAL396PATPQLPSRS405
GVDSPRSGPRPPLPPDRPSAGA428PPPPPPSTS435IRNGFQDSPCEDEWESR
FYFHPISDLPPPEPYVQTTKSYPSKLARNESRSGSNRRERGA496PPLPPIPR503	 	
Figure	4-23:	Potential	 SH3	binding	 sites	 comprising	 the	 ‘PXXP’	motif	 that	have	

been	conserved	(or	partly	conserved)	in	Vrp1p	and	WIP	are	4PPPPAPPPPP13	and	

126PPLPP132	in	WIP	(shown	in	orange).	
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It	could	be	tested	in	future	experiments	if	additional	deletion	(in	addition	

to	 PRM1	 and	 PRM3)	 of	 the	 PPLLPP	 sequence	 in	 full-length	 WIP	 can	 abolish	

interaction	with	the	Hof1p	SH3	domain	in	the	yeast	two-hybrid	interaction	test.	

Another	explanation	for	this	result	might	be	that	in	the	yeast	cell,	WIP	might	be	

bound	to	Las17p,	e.g.	at	cortical	actin	patches,	and	therefore	might	not	permeate	

into	the	nucleus	of	the	cell	where	the	yeast	two-hybrid	protein	interaction	takes	

place.	 Further,	 larger	 proteins	 might	 not	 be	 fully	 expressed	 or	 their	 three-

dimensional	 structure	might	 obstruct	 the	 interaction	 site.	Recent	 studies	 show	

that	 the	 ligand	 binding	 surface	 of	 the	 SH3	 domain	 is	 able	 to	 change	 shape	 in	

order	 to	 bind	 to	 a	 variety	 of	 peptide	 ligands,	 including	 some	 that	 differ	 from	

those	 that	 contain	 the	 conventional	 “PXXP”	 motif,	 such	 as	 “PXXDY”,	 or	 other	

atypical	motifs	such	as	“RXXPXXXP”	(Kesti	et	al.,	2007;	Mongiovi	et	al.,	1999;	Tian	

et	 al.,	 2006).	 Therefore,	 it	 is	 possible	 that	multiple	 weak	 binding	 sites	 for	 the	

Hof1p	 SH3	 domain	 exist	 in	 the	 full-length	 WIP	 protein	 that	 differ	 from	 the	

canonical	 ‘PXXP’	motif.	These	weak	binding	sites	might	bind	strongly	enough	to	

retain	binding	to	the	Hof1p	SH3	domain,	even	when	the	sites	of	strong	binding,	

PRM1	and	PRM3,	are	deleted.	

The	ADE2	 (adenine)	reporter	gene	of	 the	yeast	 two-hybrid	 interaction	reporter	

strain	PJ69-4a	is	the	most	stringent.	Therefore,	a	few	sites	of	weak	interaction	in	

WIP375-503	may	 not	 provide	 sufficient	 expression	 of	 the	 reporter	 gene	 to	 allow	

growth	on	SD	minimal	medium	lacking	adenine.	Weak	interaction	the	full	length	

WIP	protein,	however,	may	create	a	stronger	interaction	and	allow	expression	of	

the	ADE2	 reporter	 gene	 to	 allow	 growth	 on	minimal	medium	 lacking	 adenine.	

The	HIS3	 (histidine)	 reporter	 gene	of	 PJ69-4a	 is	more	 sensitive	 than	 the	ADE2	

reporter	gene,	but	also	a	very	 leaky	and	 in	 this	 study	pAS2-1-based	constructs	

with	WIP	sequences	resulted	in	auto-activation	of	the	HIS3	reporter	gene.	Every	

yeast	 two-hybrid	 interaction	 test	 performed	 in	 this	 study	 was	 carefully	

optimised	 in	 order	 to	 choose	 the	most	 appropriate	 PJ69-4a	 reporter	 gene	 and	

therefore	some	yeast	two-hybrid	tests	used	the	HIS3	reporter	gene,	while	others	

used	the	ADE2	reporter	gene.	

Another	 option	 that	 could	 be	 used	 in	 the	 future	 would	 be	 to	 investigate	 the	

interaction	between	 the	Hof1p	 SH3	domain	 and	WIP	using	 another	 yeast	 two-

hybrid	system	such	as	the	split-ubiquitin	system.	To	detect	interactions	the	split	
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ubiquitin	 system	 does	 not	 require	 that	 the	 interacting	 proteins	 be	

imported	 into	 the	 nucleus	 or	 even	 that	 the	 interacting	 proteins	 be	 soluble	

(Stynen,	Tournu,	Tavernier,	&	Van	Dijck,	2012).	
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5 Thesis summary and future direction 
In	 yeast,	 binding	 of	 the	 Hof1p	 SH3	 domain	 to	 PRMs	 in	 Vrp1p,	 the	 yeast	

homologue	of	human	WIP,	promotes	cytokinesis	(Ren	et	al.,	2005)	while	 in	 the	

absence	of	Vrp1p	the	unbound	Hof1p	SH3	domain	is	likely	to	exert	a	toxic	effect	

on	 actin-assembly	 driven	 processes	 (Ren	 et	 al.,	 2005).	 Binding	 of	 Vrp1p	 to	

Las17p	in	yeast	activates	actin-assembly-driven	processes	in	yeast	(Evangelista	

et	al.,	2000;	Lechler,	Jonsdottir,	Klee,	Pellman,	&	Li,	2001;	Naqvi	et	al.,	1998).	In	

human	cells,	binding	of	the	human	homologues	WIP	and	WASP	forms	a	complex	

that	 then	 activates	 the	Arp2/3	 complex.	Mutations	 in	WASP	 that	 impair	WASP	

interaction	 with	 WIP	 are	 responsible	 for	 some	 cases	 of	 Wiskott-Aldrich	

Syndrome	 in	 humans.	WAS	 is	 an	 inherited	 immunodeficiency	 accompanied	 by	

actin	cytoskeletal	defects	in	lymphocytes.	This	study	investigated	the	possibility	

of	 a	 dual	 function	 of	 Vrp1p	 in	 yeast.	 It	 was	 proposed	 that	 Vrp1p	 is	 not	 only	

interacting	 with	 Las17p	 to	 promote	 actin	 filament	 assembly,	 but	 also	

counteracting	 a	 toxic	 effect of	 the	unbound	Hof1p	SH3	domain	by	binding	 and	

sequestering	 it	 (Munn	 &	 Thanabalu,	 2009).	 Characterisation	 of	 this	 novel	

mechanism	might	aid	 in	 the	development	of	new	and	 improved	 treatments	 for	

WAS,	 as	 the	abnormal	 cytoskeletal	defects	 in	 lymphocytes	might	be	due	 to	 the	

toxic	 effect	 of	 the	 PSTPIP1	 SH3	 domain.	 PSTPIP1	 is	 the	 human	 homologue	 of	

yeast	 Hof1p.	 One	 can	 visage	 a	 possible	 treatment	 for	 WAS	 involving	 the	

introduction	 of	 proline-rich	 peptides	 into	 diseased	 lymphocytes	 to	 bind	 and	

sequester	toxic	SH3	domains	and	restore	immune	function.		

With	the	knowledge	that,	in	yeast,	the	Hof1p	SH3	domain	binds	Vrp1p,	this	study	

first	 investigated	 if	 the	 Hof1p	 SH3	 domain	 also	 has	 the	 ability	 to	 bind	 to	 the	

human	homologue	of	Vrp1p,	WIP.	 If	 the	yeast	Hof1p	and	human	PSTPIP1	both	

bind	to	the	human	WIP	protein,	then	this	would	indicate	that	this	interaction	is	

conserved	between	yeast	and	humans.	Such	a	finding	would	support	the	use	of	

yeast	as	a	model	organism	to	further	investigate	the	molecular	mechanisms	that	

underpin	WAS.		

Indeed,	 the	 protein	 fragment	 comprising	 the	 Hof1p	 SH3	 domain	 and	 some	

flanking	 sequences	 interacted	 in	 the	yeast	 two-hybrid	 interaction	 test	with	 the	
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full-length	 human	 WIP	 protein.	 Mapping	 of	 the	 binding	 site	 in	 WIP	

revealed	 that	 two	PRMs	 located	 in	 the	 C-terminus	 of	 human	WIP	mediate	 this	

interaction,	 PRM1	 (PATPQLPSRS)	 and	 PRM2	 (PPPPPSTS).	 The	 possible	

contribution	of	a	third	PRM,	PRM3	(PPLPPIPR),	could	not	be	elucidated	using	the	

yeast	two-hybrid	interaction	test	as	the	results	were	inconclusive.	Two	of	these	

PRMs	 have	 already	 been	 mentioned	 in	 the	 literature:	 PRM2	 because	 it	 is	

essential	 for	 human	WIP	 to	 rescue	 the	 temperature-sensitive	 growth	 defect	 of	

yeast	cells	lacking	Vrp1p	and	PRM3	because	it	is	one	of	the	two	PRMs	in	Inn1p,	a	

protein	 essential	 for	 primary	 septum	 formation,	 that	 mediate	 binding	 to	 the	

Hof1p	SH3	domain	(Nishihama	et	al.,	2009;	Vaduva	et	al.,	1999).		

In	order	to	further	investigate	if	interaction	between	the	Hof1p	SH3	domain	and	

Vrp1p	has	been	conserved	in	mammals,	binding	of	the	PSTPIP1	SH3	domain	to	

human	WIP	was	 investigated.	 As	 expected,	 a	 protein	 fragment	 comprising	 the	

PSTPIP1	 SH3	 domain	 only,	 excluding	 any	 flanking	 sequences,	 interacted	 with	

full-length	 human	WIP	 in	 the	 yeast	 two-hybrid	 interaction	 test.	 Moreover,	 the	

binding	site	for	the	PSTPIP1	SH3	domain	in	human	WIP	is	located	in	the	same	C-

terminal	 fragment	of	WIP	 that	has	been	 shown	here	 to	harbour	 the	PRMs	 that	

mediate	 binding	 to	 the	 Hof1p	 SH3	 domain.	 In	 summary,	 the	 yeast	 two-hybrid	

interaction	tests	provide	strong	evidence	that	the	interaction	between	Hof1p	and	

Vrp1p	 has	 been	 conserved	 as	 an	 interaction	 between	 PSTPIP1	 and	 WIP	 in	

mammals	with	both	interactions	mediated	by	the	respective	SH3	domains.		

The	 in	 vitro	 pull-down	 assays	 partly	 confirmed	 the	 results	 obtained	 from	 the	

yeast	two-hybrid	interaction	test:	GST-Hof1p	fusion	proteins	comprising	the	SH3	

domain	 and	 flanking	 sequences	 or	 the	 SH3	 domain	 only	 both	 interacted	 with	

same	C-terminal	 fragment	 of	WIP	 that	was	 found	 to	 interact	 in	 the	 yeast	 two-

hybrid	interaction	test.	Moreover,	the	in	vitro	assays	verified	PRM1	as	one	of	the	

sites	in	WIP	that	mediate	interaction	with	the	Hof1p	SH3	domain.		

Surprisingly,	the	role	of	PRM2	in	binding	of	the	Hof1p	SH3	domain	to	WIP,	that	

was	initially	discovered	using	the	yeast	two-hybrid	interaction	test	could	not	be	

confirmed	 by	 in	 vitro	 pull-down	 assays.	 Deletion	 of	 PRM2	 in	 the	 C-terminal	

fragment	 of	 WIP	 did	 not	 affect	 binding	 to	 the	 Hof1p	 SH3	 domain.	 Instead	

deletion	 of	 both	 PRM1	 and	 PRM3	 is	 required	 to	 abolish	 interaction	 of	 the	 C-

terminal	fragment	of	WIP	with	the	Hof1p	SH3	domain	in	vitro.	Deletion	of	PRM1	
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and	 PRM2	 did	 not	 abolish	 this	 interaction	 and	 likewise,	 additional	

deletion	of	two	more	PRMs	in	the	C-terminus	of	WIP,	PRM4	and	PRM5,	also	did	

not	 affect	 the	 interaction	of	 the	Hof1p	SH3	domain	with	WIP.	This	 experiment	

emphasizes	 the	 specifity	 of	 the	 interaction,	 as	 it	 demonstrates	 that	 additional	

deletion	of	other	PXXP	motifs	in	WIP	does	not	affect	binding	of	WIP	to	the	Hof1p	

SH3	domain.		

Unexpectedly,	deletion	of	PRM1	and	PRM3	in	combination	in	the	full-length	WIP	

protein	did	not	abolish	interaction	with	the	Hof1p	SH3	domain	in	the	yeast	two-

hybrid	interaction	test.	This	might	be	due	to	the	fact	that	multiple	weak	binding	

sites	 exist	 throughout	 the	 full-length	 WIP	 protein	 which,	 in	 combination,	 are	

strong	enough	to	mediate	interaction	with	the	Hof1p	SH3	domain.	Unfortunately,	

full-length	WIP	 could	 not	 be	 expressed	 at	 a	 high	 level	 in	 bacteria	 or	 yeast	 to	

allow	for	purification	of	recombinant	protein.	As	a	consequence	this	yeast	two-

hybrid	result	could	not	be	confirmed	using	in	vitro	experiments.	Further,	to	take	

all	possible	binding	sites	into	account,	any	future	studies	should	focus	on	the	full-

length	 WIP	 protein.	 As	 the	 full-length	 WIP	 protein	 proved	 to	 be	 difficult	 to	

express	 and	 purify,	 methods	 investigating	 protein	 binding	 in	 live	 cells	 might	

possibly	 be	 suitable.	 A	 phenotypic	 study	 to	 investigate	 the	 function	 of	 Hof1p	

SH3-WIP	binding	will	 only	be	possible	once	 all	 the	binding	 sites	 for	 the	Hof1p	

SH3	 domain	 in	 WIP	 have	 been	 elucidated.	 Deletion	 of	 these	 newly	 identified	

binding	sites	has	to	significantly	weaken	the	interaction	between	the	Hof1p	SH3	

domain	 and	 full	 length	 WIP	 before	 any	 conclusions	 can	 be	 drawn	 from	 a	

phenotypic	analysis.	Loss	of	interaction	means	loss	of	function,	and	it	is	expected	

that	it	is	this	loss	of	function	that	causes	the	toxicity	of	the	(unbound)	Hof1p	SH3	

domain	and	the	temperature-sensitive	phenotype	of	the	yeast	strain.	

In	 summary,	 it	 has	 been	 shown	 in	 this	 study	 that	 the	 interaction	 between	 the	

Hof1p	SH3	domain	and	Vrp1p	has	most	likely	been	conserved	in	mammals	as	an	

interaction	between	the	PSTPIP1	SH3	domain	and	WIP.	The	respective	proteins	

interact	via	an	SH3-mediated	mechanism.	The	yeast	Hof1p	SH3	domain	binds	at	

least	 two	 PRMs	 in	 the	 C-terminus	 of	WIP,	 PRM1	 and	 PRM3	 and	 also	 interacts	

with	 PRM2	 in	 the	 yeast	 two-hybrid	 interaction	 test.	 This	 study	 provides	 a	

foundation	for	further	investigations	into	the	function	of	Hof1p	SH3	or	PSTPIP1	

SH3	binding	to	WIP	with	yeast	as	a	model	organism.	
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A	new	rationale	for	further	studies	could	be	based	on	the	phosphorylation	

of	Hof1p.	A	study	by	Wu	et	al.	suggests	that	interaction	of	the	human	homologue	

of	 Hof1p,	 PSTPIP1,	 and	WASP	 is	 inhibited	 by	 phosphorylation	 of	 a	 conserved	

tyrosine	 (tyrosine	367)	 in	 the	 SH3	domain	of	PSTPIP1	 (Wu	et	 al.,	 1998).	More	

recent	 studies	 found	 that	 differential	 phosphorylation	 of	 Hof1p	 in	 yeast	 is	

essential	 for	 the	 timely	 and	 spatial	 coordination	 of	 cytokinesis	 (Vallen	 et	 al.,	

2000;	 Meitinger	 et	 al.,	 2011;	 Meitinger	 et	 al.,	 2013).	 Phosphorylation	 of	 a	

conserved	 tyrosine	 in	 the	 SH3	 domain	 of	 Hof1p	was	 found	 to	 inhibit	 the	 SH3	

domain	 and	 thereby	 contributing	 to	 AMR	 contraction	 and	 primary	 septum	

formation	 in	 yeast	 (Meitinger	 et	 al.,	 2013).	 These	 studies	 suggest	 that	 SH3	

mediated	binding	of	Hof1p	is	inhibited	by	phosphorylation	of	conserved	residues	

within	 the	SH3	domain.	A	 large	number	of	proteins	 in	yeast	 and	mammals	are	

temporarily	activated	or	de-activated	by	phosphorylation	while	 the	prokaryote	

E.	 coli	 does	 not	 phosphorylate	 proteins.	 This	 may	 account	 for	 the	 different	

results	 obtained	 in	 pull-down	 experiments	 (which	 were	 performed	 with	

recombinant	proteins	expressed	in	E.	coli)	compared	to	those	obtained	in	yeast	

two-hybrid	experiments	(in	which	the	proteins	were	expressed	in	yeast).		

Differential	phosphorylation	of	the	Hof1p	protein	during	the	yeast	cell	cycle	has	

already	been	shown	(Vallen	et	al.,	2000).	To	test	 if	phosphorylation	of	 tyrosine	

608	in	the	Hof1p	SH3	domain	influences	binding	to	PRMs	in	human	WIP,	in	vitro	

pull-down	assays	with	a	mutated	(tyrosine	608	to	glutamate)	SH3	domain	could	

be	 performed.	 To	 find	 out	 if	 Hof1p	 is	 differentially	 phosphorylated	 during	 the	

yeast	 cell	 cycle,	 mass	 spectrometry	 could	 be	 performed.	 If	 this	 experiment	 is	

performed	 with	 synchronised/arrested	 yeast	 cell	 cultures,	 then	 it	 would	 be	

possible	 to	 see	 at	 which	 point	 in	 the	 cell	 cycle	 the	 Hof1p	 SH3	 domain	 is	

phosphorylated.	 If	 phosphorylation	 of	 the	 Hof1p	 SH3	 domain	 inhibits	

interaction,	then	phosphorylation	might	counteract	the	toxic	effect	of	the	Hof1p	

SH3	domain	in	vrp1Δ	cells.	Defective	phosphorylation	of	PSTPIP1	during	the	cell	

cycle	might	be	a	mechanism	that	contributes	to	WAS	pathology	but	has	not	been	

investigated	yet.	
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