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	 I	

Abstract	

Previously	it	has	been	shown	that	Rsp5p,	a	member	of	Nedd4	ubiquitin	ligases	in	

yeast,	is	modified	by	the	ubiquitin-like	protein	SUMO	and	that	this	modification	

is	 performed	 by	 Siz1p,	 a	 member	 of	 PIAS	 SUMO	 ligases	 that	 are	 in	 turn	

substrates	 of	 Rsp5p-dependent	 ubiquitylation,	 thus	 defining	 a	 previously	

unidentified	 system	 of	 crosstalk	 between	 the	 ubiquitin	 and	 SUMO	 systems	 in	

yeast.	 This	 project	 aims	 to	 identify	whether	 similar	 crosstalk	 pattern	 exists	 in	

human	cells.		

In	 vitro	 ubiquitylation	 assays	 showed	 that	 some	 of	 the	 human	 Nedd4	 family	

members	 (Nedd4.1,	 Nedd4.2,	WWP1)	 are	 capable	 of	 ubiquitylating	 the	 human	

SUMO	 ligase	 PIAS3,	 while	 in	 contrast,	 Smurf2	 does	 not	 appear	 to	 be	 able	 to	

modify	 this	 protein.	 This	 modification	 is	 partially	 WW-PY-motif-dependent	 as	

ubiquitylation	 level	 of	 PIAS3	 mutants	 with	 altered	 PY	 motifs	 conducted	 by	

Nedd4.1	or	Nedd4.2	was	reduced,	but	not	completely	disrupted.	Interestingly,	in	

vitro	 SUMOylation	 assay	 revealed	 that	 Nedd4.1	 is	 SUMOylated	 even	 in	 the	

absence	of	SUMO	E3	ligases	and	an	apparent	interaction	between	the	SUMO	E2	

(Ubc9)	 and	 Nedd4.1	was	 observed	 both	 in	vitro	 and	 in	vivo.	 I	 show	 that	 auto-

SUMOylation	of	Nedd4.1	 is	accompanied	with	 the	 formation	of	 thioester-linked	

conjugates	 between	 Nedd4.1	 and	 SUMO,	 but	 these	 do	 not	 involve	 cysteine	

residues	 (C867,	 C778,	 and	 C627)	 within	 the	 HECT	 domain	 itself	 and	 is	 not	

occurring	at	a	predicted	SUMOylation	consensus	site	(K357).		

Furthermore,	I	have	shown	that	Nedd4.1	and	SUMO1/2	colocalize	in	HeLa	cells,	

and	 that	 overexpression	 of	 epitope	 tagged	 Nedd4	 and	 SUMO1/2,	 followed	 by	

denaturing	 pull-downs	 demonstrates	 that	 both	 Nedd4.1	 and	 Nedd4.2	 can	 be	

SUMOylated	 in	vivo.	Meanwhile,	 I	have	generated	a	SUMO	trap	based	on	SUMO	

interacting	 motifs	 (SIMs)	 and	 confirmed	 its	 ability	 of	 capturing	 SUMOylated	

proteins	 both	 in	vivo	 and	 in	vitro.	 Its	 use	 reveals	 that	Nedd4	 SUMO	 conjugates	

could	be	captured	by	SUMO	trap	when	Nedd4	and	SUMO	were	co-expressed	 in	

HeLa	cells,	again	confirming	Nedd4.1	as	a	substrate	for	SUMO1	or	SUMO2.		

In	conclusion,	I	show	that	SUMOylation	of	Nedd4.1	does	exist	in	HeLa	cells,	and	

on	 the	 other	 hand,	 some	 of	 Nedd4	 family	members	 are	 responsible	 for	 PIAS3	

ubiquitylation	 in	vitro,	providing	evidence	of	a	crosstalk	between	Nedd4	 family	

of	ubiquitin	ligases	and	PIAS	family	of	SUMO	ligases	in	mammals.	
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1 Introduction	

1.1 Ubiquitin	and	ubiquitylation	

1.1.1 Ubiquitin	

Ubiquitin	(Ub),	 is	a	highly	conserved	76-amino	acid	residue	polypeptide	with	a	

secondary	structure	comprised	of	three	and	a	half	turns	of	an	α	helix,	a	mixed	β	

sheet	 that	 contains	 five	 strands	 and	 seven	 reverse	 turns	 (Figure	 1.1)	 (Vijay-

Kumar	 et	 al.,	 1987).	 It	 was	 first	 identified	 as	 a	 free	 polypeptide	 involved	 in	

differentiation	 of	 immunocytes	 in	 1975	 and	 was	 provisionally	 designated	

ubiquitous	 immnunopoietic	polypeptide	(UBIP)	(Goldstein	et	al.,	1975).	Shortly	

after,	 it	was	renamed	ubiquitin,	as	 it	was	thought	to	be	present	ubiquitously	 in	

both	 prokaryotes	 and	 eukaryotes	 (Schlesinger	 et	 al.,	 1975).	 Later,	 this	 was	

corrected	as	it	only	exists	throughout	the	eukaryotic	kingdom	(Lund	et	al.,	1985).	

The	most	well	known	function	of	Ub	is	that	Ub	tagged	proteins	can	be	marked	for	

degradation	via	the	26S	proteasome	(Hershko	and	Ciechanover,	1998;	Glickman	

and	Ciechanover,	2002),	a	discovery	that	won	the	2004	Nobel	Prize	in	Chemistry	

(Ciechanover,	2005).	Besides	 its	role	 in	proteasome	degradation,	 it	has	become	

clear	that	the	Ub	signal	is	far	more	complex	and	is	involved	in	various	biological	

processes,	which	will	be	detailed	below	(section	1.1.3).	

Ub	 is	 covalently	 attached,	 through	 the	 C-terminal	 glycine	 (G76),	 to	 the	 amino	

groups	of	an	internal	lysine	residue	side	chains,	forming	an	isopeptide	bond	with	

substrate	 (or	 Ub)	 via	 the	 help	 of	 Ub	 cascade	 enzymes	 (Kornitzer	 et	 al.,	 1994;	

Scherer	 et	 al.,	 1995).	 With	 that	 said,	 recent	 findings	 show	 that,	 for	 several	

proteins,	 the	 first	 Ub	 moiety	 is	 fused	 directly	 to	 the	 α-NH2	 group	 of	 the	 N-

terminal	 residue	 (Breitschopf	 et	 al.,	 1998;	 Ciechanover	 and	Ben-Saadon,	 2004;	

Coulombe	 et	 al.,	 2004).	Moreover,	 examples	 in	which	 Ub	 are	 attached	 to	 non-

lysine	sites	such	as	serine/threonine,	cysteine	or	the	N-terminal	methionine,	via	

oxyester	 or	 thioester	 linkages,	 respectively,	 have	 also	 been	 recently	 reported	

(Figure	1.2)	 (Cadwell	and	Coscoy,	2005;	Skieterska	et	al.,	2015;	Carvalho	et	al.,	

2007;	Léon	and	Subramani,	2007).		 	
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Figure	1.1	Sequence	and	structure	of	human	Ub	(PDB	ID:	1UBQ).	

The	 graphic	 was	 generated	 using	 PyMol.	 Structure	 was	 shown	 in	 ribbon	

representation	with	stick	representation	of	all	the	lysine	residues	in	purple	(K6,	

K11,	K27,	K29,	K33,	K48	and	K63).	
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Figure	1.2	Diverse	outcomes	of	ubiquitylation.	

A,	 Ub	 (green)	 modification	 can	 occur	 either	 in	 N-terminal	 or	 non-canonical	

residues	of	the	substrates.	B,	Substrates,	presented	with	three	lysine	residues	(K)	

can	be	attached	by	 single	Ub	moiety	 (mono-Ub)	or	 single	moieties	on	multiple	

lysines	(Multiple	mono-Ub)	or	various	linkage	types	of	Ub	chains	(Poly-Ub).	 	
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1.1.2 Enzymes	involved	in	the	ubiquitylation	reaction	

The	 process	 of	 ubiquitylation	 involves	 the	 sequential	 transfer	 of	 activated	 Ub	

between	 Ub	 activating	 enzyme	 (E1),	 a	 Ub-conjugating	 enzyme	 (E2)	 and	 a	 Ub	

ligase	(E3)	(Figure	1.3)(Haas	et	al.,	1982).	Briefly,	The	C-terminal	glycine	residue	

of	Ub	is	activated	by	E1	in	an	ATP-dependent	way	(Step	1).	This	step	consists	of	

an	 intermediate	 formation	 of	 Ub	 adenylate	 with	 the	 release	 of	 inorganic	

pyrophosphate	 (PPi),	 followed	 by	 the	 binding	 of	 Ub	 to	 a	 cysteine	 of	 E1	 via	

thioester	linkage,	with	the	release	of	AMP.	Activated	Ub	is	next	transferred	to	an	

active	 site	 cysteine	 residue	 of	 E2	 (Step	 2)	 (Scheffner	 et	 al.,	 1995).	 In	 the	 third	

step	 catalyzed	 by	 E3,	 Ub	 is	 linked	 by	 its	 C-terminus	 in	 an	 amide	 isopeptide	

linkage	to	a	ɛ-amino	group	of	the	substrate	protein's	lysine	residue,	or	other	non-

classical	linkage	to	other	resides	as	described	above.	In	some	cases,	an	additional	

E4	Ub	ligase,	which	might	encode	an	independent	ligase	activity	or	enhance	the	

processivity	of	 the	E3s,	was	 reported	 to	play	 a	 role	 in	 the	 extension	of	polyUb	

chains	on	certain	monoubiqtuiylated	protein	substrates	(Koegl	et	al.,	1999;	Shi	et	

al.,	 2009;	 Hoppe,	 2005).	 Ubiquitylation	 is	 known	 as	 a	 reversible	 modification,	

isopeptide	 bonds	 between	 substrate	 lysines	 and	 Ub	 or	 between	 two	 Ub	

molecules,	 can	 be	 cleaved	 by	 Ub	 proteases,	 known	 as	 deubiquitinases	 (DUBs)	

(Wilkinson,	 1998).	 DUBs	 are	 also	 critical	 for	 regulating	 the	 pool	 of	 free	 Ub,	

through	cleavage	of	Ub	precursor	proteins,	which	must	be	‘activated’	by	specific	

protease	 to	 expose	 their	 C-terminal	 glycine	 residue	 (D’Andrea	 and	 Pellman,	

1998).		

In	humans,	~40	active	E2s	have	been	identified	so	far	(Stewart	et	al.,	2016).	The	

family	of	E2	enzymes	is	characterized	by	the	presence	of	a	highly	conserved	Ub-

conjugating	 (UBC)	 domain	 (Figure	 1.4),	which	 consists	 of	 a	 central–sheet	with	

flanking	 helices	 and	 harbors	 the	 cysteine	 required	 for	 E2~Ub	 thioester	

formation	(Matuschewski	et	al.,	1996).	Some	members	possess	N-	or	C-terminal	

extensions	 that	 are	 involved	 in	 functional	 differences	 between	 E2s,	 which	

includes	 difference	 in	 subcellular	 localization,	 stabilization	 of	 the	 interaction	

with	 E1	 or	modulation	 of	 the	 activity	 of	 the	 interacting-E3	 etc.	 (van	Wijk	 and	

Timmers,	2010).	For	instance,	N-terminal	extension	of	UbcH10	regulates	the	E3	

ligases	activity	of	anaphase-promoting	complex	 (APC),	and	mutating	 the	highly	
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Figure	1.3	Schematic	illustration	of	the	ubiquitylation	cascade.	

Free	 Ub	 (green	 balloon)	 binds	 to	 an	 activating	 enzyme	 E1	 via	 a	 high-energy	

thioester	 bond	 (step	 1).	 This	 activated	 Ub	 is	 then	 transferred	 onto	 a	 Ub	

conjugating	enzyme,	E2	(step	2).	From	there	one	of	two	routes	to	conjugation	is	

followed;	 either	 a	 HECT	 type	 E3	Ub	 ligase	 or	 RBR	 ligase	 receives	 the	 Ub	 onto	

itself	 before	 catalyzes	 active	Ub	 transfer	 onto	 the	 substrate	 or	 a	RING	 type	E3	

binds	 both	 the	Ub-bound	E2	 and	 the	 substrate	 at	 separate	 sites	 and	 facilitates	

transfer	from	the	E2	directly	onto	the	substrate	by	acting	as	a	scaffold.	 	
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Figure	1.4	Ribbon	representation	of	UBC	domain	(PDB	ID:	4YII).		

The	graphic	was	generated	using	PyMol.	UBC	domain	consists	of	a	central–sheet	

with	 flanking	 helices	 and	 harbors	 the	 cysteine	 (stick	 representation	 and	

emphasized	in	purple)	required	for	E2~Ub	thioester	formation.	 	
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conserved	 N-terminus	 increases	 substrate	 ubiquitylation	 and	 the	 number	 of	

substrate	 lysines	 targeted	 (Summers	 et	 al.,	 2008).	 In	 another	 example,	 the	 N-

terminal	 extension	 of	 UbE2E	 limits	 chain	 assembly,	 target	 proteins	 are	

monoubiquitylated	 by	 full	 length	 UbE2E,	 whereas	 the	 UBC	 domain	 alone	

polyubiquitylates	proteins	(Schumacher	et	al.,	2013).	As	might	have	indicated	in	

this	example,	E2s	play	a	key	 role	 in	 the	outcome	of	ubiquitylation.	 Indeed,	E2s	

are	 the	 main	 determinants	 for	 selection	 of	 the	 lysine	 to	 construct	 Ub	 chains,	

which	 thereby	 directly	 control	 the	 cellular	 fate	 of	 the	 substrate	 (van	Wijk	 and	

Timmers,	2010).	This	 topic	will	be	discussed	 in	more	detail	below	(see	section	

1.1.3).		

E3	ligases	are	substrate-specificity	determinants.	There	are	two	main	classes	of	

E3s:	 RING	 (Really	 Interesting	 Gene)-type	 and	 HECT	 (Homolog	 of	 E6-AP	 C	

Terminus)-type	E3s.	Together,	these	E3s	comprise	~700	proteins	in	the	human	

genome.	Unlike	RING-type	ligase,	which	brings	together	E2~Ub	intermediate	and	

substrate,	HECT-type	ligase	transiently	accept	Ub	from	E2	before	transfer	to	the	

substrate.	 A	 third	 smaller	 class,	 RBRs,	 is	 defined	 as	 functional	 hybrids	 that	

exploit	elements	found	in	both	RING	and	HECT	E3s	(Wenzel	et	al.,	2011).	UbcH7	

is	only	 functional	as	an	E2	with	broad	specificity	 for	HECT	E3	 ligases	but	often	

fails	to	function	with	RING	E3s	in	vitro	despite	forming	specific	complexes	(Anan	

et	 al.,	 1998;	 Zheng	 et	 al.,	 2000;	Brzovic	 et	 al.,	 2003;	Huang	 et	 al.,	 2009).	 It	 has	

been	 shown	 that,	 unlike	many	 E2s	 that	 transfer	 Ub	with	 RING	 ligases,	 UbcH7	

lacks	 intrinsic,	 E3-independent	 reactivity	with	 lysine,	 explaining	 its	 preference	

for	HECTs.	This	observation	and	its	implication	were	key	in	redefining	an	entire	

class	 of	 E3s,	 the	 RBRs,	 such	 as	 Parkin	 (Figure	 1.5)	 and	 human	 homologue	 of	

Ariadne	HHARI,	have	RING	domains,	but	also	contain	a	conserved	cysteine	that	

forms	an	obligatory	E3~Ub	intermediate	(Wenzel	et	al.,	2011).		

Typically,	five	components	are	required	for	an	in	vitro	reaction	(ATP,	Ub,	E1,	E2,	

and	E3),	which	generates	 complex	mixtures	of	E1~Ub,	E2~Ub	and	E3~Ub	(for	

HECT	 type	 ligases)	 thioesters,	 free	 poly-Ub	 chains,	 and	 autoubiquitylated	 E3	

ligase	(Rechsteiner,	1991).	As	for	a	further	accurate	quantification	of	enzymatic	

activity,	radioactive	Ub	and	SDS-PAGE	gels	are	often	used	to	separate	various	Ub	

thioesters	 and	 poly-ubiquitylated	 substrates.	 Recently,	 UbFluor,	 a	 novel	

mechanism-based	 probe	 for	 HECT	 E3s	 with	 built-in	 fluorescence	 polarization	
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Figure	1.5	A,	Schematic	diagram	of	Parkin.	Parkin	consist	of	an	Ub-like	domain	

UbL,	a	unique	RING	domain	and	a	RING-in	between	RING	IBR-RING	RBR	domain.	

L	 denotes	 linker	 and	 T,	 the	 tether.	 Position	 of	 catalytic	 cysteine	 in	 RING2	 is	

emphasized	 in	purple.	B,	Overall	 ribbon	 representation	of	Parkin-R0RBR	 (PDB	

ID:	4I1F).	Parkin-R0RBR	includes	RING0	(R0)	and	the	RBR	domains.	The	graphic	

was	generated	using	PyMol.	Each	domain	of	R0RBR	is	represented	 in	 the	same	

color	as	it	is	in	the	schematic	diagram.	Stick	representation	of	catalytic	cysteine	

in	RING2	is	also	colored	purple.	Adapted	from	Riley	et	al.	(2013).	 	
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read-out	of	enzyme	activity	in	real	time	has	been	developed	(Figure	1.6)	(Krist	et	

al.,	 2016).	UbFluor	 features	Fluor-SH	conjugated	 to	 the	C-terminal	Gly76	of	Ub	

via	 a	 thioester	 linkage,	 and	 their	 data	 showed	 that	 UbFluor	 engages	 the	 same	

surface	 of	 the	 Rsp5p	 HECT	 C-lobe	 that	 binds	 the	 Ub	 of	 the	 native	 E2~Ub	

thioester	 for	 the	 subsequent	 transthiolation.	 This	 allows	 directed	 and	

quantitative	measurements	of	HECT	E3	activity	 in	 the	absence	of	ATP,	 and	E1,	

and	E2	(Krist	et	al.,	2016).	

1.1.3 Types	of	ubiquitylation	and	their	function	

The	 outcome	 of	 ubiquitylation	 varies	 as	 conjugation	 of	 Ub	 to	 a	 substrate	may	

involve	 one	 Ub	 molecule	 (monoubiquitylation)	 or	 a	 chain	 of	 Ubs	 of	 various	

lengths	and	linkage	types	(polyubiquitylation)	(Figure	1.2).	The	latter	is	a	highly	

complex	and	diverse	modification	since	all	the	seven	lysines	in	Ub	(K6,	K11,	K27,	

K29,	K33,	K48,	K63)	 can	 serve	 to	 link	 the	 consecutive	Ub	molecules	 to	 form	a	

particular	chain.	As	the	molecular	 landscape	of	a	protein	differs	when	different	

linkage	 types	 are	 employed,	 and	 can	 therefore	 influence	 the	 interactions	 of	 a	

protein	with	 other	 proteins,	 and	 perhaps	 the	 three-dimensional	 structure	 of	 a	

protein,	 ubiquitylation	 generates	multifunctional	 signals	 (Hicke	 et	 al.,	 2005).	 It	

has	been	documented	that	Ub	modification,	monoUb	or	different	type	of	polyUb,	

can	 alter	 protein	 location	 or	 activity	 to	 regulate	 many	 biological	 processes,	

including	DNA	repair	(Hoege	et	al.,	2002;	Ulrich,	2012),	endocytosis	(Rotin	et	al.,	

2000;	 Strous	 and	 Govers,	 1999;	 Mukhopadhyay	 and	 Riezman,	 2007),	

transcription	 (Muratani	 and	 Tansey,	 2003)	 and	 degradation	 processing	 by	 the	

proteasome	 (Yu	 et	 al.,	 1997;	 Lin	 et	 al.,	 2000;	 Coulombe	 et	 al.,	 2004).	 A	 classic	

example	is	ubiquitylation	of	proliferating	cell	nuclear	antigen	(PCNA)	at	Lys164,	

the	 Ub	 system	 in	 fact	 promotes	 DNA	 damage	 tolerance	 in	 two	 distinct	modes	

(Figure	1.7)	(Welchman	et	al.,	2005):	whereas	monoUb,	attached	by	the	E2	Ubc2	

and	E3	Rad18,	 triggers	 translesion	synthesis	and	damage-induced	mutagenesis	

by	 error-prone	 polymerases	 (Kannouche	 et	 al.,	 2004;	 Watanabe	 et	 al.,	 2004),	

polyUb,	 formed	by	 the	E2	heterodimer	Ubc13-Mms2	and	E3	Rad5,	activates	an	

error-free	 damage	 avoidance	 pathway	 that	 is	 believed	 to	 utilize	 the	 genetic	

information	 encoded	 by	 the	 undamaged	 sister	 chromatid	 for	 lesion	 bypass	

(Ulrich,	 2001;	 Gangavarapu	 et	 al.,	 2006).	 In	 addition,	 different	 polyUb	 chain
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Figure	1.6	Mechanisms	of	UbFluor.	

Ub,	linked	with	Fluor	by	a	thioester	bond,	is	directly	transferred	to	HECT	ligases,	

skipping	 the	 ATP-dependent	 E1	 acitivation	 and	 E2	 conjugation.	 With	 Fluor	

released,	HECT	E3	accepts	the	Ub	before	passes	it	to	the	lysine	of	the	substrate.	

Adapted	from	Krist	et	al.	(2016).	
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Figure	1.7	PCNA	modified	by	Ub	and	SUMO.	

In	Saccharomyces	cerevisiae,	the	attachment	of	monoUb	to	K164	of	proliferating	

cell	 nuclear	 antigen	 PCNA	 activates	 translesion	 DNA	 synthesis.	 The	 monoUb	

(green	balloon)	is	attached	with	the	help	of	E2	Ubc2	(aka.	Radiation	gene	Rad6)	

and	 E3	 Rad18;	 K63-linked	 polyubiquitylation	 of	 K164	 of	 PCNA	 by	 the	

heterodimeric	E2	Ubc13-Mms2	and	the	E3	Rad5	activates	a	template	switching	

mechanism	for	DNA	repair;	E2	Ubc9	and	E3	Siz1p	mediate	SUMOylation	of	PCNA	

(red	 balloon)	 at	 K164,	 which	 leads	 to	 inhibition	 of	 Rad52-dependent	

recombinational	repair.	 	
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types	lead	to	different	outcomes	of	substrate	as	well.	K48-linked	and	K63-linked	

polyUb	 chains	 are	 two	 most	 well	 characterized	 chain	 types.	 It	 is	 commonly	

known	that	K48-linked	polyUb	chain,	which	consists	of	at	least	four	Ub	moieties,	

interacts	 with	 proteasome	 and	 promotes	 substrate	 degradation	 (Chau	 et	 al.,	

1989;	 Finley	 et	 al.,	 1994;	 Pickart,	 1997).	 However,	 novel	 non-proteolytic	

functions	 for	K48-linked	polyUb	chains	have	also	been	discussed	 (Kaiser	et	 al.,	

2000;	Flick	et	al.,	2004,	Flick	et	al.	2006).	For	example,	 the	 transcription	 factor	

Met4	 in	Saccharomyces	cerevisiae	 harbors	 an	Ub	binding	domain	 that	 interacts	

with	 its	 K48-linked	 polyUb	 chains	 to	 restrict	 the	 chain	 length	 below	 the	

threshold	required	for	proteasome	recognition	(Kaiser	et	al.,	2000).	K48-linked	

polyUb	 chains	 hence	 serve	 as	 a	 negative	 transcriptional	 regulator	 of	modified	

Met4	without	targeting	it	to	the	proteasome	for	degradation.	K63-linked	chains,	

on	the	other	hand,	play	an	important	role	in	kinase	activation	(Deng	et	al.,	2000),	

protein	 synthesis	 (Spence	et	 al.,	 2000),	 chromosome	segregation	 (Vong,	2005),	

endocytosis	 (Galan	 and	 Haguenauer-Tsapis,	 1997),	 and	 DNA	 repair	 processes	

(Spence	et	al.,	1995;	Hofmann	and	Pickart,	1999).	Other	chain	types	also	play	a	

central	role	in	different	biological	processes.	K33-linked	chain,	for	instance,	plays	

a	 key	 role	 in	 T-cell	 activation	 and	 autoimmune	 responses,	 while	 K11-linked	

chain	 signals	 for	 cell	 signaling	 and	 endoplasmic	 reticulum-associated	

degradation	(ERAD)	(Xu	et	al.,	2009b).		

Classically,	E2	conjugation	enzymes	determine	the	type	of	Ub	chain	being	formed.	

For	 instance,	Ubc4	 and	Ubc1	 are	 the	key	E2	partners	 for	APC,	 an	E3	Ub	 ligase	

that	plays	an	important	role	in	cell-cycle	progression	(Castro	et	al.,	2005).	While	

Ubc4	supports	the	rapid	monoubiquitylation	of	multiple	lysines	on	APC	targets,	

Ubc1	catalyzes	K48-linked	polyUb	chain	assembly	on	pre-attached	Ubs	(Rodrigo-

Brenni	et	al.,	2007).	In	another	example,	in	S.	cerevisiae,	the	E2	Ubc2	(also	known	

as	Rad6)	helps	to	attach	monoUb	to	K164	of	PCNA,	activating	DNA	synthesis	by	

DNA	 polymerase,	 whereas	 E2	 Ubc13-Mms2	 leads	 to	 K63-linked	 polyUb,	

activating	 a	 template	 switching	 for	 DNA	 repair.	 On	 occasions,	 however,	 E3	

ligases	might	be	associated	with	chain	formation	as	well.	 It	 is	reported	that	the	

RING-in	between-RING	(RBR)-containing	region	of	HOIP,	the	catalytic	subunit	of	

linear	 Ub	 chain	 assembly	 complex	 (LUBAC),	 is	 sufficient	 to	 generate	 liner	 Ub	

chains	(Stieglitz	et	al.,	2012).	
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1.2 SUMO	and	SUMOylation	

1.2.1 Ub-like	proteins	and	SUMO	

Since	the	initial	discovery	of	Ub,	several	other	Ub-like	proteins	(Ubls)	have	also	

been	 found.	To	date,	more	 than	10	Ubls	have	been	documented,	 among	which,	

SUMO	 (Small	 Ubiquitin-like	 modifier),	 Nedd8	 (neuronal	 precursor	 cell	

developmentally	down-regulated	8)	and	 ISG15	(Interferon	Stimulated	gene	15)	

are	the	best	characterized.	Although	these	proteins	do	not	share	much	sequence	

similarity	 with	 Ub	 or	 between	 each	 other,	 they	 do	 share	 the	 same	 three-

dimensional	 structure,	 which	 is	 called	 β-grasp	 fold	 (Figure	 1.8)	 (Bayer	 et	 al.,	

1998;	Welchman	et	al.,	2005).		

SUMO	 (small	 ubiquitin-related	 modifier)	 has	 been	 discovered	 in	 several	

independent	studies	and	is	therefore	known	by	many	names	(PIC1,	UBL1,	GMP1,	

sentrin,	SMT3C	and	DAP1)	(Lapenta	et	al.,	1997;	Shen	et	al.,	1996;	Johnson	and	

Hochstrasser,	 1997;	 Mahajan	 et	 al.,	 1997).	 SUMO	 polypeptides	 are	 conserved	

throughout	 the	 eukaryotic	 kingdom.	Although	 a	 single	 SUMO,	 Smt3p,	 has	 been	

described	 in	 yeast,	 there	 are	 at	 least	 three	 SUMO	 genes	 known	 in	 mammals.	

SUMO1,	 2,	 3	 are	 ubiquitous	 proteins	 found	 in	 all	 developmental	 stages	 (Geiss-

friedlander	 and	Melchior,	 2007).	 SUMO2	 and	 SUMO3	 share	 about	 97%	 amino	

acid	sequence	identity	and	collectively	are	referred	to	as	SUMO2/3	in	most	cases,	

whereas	SUMO1	exhibits	only	50%	sequence	identity	with	SUMO2/3	(Figure	1.9).	

A	 fourth	 gene	 encoding	 SUMO4	 in	 the	 human	 genome	 is	 predominantly	

expressed	 in	 immune	 tissues	 (Guo	 et	 al.,	 2004;	 Lomelí	 and	 Vázquez,	 2011).	

Unlike	 SUMO	 1-3,	 cells	 under	 physiological	 condition	 mediate	 a	 rapid	

degradation	 of	 SUMO4.	However,	when	 cells	 under	 stressed	 condition,	 SUMO4	

can	 be	 matured	 by	 the	 stress-induced	 endogenous	 hydrolase	 and	 be	 able	 to	

covalently	 conjugate	 to	 its	 substrate	proteins	 (Wei	et	al.,	2008).	More	 recently,	

SUMO5,	a	novel	SUMO	variant,	was	reported	highly	conserved	in	primate	species	

and	predominantly	exists	in	testis	and	peripheral	blood	leukocytes	(Liang	et	al.,	

2016).	This	novel	SUMO	isoform	was	cloned	using	total	RNA	and	primers	based	
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Figure	1.8	Ribbon	diagram	for	SUMO	(A),	Nedd8	(B),	ISG15	(C).	PDB	ID:	1WM3,	

2BKR,	1Z2M,	respectively.		

The	 graphics	 were	 generated	 using	 pyMol,	 green	 colored	 structures	 shows	 β-

grasp	 folds	 that	 these	 Ubls	 share	 with	 Ub.	 The	 rest	 of	 structures	 of	 Nedd8	 is	

colored	blue.	ISG15	shows	two	seqperate	Ub-like	domains	(each	in	β-grasp	fold)	

are	oriented	differently	and	connected	by	a	hinge.	 	
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Figure	 1.9	 A,	 Consensus	 motifs	 in	 human	 SUMO1,	 SUMO2,	 SUMO3	 and	 yeast	

homologue,	Smt3p.	Both	SUMO2	and	SUMO3	contains	consensus	motif	centered	

in	 K11	 (VKTE),	 SUMO1	 does	 not	 contain	 any	 consensus	 motifs.	 Smt3p	 bears	

three	such	motifs:	one	AKPE	centered	in	K11,	and	two	VKPE	centered	in	K15	and	

K19.	B,	Evolutionary	relationships	of	human	SUMO1,	SUMO2,	SUMO3	and	yeast	

homologue,	 Smt3.	 The	 evolutionary	 history	 was	 inferred	 using	 the	 Neighbor-

Joining	method	(Saitou	and	Nei,	1987).	The	tree	 is	drawn	to	scale,	with	branch	

lengths	in	the	same	units	as	those	of	the	evolutionary	distances	used	to	infer	the	

phylogenetic	 tree	 (Zuckerkandl	 and	Pauling,	1965).	The	evolutionary	distances	

were	 computed	 using	 the	 Poisson	 correction	 method.	 Evolutionary	 analyses	

were	conducted	in	MEGA7	(Kumar	et	al.,	2016).		
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on	 the	 nucleotide	 sequence	 of	 SUMO1.	 However,	 there	 are	 known	 to	 be	many	

SUMO	 pseudogenes	 in	 humans	 (Su	 and	 Li,	 2002),	 and	 RT-PCR	 experiments	

intending	 to	 detect	 mRNA	 are	 particularly	 uninformative	 given	 that	 DNA	

contamination	often	leads	to	false-positives.	Question	have	been	raised	whether	

SUMO5	is	pseudogene,	and	mass-spectrometric	evidence	of	a	peptide	unique	to	

SUMO5,	 cross-reaction	 of	 a	 SUMO5-specific	 antibodies	 with	 an	 endogenous	

protein,	 or	 insertion	 of	 an	 epitope	 tag	 into	 endogenous	 SUMO5	 gene	 with	 an	

intention	of	detecting	the	protein	using	an	antibody	specific	to	the	tag	is	required	

confirm	 whether	 SUMO5	 is	 pseudogene	 (personal	 comments	 by	 Dr.	 Michael	

Tatham).		

1.2.2 SUMOylation		

SUMO	 is	 attached	 to	 a	 target	 protein	 in	 an	 enzymatic	 cascade	 similar	 to	

ubiquitylation.	 However,	 in	 contrast	 to	 ubiquitylation,	 which	 utilize	 two	 E1s,	

approximately	50	E2s	and	more	than	700	E3s,	SUMO	modification	machinery	is	

much	more	simple	with	a	single	E1	activating	enzyme	(SAE1/SAE2	heterodimer),	

a	 single	E2	 conjugating	 enzyme	 (Ubc9)	 and	 a	 limited	number	 of	RING-type	E3	

ligases	 (Wilson	 and	 Heaton,	 2008).	 Like	 ubiquitylation,	 there	 also	 exists	 a	

dynamic	 equilibrium	 between	 the	 forward	 process	 of	 SUMO	 addition	 and	 its	

removal	by	cellular	deSUMOylating	enzymes,	a	 family	of	sentrin/SUMO-specific	

proteases	 (SENPs)	 (Li	 and	 Hochstrasser,	 1999).	 Humans	 express	 six	 SUMO	

proteases	of	the	SENP	class:	SENP1–SENP3	and	SENP5–SENP7.	Moreover,	recent	

studies	 have	 identified	 three	 new	 SUMO	 proteases	 in	 humans,	 deSUMOylating	

isopeptidase	1	(DESI1),	DESI2	(Shin	et	al.,	2012)	and	Ub-specific	protease-like	1	

(USPL1)	 (Schulz	 et	 al.,	 2012),	which	 share	 little	 sequence	 similarity	with	SENP	

protease.	 In	addition	 to	 their	 isopeptidase	activity,	 SENPs	also	execute	another	

essential	function	as	endopeptidases	by	removing	the	short	C-terminal	extension	

from	 immature	SUMOs	(Drag	and	Salvesen,	2008).	 It	 is	 interesting	 to	note	 that	

while	the	SUMO	machinery	 is	biochemically	 identical	 to	that	 for	Ub	attachment	

to	substrates,	the	SUMO	proteases,	E1,	and	E2	are	specific	for	SUMO	and	do	not	

function	with	Ub	or	other	Ubls	(Desterro	et	al.,	1997).	
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1.2.3 Differences	between	ubiquitylation	and	SUMOylation	

SUMOylation,	although	in	many	ways	analogous	to	ubiquitylation,	has	its	unique	

characteristics,	 for	 instance,	different	SUMO	paralogs,	diversity	of	E2s	and	E3s.	

Here,	 usage	 of	 SUMO	 consensus	 motifs,	 SUMO-interacting	 motifs	 (SIMs)	 are	

highlighted.	

1.2.3.1 SUMO	consensus	and	non-consensus	motifs		

In	 contrast	 to	 the	 Ub	 system,	 where	 E3	 ligase	 are	 necessary	 to	 determine	

substrate	 selectivity,	 the	 SUMO-specific	 E2,	 Ubc9	 plays	 an	 important	 role	 in	

target	selection.	Ubc9	binds	directly	to	a	short	consensus	motif	ψKxD/E	(where	

ψ	is	a	bulky	aliphatic	residue	and	x	stands	for	any	amino	acid)	(Ulrich,	2008).	In	

most	studies,	SUMO	consensus	motifs	adopt	similar	polarity	in	their	interactions	

with	E2	enzymes.	However,	recent	studies	have	uncovered	“advanced”	motifs	for	

SUMO	 conjugation,	 including	 inverted	 consensus	 motifs	 (ExKψ),	 hydrophobic	

cluster	motif	(ψψψKxE),	phosphorylation-dependent	SUMOylation	motif	PMDM	

(ψKxExxSP)	 (Yang	 and	 Grégoire,	 2006),	 and	 negatively	 charged	 amino	 acid-

dependent	SUMOylation	motif	NDSM	(ψKxExxEEEE)	(Yang	et	al.,	2006b).	

In	addition,	although	many	proteins	are	SUMOylated	at	the	consensus	sequence,	

several	 studies	have	reported	 that	proteins	can	be	SUMOylated	at	 sites	 that	do	

not	conform	to	the	consensus	sequence	(Cooper	et	al.,	2005;	Hsiao	et	al.,	2009;	

Chung	et	al.,	2004;	Blomster	et	al.,	2009).	For	example,	promyelocytic	leukemia	

PML	and	SMAD4	are	SUMOylated	at	lysines	in	AKCP	and	VKYC,	respectively	(Lin	

et	al.,	2003).	It	has	also	been	reported	that	some	SUMOylation	substrates	require	

a	spatial	cooperation	of	lysines	instead	of	any	consensus	or	non-consensus	SUMO	

acceptor	site.	For	instance,	SUMOylation	of	prolylhydroxylase	domain	containing	

protein	PHD3	occurs	at	a	cluster	of	four	lysine	residues	at	the	C	terminal	end	of	

the	protein	(Nunez-O’Mara	et	al.,	2015).	While	PHD3	lack	any	consensus	SUMO	

acceptor	site	and	none	of	 the	putative	 individual	SUMO	target	 lysine	mutations	

prevented	 PHD3	 SUMOylation,	mutation	 of	 this	whole	 lysine	 cluster	 abolished	

SUMOylation	of	PHD3	both	in	vitro	and	in	vivo	(Nunez-O’Mara	et	al.,	2015).		

1.2.3.2 SIMs	

Since	Ub	can	form	multiple	chain	types,	each	of	which	posses	distinct	structures	

and	 functions	 (see	 section	 1.1.3),	 Ub	 binding	 proteins	 (also	 known	 as	 Ub	
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receptor),	 which	 are	 involved	 in	 the	 downstream	 of	 ubiquitylation	 events,	

utilizes	 different	 Ub	 binding	 domains	 (UBDs)	 to	 distinguish	 features	 in	

recognizing	 specific	 linkage	 types	 (Hicke	 et	 al.,	 2005;	 Hurley	 et	 al.,	 2006).	

Analogous	 to	UBDs,	 SUMO	 interacting	motifs	 (SIMs),	which	 can	non-covalently	

interact	with	SUMO,	have	also	been	discovered	(Song	et	al.,	2004;	Takahashi	et	al.,	

2005).	However,	unlike	UBDs,	the	diversity	of	SIMs	seems	limited	(Kerscher	and	

William,	2007).		

SIMs	can	be	found	in	SUMO	E2	Ubc9	(Minty	et	al.,	2000),	SUMO	E3	ligases	(PIAS	

proteins	(Minty	et	al.,	2000),	RanBP2	(Song	et	al.,	2004),	Pc2	(Merrill	et	al.,	2010)	

etc),	SUMO	substrates		such	as	thymine	DNA	glycosylase,	TDG	(Baba	et	al.,	2005),	

Death-associated	 protein	 Daxx	 (Lin	 et	 al.,	 2006),	 PML	 (Shen	 et	 al.,	 2006),	 and	

SUMO-regulated	Ub	 ligases	 such	 as	RNF4	 (Sun	 et	 al.,	 2007),	 and	RNF111	 (Sun	

and	Hunter,	2012).	SIMs	are	short	peptide	motifs	that	can	be	classified	as	SIMa	

[PILVM]-[ILVM]-x-[ILVM]-[DSE](3),	 SIM-b	 [PILVM]-[ILVM]-D-L-T	 and	 SIM-r	

[DSE](3)-[ILVM]-x-[ILVMF](2),	 according	 to	 their	 amino	 acid	 sequence	 (Miteva	

et	al.,	2010).	They	are	usually	found	in	an	unstructured	context	and	are	thought	

to	 adopt	 into	 a	 short	 strand	 structure,	 which	 binds	 to	 a	 grove	 formed	 by	 a	 β	

strand	and	a	α	helix	of	SUMO	(Kerscher	and	William,	2007)	(further	described	in	

Chapter	5).	Interestingly,	the	differences	of	SUMO1	and	SUMO2	are	mostly	found	

in	 the	 second	 β	 strand	 and	 the	 α	 helix	 of	 both	 proteins	 (Huang	 et	 al.,	 2004).	

Indeed,	 SIMs	 have	 shown	 specificity	 in	 SUMO	 paralog	 selection.	 For	 instance,	

Kaposi's	Sarcoma-associated	Herpesvirus	KSHV	basic	leucine	zipper	K-bZip	act	

as	 a	 SUMO	 E3	 ligase,	 and	 SIM	 of	 K-bZip	 specifically	 binds	 to	 SUMO2/3,	 not	

SUMO1	(Chang	et	al.,	2010).		

1.2.4 Types	of	SUMOylation	and	their	functions	

SUMO2/3,	but	not	SUMO1,	bear	the	consensus	motif	ψKxD/E	(Melchior,	2000)	in	

their	 unstructured	 N-terminal	 regions,	 centered	 on	 K11	 (Tatham	 et	 al.,	

2001)(Figure	1.9).	Similarly,	Smt3p,	the	budding	yeast	homologue,	harbors	three	

such	 motifs	 around	 K11,	 K15	 and	 K19	 (Ulrich,	 2008).	 Hence,	 these	 lysine	

residues	 lend	 themselves	 as	 internal	 acceptor	 sites	 for	 polymerization.	 In	

contrast	with	Ub	chains,	where	 linkages	 through	all	 seven	 lysine	residues	have	

been	observed,	one	type	of	SUMO	chains	seems	to	predominate,	where	linkage	is	

through	 K15	 in	 S.	cerevisiae,	 and	 K11	 of	mammalian	 SUMO2/3	 (Tatham	 et	 al.,	
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2001).	 Since	 SUMO1	 does	 not	 bear	 such	 consensus	 motif,	 it	 often	 acts	 as	 a	

polySUMO	chain,	 although	 in	vitro	 SUMOylation	 studies	have	 seen	poly-SUMO1	

conjugates	 (Yang	 et	 al.,	 2006a;	 Cong	 et	 al.,	 2011).	While	 SUMO-SUMO	 linkages	

involving	the	consensus	SUMOylation	site	K11	are	the	most	abundant	ones,	mass	

spectrometry	 analysis	 has	 identified	 other	 lysine	 residues	 in	 SUMO1	 and	

SUMO2/3	 as	 additional	 acceptor	 sites,	 suggesting	 that	 chain	 topology	maybe	 a	

more	complex	issue	(Cooper	et	al.,	2005;	Matic	et	al.,	2007;	Galisson	et	al.,	2011;	

Bruderer	et	 al.,	 2011;	Matic	 et	 al.,	 2010;	Hsiao	et	 al.,	 2009;	 Jeram	et	 al.,	 2010).		

For	 instance,	 two	 non-consensus	 lysine	 residues	 K5	 and	 K42	 of	 SUMO2/3	 are	

able	 to	 accept	 SUMO	 attachment	 (Matic	 et	 al.,	 2007).	 Moreover,	 Cooper	 et	 al.	

(2005)	 showed	 that	 K6,	 K16,	 K17,	 K37,	 K39,	 K46	 of	 SUMO1	 can	 function	 as	

acceptor	sites	 for	other	SUMO1	molecules	when	 large	amounts	of	Ubc9	and	E3	

ligases	are	added	in	vitro.	

In	 cells,	 different	 SUMO	paralogs	 appear	 to	 share	 common	properties	 but	 also	

have	 some	 distinct	 functions.	 For	 example,	 PML	 protein	 is	 conjugated	 to	 both	

SUMO1	 and	 SUMO2/3	 (Sternsdorf	 et	 al.,	 1999;	Kamitani	 et	 al.,	 1998),	whereas	

RanGAP1	 is	 preferentially	 modified	 with	 SUMO1	 and	 topoisomerase	 with	

SUMO2/3	during	mitosis	(Azuma	et	al.,	2003;	Hecker	et	al.,	2006).	

Despite	 of	 different	 preference	 on	 different	 SUMO	 paralogs,	 the	 fate	 of	 SUMO	

conjugates	also	depend	 largely	on	 lysine	selection	on	substrates.	Three	distinct	

but	 not	 mutually	 exclusive	 mechanisms	 can	 presently	 be	 distinguished	 that	

determine	 lysine	 selection	 (Flotho	 and	Melchior,	 2013).	 Firstly,	 in	most	 cases,	

SUMO	is	attached	covalently	to	ϵ-lysine	embedded	in	the	ΨKxE	motif	within	the	

target	(Rodriguez	et	al.,	2001;	Poukka	et	al.,	2000;	Tian	et	al.,	2002;	Annoura	et	

al.,	 2012)	 Secondly,	 for	 proteins	 with	 SUMO	 conjugation	 occurring	 within	 the	

non-consensus	 site,	 a	 SIM	 is	 believed	 to	 be	 required	 for	 efficient	 SUMO	

modification,	 in	which	case	SUMO	interact	non-covalently	with	protein	through	

the	 SIM	 in	 the	 target	 (Lin	 et	 al.,	 2006;	 Cong	 et	 al.,	 2011;	 Chang	 et	 al.,	 2011;	

Kolesar	et	al.,	2012).	For	instance,	Lin	et	al.	(2006)	showed	that	SIM	within	Daxx	

is	 crucial	 for	 targeting	 Daxx	 to	 PML	 oncogenic	 domains	 (PODs)	 and	 for	

transrepression	 of	 several	 SUMOylated	 transcription	 factors,	 and	 that	 the	

capability	of	Daxx	SIM	to	bind	SUMO	also	controls	Daxx	SUMOylation.	It	is	noted	

that,	there	are	also	occasions	when	the	two	mechanisms	are	both	involved	in	the	
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substrate	SUMOylation.	For	example,	it	is	reported	that	SUMOylation	and	the	SIM	

of	Metastasis	Tumor	Antigen	(MTA1),	synergistically	regulates	its	transcriptional	

repressor	 function	 (Cong	 et	 al.,	 2011).	 On	 one	 hand,	 MTA1	 is	 SUMOylated	 at	

K509	within	the	SUMO	consensus	site;	on	the	other	hand,	a	functional	SIM	at	the	

C	 terminus	 is	 required	 for	 efficient	 SUMOylation	 of	 MTA1,	 mutation	 of	 SIM	

globally	 decreased	 SUMOylation	 of	 MTA1	 without	 lysine	 residue	 preference	

(Cong	 et	 al.,	 2011).	 Finally,	 SUMO	 E3	 ligases	 may	 determine	 site	 selection	 by	

binding	the	target	and	Ubc9	in	an	orientation	that	favors	a	specific	target	lysine	

residue	(E3	ligase-dependent	SUMOylation)	(Hoege	et	al.,	2002;	Yunus	and	Lima,	

2009).	In	other	words,	in	a	manner	strictly	dependent	on	E3	ligases,	some	SUMO	

targets	 are	 SUMOylated	 at	 lysine	 residues	 that	 cannot	 be	 reached	 by	

Ubc9~SUMO	 itself.	 A	 classic	 example	 is	 PCNA,	 while	 K127	 is	 within	 a	 SUMO	

consensus	 motif	 and	 can	 be	 modified	 by	 Ubc9,	 K164	 modification	 strictly	

depends	on	the	E3	ligase	Siz1p	(Hoege	et	al.,	2002).	Structural	analysis	revealed	

that	 Siz1p	 brings	 PCNA	K164	 into	 immediate	 proximity	 of	 the	Ubc9’s	 catalytic	

center	upon	complex	formation	(Yunus	and	Lima,	2009).		

1.3 Nedd4	ligases	

Based	 on	 domain	 architecture,	 the	 majority	 of	 the	 HECT	 E3s	 belong	 to	 two	

families:	 the	 Neuronal	 precursor	 cell	 developmentally	 down	 regulated	 Nedd4	

family	and	the	HERC	family	(proteins	that	contain	HECT	domain	and	one	or	more	

RCC1	(regulator	of	chromosome	condensation-1)-like	domain)	(Hochrainer	et	al.,	

2005).	 As	 one	 of	 the	 most	 well	 studied	 HECT	 ligases,	 Nedd4	 ligase	 family	 is	

conserved	and	varies	in	family	members	from	Rsp5p,	the	only	member	in	yeast	

to	nine	in	mammals	(Nedd4.1,	Nedd4.2,	SMAD	ubiquitylation	regulatory	factor	1	

and	2	(Smurf1	and	Smurf2),	WW	domain-containing	E3	Ub	protein	ligase	1	and	2	

(WWP1	and	WWP2),	Atrophin	interacting	protein	4	(AIP4,	also	known	as	ITCH),	

and	Nedd4-like	Ub	ligase	1	and	2	(NEDL1	and	NEDL2))	(Ingham	et	al.,	2004).	

1.3.1 Structure	of	the	Nedd4	family	ligases	

The	 canonical	 member	 of	 the	 family,	 Nedd4.1,	 originally	 discovered	 as	 a	

developmentally	regulated	gene	in	the	central	nervous	system	of	mouse	in	1992	

(Kumar	 et	 al.,	 1992).	 It	 contains	 an	 N-terminal	 calcium/lipid	 and/or	 protein	
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binding	C2	domain,	4	WW	domains	and	a	C-terminal	HECT	domain.	This	modular	

domain	structure	is	characteristic	of	all	the	Nedd4	family	members	(Figure	1.10).	

1.3.1.1 C2	domain	

The	C2	domain	(Figure	1.11),	approximately	120	amino	acids,	was	first	identified	

in	classical	Protein	Kinase	C	isoforms	as	a	Ca2+-dependent	phospholipid-binding	

domain	 and	 afterwards	 C2	 domain	 was	 found	 in	 many	 proteins	 that	 require	

association	 with	 phospholipids	 at	 membrane	 surfaces	 for	 function,	 such	 as	

RasGAP,	 Synaptotagmin	 and	 several	 phospholipases	 (Rizo	 and	 Sudhof,	 1998;	

Nalefski	and	Falke,	1996).	However,	there	are	occasions	when	the	target,	Growth	

Factor-binding	 Protein	 GRB10	 for	 instance,	 can	 interact	 with	 C2	 domain	 of	

Nedd4	ligase	through	its	Src	homology	2	(SH2)	domain	in	Ca2+-independent	and	

phosphorylation-independent	 manner	 (Huang	 and	 Szebenyi,	 2010).	 Moreover,	

the	 C2	 domain	 of	 Nedd4	 has	 been	 shown	 to	 mediate	 Ca2+-dependent	 plasma	

membrane	 location	 (Plant	 et	 al.,	 1997).	 In	Madin-Darby	 canine	kidney	 (MDCK)	

cells,	 a	 well	 defined	 polarized	 epithelial	 cell	 line	 with	 distinct	 apical	 and	

basolateral	 surfaces,	 which	 contains	 amiloride-sensitive	 sodium	 channel	 ENaC	

complex	localized	to	the	apical	surface,	Nedd4	redistributes	from	the	cytosol	to	

apical	and	lateral	membranes	when	treated	with	ionomycin	and	Ca2+	(Plant	et	al.,	

1997).	 A	 construct	 lacking	 the	 C2	 domain	 failed	 to	 undergo	 membrane	

localization,	remaining	cytosolic	even	in	the	presence	of	Ca2+	(Plant	et	al.,	1997).	

The	C2	domain	is	also	important	for	the	integrity	of	Nedd4,	as	C2	domain	can	be	

cleaved,	 without	 disrupting	 WW	 and	 HECT	 domains,	 by	 caspases	 during	

apoptosis,	 making	 the	 rest	 of	 the	 protein	 unstable	 and	 leading	 to	 subsequent	

degradation	of	the	WW-HECT	cleavage	product	(Harvey	et	al.,	1998).	Last	but	not	

least,	 the	activity	of	various	Nedd4	E3s	 is	 controlled	 through	an	autoinhibitory	

interaction	of	the	C2	domain	and	C-terminal	HECT	domain	(Wiesner	et	al.,	2007).		

Recently,	 nuclear	 magnetic	 resonance	 (NMR)	 data	 and	 biochemical	 analyses	

show	that	the	C2	domain	has	the	potential	to	regulate	E3	activity	by	maintaining	

the	HECT	domain	in	a	low-activity	state	where	its	ability	for	transthiolation	and	

noncovalent	Ub	binding	are	impaired	(Mari	et	al.,	2014).		
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Figure	1.10	Schematic	domain	structures	of	Nedd4	family	ligases.	

Shown	 are	 the	 conserved	 domains	 of	 neuronal	 precursor	 cell	 developmentally	

down	 regulated	 proteins	 (Nedd4	 proteins).	 One	 Nedd4	 family	 in	 S.	 cerevisiae	

Rsp5p	 and	 nine	 human	 Nedd4	 family	 members	 (Nedd4.1,	 Nedd4.2,	 Smurf1,	

Smurf2,	 ITCH,	WWP1,	WWP2,	NEDL1,	NEDL2)	have	been	 identified.	All	Nedd4	

proteins	 have	 conserved	 domains:	 C2	 domain,	 2-4	 WW	 domains	 and	 a	 HECT	

domain.	Modified	from	Welchman	et	al.	(2005).	 	
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Figure	1.11	Ribbon	representations	of	the	three-dimensional	structure	of	the	C2	

(A),	WW3	 (B),	 and	 HECT	 (C)	 domain	 of	 Nedd4.1	 (PDB	 ID:	 3B7Y,	 5AHT,	 5C7J,	

respectively).	

The	graphics	were	generated	using	pyMol.	Calciums	are	 colored	grey	 (A).	Two	

trpsines	 in	 WW3	 domain	 was	 emphasized	 in	 purple	 (B).	 HECT	 domain	 of	

Nedd4.1	is	composed	of	C-lobe	(yellow)	and	N-lobe	(green),	the	catalytic	active	

cysteine	 and	 two	 other	 cysteines	 that	 lie	 in	 HECT	 domain	 is	 emphasized	 in	

purple	(C).	 	
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1.3.1.2 WW	domain	

WW	 domains,	 consists	 of	 approximately	 40	 amino	 acids,	 are	 defined	 by	 four	

conserved	 aromatic	 residues,	 including	 two	 conserved	 tryptophan	 residues	

which	thus	give	them	their	name	(Figure	1.11)(Sudol	et	al.,	1995).	WW	domains	

are	known	as	the	key	determinants	for	substrate	specificity.	WWP1,	for	instance,	

interacts	with	a	plethora	of	substrates	via	its	WW	domains	and	thus	involved	in	

various	pathways	such	as	protein	degradation,	transcriptional	regulation	(Laine	

and	Ronai,	2007),	cell	proliferation	and	differentiation	(Li	et	al.,	2015),	apoptosis	

(Cui	 et	 al.,	 2014),	 viral	 budding	 (Timmins	 et	 al.,	 2003;	 Yasuda	 et	 al.,	 2003;	

Kikonyogo	et	al.,	2001)	and	senescence	(Han	et	al.,	2013)	and	also	pathological	

processes,	 such	 as	 cancers	 (Yeung	 et	 al.,	 2013;	 Chen	 et	 al.,	 2007),	 infectious	

diseases	 (Sette	 et	 al.,	 2010;	 Chesarino	 et	 al.,	 2015)	 and	 neurological	 diseases	

(Akkaya	et	al.,	2015;	 Jewett	et	al.,	2015;	Kim	et	al.,	2016).	Zhi	and	Chen	(2012)	

reviewed	 substrates	 of	 WWP1	 identified	 so	 far,	 which	 includes	 PY-motif	

containing	proteins,	 such	as	SMAD2,	KLF5,	p63,	ErbB,	 JunB	and	Gag,	as	well	as	

several	non-PY	motif	containing	proteins,	such	as	SMAD4,	KLF2	and	EPS15.	

In	most	cases,	WW	domain	may	interact	with	PY	motif-containing	(PPxY	or	LPxY)	

substrates	 (Chen	 and	 Sudol,	 1995).	 Sullivan	 et	 al.	 (2007)	 identified	 a	 variant	

APSY	motif	on	the	yeast	Rsp5p	adaptor	protein	Bsd2p,	which	was	shown	to	be	

just	 as	 important	 as	 a	 second,	 canonical	 PY	 motif,	 suggesting	 that	 PY	 motifs	

should	be	 redefined	as	 xPxY.	Mutations	 in	PY	motif	might	 impair	 the	 ability	of	

ligase	binding	to	the	targets.	For	example,	epithelial	sodium	channel	ENaC	can	be	

ubiquitylated	 and	 regulated	 by	 Nedd4.1	 and	 Nedd4.2	 in	 high	 blood	 pressure	

conditions	 (Figure	 1.12).	 In	 this	 case,	 ENaC	 bears	 a	 PY	 motif,	 which	 can	 be	

directly	 recognized	by	WW	domain	of	Nedd4	or	Nedd4.2	and	 thereby	undergo	

endocytosis	 and	degradation	 in	 the	 lysosome	 (Staub	et	 al.,	 1996;	Kanelis	 et	 al.,	

2001).	 It	 is	 interesting	 to	 note	 that	 patients	with	 Liddle’s	 Syndrome,	 a	 type	 of	

familial	 hypertension,	 have	mutation	 in	 the	ENaC	PY	motif,	 preventing	Nedd4-

mediated	degradation	of	ENaC	in	high	sodium	conditions	(Snyder,	2005;	Lu	et	al.,	

2007).	 	
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Figure	1.12	Regulation	of	ENaC	by	Nedd4	proteins	and	its	 implication	in	Liddle	

Syndrome	disease.	

Under	low	blood	pressure	conditions,	Nedd4.2	is	phosphorylated	by	kinaes	PKA	

and	 Sgk1,	 and	 phosphorylated	 Nedd4.2	 is	 then	 recognized	 and	 regulated	 by	

14.3.3	 proteins,	 restricting	 the	 interaction	 between	 Nedd4.2	 and	 ENaC.	 Under	

high	blood	pressure	 conditions,	WW	domain	of	Nedd4.2	 is	 released	 to	 interact	

with	PY	motif	of	ENaC,	and	promote	its	ubiquitylation	and	endocytosis.	While	in	

Liddle’s	 Syndrome,	 PY	 motif	 is	 mutated,	 disrupting	 the	 interaction	 between	

Nedd4	proteins	with	ENaC,	blocking	its	endocytosis.	 	
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As	indicated	in	the	case	of	Bsd2p	above,	some	substrates	that	lack	PY	motifs	rely	

on	adaptor	proteins	that	contain	PY	motifs	to	recruit	ligase	to	them.	For	instance,	

Ndfip1/N4WBP5	 and	 Ndfip2/N4WBP5A,	 which	 bear	 PY-motif	 and	 share	

significant	 homology	 with	 the	 Bsd2p	 adaptor	 from	 yeast,	 were	 identified	 as	

adaptors	when	searching	for	proteins	interacting	with	Nedd4	family	in	mammals	

(Jolliffe	 et	 al.,	 2000;	 Harvey	 et	 al.,	 2002;	 Shearwin-Whyatt	 et	 al.,	 2004).		

Ndfip1/Ndfip2	can	bind	the	WW	domains	of	WWP2	in	vivo,	and	are	also	required	

for	the	ubiquitylation	and	degradation	of	the	metal	transporter	DMT1/NRAMP2	

(Foot	et	al.,	2008).	RING-finger	protein	RNF11,	which	also	contains	a	PY-motif,	

acts	as	an	adaptor	for	the	Smurf2-mediated	ubiquitylation	of	AMSH	(associated	

molecule	with	the	SH3	domain	of	STAM),	a	DUB	enzyme	acting	in	the	endocytic	

pathway	(Li	and	Seth,	2004).	Arrestin	family,	key	regulators	of	G	protein-coupled	

receptors	(GPCRS)	signaling	and	trafficking,	act	by	uncoupling	receptors	from	G	

proteins	and	contribute	to	the	recruitment	of	endocytic	proteins,	such	as	clathrin,	

to	direct	 receptor	 trafficking	 into	 the	endocytic	pathway	 (DeWire	et	 al.,	 2007).	

Arrestins	 also	 serve	 as	 adaptor	 proteins	 by	 promoting	 the	 recruitment	 of	 Ub	

ligases	 and	 participate	 in	 the	 agonist-induced	 ubiquitylation	 of	 non-GPCR	

receptor	proteins.	Indeed,	β-arrestin	1	have	been	reported	to	act	as	adaptor	for	

ITCH	 for	 ubiquitylation	 of	 the	 transient	 receptor	 potential	 channel	 TRPV4	

(Shukla	 et	 al.,	 2010),	 and	 Nedd4.1	 for	 ubiquitylation	 of	 Na+/H+	 exchanger	 1	

(NHE1)	 (Simonin	 and	 Fuster,	 2010).	 β-arrestin	 2	 also	 mediates	 Nedd4.1	

recruitment	to	β2-adrenergic	receptor	β2-AR	(Shenoy	et	al.,	2008).	

Besides	binding	to	substrates	or	adaptors	through	PY-WW	interaction,	there	are	

substrates	that	lack	either	PY-motif	or	adaptors.	Several	non-PY	motif	sequences	

some	substrates	utilize	to	directly	interact	with	Nedd4	family	proteins	have	been	

identified	 so	 far.	 ITCH	 binds	 directly	 to	 the	 chemokine	 receptor	 CXCR4	 via	 a	

novel	noncanonical	WW	domain-mediated	interaction	involving	serine	residues	

324	 and	 325	with	 the	 C-terminal	 tail	 of	 CXCR4	 (Bhandari	 et	 al.,	 2009).	 These	

serine	residues	are	critical	for	mediating	agonist-promoted	binding	of	ITCH	and	

subsequent	 ubiquitylation	 and	 degradation	 of	 CXCR4.	 More	 recently,	 a	 novel	

binding	sequence	VLxxxPSR,	also	distinct	from	the	PY	motif,	has	been	identified	

(Persaud	et	 al.,	 2011).	Nedd4	regulates	endocytosis	and	signaling	of	Fibroblast	

growth	 factor	 receptor	 1	 (FGFR1),	 which	 plays	 critical	 role	 in	 cellular	
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proliferation,	differentiation	during	animal	development	and	adult	homeostasis.	

In	 this	case,	Nedd4	binds	FGFR1	primarily	via	 its	WW3	with	such	a	novel	non-	

canonical	 sequence	 on	 FGFR1.	 Interestingly,	 this	 motif	 interacts	 with	 WW	

domain	 via	 a	 different	 surface.	Mutation	of	 the	 conserved	Trp	 in	WW3	had	no	

effect	on	binding	of	WW3	to	the	VL***PSR	peptide,	while	deletion	of	 the	 first	6	

amino	 acids	 of	 this	 recognition	motif	 (VL***P)	 abolishes	Nedd4.1	 binding,	 and	

receptor	 ubiquitylation,	 and	 impairs	 endocytosis	 of	 activated	 receptor,	 as	 also	

observed	upon	Nedd4.1	knockdown	(Persaud	et	al.,	2011).	

One	 variable	 characteristic	 between	 Nedd4	 family	 members	 is	 the	 number	 of	

WW	domains,	 the	mammalian	Nedd4	 family	members	 containing	 2–4	 of	 these	

domains	 (Figure	1.10).	 Interestingly,	 not	 all	WW	domains	within	 a	protein	 are	

equal,	with	 the	 third	WW	domain	WW3	generally	 exhibiting	higher	affinity	 for	

substrates	(Lott	et	al.,	2002;	Timmins	et	al.,	2003;	Henry	et	al.,	2003;	Persaud	et	

al.,	2011).	The	variation	between	the	primary	sequences	of	WW	domains	and	the	

different	arrangements	in	different	Nedd4	family	members,	allows	each	to	retain	

distinct	 substrate	 specificity	 and	 functionality.	 For	 example,	 in	 the	 study	 of	

adaptor	Bsd2p-mediated	ubiquitylation	of	membrane	proteins	Cps1p	and	Tre1p	

by	Rsp5p,	Sullivan	et	al.(2007)	showed	that	two	PY	motifs	in	Bsd2p	(a	canonical	

PY	motif	PPTY	and	a	noncanonical	PY	motif	APSY)	and	two	WW	domains	(WW2	

and	 WW3)	 in	 Rsp5p	 are	 crucial	 for	 such	 modification.	 They	 further	

demonstrated	 that	 binding	 of	 APSY	 to	 WW3	 is	 an	 absolute	 requirement	 for	

adaptor	 function	 of	 Bsd2p	 (Sullivan	 et	 al.,	 2007).	 Human	 organic	 anion	

transporter	 1	 (hOAT1),	 expressed	 at	 the	 basolateral	 membrane	 of	 kidney	

proximal	 tubule	 cells	 (Terada	 and	 Inui,	 2007),	 is	 a	 target	 for	 Nedd4.1	

ubiquitylation	 (Zhang	 et	 al.,	 2013).	When	 four	WW	 domains	 were	 inactivated	

separately,	only	WW2	and	WW3	inactive	mutants	significantly	 lost	 their	ability	

to	 bind	 and	 to	 ubiquitylate	 hOAT1,	 indicating	 that	 Nedd4.1	 regulates	 hOAT1	

ubiquitylation,	 expression,	 and	 transport	 activity	 through	 its	 WW2	 and	 WW3	

domains	(Xu	et	al.,	2016).	

Besides	the	WW	domain	itself,	 linker	region	between	WW	domains	also	plays	a	

role	in	complex	assembly	and	regulation	of	HECT-type	E3	ligase	activity.	Smurf1,	

but	 not	 Smurf2,	 interacts	 with	 casein	 kinase-2	 interacting	 protein-1	 (CKIP-1),	

resulting	in	an	increase	in	its	E3	ligase	activity	(Lu	et	al.,	2008).	Lu	et	al.	(2008)	
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showed	 that	 CKIP-1	 targets	 specifically	 the	 linker	 region	 between	 the	 WW	

domains	 of	 Smurf1,	 thereby	 augmenting	 its	 affinity	 for	 ubiquitylation	 of	 the	

substrate.		

1.3.1.3 HECT	domain	

While	substrate	binding	is	defined	by	regions	outside	the	HECT	(homologous	to	

E6AP	carboxyl-terminus)	domain,	 in	most	cases,	towards	the	N-terminus	of	the	

protein,	HECT	domains	are	usually	found	at	the	C-termini	of	proteins.	It	consists	

of	 an	 approximately	 250	 amino	 acids-elongated	 N-terminal	 lobe	 (N-lobe)	

connected	by	a	short	flexible	linker	to	an	approximately	100	amino	acid	globular	

C-terminal	lobe	(C-lobe)	(Figure	1.11)(Huang	et	al.,	1999).	An	E2	binding	site	is	

located	 in	 the	 N-lobe,	 and	 this	 region	 is	 only	 moderately	 conserved	 among	

different	HECT	domains,	which	likely	reflects	differing	specificities	for	one	of	the	

over	50	different	E2s	(Jentsch,	1992).	The	Ub	binding	site	also	locates	in	the	N-

lobe,	 and	 several	 structural	 studies	 have	 showed	 that	 Ub-binding	 surface	

implicated	 in	 Nedd4	 E3	 ligases	 is	 required	 for	 the	 processivity	 of	 the	

polyubiquitylation	reaction	(Kim	et	al.,	2011;	French	et	al.,	2009;	Ogunjimi	et	al.,	

2010;	Maspero	et	al.,	2011).	Although	a	number	of	protein	sequences	containing	

a	HECT	domain	were	released	in	the	public	databases	around	the	same	time	as	

when	E6AP,	the	function	of	the	HECT	as	an	Ub	ligase	only	became	apparent	from	

studies	 on	 E6AP	 (Huibregtse	 et	 al.,	 1995).	 Biochemical	 studies	 of	 the	 HECT	

domain	found	that	this	region	is	necessary	and	sufficient	for	Ub	transfer	and	that	

a	catalytic	residue,	which	lies	within	the	C-lobe,	plays	a	critical	role	(Scheffner	et	

al.,	 1995).	 As	 indicated	 above,	 HECT	 domain	 of	 Nedd4	 E3s	 is	 involved	 in	

autoinhibition	 via	 interaction	with	 C2	 domain	 (Wiesner	 et	 al.,	 2007)	 and	WW	

domains	(Mund	and	Pelham,	2009;	Riling	et	al.,	2015).	

1.3.2 Members	of	the	Nedd4	family	and	their	functions	

Kawabe	et	al.	(2010)	found	that	Nedd4	-/-	mouse	embryos	died	in	late	gestation,	

showed	retarded	development,	and	almost	half	showed	subcutaneous	bleeding.	

Nedd4	 -/-	 T	 cells	 developed	 normally	 but	 proliferated	 less,	 produced	 less	

interleukin	2	and	provided	inadequate	help	to	B	cells	(Yang	et	al.,	2008).	Besides,	

Nedd4	 family	 members,	 like	 other	 Ub	 ligases,	 play	 an	 essential	 role	 in	

degradation	(Hein	et	al.,	1995),	protein	trafficking	(Morvan	et	al.,	2004;	Dunn	et	
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al.,	2004;	Kotorashvili	et	al.,	2009),	cell	signaling	(Qiu	et	al.,	2000),	endocytosis	at	

the	plasma	membrane	(Liu	et	al.,	1997;	Wang	et	al.,	2001;	Persaud	et	al.,	2011)	

and	is	involved	in	viral	pathogenesis	(Kikonyogo	et	al.,	2001;	Yasuda	et	al.,	2003),	

tumorgenesis	(Wang	et	al.,	2007;	Platta	et	al.,	2012)	and	autophagy	(Orvedahl	et	

al.,	 2011;	 Sun	 et	 al.,	 2017).	 Indeed,	 lots	 of	 substrates	 have	 been	 identified	 for	

each	member	of	Nedd4	family	ligases,	which	reflects	the	diverse	function	of	the	

Nedd4	family.	

1.3.2.1 Substrates	of	closely-related	Nedd4	family	members	

Alignment	 and	 phylogenetic	 analysis	 of	 all	 nine	 family	 members	 showed	 that	

Nedd4.1	and	Nedd4.2	are	closely	related	to	each	other	(63.1%	sequence	identity).	

Similarly,	 another	 three	 groups	 Smurf1/Smurf2,	 ITCH/WWP2/WWP1,	 and	

NEDL1/NEDL2	 are	 closely	 related,	 sharing	 79.9%,	 59-63.5%,	 61.2%	 sequence	

identity,	respectively	(Figure	1.13).		

ENaC	was	the	 first	described	target	 for	Nedd4.1,	based	on	the	observation	that	

Nedd4.1	 is	 essential	 for	 the	 down	 regulation	 of	 ENaC	 (Staub	 et	 al.,	 1997).	

However,	 scientists	 later	 found	 that	 Nedd4.2	 can	 also	 target	 ENaC,	 and	 it	was	

suggested	that	Nedd4.1	and	Nedd4.2	might	have	redundant	functions	(Fotia	et	al.,	

2003;	 Snyder	 et	 al.,	 2004).	 Subsequently,	 a	 number	 of	 potential	 substrates	 for	

Nedd4.1	and	Nedd4.2	have	been	described.	Yang	and	Kumar	(2010)	summarized	

a	 list	 of	 the	 substrates	 and	 described	 the	 distinct	 function	 of	 Nedd4.1	 and	

Nedd4.2,	 with	 Nedd4.1	 regulate	 growth	 factor	 receptor,	 T	 cell	 function,	

neuromuscular	 junctions,	 PTEN,	 viral	 budding,	 while	 Nedd4.2	 regulate	 ENaC,	

Sgk1,	voltage-gated	sodium	channels.	

Smurf1	and	Smurf2	also	have	a	similarly	high	degree	of	sequence	similarity	and	

both	 Smurf1	 and	 Smurf2	 are	 key	 negative	 regulators	 of	 transforming	 growth	

factor	 TGF-β/bone	 morphogenetic	 protein	 BMP	 signaling	 pathway	 (Zhu	 et	 al.,	

1999;	 Kavsak	 et	 al.,	 2000;	 Narimatsu	 et	 al.,	 2009).	 And	 they	 were	 originally	

thought	to	be	functionally	redundant.	However,	they	do	have	some	distinct	roles	

and	as	controlled	under	different	mechanisms.	Smurf2,	not	Smurf1,	 is	 localized	

to	 the	 nucleus	 and	 binds	 receptor	 activated	 SMADs	 (R-SMADs)	 2,	 promoting	

degradation	of	SMAD2	and	potent	reducing	the	transcriptional	activity	of	SMAD2	

in	TGF-β	signaling	(Lin	et	al.,	2000;	Zhang	et	al.,	2001).	Also	as	mentioned	above	
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Figure	1.13	Evolutionary	relationships	of	nine	human	Nedd4	family	ligases.	

The	 evolutionary	 history	 was	 inferred	 using	 the	 Neighbor-Joining	 method	

(Saitou	 and	Nei,	 1987).	 The	 tree	 is	 drawn	 to	 scale,	with	 branch	 lengths	 in	 the	

same	units	as	those	of	the	evolutionary	distances	used	to	infer	the	phylogenetic	

tree	 (Zuckerkandl	 and	 Pauling,	 1965).	 The	 evolutionary	 distances	 were	

computed	 using	 the	 Poisson	 correction	 method.	 Evolutionary	 analyses	 were	

conducted	 in	MEGA7	 (Kumar	et	 al.,	 2016).	 Sequence	 identities	 are	 indicated	at	

the	right	of	the	tree.	
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(section	1.3.1.2),	Smurf1,	but	not	Smurf2,	 interacts	with	CKIP-1,	 resulting	 in	an	

increase	in	its	E3	ligase	activity	(Lu	et	al.,	2008).	Smurf1,	not	Smurf2,	specifically	

targets	 RhoA	 for	 its	 ubiquitylation	 and	 degradation	 (Wang	 et	 al.,	 2006;	Wang,	

2003).	Moreover,	the	intramolecular	autoinhibition	via	interactions	between	C2	

domain	and	HECT	domain	of	Smurf2,	aiming	to	protect	itself	and	their	substrates	

from	futile	degradation,	is	not	observed	in	Smurf1	and	how	Smurf1	is	regulated	

remains	 unclear	 (Wiesner	 et	 al.,	 2007).	 WWP1	 (also	 known	 as	 AIP5),	 WWP2	

(also	known	as	AIP2)	and	ITCH	(also	known	as	AIP4)	are	closely	related	at	 the	

amino	 acid	 level.	 These	 three	 Nedd4	 family	 members	 contain	 four	 highly	

homologous	tandem	WW	domains	and	compose	the	WWP1-subfamily	(Huang	et	

al.,	2000a).		

WWP1	 interact	 with	 a	 variety	 of	 substrate	 proteins	 and	 regulates	 their	

expression	 levels	and	activities.	To	date,	WWP1	has	been	shown	to	 function	as	

E3	ligase	for	SMAD2,	ErbB4	(Li	et	al.,	2009),	spartin	SPG20	(Edwards	et	al.,	2009),	

KLF2	 (Zhang	 et	 al.,2004),	 KLF5	 (Chen	 et	 al.,	 2005),	 p63	 (Li	 et	 al.,	 2008)	 and	

RNF11	 (Chen	 et	 al.,	 2008).	 	 Unsurprisingly,	WWP2	 and	WWP1	 share	 common	

substrates,	such	as	SMAD2	and	SMAD7	(Soond	and	Chantry,	2011;	Komuro	et	al.,	

2004).	 ITCH	 also	 shares	 some	 functional	 characteristics	 with	 WWP1.	 For	

instance,	 endogenous	 SPG20	 is	 recruited	 to	 endosomes	 and	 lipid	 droplets	 and	

interact	with	both	WWP1	and	ITCH	(Edwards	et	al.,	2009);	ErbB4,	a	member	of	

EGF	 receptor	 (EGFR)	 family,	 is	 a	 target	 for	 both	 WWP1	 and	 ITCH	 promoted	

ubiquitylation	and	degradation	(Li	et	al.,	2009;	Omerovic	et	al.,	2007).	Meanwhile,	

WWP2	 and	 ITCH	 retain	 their	 own	 distinct	 functionality:	 WWP2	 is	 the	 sole	

mediator	of	Ndfip-dependent	regulation	of	the	iron	transporter	DMT1	(Foot	et	al.,	

2008);	 ITCH	 is	 responsible	 for	 ubiquitylation	 and	 degradation	 of	 chemokine	

receptor	CXCR4	(Bhandari	et	al.,	2009).		

The	 final	 two	 members	 of	 the	 family,	 NEDL1	 and	 NEDL2,	 although	 less	 well	

characterized,	 also	 share	 same	 substrates/functions	 and	meanwhile	 have	 their	

distinct	roles.	Both	NEDL1	and	NEDL2	are	associated	with	p53	family-mediated	

apoptosis	(Li	et	al.,	2008;	Miyazaki	et	al.,	2003).	On	the	other	hand,	NEDL2,	but	

not	NEDL1,	is	required	for	enteric	nervous	system	ENS	and	kidney	development	

(Qiu	et	al.,	2016).		
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1.3.2.2 Role	of	Nedd4	family	members	in	the	same	cellular	process.	

With	the	distinct	roles	of	even	closed-related	Nedd4	family	members	discussed	

above,	there	is	also	many	cellular	processes	where	almost	all	nine	Nedd4	family	

members	 are	 all	 involved	 in,	 such	 as	 endocytosis	 (Rotin	 et	 al.,	 2000),	 cancer	

development	 and	 progression	 (Chen	 and	 Matesic,	 2007).	 For	 instance,	 as	 the	

addition	 and	 removal	 of	 Ub	 chains	 is	 a	 fundamental	 biologic	 process	 in	 all	

eukaryotic	 cells,	 it	 is	 not	 surprising	 that	 Ub	 metabolism	 enzymes	 feature	

prominently	 as	 either	 oncogenes	 or	 tumor	 suppressors	 in	 a	 variety	 of	 cancers	

and	many	signaling/regulatory	pathways	relevant	to	cancer	(Shi	and	Grossman,	

2010).	It	now	has	become	clear	that	degradation	of	tumor	suppressors	by	E3	Ub	

ligases	may	play	important	roles	in	tumorgenesis	and	several	members	of	Nedd4	

family	are	involved	in	such	processes.		

Nedd4.1	is	known	capable	of	degrade	tumor	suppressors	PTEN.	PTEN	is	a	 lipid	

phosphatase	 that	 inactivates	 PI3-kinase,	 and	 is	 the	 one	 of	 the	most	 frequently	

mutated	 tumor	 suppressor	 genes	 in	 human	 tumors	 (Trotman	 et	 al.,	 2007).	

Overexpression	 of	 Nedd4.1	 impaired	 PTEN	 protein	 level	 and	 depletion	 of	

Nedd4.1	inhibited	xenograft	tumor	growth	in	PTEN-dependent	manner	(Wang	et	

al.,	 2007).	 Moreover,	 Nedd4.1	 regulates	 the	 nuclear	 import	 of	 PTEN	 with	

different	 linkage	 type	of	ubiquitylation	deployed,	and	a	 lysine	mutant	of	PTEN,	

K289E	 associated	with	Cowden	 syndrome,	 retains	 catalytic	 activity	 but	 fails	 to	

accumulate	 in	 nuclei	 of	 patient	 tissue	 due	 to	 an	 import	 defect	 (Trotman	 et	 al.,	

2007).		

Overexpression	of	WWP1	 in	prostate	 and	breast	 cancer	 samples,	 suggests	 that	

WWP1	 is	 also	 a	 potential	 oncogene	 in	 breast	 cancer	 (Chen	 et	 al.,	 2007).	 Large	

tumor	 suppressor	 LATS1,	 a	 serine/threonine	 kinase	 and	 tumor	 suppressor	

found	down	regulated	in	various	human	cancers,	has	recently	been	identified	as	

a	central	player	of	the	emerging	Hippo	signaling	pathway,	which	plays	important	

roles	 in	 organ	 size	 control,	 tumorgenesis,	 and	 stem	 cell	 differentiation	 and	

renewal,	 etc	 (Visser	 and	 Yang,	 2010).	 Using	 overexpression	 and	 short-

interference	siRNA	knockdown	approaches,	it	was	shown	that	WWP1	negatively	

regulate	 LATS1	 by	 promoting	 degradation	 through	 polyubiquitylation	 and	 the	

26S	 proteasome	 pathway	 (Yeung	 et	 al.,	 2013).	 Krüppel-like	 factor	 5	 KLF5,	 a	
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putative	tumor	suppressor,	as	evidenced	by	frequent	down	regulation	in	breast	

cancer	cell	lines,	and	its	ability	to	generally	suppress	cell	growth	in	cancer	cells,	

was	 also	 proposed	 a	 target	 of	 WWP1	 (Chen	 et	 al.,	 2005).	 ITCH,	 as	 a	 WWP1	

subfamily	member	 is	also	associated	with	cancer.	Up-regulation	of	 ITCH	is	also	

associated	 with	 down-regulation	 of	 LAST1	 during	 tumorigenesis,	 enhancing	

breast	tumor	progression	(Salah	et	al.,	2011,	2014).		

NEDL2	associates	with	mitotic	spindles	and	its	protein	level	reaches	a	maximum	

in	mitosis	(Lu	et	al.,	2013).	The	function	of	NEDL2	during	mitosis	is	essential,	as	

NEDL2	depletion	prolongs	the	metaphase	and	overexpression	of	NEDL2	induces	

chromosomal	lagging.	Elevated	expression	of	NEDL2	protein	and	mRNA	are	both	

found	 in	colon	cancer	and	cervix	cancer	 (Lu	et	al.,	2013).	Shinada	et	al.	 (2011)	

showed	the	interaction	between	NEDL1	and	RING-finger	protein	43	(RNF43),	a	

putative	 Ub	 ligase,	 overexpression	 of	 which	 resulted	 in	 decreased	 p53	

transcriptional	 activity	 and	 apoptosis	 induced	 by	 UV	 irradiation	 or	 cDDP	

treatment.	 They	 suggested	 that	 RNF43	 is	 associated	 with	 p53-associated	

apoptotic	cell	death	via	interaction	with	NEDL1	in	colorectal	carcinogenesis.	

Besides,	accumulating	evidence	suggests	that	Smurf1	and	Smurf2	play	important	

roles	 in	 cancer	 development.	 Smurf1	 has	 been	 reported	 to	 promote	 RhoA	

ubiquitylation	 and	 degradation	 and	 regulate	 cell	 motility,	 suggesting	 the	

involvement	 of	 Smurf1	 in	 cancer	 progression	 (Wang,	 2003;	 Fukunaga	 et	 al.,	

2008).	 Increased	Smurf2	expression	 is	associated	with	higher	 invasiveness	and	

metastatic	potential	in	esophageal	squamous	cell	cancer	(Fukuchi	et	al.,	2002).		

1.3.3 Regulation	of	Nedd4	family	

Most	Nedd4	family	ligases	are	believed	regulated	by	autoinhibition,	and	undergo	

extensive	post-translational	modifications	such	as	phosphorylation,	neddylation,	

SUMOylation.	

1.3.3.1 Autoinhibition						

Nedd4.1	 is	 known	 to	 form	 an	 autoinhibited	 conformation	 via	 intramolecular	

interaction	between	the	C2	and	HECT	domains.	Accordingly,	the	catalytic	activity	

can	 be	 activated	 by	 calcium	 via	 its	 interaction	 with	 C2	 domain,	 subsequently	

relieves	 the	 autoinhibitory	 conformation	 of	 Nedd4.1	 (Wang	 et	 al.,	 2010).	

Structural	 analysis	 have	 shown	 that	 restricting	 HECT	 flexibility	 and	 locking	 N	
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and	C-lobe	in	particular	conformations	can	regulate	ligase	activity	(Lorenz	et	al.,	

2013),	 while	 the	 C2	 domain	 induces	 a	 HECT	 conformation	 that	 impedes	 Ub	

transthiolation	and	blocks	non-covalent	Ub	binding	 (Mari	et	al.,	2014).	Specific	

mutations	in	the	C2:	HECT	interface	release	E3	autoinhibition	(Mari	et	al.,	2014).	

A	 similar	 inhibitory	 mechanism	 is	 shared	 between	 a	 number	 of	 other	 Nedd4	

family	members.	The	catalytic	activity	of	Smurf2,	for	instance,	was	also	shown	to	

be	 inhibited	 by	 intramolecular	 binding	 of	 the	HECT	domain	 to	 the	 C2	 domain,	

which	can	be	prevented	by	the	activator	SMAD7	(Wiesner	et	al.,	2007).	A	similar	

inhibitory	mechanism	was	proposed	for	ITCH,	which	is	thought	autoinhibited	by	

intramolecular	binding	of	HECT	domain	with	a	proline-rich	region	with	the	WW	

domain	 (Mund	 and	 Pelham,	 2009;	 Riling	 et	 al.,	 2015).	 More	 recently,	 novel	

allosteric	 regulatory	 mechanisms	 of	 Nedd4	 autoinhibition	 are	 discovered.	

Interaction	 of	 Nedd4-conjugated	 Ub	 with	 a	 HECT	 domain	 Ub	 binding	 site	

allosterically	 opens	 a	 cryptic	 oligomerization	 interface,	 forming	 ligase-inactive	

trimmers	 and	 hexamers	 of	 ubiquitylated	 Nedd4	 (Attali	 et	 al.,	 2017).	 Another	

group	 found	 that	 the	 peptide	 linkers	 tethering	WW	 domains	 in	 HECT	 ligases,	

including	 Nedd4.1,	WWP1,	WWP2	 and	 ITCH,	 can	 lock	 the	 HECT	 domain	 in	 an	

inactive	conformation	and	block	the	proposed	allosteric	Ub	bindig	site	(Chen	et	

al.,	 2017).	 They	 also	 showed	 that	 such	 linker-mediated	 autoinhibition	 of	 the	

HECT	 domain	 can	 be	 relieved	 by	 linker	 post-translational	 modifications,	 but	

complete	removal	of	the	brake	can	induce	hyperactive	autoubiquitylation	and	E3	

self-destruction.	

1.3.3.2 Adaptor	proteins	

Ndfip1	 and	 Ndfip2	 (Nedd4	 family	 interaction	 proteins)	 activate	 the	 catalytic	

activity	of	Nedd4.1,	ITCH	and	of	several	other	HECT	ligases	via	PY-WW	domain	

interaction,	 releasing	 them	 from	 an	 autoinhibitory	 intramolecular	 interaction	

(Mund	and	Pelham,	2009;	Riling	et	al.,	2015).	Ndfip	proteins	are	also	known	to	

control	 Nedd4	 HECT	 E3	 family	 members	 by	 localizing	 them	 to	 endosomal	

membranes	and	by	serving	as	adaptors	for	protein	substrates.	CKIP-1,	also	act	as	

an	 adaptor	 protein	 and	 binds	 the	 Smurf1	 WW	 domain	 linker	 region	 and	

enhances	the	interaction	between	Smurf1	and	its	substrates	(Lu	et	al.,	2008).	
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1.3.3.3 Phosphorylation	

Crosstalk	between	kinases	and	Nedd4	proteins	has	been	intensively	studied.	The	

activity	 of	 kinases	 can	 be	 regulated	 by	 protein	 ubiquitylation,	 and	meanwhile	

phosphorylation	 can	 release	 Nedd4-like	 E3	 ligases	 form	 autoinhibitory	

conformations	 or	 it	 can	 modulate	 HECT	 E3-substrate	 interactions	 (An	 et	 al.,	

2014).	In	T	cells,	stress	activated	protein	kinase	JNK1-mediated	phosphorylation	

of	 the	 proline-rich	 region	 of	 ITCH	 is	 necessary	 and	 sufficient	 to	 relieve	 the	

autoinhibition	(Gallagher	et	al.,	2006).	In	terms	of	modulating	Nedd4-substrates	

interactions,	 several	 studies	 have	 shown	 that	 regulation	 of	 ENaC	 activity	 by	

Ser/Thr	kinases,	such	as	Serum	and	glucocorticoid	regulated	kinase	Sgk1,	which	

is	mediated	through	Nedd4.2	(Debonneville	et	al.,	2002;	Bhalla	et	al.,	2005).	Sgk1,	

which	 is	 an	 aldosterone-	 and	 insulin-dependent	 positive	 regulator	 of	 ENaC	

density	 at	 the	plasma	membrane,	 although	while	 binding	 to	 both	Nedd4.1	 and	

Nedd4.2,	has	been	shown	only	able	 to	phosphorylate	Nedd4.2	on	one,	or	more	

Ser/Thr	consensus	sites	(Debonneville	et	al.,	2002).	As	shown	in	Figure	1.12,	in	

low	 blood	 pressure,	 phosphorylated	 Nedd4.2,	 with	 the	 phosphorylation	 sites	

within	the	WW	domains,	reduces	its	ability	to	bind	to	ENaC,	due	to	its	interaction	

with	14-3-3	proteins	(Bhalla	et	al.,	2005;	Liang	et	al.,	2006),	and	hence	increases	

ENaC	activity.	Wiemuth	et	al.	(2010)	further	showed	that	Sgk1	bears	a	PY	motif,	

and	 Sgk1	 lacking	 such	motif	 fails	 to	 stimulate	ENaC	 activity	 in	 the	presence	 of	

Nedd4.2.	 In	another	example,	 tyrosine	kinase	 fibroblast	growth	 factor	 receptor	

FGFR1	 is	 a	 substrate	 of	 Nedd4.1	 and	 can	 be	 ubiquitylated	 by	 Nedd4.1	 and	

promotes	 FGFR1	 internalization	 and	 degradation	 (Persaud	 et	 al.,	 2011).	

Activation	 of	 FGFR1	 lead	 to	 activation	 of	 c-Src	 kinase-dependent	 tyrosine	

phosphorylation	of	Nedd4.1,	enhancing	the	Ub	ligase	of	Nedd4.1	(Persaud	et	al.,	

2014).	 Moreover,	 they	 identified	 several	 FGF-dependent	 phosphorylated	

tyrosine	 residues	 in	Nedd4.1,	 including	Tyr43	 in	 the	C2	domain	and	Tyr585	 in	

the	 HECT	 domain	 using	 mass	 spectrometry.	 And	 the	 presence	 of	

phosphomimetic	 mutations	 inhibited	 the	 interaction	 between	 C2	 domain	 and	

HECT	domain,	 suggesting	 that	phosphorylation	of	Nedd4	relieves	an	 inhibitory	

intra-	or	intermolecular	interaction	(Persaud	et	al.,	2014).	
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1.3.3.4 Neddylation		

As	mentioned	above,	Nedd8,	another	well-characterized	Ubl	protein,	is	attached	

to	 substrate	 via	 neddylation,	 a	 similar	 process	 as	 ubiquitylation.	 The	 role	 of	

neddylation	 in	 the	 activation	 of	 Ub	 ligases	 has	 been	 extensively	 investigated.	

Most	of	these	identified	ligases	that	promote	Nedd8	conjugation	belong	to	Cullin-

RING	E3s	(Enchev	et	al.,	2014),	including	the	cullins-associated	RBX1/2	(Pan	et	

al.,	 2004),	 the	 p53-negative	 regulator	 Mdm2	 (Xirodimas	 et	 al.,	 2004),	 VHL	

(Russell	 and	 Ohh,	 2008),	 Parkin	 (Um	 et	 al.,	 2012)	 and	 the	 transcriptional	 co-

activator	TFB3	(Rabut	et	al.,	2011)	etc.	

With	 that	 said,	 recently,	 it	 has	 been	 reported	 that	 Smurf1,	 one	 of	 nine	 Nedd4	

HECT	 ligase	 family	 members,	 is	 activated	 by	 neddylation	 via	 physically	

interaction	with	Nedd8	and	the	Nedd8	E2	Ubc12	(Xie	et	al.,	2014).	In	their	study,	

it	was	uncovered	 that	a	Nedd8-thioester	 linked	Smurf1	 intermediate	 is	 formed	

and	Smurf1	catalyzes	its	own	neddylation	on	multiple	lysine	residues	via	Cys426,	

a	 separate	 cysteine	 that	 catalyzes	 ubiquitylation,	 in	 the	 HECT	 N-lobe.	

Neddylation	 of	 Smurf1	 enhances	 E2	 recruitment	 and	 increased	 the	 Ub	 ligase	

activity	 of	 Smurf1.	 The	 regulatory	 role	 of	 neddylation	was	 found	 conserved	 in	

human	 Smurf1	 and	 yeast	 Rsp5p	 (Xie	 et	 al.,	 2014).	 Coincidently,	more	 recently	

their	group	found	that	NEDL2,	the	sole	one	among	nine	Nedd4	family	members	

reported	to	be	required	for	enteric	nervous	system	development	control	among	

all	 nine	 Nedd4	 members	 in	 mammals	 (Kwak	 et	 al.,	 2012),	 harbors	 intrinsic	

Nedd8	 ligase	 activity	 via	 Cys1341,	 also	 a	 separate	 cysteine	 that	 catalyzes	

ubiquitylation	(Qiu	et	al.,	2016).	Moreover,	Qiu	et	al.	 (2016)	 found	that	NEDL2,	

not	NEDL1,	regulate	GDNF	(Glial	cell	 line-derived	neurotrophic	factor)/Ret/Akt	

signaling	in	a	Nedd8	ligase	activity-dependent	but	Ub	ligase	activity-independent	

manner.	

1.3.3.5 Other	Nedd4	regulators		

The	interferon-inducible	Ubl	protein	ISG15	is	expressed	in	cells	in	response	to	a	

variety	of	stress	conditions	like	viral	or	bacterial	infection	(Zhao	et	al.,	2005).	It	is	

found	that	Nedd4	is	negatively	regulated	by	ISG15	(Malakhova	and	Zhang,	2008).	

Free	 ISG15	 specifically	 bound	 to	 Nedd4	 and	 blocks	 its	 interaction	with	 Ub-E2	

molecules,	 thus	 preventing	 further	Ub	 transfer	 from	E2	 to	 E3	 (Malakhova	 and	
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Zhang,	 2008).	 The	 MAP1LC3/LC3	 family	 plays	 an	 essential	 role	 in	

autophagosomal	biogenesis	and	transport.	It	has	been	reported	that	Nedd4	binds	

to	 LC3	 via	 a	 conserved	WXXL	 LC3-binding	 motif	 in	 a	 region	 between	 C2	 and	

WW2	domains,	and	LC3	functions	as	an	activator	of	Nedd4	ligase	activity	(Sun	et	

al.,	2017).	Besides,	Mund	et	al.	(2014)	identified	a	small	molecule	Heclin	(HECT	

ligase	inhibitor)	that	causes	a	conformational	change	and	results	in	oxidation	of	

the	active	site	cysteine.	

1.4 PIAS	ligases	

To	date,	several	classes	of	proteins	that	act	as	SUMO	ligases	have	been	found	in	

mammalian	 cells.	 These	 include	 SP-RING	 E3	 ligase,	 the	 vertebrate-specific	

nuclear	 pore	 protein	 RanBP2	 and	 the	 human	 Polycomb	 group	 member	 Pc2	

(Geiss-friedlander	 and	Melchior,	 2007;	 Pichler	 et	 al.,	 2002;	Kagey	 et	 al.,	 2003).	

SP-RING	E3	ligases,	characterized	by	SP-RING	motif,	share	several	characteristics	

with	RING-type	Ub	ligase	and	can	be	subdivided	into	three	distinct	groups:	PIAS	

family	 proteins,	MMS21	 and	 Zip3	 (Zhao	 and	 Blobel,	 2005;	 Johnson	 and	 Gupta,	

2001;	 Takahashi	 et	 al.,	 2001).	 The	 PIAS	 (protein	 inhibitor	 of	 activated	 STAT)	

family,	mammalian	homologues	of	the	Siz	proteins	in	yeast,	are	also	conserved	in	

evolution	yet	vary	in	family	members,	 from	one	single	member	in	both	fruit	 fly	

and	sea	squirt	 to	 five	PIAS	members	 in	mammals,	namely	PIAS1,	PIAS2	 (splice	

variants	PIASxα,	PIASxβ),	PIAS3,	and	PIAS4	(also	known	as	PIASy)	(Gross	et	al.,	

2001).	

1.4.1 Structure	of	the	PIAS	family	ligases	

PIAS	 proteins	 consist	 of	 an	 N-terminal	 SAP	 (scaffold	 attachment	 factor-A/B,	

acinus	 and	PIAS)	domain	 for	 chromatin	binding,	 followed	by	 a	PINIT	motif	 for	

localization,	a	RING	finger-like	zinc-binding	domain	(RLD),	an	acidic	domain	(AD)	

in	which	 a	 SIM	 lies	 in,	 and	 a	 divergent	 C-terminal	 serine/threonine	 (S/T)-rich	

region	in	all	members	except	PIASy	(Figure	1.14)(Shuai	and	Liu,	2005).		

1.4.1.1 SAP	domain	

A	35-amino	 acid	N-terminal	 sequence	 common	 to	 PIAS	 family	members	 and	 a	

number	 of	 other	 eukaryotic	 proteins,	 is	 referred	 to	 as	 the	 scaffold	 attachment	

factor	SAF-A/B,	acinus	and	PIAS	(SAP)	domain	(Göhring	et	al.,	1997;	Kipp	et	al.,	
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2000;	 Aravind	 and	 Koonin,	 2000).	 Containing	 numerous	 positively	 charged	

amino	 acids	 that	might	make	 contacts	with	 the	backbone	of	DNA,	 the	 SAP	 is	 a	

putative	 DNA-binding	motif	 associated	 with	 chromosomal	 organization.	 PIAS1	

can	 bind	 to	 A-T	 rich	 DNA,	 and	 its	 SAP	 module	 is	 a	 necessity	 for	 the	 binding	

(Okubo	 et	 al.,	 2004).	 PIASy	 binds	 to	 nuclear	 matrix	 attachment	 region	 (MAR)	

DNA;	such	association	is	also	mediated	via	N-terminus	of	PIASy	(Sachdev	et	al.,	

2001).	 Besides,	 PIAS	 family	 members	 act	 as	 repressors	 of	 some	 transcription	

factors	through	direct	binding	to	gene	promoters	via	SAP	domain	(Onishi	et	al.,	

2009).	 The	 DNA-binding	 characteristic	 also	 lends	 PIAS	 proteins	 a	 role	 in	 DNA	

repair	process.	SUMO1-3	accumulate	at	DNA	double-strand	break	(DSB)	sites	in	

mammalian	 cells,	 and	 such	 accrual	 requires	 the	 E3	 ligase	 enzymes	 PIASy	 and	

PIAS1.	 It	 is	 reported	 that	 PIAS1	 and	 PIASy	 are	 recruited	 to	 damage	 sites	 via	

mechanisms	requiring	their	SAP	domains	(Galanty	et	al.,	2009).	

Moreover,	it	is	known	that	PIAS	SAP	domain	is	an	amphipathic,	four-helix	bundle	

conformation	 that	 is	 consistent	 with	 known	 protein-protein	 interaction	

interfaces	 (Suzuki	 et	 al.,	 2009).	 The	 SAP	 motif	 contributes	 to	 protein-protein	

interaction	 and	 the	 assembly	 of	 nuclear	 receptor-coregulator	 complexes.	

CCAAT/enhancer-binding	 protein	 β	 (C/EBPβ),	 a	 basic	 leucine	 zipper	 (bZIP)	

transcriptional	factor	and	involves	in	many	differentiation	processes,	is	a	target	

for	PIAS1	mediated	 SUMOylation,	which	 then	 leads	 to	 increased	ubiquitylation	

and	 degradation	 of	 C/EBPβ	 (Eaton	 and	 Sealy,	 2003;	 Liu	 et	 al.,	 2013b).	 In	 this	

process,	 PIAS1	 interact	 with	 C/EBPβ	 also	 through	 the	 SAP	 domain	 (Liu	 et	 al.,	

2013b).		

In	 addition,	 all	 PIAS	 family	members	 contain	 an	 LXXLL	 (where	 X	 denotes	 any	

amino	acids)	signature	motif	within	the	SAP	domain.	This	LXXLL	signature	motif,	

which	was	previously	 identified	 in	several	nuclear	receptor	co-regulators,	 such	

as	steroid-receptor	co-activator	1	and	STAT6	(signal	transducer	and	activator	of	

transcription),	 is	 a	 α-helical	 protein-interaction	 module	 that	 mediates	

interactions	 between	 nuclear	 receptors	 and	 their	 co-regulators	 (Heery	 et	 al.,	

1997;	Hu	and	Lazar,	1999;	Litterst	and	Pfitzner,	2002).	The	LXXLL	motif	of	PIASy	

is	 essential	 for	 its	 transcriptional	 repression	 activity	 of	 STAT1	 and	 androgen	

receptor	AR	(Liu	et	al.,	2001;	Gross	et	al.,	2001).	
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1.4.1.2 PINIT	domain	

PINIT	 domain	 refers	 to	 sequential	 conserved	 amino	 acids:	 proline,	 isoleucine,	

asparagine,	 isoleucine,	 threonine	 (PINIT)	 (Duval	 et	 al.,	 2003).	 PIAS3	 normally	

strictly	expresses	in	the	nucleus,	disruption	of	the	PINIT	motif	of	PIAS3	located	

between	 SAP	 and	 RING	 domain	 affected	 subcellular	 localization	 (Duval	 et	 al.,	

2003),	and	it	is	possible	that	the	PINIT	motif	of	other	PIAS	proteins	might	also	be	

involved	in	their	nuclear	retention.	In	addition,	several	studies	have	shown	that	

PINIT	domain	plays	an	essential	role	 in	 the	protein-protein	 interacting	surface.	

For	 example,	 the	 PINIT	 domain	 of	 Siz1p,	 yeast	 PIAS	 homologue,	 forms	 an	

interface	between	the	E3	and	the	substrate,	and	was	shown	required	 for	PCNA	

Lys164	SUMO	modification	(Yunus	and	Lima,	2009;	Streich	 Jr	and	Lima,	2016).	

The	PINIT	domain	 is	 thought	 to	promote	PIAS3-STAT3	 interaction.	Mutation	 in	

the	PINIT	domain	abrogate	its	binding	to	STAT3,	suggesting	that	these	residues	

were	part	of	a	potential	binding	surface	(Mautsa	et	al.,	2011).	

1.4.1.3 SP-RING	domain	

An	obvious	function	of	PIAS	proteins	is	related	to	the	SP-RING	domain,	which	is	

associated	with	the	zinc-binding	RING	fingers	and	is	most	similar	to	the	domain	

that	has	been	identified	on	RING-type	Ub	ligase	(Hochstrasser,	2001).	Indeed,	the	

ligase	activity	of	PIAS	family	ligases	relies	on	the	SP-RING	domain	and	mutation	

in	the	RING	domain	will	either	fails	to	bind	to	Ubc9	(Kahyo	et	al.,	2001;	Nishida	

and	Yasuda,	2002)	or	fails	to	bind	the	substrates	(Yang	et	al.,	2013).	In	the	case	of	

SUMOylation	of	p53	mediated	by	PIAS1,	Kahyo	et	al.	(2001)	showed	that	PIAS1	

RING	mutation	bound	to	p53	and	SUMO,	but	not	Ubc9.	On	the	other	hand,	RING	

domain	might	also	disrupt	the	interaction	between	PIAS	protein	and	substrates.	

PIASy	expression	has	an	inhibitory	effect	on	BMP	signaling	(Imoto	et	al.,	2004).	

Upon	 BMP-2	 stimulation,	 PIASy	 expression	 is	 induced,	 which	 then	 suppresses	

BMP-2	dependent	SMAD	activity	in	hepatoma	cells.	And	such	inhibition	action	of	

PIASy	is	due	to	interactions	between	SMADs	and	PIASy	through	its	RING	domain;	

PIASy	 RING	 mutant	 fails	 to	 suppress	 SMAD	 activity	 effectively	 (Imoto	 et	 al.,	

2004).	
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Figure	1.14	Schematic	domain	structures	of	PIAS	family	ligases.	

Shown	 are	 the	 conserved	 domains	 of	 protein	 inhibitor	 of	 STAT	proteins	 (PIAS	

proteins).	Two	PIAS	 family	members	 in	S.	cerevisiae	 (Siz1p	and	Siz2p)	and	 five	

human	PIAS	 family	members	 (PIAS1,	PIASxα,	PIASxβ,	PIAS3,	PIASy)	have	been	

identified.	 Most	 PIAS	 proteins	 have	 conserved	 domains:	 SAP	 domain,	 PINIT	

domains,	 RING-finger	 like	 RLD	 domain	 and	 an	 acid	 domain	 AD,	 where	 SIM	

domain	lies	in,	and	a	S/T	region,	which	is	not	present	in	PIASy.	
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1.4.1.4 SIM	domain	

The	 SIM	domain	 locates	 in	 the	 highly	 acidic	 domain	 (AD),	which	 lies	 in	 the	 C-

terminal	region	of	PIAS	proteins	(Minty	et	al.,	2000).	PIAS	proteins,	except	PIASy	

(Shuai,	2006),	which	does	not	bare	a	SIM	domain,	can	regulate	their	interaction	

partners	in	a	manner	that	is	independent	of	either	their	SP-RING	finger	domain	

or	SAP	domain,	but	dependent	on	their	capability	to	non-covalently	interact	with	

SUMOs	through	their	SIM	domain	(Yang	and	Sharrocks,	2005;	Kim	et	al.,	2005).	

For	instance,	PIASx-mediated	co-activation	of	transcription	factor	Elk-1	occurs	in	

an	 E3	 activity-independent	manner	 and	 the	 co-activating	 properties	 of	 PIASxα	

require	Elk-1	to	be	modified	with	SUMO	and	the	integrity	of	the	SIM	domain	in	

PIASxα	(Yang	and	Sharrocks,	2005).	

Interestingly,	 the	 SIM	 of	 PIAS	 proteins	 harbor	 three	 potential	 phosphorylation	

sites	 for	 the	 S/T	 kinase	 CK2	 (Stehmeier	 and	 Muller,	 2009).	 Indeed,	 CK2	 was	

reported	 to	 phosphorylate	 S466,	 S467,	 and	 S468	 of	 PIAS1	 adjacent	 to	 the	

hydrophobic	 core	 of	 the	 SIM.	 The	 phosphorylation	 governed	 binding	 of	 SUMO	

and	 SUMO	conjugates	 to	PIAS1	 in	 intact	 cells,	with	no	 apparent	 SUMO	paralog	

selectivity	 (Stehmeier	 and	 Muller,	 2009). Phospho-dependent	 SUMO	 binding	
does	not	 impair	 the	 ligase	 activity	 but	 affects	 the	 transcriptional	 co-regulatory	

potential	of	PIAS1	and	other	PIAS	family	members	(Stehmeier	and	Muller,	2009).	

Recently,	Mascle	 et	 al.	 (2013)	 tried	 to	 define	 the	 interaction	 interfaces	 formed	

between	SUMO	proteins,	PIAS1	and	Ubc9.	In	addition	to	the	covalent	interaction	

between	Ubc9	and	PIAS1,	where	specific	residues	of	the	PIAS1	SP-RING	domain	

are	involved	in	interaction	with	the	L4	loop	of	Ubc9,	they	provided	evidence	that	

through	 a	 series	 of	 non-covalent	 interactions,	 PIAS1,	 Ubc9	 and	 SUMO	proteins	

can	form	a	ternary	complex,	which	is	regulated	by	the	phosphorylation	state	of	

the	SIM	module	of	PIAS1.	

1.4.1.5 Other	functional	regions	

Although	 most	 regions	 of	 the	 PIAS	 proteins	 are	 well	 characterized,	 questions	

remain	to	be	answered.	For	instance,	in	the	case	of	SUMO1	modification	of	PTEN	

mediated	by	PIASxα,	 the	 interaction	between	PIASxα	and	PTEN	depend	on	 the	

C2	domain	 of	 PTEN	and	 the	 region	between	 SAP	 and	RING	of	 PIASxα,	 not	 any	

domains	list	above	(Wang	et	al.,	2014).		
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1.4.2 Members	of	PIAS	family	and	their	functions	

PIAS	proteins	 impact	on	 the	activities	of	a	plethora	of	proteins	via	altering	 the	

activity,	stability,	or	subcellular	localization	of	its	targets	(Matsuura	et	al.,	2005;	

Minty	 et	 al.,	 2000;	 Sachdev	 et	 al.,	 2001)	 and	 thus	 influence	 diverse	 processes	

such	as	immune	response	(Shuai	and	Liu,	2005),	cancer	formation	(Hoefer	et	al.,	

2012),	apoptosis	(Yang	et	al.,	2013),	signaling	pathway	(Shuai,	2006),	and	DNA	

repair	 (Ishiai	 et	 al.,	 2004).	 Biologically,	 knockout	 studies	 have	 so	 far	 revealed	

relatively	minor	phenotypes	for	PIAS	proteins,	and	whether	the	lack	of	dramatic	

phenotypes	 is	due	 to	 functional	 redundancy	 is	not	yet	 clear	 (Sharrocks,	2006).	

The	PIASx	knockout	mice	were	viable	and	fertile,	albeit	that	the	testis	weight	of	

the	mutant	animals	was	 reduced	and	 their	number	of	apoptotic	 testicular	 cells	

was	increased	(Santti	et	al.,	2005).	

1.4.2.1 Transcriptional	regulation	

Although	 there	 are	 examples	 of	 cytoplasmic	 regulation	 in	which	 PIAS	 proteins	

are	 involved,	 the	 majority	 of	 thus	 far	 reported	 interactions	 of	 PIAS	 proteins	

occurred	with	transcription	factors	or	other	proteins	linked	to	nuclear	regulation	

(Rytinki	et	al.,	2009).		

The	initial	described	role	of	PIAS	proteins	was	their	negative	regulation	of	STATs	

(Chung	 et	 al.,	 1997),	 PIAS	 proteins	 have	 been	 then	 suggested	 to	 repress	 the	

activity	of	many	transcription	factors.	Four	mechanisms	have	been	proposed	to	

explain	such	negative	regulation	(Shuai	and	Liu,	2005).	First,	PIAS	might	directly	

block	the	DNA	binding	activity,	for	example,	PIAS1	mediated	inhibition	of	DNA-

binding	 activity	 of	 STAT1	 (Liu	 et	 al.,	 1998),	 the	 exact	 function	 of	 PIAS	 family	

members	reported	when	they	were	identified.	Second,	PIAS	might	recruit	other	

regulators,	such	as	histone	deacetylases	(HDACs),	as	is	the	case	in	PIASy’s	role	of	

repressing	 the	 activity	 of	 SMAD3	 where	 HDAC1	 and	 HDAC2	 were	 recruited	

(Gross	 et	 al.,	 2004).	 Third,	 PIAS	might	 conduct	 SUMOylation	 of	 a	 transcription	

factor	 (Minty	 et	 al.,	 2000;	 Munarriz	 et	 al.,	 2004;	 Liu,	 Bridges,	 Wortham	 and	

Kulesz-Martin,	2012).	PIAS1-mediated	SUMOylation	of	p73,	a	member	of	the	p53	

family,	 in	 turn	 targets	 the	 p73	 to	 nuclear	 matrix,	 subsequently	 repressing	 its	

transcriptional	 activity	 (Munarriz	 et	 al.,	 2004).	 Fourth,	 PIAS	 might	 sequester	

transcription	 factors	 in	 certain	 subnuclear	 structures	 that	 are	 enriched	 for	 co-
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repressor	 complexes	 (Sachdev	 et	 al.,	 2001;	 Sundvall	 et	 al.,	 2012).	 ErbB4,	 a	

member	of	the	epidermal	growth	receptor	family	of	receptor	tyrosine	kinase,	is	

implicated	 in	 the	 development	 and	 homeostasis	 of	 the	 heart,	 central	 nervous	

system,	 and	 mammary	 gland	 (Huang	 et	 al.,	 2000b).	 PIAS3	 can	 interact	 with	

intracellular	 domain	 ICD	 of	 ErbB4	 and	 PIAS3	 overexpression	 result	 in	 the	

accumulation	of	the	ErbB4	ICD	into	the	nucleus	in	a	manner	that	was	dependent	

on	 the	 functional	 nuclear	 localization	 signal	 NLS	 of	 ErbB4,	 and	 accordingly	

repressing	 the	ability	of	ErbB4	 to	 co-activate	 transcription	with	Yes-associated	

protein	(Sundvall	et	al.,	2012).		

Although	 PIAS	 are	 mainly	 known	 as	 transcriptional	 repressor,	 there	 are	 also	

cases	 when	 PIAS	 proteins	 were	 shown	 to	 positively	 regulate	 the	 activity	 of	

transcriptional	 factors.	 For	 example,	 PIAS3	 activates	 TGF-β/SMAD	

transcriptional	responses	by	interacting	with	SMAD	proteins,	or	even	general	co-

activators	 p300/CBP	 (Long	 et	 al.,	 2004).	 More	 examples	 are	 discussed	 below	

(section	1.4.2.2)	

1.4.2.2 Role	of	different	PIAS	family	members	in	specific	process	

On	 some	 occasions,	 several	 distinct	 members	 are	 found	 to	 be	 involved	 in	 the	

same	process.	 For	 example,	 it	 is	 known	 that	 PIAS1	 and	PIAS4	 are	 recruited	 to	

damage	 sites	and	promote	DSB	 repair,	which	 indicates	a	 significant	 role	 in	 the	

DNA	damage	 response	 (DDR)	pathway	 (Polo	 and	 Jackson,	 2011;	Galanty	 et	 al.,	

2009).	More	recently,	Liu	et	al	(2013a)	identified	that	PIAS3	is	also	involved		in	

DDR	 pathway,	 as	 overexpression	 of	 PIAS3	 in	 HeLa	 cells	 resulted	 in	 increased	

resistance	of	ionizing	radiation.	

Interestingly,	 numerous	 studies	 have	 showed	 that	 different	 PIAS	 family	

members	 might	 have	 different	 effects	 in	 one	 specific	 process.	 For	 example,	

pituitary	homeobox	PITX2,	a	paired-like	homeobox	 transcription	 factor,	 can	be	

regulated	by	both	PIASy	and	PIAS1	(Wang	et	al.,	2013).	However,	PIASy	interacts	

with	 the	 PITX2	 C-terminal	 tail	 via	 its	 SAP	 domain	 and	 represses	 PITX2	

transcriptional	activity	while	PIAS1,	also	interacts	with	the	PITX2	C-terminal	tail	

but	 require	 its	 RING	 domain,	 synergistically	 increases	 PITX2	 transcriptional	

activity	(Galanty	et	al.,	2009).	Another	example	is	regulation	of	SMAD	protein	by	

PIAS3	 and	 PIAS4.	 SMAD	 proteins	 play	 pivotal	 roles	 in	 mediating	 the	
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transforming	growth	factor	β	(TGF-β)	transcriptional	responses.	PIAS3	activates	

TGF-β/SMAD	 transcriptional	 responses	 by	 interacting	 with	 SMAD	 proteins,	 or	

even	 general	 co-activators	 p300/CBP.	 In	 contrast,	 PIAS4	 inhibits	 SMAD	

transcriptional	 activity	 and	 other	 transcriptional	 responses,	 and	 is	 unable	 to	

interact	 with	 p300/CBP	 (Long	 et	 al.,	 2004).	 While	 PIAS4-mediated	 NEMO	

SUMOylation	 contributes	 to	 NFκB	 activation,	 PIAS1	 and	 PIAS3	 inhibit	 NFκB	

activity	 by	 direct	 binding	 to	 the	 subunit	 of	 NF-κB	 RelA,	 C-terminal	

transactivation	domain	and	N-terminal	DNA	binding	domain,	respectively	(Liu	et	

al.,	 2005;	 Jang	 et	 al.,	 2004).	Whereas	 PIASy	 represses	 the	 activity	 of	 androgen	

receptor,	other	PIAS	proteins	(PIAS1,	PIAS3	and	PIASx)	can	increase	the	activity	

of	androgen	receptor	under	 the	 same	conditions	 (Gross	et	al.,	2001).	 Similarly,	

PIAS3	 activates,	 while	 PIASy	 represses,	 the	 transcriptional	 activity	 of	 SMAD3	

(Long	et	al.,	2004).	

1.4.3 Post-translational	modification	of	PIAS	

PIAS	protein	have	 recently	 shown	 to	be	modified	by	other	post-transcriptional	

modifications	and	exhibit	crosstalk	with	other	signaling	pathways.	

1.4.3.1 Ubiquitylation	

Human	 PIAS	 proteins	 have	 been	 shown	 undergo	 ubiquitylation.	 Necdin,	 a	

pleiotropic	 protein	 that	 promotes	 differentiation	 and	 survival	 of	 mammalian	

neurons,	 suppresses	 PIAS1	 both	 by	 inhibiting	 SUMO	 E3	 ligase	 activity	 and	

promotes	 degradation	 of	 PIAS1	 via	 the	 Ub-proteasome	 pathway	 (Gur	 et	 al.,	

2014).	High	 reactive	 oxygen	 species	 (ROS)	 induces	 oxidation	 and	Ub-mediated	

degration	 of	 PIASγ,	 disrupting	 PIASγ-IKKγ	 crosstalk,	 a	 pre-requisite	 for	 IKKγ	

SUMOylation	and	subsequent	NFκB	activation	(Mohanty	et	al.,	2014).		

Several	studies	have	demonstrated	how	Ub	ligases	regulate	PIAS	family	 ligases.	

Human	homologues	 of	 seven	 in	 absentia	 2	 (hSiah),	 a	RING-type	E3	 ligase,	was	

reported	 to	 mediate	 degradation	 of	 PIAS1	 as	 being	 a	 mechanism	 in	 the	

regulation	of	c-jun	N-terminal	kinase-activating	pathways	(Depaux	et	al.,	2007).	

In	another	example,	Trim32,	a	RING	domain	Ub	 ligase	mutated	 in	human	limb-

girdle	muscular	 dystrophy	 type	 2H	 (LGMD2H)	 (Kudryashova	 et	 al.,	 2005)	 and	

Bardet-Biedl	syndrome	(Chiang	et	al.,	2006),	interacts	with	PIASy	and	promotes	

PIASy	ubiquitylation	and	degradation	(Albor	et	al.,	2006).	Their	interaction	was	
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induced	by	treatment	with	UVB/TNFα	and	involves	redistribution	of	PIASy	from	

the	 nucleus	 to	 the	 plasma,	 where	 it	 accumulated	 in	 cytoplasmic	 granules	 that	

colocalized	 with	 Trim32.	 Besides,	 Trim32	 and	 PIASy	 were	 shown	 to	 have	

opposite	 effects	 on	 the	 transcriptional	 activity	 of	 NFκB,	 with	 Trim32	 inducing	

and	PIASy	inhibiting	NFκB	(Albor	et	al.,	2006).	

Besides	the	RING-type	ligases,	previously,	 it	was	reported	that	Siz1p	and	Siz2p,	

the	PIAS	family	homologues	 in	yeast,	are	ubiquitylated	by	a	HECT	ligase	Rsp5p	

(Novoselova	 et	 al.,	 2013).	 In	 another	 study,	 Rsp5p	 and	 its	 mammalian	

homologue	 Nedd4	 are	 reported	 being	 important	 ligases	 responsible	 for	 the	

increased	ubiquitylation	 induced	by	heat	 shock	 (Fang	 et	 al.,	 2014).	 To	 identify	

which	 proteins	 are	 ubiquitylated	 by	 Rsp5p	 upon	 heat	 stress,	 a	 proteomic	

approach	combining	triple-SILAC	(stable	isotope	labeling	with	amino	acids	in	cell	

culture)	 analysis	 with	 antibody-based	 enrichment	 of	 diGly	 peptides	 (that	

correspond	 to	 ubiquitylated	 peptides)	 was	 employed.	 Consistent	 with	

Novoselova	 et	 al.,’s	 findings,	 Siz1p	 was	 found	 among	 those	 screened	 Rsp5p-

candidate	substrates.	More	recently,	another	HECT	ligase,	a	new	protein	isoform	

encoded	by	KIAA0317,	termed	fibrosis-inducing	E3	ligase	1	(FIEL1)	was	shown	

potently	 stimulates	 the	 TGFβ	 signaling	 pathway	 through	 the	 site-specific	

ubiquitylation	of	PIAS4.	FIEL1	targets	PIAS4	using	a	double	 locking	mechanism	

that	 is	 facilitated	 by	 the	 kinases	 PKCζ	 and	 GSK3β.	 Specifically,	 PKCζ	

phosphorylation	 of	 PIAS4	 and	 GSK3β	 phosphorylation	 of	 FIEL1	 are	 both	

essential	for	the	degradation	of	PIAS4	(Lear	et	al.,	2016).		

1.4.3.2 Phosphorylation	

As	indicated	above	that	PKCζ	kinase	is	a	regulator	of	PIAS4	protein	stability,	PIAS	

proteins	are	also	kinase	targets.	For	 instance,	PIAS1	is	phosphorylated	by	IKKα	

on	 Ser90	 residue,	 which	 results	 in	 its	 localization	 to	 NFκB-bound	 promoters	

where	 it	 inhibits	 transcription	 (Liu	 et	 al.,	 2007).	 In	 another	 example,	mitogen-

activated	protein	kinase	(MAPK)-activated	protein	kinase-2,	a	proinflammatory	

kinase,	 phosphorylates	 PIAS1	 at	 the	 Ser522	 residue.	 Activation	 of	 MAPK-

activated	 protein	 kinase-2	 enhances	 p53-SUMOylation,	 but	 a	 PIAS1	

phosphorylation	 mutant,	 PIAS1-S522A,	 abolished	 this	 p53-SUMOylation,	

suggesting	 a	 critical	 role	 for	 PIAS1-S522	 phosphorylation	 in	 its	 SUMO	 ligase	
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activity	(Heo	et	al.,	2013).		Also,	as	mentioned	in	1.4.1.4,	the	SIM	of	PIAS1	harbor	

three	 phosphorylation	 sites	 (Ser466,	 Ser467,	 Ser468),	 and	 undergo	

phosphorylation	 by	 S/T	 kinase	 CK2.	 They	 further	 indicated	 that	 phospho-

dependent	 SUMO	 binding	 does	 not	 impair	 the	 ligase	 activity	 but	 affects	 the	

transcriptional	co-regulatory	potential	of	PIAS1	and	other	PIAS	family	members	

(Stehmeier	and	Muller,	2009).	

1.5 Crosstalk	between	ubiquitylation	and	SUMOylation	

With	both	Ub	and	SUMO	conjugation	systems	being	well	characterized,	there	is	a	

growing	 appreciation	 among	 scientists	 on	 the	 existence	 crosstalk	 between	

ubiquitylation	and	SUMOylation.		

1.5.1 STUbLs	

A	major	 crosstalk	 between	 the	 Ub	 and	 SUMO	 pathways	 can	 be	 defined	 by	 the	

SUMO-targeted	 ubiquitin	 ligases	 (STUbLs),	 a	 conserved	 family	 of	 proteins	

selectively	 ubiquitylate	 SUMOylated	 proteins	 and	 proteins	 that	 contain	 SUMO-

like	domains	(SLDs)	(Prudden	et	al.,	2007),	including	Slx5-Slx8	(synthetic	lethal	

of	 unknown	 function	 5/8)	 dimer	 in	 S.	 cerevisiae,	 Rfp1/Rfp2-Slx8	 (founding	

member)	 in	 Schizosaccharomyces	 pombe,	 MIP1	 in	 Dictyostelium	 discoideum,	

RNF4	and	RNF111	in	mammalian	cells	(Prudden	et	al.,	2007;	Poulsen	et	al.,	2013;	

Sun	et	al.,	2007;	Tatham	et	al.,	2008;	Uzunova	et	al.,	2007;	Sobko,	et	al.,	2002).		

STUbL-mediated	ubiquitylation	maintains	SUMOylation	pathway	homeostasis	by	

promoting	 target	 protein	 deSUMOylation	 and/or	 degradation	 (Prudden	 et	 al.,	

2007).	 In	other	words,	 although	SUMO	was	 initially	 suggested	 to	protect	 some	

proteins	 from	 ubiquitylation	 by	 shielding	 the	 conjugation	 sites,	 it	 is	 now	 clear	

that	 the	 SUMO	 conjugates	 can	 act	 as	 a	 signal	 for	 ubiquitylation.	 As	mentioned	

above	(section	1.2.4),	SUMO	paralog	selection	is	one	of	the	determinants	to	the	

fate	of	SUMOylation,	and	the	binding	surface	between	SIM	and	SUMO1	or	SUMO2	

varies	 (Hecker	 et	 al.,	 2006).	 Curiously,	 whether	 these	 STUbLs,	 which	 are	

recruited	 to	 SUMOylated/SLD	 proteins	 via	 tandem	 SIMs	within	 the	 STUbLs	N-

terminus	and	conduct	deSUMOylation/degradation,	have	similar	SUMO	paralog	

selection	mechanisms	remains	to	be	determined.	It	has	been	reported	that	RNF4,	

which	contains	four	closely	spaced	SIMs	that	mediate	SUMO	chain	binding,	show	

preference	 for	 polySUMO2/3	 chains	 (Kung	 et	 al.,	 2014;	 Tatham	 et	 al.,	 2008b).	



	 47	

SIM1,	SIM2	and	SIM3	of	RNF4,	indicated	a	significant	binding	affinity	for	SUMO2	

over	 SUMO1	 while	 SIM4	 indicated	 no	 paralog	 preference	 (Kung	 et	 al.,	 2014).	

Moreover,	 isolated	 SIM	 peptides	 of	 RNF4	 show	 SUMO-binding	 affinities	 in	

increasing	 order,	 as	 SIM2≥SIM3>>SIM1>SIM4.	 Similar	 to	RNF4,	 in	 vivo	 studies	

showed	 that	 SIMs	 of	 RNF111	 bind	 to	 poly-SUMO2	 preferentially,	 mutation	 of	

SIM1	and	SIM3	results	in	the	loss	of	its	poly-SUMO	binding	capacity	(Poulsen	et	

al.,	2013;	Sun	and	Hunter,	2012).	Recent	studies	have	also	shown	that	clustered	

SIMs	efficiently	 interacts	with	polySUMO	chains,	with	 significantly	high	affinity	

than	 an	 isolated	 SIM	 (Hecker	 et	 al.,	 2006;	 Kerscher	 and	 William,	 2007).	 And	

tandem	 repeats	 of	 high	 affinity	 SIMs	 have	 been	 engineered	 to	 capture	

SUMOylated	proteins.	More	details	will	be	described	in	Chapter	4.	

1.5.2 Crosstalk	between	ubiquitin	machinery	and	SUMO	machinery	via	substrates	

In	 general,	 Ubl	 proteins	 function	 differently	 from	 Ub,	 and	 in	 most	 cases,	

antagonize	ubiquitylation.	SUMOylation	may	act	as	antagonist	 to	ubiquitylation	

by	competing	for	the	same	lysine	of	the	target	in	some	processes.	SUMOylation	of	

IκBα	 stabilizes	 the	 protein	 by	 competing	 with	 Ub	 for	 a	 common	 lysine	 target	

(K21)	 (Desterro	 et	 al.,	 1998).	 Similarly,	 a	 pathogenic	 fragment	 of	 Huntingtin	

(Htt1p)	can	be	modified	either	by	SUMO	or	Ub	on	identical	lysine	residues.	While	

SUMOylation	 of	 Htt1p	 exacerbates	 neurodegeneration,	 ubiquitylation	 of	 Htt1p	

abrogates	it	(Steffan	et	al.,	2004).		

Although	the	antagonizing	effects	exist	due	to	competition	at	same	lysine	residue,	

not	all	“antagonizing”	effects	are	caused	by	such	direct	competition.	For	instance,	

all	three	mechanisms	of	DNA	repair	are	brought	about	by	the	modification	of	the	

same	 residue	 (Lys164)	 in	 the	 PCNA.	 Besides	 monoUb	 and	 polyUb,	 which	 is	

involved	 in	 translesion	 synthesis	 and	 Template	 switching	 mechanism,	

respectively	 (as	 mentioned	 above),	 PCNA	 Lys164	 also	 undergo	 SUMOylation,	

which	 leads	 to	 suppression	 of	 RAD52-dependent	 recombinational	 repair	

pathway	(Haracska	et	al.,	2004).	Papouli	et	al.	showed	that	the	apparent	negative	

effect	of	SUMO	on	lesion	bypass	is	not	due	to	competition	with	ubiquitylation	but	

is	 rather	 mediated	 by	 the	 helicase	 Srs2p,	 which	 affects	 genome	 stability	 by	

suppressing	 unscheduled	 homologous	 recombination	 (Papouli	 et	 al.,	 2005).	

Hence,	 it	was	 suggested	 that	 SUMO	and	Ub	 cooperatively	 control	 the	 choice	of	

pathway	for	the	processing	of	DNA	lesions	during	replication.		
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The	 opposing	 effect	 of	 SUMOylation	 and	 ubiquitylation	 is	 not	 limited	 to	

modification	 of	 the	 same	 site.	 As	 mentioned	 above,	 ubiquitylation	 and	

degradation	 of	 tumor	 suppressor	 PTEN	 by	 Nedd4.1	 plays	 an	 essential	 role	 in	

tumorigenesis	 (Wang	 et	 al.,	 2007).	 Recently,	 it	 was	 demonstrated	 that	 PTEN	

might	also	be	modified	by	SUMO	at	Lys289	(a	major	monoubiquitylation	site)	as	

well	as	Lys	266,	both	located	within	the	C2	domain	required	for	PTEN	membrane	

association	(González-Santamaría	et	al.,	2012).	PTEN-SUMO1	showed	a	reduced	

capacity	 to	 form	covalent	 interaction	with	monoUb	and	accumulation	of	PTEN-

SUMO2	conjugates	occurred	after	inhibition	of	proteasome(González-Santamaría	

et	al.,	2012)..		

1.5.3 Crosstalk	between	ubiquitin	ligases	and	SUMO	ligases	

Accumulating	 evidence	 suggests	 that	 crosstalk	 between	 Ub	 ligases	 and	 SUMO	

ligases	 is	 tightly	 interwoven.	 Examples	 of	 ubiquitylation	 of	 SUMO	 ligase,	 or	

SUMOylation	of	Ub	ligase	have	both	been	reported.		

Ub	ligases,	both	RING-type	(Trim32,	hSiah)	and	HECT-type	(Rsp5p,	FIEL1)	play	

important	 role	 in	 the	 regulation	 of	 PIAS	 family	 of	 SUMO	 ligases	 (as	 described	

above).	 SUMO	 ligase,	 other	 than	 PIAS	 proteins,	 may	 also	 be	 modified	 by	 Ub	

ligases.	Parkin,	an	RBR-type	Ub	ligase	implicated	in	autosomal	recessive	juvenile	

Parkinsonism	(Kitada,	et	al	1998),	selectively	binds	to	RanBP2,	which	is	localized	

in	the	cytoplasmic	filament	of	the	nuclear	pore	complex	and	belongs	to	SUMO	E3	

ligase	 family	 (Pichler	et	al.,	2002;	 Ji	 et	al.,	2006).	RanBP2	 is	a	 target	 for	Parkin	

and	 is	 processed	 via	 Parkin-mediated	 ubiquitylation	 and	 subsequent	

proteasomal	degradation	(Ji	et	al.,	2006).		

On	 the	 other	 hand,	many	Ub	 ligase,	 including	 Rsp5p	 (Novoselova	 et	 al.,	 2013)	

have	 been	 reported	 undergo	 SUMOylation.	 The	 breast	 cancer	 susceptibility	

protein	 1	 (BRCA1)	 participates	 in	 the	 maintenance	 of	 cells	 genomic	 integrity	

through	 DNA	 repair,	 cell	 cycle	 checkpoint,	 protein	 ubiquitylation,	 and	

transcriptional	regulation	(Hashizume	et	al.,	2001;	Atipairin	et	al.,	2011).	BRCA1	

harbors	a	RING	domain	and	acts	as	an	Ub	ligase	and	has	been	reported	undergo	

SUMOylation	 with	 the	 help	 of	 PIAS	 SUMO	 E3	 ligases,	 PIAS1	 and	 PIAS4,	

uncovering	 the	 function	 of	 SUMO	 and	 PIAS	 proteins	 at	 DSBs	 and	 their	

contribution	to	DNA	repair	(Morris	et	al.,	2009;	Galanty	et	al.,	2009).	Both	groups	

have	showed	 that	SUMO1,	SUMO2/3,	Ubc9	accumulates	at	DSBs	 in	mammalian	
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cells	in	a	PIAS1-	and	PIAS4-dependent	manner.	Morris	et	al.	showed	that	BRCA1	

co-locolizes	with	 SUMO,	 Ubc9	 and	 PIAS	 SUMO	 E3s	 at	 the	 DNA	 damage	 site	 in	

response	 to	 genotoxic	 stress.	 Moreover,	 SUMOylation	 of	 BRCA1	modulated	 by	

PIAS	 E3s	 is	 required	 for	 BRCA1	 Ub	 ligase	 activity	 in	 cells,	 and	 in	 PIAS1/4-

depleted	cells,	BRCA1	Ub	ligase	activity	was	reduced	(Morris	et	al.,	2009).	In	vitro	

SUMOylation	 studies	 also	 showed	 that	 SUMOylation	 of	 BRCA1/BARD1	

heterodimer	 greatly	 increases	 its	 ligase	 activity,	 identifying	 it	 as	 a	 SUMO-

regulated	Ub	 ligase.	Galanty	et	al.	 independently	showed	 that	PIAS1	and	PIAS4	

are	recruited	 to	 the	DSBs	by	 their	SAP	domains	and	mediate	 the	association	of	

repair	 factors	 such	 as	 tumor	 suppressor	 p53-binding	 protein	 1	 (TP53BP1),	

BRCA1	and	RNF168,	with	damage	sites	(Galanty	et	al.,	2009).	In	another	example,	

Mdm2,	 an	 RING-type	 Ub	 E3	 ligase	 for	 the	 p53	 tumor	 suppressor	 protein,	 also	

undergo	 SUMOylation	with	 the	 help	 of	 PIAS	 (PIAS1	 and	 PIASxβ,	 in	 particular)	

and	 RanBP2	 enzymes	 (Rodriguez	 et	 al.,	 1999;	 Meek	 and	 Knippschild,	 2003;	

Buschmann	 et	 al.,	 2000;	 Miyauchi	 et	 al.,	 2002).	 To	 determine	 which	 lysine	

located	within	the	RING	finger	domain	are	responsible	for	SUMOylation	of	Mdm2,	

K	 to	 R	 mutants	 were	 constructed	 and	 showed	 that	 Mdm2	 is	 conjugated	 to	

SUMO1	 at	 Lys446.	Moreover,	 similar	 to	BRCA1,	 in	vitro	 SUMOylation	 of	Mdm2	

abrogates	 its	 self-ubiquitylation	 and	 increases	 its	 Ub	 ligase	 (Buschmann	 et	 al.,	

2000).	 Later,	 Miyauchi	 et	 al.	 (2002)	 showed	 that	Mdm2	 is	 highly	 SUMOylated	

when	 mammalian	 cells	 are	 co-transfected	 with	 cDNAs	 encoding	 Mdm2	 and	

PIAS1	 or	 PIASxβ,	 suggesting	 that	 PIAS	 proteins	 are	 SUMO	 E3s	 for	 Mdm2.	

Meanwhile,	 in	 vitro	 studies	 indicated	 that	 Mdm2	 is	 SUMOylated	 not	 only	 by	

PIAS1,	PIASxβ,	but	also	by	RanBP2.	They	also	pointed	out	 that,	Lys	182,	which	

locates	in	the	NLS	of	Mdm2,	also	play	a	role	in	its	SUMO	modification	as	K182R	

mutant,	exclusively	localized	in	the	cytoplasm,	was	not	SUMOylated	in	intact	cells,	

suggesting	 that	 nuclear	 import	 is	 necessary	 for	 Mdm2	 to	 be	 SUMOylated	

(Miyauchi	et	al.,	2002).	

1.5.4 Crosstalk	between	Nedd4	and	PIAS	family		

1.5.4.1 Overlapping	fields	of	Nedd4	ligases	and	PIAS	SUMO	ligases		

As	described	 above,	 both	Nedd4	 family	 ligases	 and	PIAS	 SUMO	 ligases	 play	 an	

important	 role	 in	 a	 variety	 of	 cell	 processes	 and	 protein	 regulations.	
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Unsurprisingly,	 Nedd4	 ligases	 and	 PIAS	 SUMO	 ligases	 have	 some	 overlapping	

substrates	and	there	are	incidences	where	both	ligases	are	involved.	

Firstly,	Nedd4	and	PIAS	proteins	are	all	involved	in	DNA	repair.	UV-induced	RNA	

polymerase	RNAPII	ubiquitylation	and	degradation	are	 important	DNA	damage	

responses,	 conserved	 from	 yeast	 to	 human.	 Nedd4.1	 (as	 well	 as	 its	 yeast	

homologue	Rsp5p)	was	identified	as	an	E3	that	associates	with	and	ubiquitylates	

RNAPII	 (Anindya	 et	 al.,	 2007).	 PIAS1	 and	 PIAS4	 proteins	 are	 responsible	 for	

SUMOylation	of	BRCA1	(Morris	et	al.,	2009),	which	is	essential	for	initiating	DSB	

repair.	 Taken	 together,	 Nedd4	 and	 PIAS	 proteins	 both	 play	 a	 key	 role	 in	 DNA	

damage	response.	

Secondly,	 Nedd4	 and	 PIAS	 proteins	 share	 common	 substrates,	 such	 as	 ErbB4,	

PTEN,	SMAD	etc.	Several	Nedd4	proteins,	WWP1,	ITCH,	and	NEDL1,	are	capable	

of	ubiquitylating	ErbB4,	hence	inhibit	its	biological	activities	in	breast	cancer	(Li	

et	 al.,	 2009).	 PIAS3,	 on	 the	 other	 hand,	 promotes	 SUMOylation	 and	 nuclear	

sequestration	of	the	intracellular	domain	of	ErbB4,	repressing	its	ability	to	co-

activate	 transcription	 with	 Yes-associated	 protein	 (Sundvall	 et	 al.,	 2012).	 In	

another	 example,	 Nedd4.1	 negatively	 regulates	 PTEN	 stability	 by	 catalyzing	

PTEN	 ubiquitylation.	 Consistent	 with	 the	 tumor-suppressive	 role	 of	 PTEN,	

overexpression	 of	 Nedd4.1	 potentiated	 cellular	 transformation	 (Wang	 et	 al.,	

2007).	 WWP2	 is	 also	 an	 E3	 ligase	 for	 PTEN.	 By	 physically	 interaction	 and	

mediate	PTEN	ubiquitylation,	WWP2	controls	cellular	apoptosis	and	is	required	

for	tumorigenicity	of	cells	(Maddika	et	al.,	2011).	On	the	other	hand,	PIASxα	also	

physically	 interacts	with	 PTEN	 and	 is	 a	 SUMO	 E3	 for	 PTEN.	 PIASxα	 enhanced	

PTEN	protein	stability	by	reducing	PTEN	ubiquitylation,	whereas	the	mutation	of	

PTEN	SUMO1	conjugation	sites	neutralized	the	effect	of	PIASxα	on	PTEN	protein	

half-life	 (Wang	et	al.,	2014).	Similarly,	Nedd4	proteins,	 such	as	Smurf1,	Smurf2	

(Lin,	 Liang	 and	 Feng,	 2000;	 Xu	 et	 al.,	 2017)	WWP1	 (Komuro	 et	 al.,	 2004)	 and	

WWP2	 (Soond	 and	 Chantry,	 2011),	 are	 all	 reported	 involved	 in	 TGF-β/SMAD	

transcriptional	responses.	PIAS	proteins	such	as	PIAS1	(Yang	et	al.,	2013),	PIAS3	

(Long	 et	 al.,	 2004)	 and	 PIASy	 (Imoto	 et	 al.,	 2004)	 also	 interact	 with	 SMAD	

proteins,	activates	or	repress	TGF-β/SMAD	transcriptional	responses.	
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1.5.4.2 Crosstalk	between	Rsp5p	and	Siz1p/Siz2p	in	S.	cerevisiae	

To	date,	many	Ub	ligases	have	been	reported	undergo	SUMOylation.	While	most	

of	 ligases	 identified	 undergo	 SUMO	modification	 belong	 to	RING	 family	 ligases	

(Buschmann	 et	 al.,	 2000;	 Morris	 et	 al.,	 2009;	 Chalovich	 and	 Eisenberg,	 2005).	

Previous	 work	 has	 shown	 the	 first	 example	 of	 a	 HECT	 type	 Ub	 ligase	 that	 is	

SUMO-regulated	 (Novoselova	 et	 al.,	 2013).	 In	 S.	 cerevisiae,	 Rsp5p,	 the	 only	

member	 of	 the	 highly	 conserved	Nedd4	 family	 of	 Ub	 ligases,	 is	 SUMOylated	 in	

vivo,	 as	 determined	 by	 TAP-Rsp5p	 purification	 and	 MS/MS	 analysis	 and	

confirmed	 by	 pull-down	 assays	 under	 denaturing	 conditions.	 Moreover,	 it	 has	

been	 further	 shown	 that	Rsp5p	 SUMOylation	 is	mediated	 by	 the	 SUMO	 ligases	

Siz1p	and	Siz2p,	members	of	highly	conserved	PIAS	family	of	SUMO	ligases.	On	

the	other	hand,	Rsp5p	can	mediate	ubiquitylation	of	Siz1p	and	Siz2p.	Moreover,	

disruption	of	PY	motif	 in	Siz1p	and	Siz2p	affects	such	modification.	 In	terms	of	

the	physiological	fate	of	crosstalk	between	Rsp5p	and	Siz1p/2p	in	S.cerevisiae,	it	

has	 been	 found	 that	 SUMO	 modification	 of	 Rsp5p	 alters	 the	 ligase	 activity	 of	

Rsp5p	 and	 is	 important	 in	 controlling	 the	 Ub-mediated	 endocytosis	 of	 the	

manganese	 transporter	 Smf1p.	 	 It	 has	 also	 been	 shown	 that	 ubiquitylation	 of	

Siz1p	 in	 vivo	 does	 not	 appear	 to	 regulate	 Siz1p	 through	 a	 degradatory	

mechanism,	but	instead	affect	its	SUMO	chain	formation	ability.	

1.6 Hypotheses	and	aims	

In	 conclusion,	 there	 is	 intensive	 crosstalk	 between	 Ub	 and	 SUMO	 conjugation	

systems,	particularly	the	potential	crosstalk	between	Nedd4	family	of	Ub	ligases	

and	PIAS	family	of	SUMO	ligases.	Given	that	Nedd4	family	of	Ub	ligases	and	PIAS	

family	SUMO	ligases	are	both	highly	conserved	in	evolution,	 it	 is	worthwhile	to	

focus	on	verifying	whether	the	crosstalk	between	Nedd4	ligase	and	PIAS	SUMO	

ligase	previously	found	in	S.	cerevisiae	also	exists	in	mammalian	cells.		

The	hypotheses	of	this	project	were:	

• PIAS	 family	 members	 might	 undergo	 ubiquitylation	 mediated	 by	 Nedd4	

family	members	in	PY-dependent	manner.	

• PIAS	proteins	might	promote	SUMOylation	of	Nedd4	proteins.	
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• The	regulatory	fate	of	crosstalk	between	Nedd4	family	of	Ub	ligases	and	PIAS	

family	 of	 SUMO	 ligases	might	 include	 altering	 each	 other’s	 ligase	 activity	 in	

vivo	in	a	similar	way	as	they	do	in	S.	cerevisiae.	

The	specific	aims	of	this	project	were:	

• To	assess	whether	PIAS	 is	ubiquitylated	by	different	Nedd4	family	members	

in	vitro,	and	to	elucidate	the	importance	of	three	potential	PY	motifs	in	PIAS3	

using	in	vitro	ubiquitylation	assays.	

• To	assess	whether	Nedd4	is	SUMOylated	by	PIAS	family	members	in	vitro.	

• To	assess	whether	Nedd4	is	SUMOylated	in	vivo,	including	protein	interaction	

between	Nedd4	and	SUMO	conjugation	 systems	 (SUMO1,	 SUMO2	and	Ubc9)	

and	their	subcellular	localization.		

• To	validate	the	use	of	a	SIM-based	SUMO	trap,	and	if	possible,	use	this	tool	to	

investigate	the	potential	SUMOylation	of	Nedd4.	
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2 Materials	and	methods	

2.1 Cloning	

2.1.1 Plasmids	

For	 in	vitro	Ub	assays,	yeast	Ubc1	and	Ubc9	were	previously	cloned	into	pET15	

(Novagen),	 yeast	 Uba1	 was	 cloned	 into	 pGEX-6P2	 (Novoselova	 et	 al.,	 2013).	

Nedd4.1,	 Nedd4.2,	WWP1	 and	 Smurf2	ORFs	 (IMAGE	 clone	 8862584,	 5528964,	

5296005,	 7939721,	 respectively)	 were	 previously	 cloned	 into	 pGEX-6P2	 (GE	

Healthcare)	by	Dr.	James	Sullivan	(unpublished).	C867A,	C778A,	C627A	single	or	

triple	 mutation(s)	 and	 K357R	 single	 mutation	 were	 introduced	 into	 pGEX-

Nedd4.1	using	site-directed	mutagenesis	SDM	(see	section	2.1.10,	primers	listed	

in	Table	2.1).	 Each	 alteration	was	made	 as	 a	 single	point	mutation,	 first	 in	 the	

wild-type	 construct,	 and	 then	 on	 the	 resulting	 plasmids	 as	 necessary	 to	make	

double	and	triple	mutants.		

For	 bacterial	 expression	 of	 recombinant	 human	 PIAS3	 protein,	 two	 constructs	

were	made.	The	human	PIAS3	(IMAGE	clone	5218912)	ORF	was	either	inserted	

using	PCR	via	NcoI	and	XhoI	into	pET30a	(Novagen)	or	amplified	using	PCR	via	

XbaI	and	XhoI	into	pGEX-6P2	(Figure	7.1).	pCMV-GFP	(Figure	7.2)	that	contains	

PIAS3	 was	 previously	 cloned	 and	 named	 pGFP-PIAS3	 by	 Helen	 Valentine	

(unpublished).	Y216A	and	Y414A	single	and	double	point	mutation(s)	were	also	

introduced,	 named	 pGFP-PIAS3Y216A,	 pGFP-PIAS3Y414A	 and	 pGFP-

PIAS3Y216AY414A,	 respectively.	 The	 mutated	 ORF	 was	 amplified	 from	 pGFP-

PIAS3Y216AY414A	 using	 PCR	 via	 NcoI	 and	 XhoI,	 and	 inserted	 into	 pET30a	

(primers	 listed	in	Table	2.1).	Y126A	single	point	mutation	was	then	introduced	

using	SDM	to	make	a	bacterial	expression	construct	that	contains	triple	mutants,	

named	 pET30a-hPIAS3-ΔPY.	 pET28-MHL	 that	 contains	 human	 PIAS3-4MVT	

(103-458	amino	acids)	was	a	gift	 from	Cheryl	Arrowsmith	(Addgene	plasmid	#	

60101).	Truncated	forms	of	human	PIAS3	(103-458	amino	acids)	and	its	related	

PY	mutants	were	amplified	from	pET30a-hPIAS3	and	pET30a-hPIAS3-ΔPY	using	

PCR	via	NcoI	and	XhoI,	and	subsequently	inserted	into	pET30a	(Figure	7.3).	

For	 transfection,	 mammalian	 expression	 constructs	 based	 on	 the	 p3HA8His	

plasmid	 (Figure	 7.4)	 that	 contain	 Nedd4.1,	 Smurf1	 and	 Smurf2	 ORFs	 were	
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previously	 cloned	 by	 Giulia	 Bena’	 (unpublished).	 The	 Nedd4.2,	 WWP1	 and	

WWP2	 ORFs	 (IMAGE	 clones	 5528964,	 5296005,	 5588092,	 respectively)	 were	

amplified	using	PCR	via	AfeI	and	SalI	(primers	 listed	in	Table	2.1)	and	inserted	

into	p3HA8His.	Nedd4.1	was	 also	 inserted	 to	 pGRIP-mCherry	 vector	 by	 a	Aipo	

Diao	(unpublished),	to	generate	pGPIP-mCherryNedd4.1.	pCMV-MycSUMO1	and	

pCMV-HASUMO3	were	kindly	provided	by	Prof.	Zdeněk	Knejzlík	(Častorálová	et	

al.,	2012).	GFP	fusions	to	SUMO1,	SUMO2	were	previously	cloned	by	Giulia	Bena’	

and	Helen	Valentine	 (unpublished).	 The	Ubc9	ORF	was	 amplified	 from	pET15-

Ubc9	using	PCR	via	XbaI	and	HindIII,	and	inserted	to	the	same	GFP	vector	(Figure	

7.2,	 primers	 listed	 in	 Table	 2.1).	 pCMV	 that	 contains	 FLAG-mPIAS1(Liu	 et	 al.,	

1998),	FLAG-mPIAS3(Chung	et	al.,	1997),	FLAG-hPIASy	(Liu,	et	al	2001),	FLAG-

hPIASxα	(Arora	et	al.,	2003)	were	gifts	from	Ke	Shuai	(Addgene	plasmid	#15206,	

#15207,	#15208,	#15209).	

For	 SUMO	 trap	 affinity	 purification,	 two	 tandems	 of	 SIM1	 and	 SIM2	 were	

previously	cloned	into	pOPINJ	(Figure	7.5)	that	contain	both	His	and	GST	tag	by	

Dr.	Ruth	Rose,	named	pOPINJ-SIMs	(Figure	7.6,	unpublished).	

All	 inserts	 in	 constructs	 were	 completely	 sequenced	 (Eurofins	 Sequencing	

service)	to	ensure	the	absence	of	unwanted	mutations.	

2.1.2 Primer	design	

For	 general	 cloning,	 oligonucleotides	 were	 designed	 using	 SnapGene	 software	

version	2.3.2	(from	GSL	Biotech;	available	at	snapgene.com).		

For	site	directed	mutagenesis	 (SDM),	oligonucleotides	were	designed	using	 the	

Primer	X	online	program	to	ensure	that	the	Tm	and	GC	content	were	optimized.		



	 55	

Table	2.1	List	of	primers.		

All	primers	used	in	PCR	for	SDM	and	cloning,	including	the	name	of	the	gene	to	be	altered,	forward	and	reverse	primer	sequences	

(5’->3’)	 and	 a	 brief	 explanation	 the	 residue(s)	 to	 be	 altered	 are	 shown.	 Single	 letter	 abbreviations	 are	 used	 for	 amino	 acid	

sequence	changes.		
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2.1.3 Polymerase	Chain	Reaction	(PCR)	

For	 all	 PCR	 reactions	 a	 PeqStar	 96	 thermocycler	 (Peqlab)	 was	 used.	 Primers	

were	 supplied	 as	 lyophilized	 powder	 and	 reconstituted	 using	 an	 appropriate	

volume	of	 sterile	distilled	H2O	 to	a	 stock	concentration	of	100	μM.	For	general	

cloning,	 Phusion	 Master	 Mix	 (NEB)	 was	 used.	 The	 Phusion	 Master	 Mix	 was	

provided	 at	 2x	 concentration,	 and	 25	 µl	 was	 used	 in	 a	 reaction	 mixture	

containing	 approximately	 10	 ng	 plasmid	DNA,	 2	 µl	 each	 Forward	 and	Reverse	

primer	(both	at	20	μM	working	concentration),	and	sterile	distilled	H2O	to	make	

up	the	volume	to	50	µl.	The	initial	PCR	conditions	were	an	initial	incubation	of	2	

min	at	98	°C,	followed	by	30-35	cycles	of	10	sec	at	98	°C,	1	min	at	55-65	°C	and	

20	sec/kb	at	72	°C,	and	a	final	extension	of	10	min	at	72	°C.		

2.1.4 Agarose	gel	electrophoresis	

An	appropriate	quantity	of	Agarose	(Web	Scientific)	to	give	the	appropriate	final	

percentage	of	agarose	was	completely	dissolved	in	TAE	buffer	(see	appendix	7.2)	

by	 microwaving	 for	 2-3	 min.	 After	 the	 liquid	 agarose	 had	 cooled	 down	

sufficiently	at	room	temperature,	ethidium	bromide	(Sigma	Aldrich)	was	added	

to	 a	 final	 concentration	 of	 0.5	 μg/ml	 and	 the	 mixture	 was	 then	 poured	 into	

Submarine	 Horizontal	 electrophoresis	 unit	 (Hoefer),	 with	 combs	 inserted	 to	

form	wells.	Once	the	agarose	gel	was	set,	combs	were	removed	and	the	unit	was	

placed	in	the	gel	device	that	was	filled	with	TAE	buffer.	Samples	were	pre-mixed	

with	6x	DNA	sample	buffer	(NEB)	and	were	run	at	120	V	for	20-60	min	alongside	

a	2-log	0.1-10	kb	reference	ladder	(NEB).	Gels	were	then	visualized	using	the	G:	

BOX	gel	imaging	system	with	Gene	Snap	software	(Syngene).	

2.1.5 Gel	extraction	

Once	the	band	of	the	right	size	was	observed	by	gel	imaging	system,	the	gel	slice	

that	contains	the	DNA	fragment	was	removed	using	a	scalpel	blade	on	a	standard	

UV	 transilluminator	 (UVP).	 The	 DNA	 was	 then	 purified	 from	 the	 agarose	 gel	

using	 a	 commercial	 kit	 according	 to	 manufacturer’s	 protocol	

(Bioneer/Fermentas).	 Briefly,	 the	 gel	 slice	 was	 dissolved	 with	 500	 µl	 DNA	

binding	 buffer	 (see	 appendix	 7.2)	 by	 heating	 to	 60	 °C	 on	 a	 hot	 block	 (Thermo	

Fisher),	and	 then	applied	 to	 the	column	supplied	with	 the	kit.	The	column	was	

then	centrifuged	at	12000	rpm	for	1	min.	The	 flow	through	was	discarded	and	
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700	µl	wash	buffer	containing	80%	v/v	ethanol	with	20	mM	sodium	chloride	and	

2	mM	Tris-HCl	pH	7.5	was	added	and	the	column	was	centrifuged	again	at	12000	

rpm	for	1	min.	Again	the	flow	through	was	discarded	and	the	column	was	dried	

by	 centrifugation	 at	 13000	 rpm	 for	 2	 min.	 Finally,	 the	 DNA	 was	 eluted	 by	

incubation	 with	 50µl	 autoclaved	 sterilized	 H2O,	 followed	 by	 centrifugation	 at	

14000	 rpm	 for	 1	 min.	 Concentration	 of	 the	 eluate	 was	 then	 measured	 using	

spectrphotometery	 with	 a	 Nano	 Vue	 (GE	 Healthcare)	 or	 Nano	 Drop	 (Thermo	

Fisher).		

2.1.6 DNA	digestion		

Digestions	were	performed	using	an	appropriate	buffer	based	on	manufacturer’s	

recommendations.	 For	 example,	 p3HA8His	 vector	 and	 Nedd4.2	 PCR	 product	

were	 first	 digested	 with	 AfeI	 and	 SalI	 before	 ligation.	 A	 mixture	 of	 500	 ng	

plasmid	or	the	whole	PCR	products	(extracted	as	described	in	Section	2.1.5),	0.5	

µl	(10	u/µl)	AfeI	(NEB),	0.5	µl	(10	u/µl)	SalI	(Thermo	Fisher),	buffer	O	(Thermo	

Fisher),	with	sterile	distilled	H2O	to	make	up	the	volume	to	20	µl,	was	incubated	

at	37	°C	for	1-2	h.		

2.1.7 Ligation	and	transformation	

Once	the	amount	of	both	insert	and	vector	was	determined	using	Nano	drop,	an	

initial	ratio	of	insert	and	vector	at	3:1	was	used	in	the	ligation	reaction	with	T4	

ligase	or	Instant	stick	enzyme	(NEB).		For	T4	ligase,	10	µl	reaction	that	composed	

of	2	µl	10x	T4	DNA	ligase	buffer,	vector	and	insert	(molar	ratio	of	1:3)	and	1	µl	

(20	u/µl)	T4	ligase	were	incubated	at	4	°C	overnight	before	transformation;	for	

Instant	stick	enzyme,	a	mixture	of	5	µl	2x	Instant	stick	enzyme,	5	µl	vector	and	

insert	 (molar	 ratio	 of	 1:3)	 were	 directly	 undergoes	 transformation.	 For	

transformation,	the	DNA	was	added	to	the	competent	cells	DH5α	(made	in	house,	

as	described	below)	and	mixed	by	gently	swirl.	The	mixture	was	incubated	on	ice	

for	30	min	and	heat	shock	at	42	°C	for	45	sec,	and	then	incubated	another	3	min	

on	ice	before	adding	900	µl	2x	YT	media	(Melford,	31	g	media	powder	dissolved	

in	1	l,	autoclaved	before	use).	The	reactions	was	then	incubated	with	shaking	at	

37	°C	for	1	h.	Meanwhile,	200	ml	autoclaved	2x	YT	media	which	contain	3	g	agar	

(Melford)	 was	 microwaved	 for	 3-5	 min,	 after	 cooling	 down	 sufficiently,	 but	

before	 the	agar	 is	about	 to	 set,	 adequate	 type	and	amount	of	antibiotics	 (stock	
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solution	 of	 ampicillin,	 kanamycin	 and	 chloramphenicol	 (Melford)	 were	 100	

mg/ml,	50	mg/ml	and	50	mg/ml,	 respectively;	diluted	1:1000	when	 in	use),	as	

required,	were	added	into	the	liquid	agar	media,	which	was	then	poured	into	a	

100	mm	petri	dish	(Star	lab).	The	plates	were	cooled	down	at	room	temperature	

and	were	ready-to-use	once	they	were	set	completely	(Extra	plates	were	stored	

in	4	°C).	Finally,	the	cells	were	centrifuged	at	4000	rpm	for	2	min.	The	pellet	was	

then	 resuspended	 and	 spread	 to	 agar	 plate	 that	 contains	 the	 appropriate	

antibiotic	 using	 a	 sterile	 spreader.	 The	 plate	 was	 then	 incubated	 overnight	 at	

37	°C.	

2.1.8 Production	of	competent	cells	

Before	 transformation,	 competent	 bacteria	 cells	 such	 as	 DH5α,	 BL21-Condon	

plus,	BL21-Gold	or	Rosetta	(Novagen)	were	purchased	and	maintained	in	house.	

Frozen	 bacterial	 glycerol	 stock	 of	 DH5α	was	 streaked	 onto	 a	 2x	 YT	 agar	 plate	

without	antibiotic	selection;	stock	of	BL21-Codon	plus	or	Rosetta	was	streaked	

onto	2x	YT	agar	plate	that	contains	50	μg/ml	chloramphenicol,	as	these	strains	

contain	 chloramphenicol	 resistant	plasmids	 that	 contain	 tRNAs	 for	 rarely	used	

condons	 in	 E.coli.	 Single	 colonies	 were	 inoculated	 into	 5	 ml	 2x	 YT	media	 and	

grow	overnight	at	37	°C.	And	then	the	culture	was	scaled	up	via	seeding	1ml	of	

the	5	ml	culture	into	100	ml	2x	YT	media.	After	anther	2	h	incubation,	the	flask	

was	 placed	 on	 ice	 for	 15	min	 to	 cool	 down	 the	 cells.	 The	 cell	 pellet	 was	 then	

collected	by	centrifugation	at	5000	rpm	for	5	min	at	4	°C	and	resuspended	gently	

in	 50	 ml	 ice	 cold	 Transformation	 buffer	 I	 (TfbI,	 see	 appendix	 7.2)	 using	 cold	

pipettes.	 The	 cells	 were	 incubated	 on	 ice	 for	 another	 15	 min	 before	

centrifugation	 at	 5000	 rpm	 for	 10	 min	 at	 4	 °C.	 The	 cell	 pellet	 was	 then	

resuspended	 in	 4	ml	TfbII	 (see	 appendix	 7.2).	 Finally,	 the	 cells	were	 aliquoted	

into	pre-cooled	Eppendorf	tubes	(200	µl	each)	and	flash	frozen	in	liquid	nitrogen	

before	stored	at	-80	°C.	

2.1.9 Positive	clone	selection	

After	 incubation	overnight	at	37	°C,	10-15	colonies	were	picked	from	the	plate,	

seeded	to	5	ml	2x	YT	media	that	contain	appropriate	antibiotics,	and	incubated	

for	another	8-10	h	before	subjected	to	plasmid	extraction	(section	2.1.11.1).	The	

plasmids	were	then	subject	to	either	DNA	digestion	or	PCR	screening.	For	DNA	
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digestion	(as	described	in	2.1.6),	positive	plasmids	once	digested	and	subjected	

to	DNA	electrophoresis,	two	bands	would	be	observed,	with	one	as	the	backbone	

plasmid	vector,	another	one	as	the	insert	fragment.	For	PCR	screening,	One	Taq	

polymerase	 (NEB)	was	 used	 to	 confirm	 the	 presence	 of	 the	 insert	 fragment.	 A	

mixture	of	5	µl	5x	One	Taq	Standard	buffer,	0.5	µl	10	mM	dNTPs,	0.5	µl	Forward	

primer	 and	 Reverse	 primer	 each,	 0.125	 µl	 One	 Taq	 DNA	 polymerase	 and	 1	 µl	

plasmid,	with	sterilized	H2O	made	up	to	25	µl,	were	prepared	before	running	on	

PeqStar	96	thermocycler.	The	PCR	conditions	were	an	initial	incubation	of	95	°C,	

followed	by	30-35	cycles	of	1	min	at	95	°C,	1	min	at	54-55	°C	and	20	sec/kb	at	

72	 °C,	 and	 a	 final	 extension	 of	 5	 min	 at	 72	 °C.	 The	 PCR	 product	 was	 then	

subjected	 to	 DNA	 electrophoresis	 and	 visualized	 with	 the	 imaging	 system,	

positive	plasmid	would	reveal	a	band	same	size	as	the	insert	fragment.	

2.1.10 Site-directed	Mutagenesis	(SDM)	

For	SDM,	KOD	Hot	Start	Polymerase	(Millipore)	was	used.	A	mixture	of	20	pg	of	

DNA	template,	5	µl	10x	buffer	for	KOD	Hot	start	DNA	polymerase,	3	µl	MgSO4,	5	

µl	dNTPs,	1.5	µl	Forward	and	Reverse	primers	each,	1	µl	(1u/µl)	KOD	Hot	Start	

Polymerase,	 with	 H2O	 make	 up	 to	 50	 µl,	 was	 prepared	 and	 ran	 on	 the	

thermocycler.	 The	 KOD	 PCR	 conditions	 were	 an	 initial	 incubation	 of	 2	min	 at	

95	 °C,	 followed	 by	 18-20	 cycles	 of	 1	 min	 at	 95	 °C,	 1	 min	 at	 54-55	 °C	 and	 20	

sec/kb	 at	 70	 °C,	 and	 a	 final	 extension	 of	 5	 min	 at	 70	 °C.	 Once	 the	 PCR	 was	

complete,	 1	 µl	 DpnI	 (10	 u/ul)	 digestion	 enzyme	 was	 added	 to	 destroy	 the	

methylated	 parent	 plamids	 and	 incubated	 at	 37	 °C	 for	 at	 least	 4	 h.	 The	 PCR	

product	 was	 then	 clean-up	 using	 the	 DNA	 extraction	 Kit.	 Procedures	 were	

described	 as	 above	 (section	 2.1.5),	 except	 that	 the	 first	 step	 is	 omitted,	 PCR	

product	was	mixed	with	binding	buffer	directly	 instead	of	melting	 the	gel	 slice	

and	heat	on	55	°C.	Finally,	the	whole	elutant	was	transformed	to	competent	cells	

(as	 described	 in	 section	 2.1.7).	 3	 Colonies	 were	 picked	 and	 plasmids	 were	

extracted	 (as	 described	 in	 section	 2.1.11.1).	 The	 mutation	 was	 confirmed	 by	

complete	sequencing	(Eurofins	Sequencing	service).	For	pGEX-Nedd4.1	mutants,	

prime	pGEX-rev	was	used,	which	was	sufficient	to	cover	all	the	point	mutations.	

For	pET30-PIASY126A,	T7	primer	was	used.		
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2.1.11 Plasmid	production	

2.1.11.1 Small-scale	plasmid	preparation	

Small-scale	 plasmid	 DNA	 extraction	 (“Minipreps”)	 was	 performed	 using	 a	

commercial	kit	(Thermo	Fisher).	According	to	the	manual	instructions,	bacteria	

containing	 the	 positive	 plasmid	 were	 seeded	 to	 5	 ml	 2x	 YT	 media	 with	

appropriate	 antibiotic	 selection.	 12	 h	 later,	 cells	 were	 harvested	 by	

centrifugation	 at	 12000	 rpm	 for	 1h	 and	 the	 cell	 pellet	 was	 resuspended	

thoroughly	with	250	µl	buffer	1,	lysed	gently	with	250	µl	buffer	2	by	inversion	4-

6	times,	and	then	neutralized	with	350	µl	buffer	3.	The	mixture	was	centrifuged	

at	 12000	 rpm	 for	 10	 min.	 The	 supernatant	 was	 then	 applied	 to	 the	 column	

provided.	 After	 the	DNA	was	 bound	 to	 the	 column	 by	 centrifugation	 at	 12000	

rpm	for	1	min,	 the	column	was	then	washed	with	washing	buffer	 that	contains	

70%	 ethanol	 by	 centrifugation	 at	 12000	 rpm	 for	 1	 min	 and	 another	

centrifugation	of	the	column	after	discarding	the	flow	through	at	13000	rpm	for	

2	min.	Typically,	30	µl	of	sterilized	deionized	H2O	was	used	to	elute	the	plasmids.	

DNA	 Concentration	was	measured	 using	 a	 Nano	 Vue	 (GE	Healthcare)	 or	 Nano	

Drop	(Thermo	Fisher).	Typical	yield	was	100	ng/µl.	

2.1.11.2 Large-scale	plasmid	preparation	

For	 experiments	 such	 as	 transfection,	 where	 large	 amount	 of	 plasmids	 are	

required,	 Midi-prep	 kits	 (Qiagen)	 were	 used.	 	 5	 ml	 of	 E.coli	 that	 carries	 the	

positive	plasmid	was	seed	to	100	ml	of	2x	YT	media	with	appropriate	antibiotic	

selection	 and	 incubated	 overnight	 at	 37	 °C.	 The	 cell	 pellet	 was	 harvested	 by	

centrifugation	 at	 4000	 rpm	 for	10	min	 at	 4	 °C.	 The	pellet	was	 either	 stored	 in								

-20	 °C	 or	 subject	 to	 immediate	 preparation.	 Briefly,	 the	 pellet	was	 thoroughly	

resuspended	in	4	ml	buffer	P1	(RNase	included),	lysed	with	4	ml	buffer	P2	along	

with	vigorous	reversion	for	4-6	times,	incubated	for	5	min	at	room	temperature,	

and	followed	by	neutralization	with	4	ml	buffer	P3	along	with	gentle	reversion	

for	 4-6	 min.	 The	 white	 precipitation	 was	 then	 separated	 by	 centrifugation	 at	

4000	rpm	for	30	min,	at	4	°C.	Meanwhile,	the	column	was	equilibrated	with	4	ml	

buffer	QBT.	After	centrifuge,	 the	pellet	was	discarded	and	 the	supernatant	was	

applied	to	the	pre-equilibrated	column.	The	column	was	then	washed	twice	with	

10	ml	wash	buffer	QC	and	eluted	with	5	ml	elution	buffer	QF.	The	elutant	was	
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then	mixed	with	 3.5	ml	 isopropanol	 and	 centrifuged	 at	 4000	 rpm	 for	 2	 h.	 The	

supernatant	was	discarded	and	the	pellet	was	washed	with	2	ml	70%	ethanol	by	

centrifugation	 at	 4000	 rpm	 for	 1	 h.	 After	 5-10	 min	 incubation	 at	 room	

temperature,	the	pellet	was	dried	and	resuspended	with	250	µl	sterile	H2O.		The	

concentration	 of	 each	 sample	was	determined	by	Nano	Drop	 (Thermo	Fisher).	

Finally,	 the	DNA	was	 diluted	 accordingly	 to	 a	 final	 concentration	 of	 500	 ng/µl	

and	stored	at	the	-20	°C.	

2.2 Recombinant	protein	purification	

2.2.1 Small-scale	

Plasmids	 bearing	 the	 gene	 of	 interest	 were	 transformed	 to	 either	 BL21-

CodonPlus	or	Rosetta	strains.	A	single	colony	was	picked	and	grown	in	5	ml	2x	

YT	 media	 with	 appropriate	 antibiotic	 selection	 (50	 μg/ml	 chloramphenicol	 to	

select	for	the	codon	plus	plasmid,	100	μg/ml	ampicillin	or	50	μg/ml	kanamycin	

for	the	transformed	plasmid),	500	µl	of	which	was	then	seeded	to	another	11	ml	

2x	 YT	 media	 and	 grown	 with	 shaking	 at	 37	 °C	 for	 2	 h.	 1	 ml	 bacteria	 were	

harvested	as	“pre-induction”	sample.	The	remaining	10	ml	culture	was	induced	

using	1	mM	IPTG	and	incubated	with	shaking	at	30	°C	for	another	4	h.	1	ml	was	

harvested	 as	 “induced”	 sample	 while	 the	 rest	 were	 sonicated	 using	 a	 Sonics	

Vibra-Cell	VCX130	at	65%	amplitude	for	1.5	min	(30	sec	on,	30	sec	off)	to	disrupt	

cell	 membrane	 and	 centrifuged	 to	 separate	 the	 supernatant	 (soluble	 fraction)	

and	 the	 pellet	 (insoluble	 fraction).	 For	 the	 pre-induction	 and	 induced	 sample,	

TCA	precipitation	was	carried	out	to	extract	all	 the	proteins	(see	section	2.5.3).	

All	 the	 fractions	were	 then	mixed	with	 2x	 SDS	 sample	 buffer	 and	 subjected	 to	

SDS-PAGE	(see	section	2.4.1)	to	confirm	the	protein	expression.	

2.2.2 Large-scale	

5	ml	bacteria	culture	expressing	the	constructs	of	interest,	was	seeded	to	100	ml	

2x	YT	broth	(“pre-culture”)	with	appropriate	antibiotics	and	incubated	for	4	h	at	

37	°C	with	shaking	at	200	rpm.	Pre-culture	was	 then	seed	 into	2	 l	2x	YT	broth	

and	 incubated	 for	 another	 2-3	 h	 until	 the	 OD	 reaches	 0.8	 (measured	 by	

spectrophotometer,	 as	 described	 above).	 Protein	 expression	was	 induced	with	

appropriate	 amount	 of	 IPTG	 and	 incubated	 overnight	 with	 shaking	 at	

appropriate	temperature.	The	condition	for	all	the	protein	purified	in	my	study	is	
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showed	in	Table	2.2.	Generally,	for	proteins	that	appears	soluble	(eg.	SUMO	trap,	

GST-Nedd4.1	etc),	0.5	mM-1	mM	IPTG	and	a	relatively	high	temperature	25	°C-

37	°C	was	used	to	achieve	higher	expression;	for	proteins	that	tends	to	aggregate	

and	 remain	mostly	 insoluble	 (eg.	Human	PIAS3),	0.1	mM	 IPTG	and	a	 relatively	

low	temperature	16	°C-20	°C	was	used	to	prevent	protein	aggregation.	The	cells	

were	harvested	by	centrifugation	at	5000	rpm	for	10	min	and	resuspended	in	50	

ml	 lysis	buffer,	the	composition	of	which	varied	according	to	the	affinity	tag	on	

the	 protein	 as	 described	 below.	 The	 resuspended	 cells	 were	 lysed	 either	 by	

homogenization	 using	 an	 EmulsiFlex-C2	 (Avestin)	 at	 15000k	 Pa	 or	 Vibra-Cell	

VCX130	at	70%	amplitude	 (3	 sec	on,	5	 sec	off),	 and	 the	 cell	debris	pelleted	by	

centrifugation	at	17000	rpm	for	20	min.		

2.2.2.1 Native	protein	purification	

If	 the	 protein	 is	 mostly	 or	 partially	 soluble,	 the	 pellet	 was	 discarded	 and	 an	

appropriate	binding	resin	was	added	to	the	cleared	lysate.	

For	 His-tagged	 protein	 purification,	 the	 His	 lysis	 buffer	 (see	 appendix	 7.2)	

contained	10	mM	imidazole	to	minimize	non-specific	protein	binding.		For	1	l	of	

bacteria	 culture,	500	µl	His	Select	Ni-NTA	 (Sigma	Aldrich)	was	used.	The	 resin	

was	equilibrated	with	 lysis	buffer	prior	 to	use,	with	one	centrifugation	at	2000	

rpm	 for	1	min	 to	 remove	 the	 storage	buffer	 and	 another	 two	 centrifugation	 at	

2000	 rpm	 for	1	min	washing	with	 lysis	buffer.	Washed	 resin	was	 resuspended	

with	the	same	volume	of	lysis	buffer	to	make	a	50%	slurry,	this	slurry	was	then	

added	into	the	cleared	lysate	and	incubated	at	4	°C	for	2	h	on	a	rotator	(Scientific	

Laboratory	 Supplies).	 The	 bound	 resin	 was	 then	 applied	 to	 an	 empty	 PD-10	

column	(GE	healthcare)	and	washed	with	approximately	100	ml	His	wash	buffer.		

The	protein	was	finally	eluted	with	His	elution	buffer	(see	appendix	7.2).	Before	

and	 during	 elution,	 Bradford	 assay	 was	 used	 to	 monitor	 the	 protein	

concentration.	Briefly,	Bradford	reagent	(Bio-Rad)	was	diluted	1:4	before	use.	5	

µl	of	 the	wash	or	elution	buffer	 is	mixed	with	20	µl	of	 the	diluted	reagent	as	a	

negative	 control.	Meanwhile,	5	µl	 of	 the	wash	or	 elution	 fraction	was	mixed	 in	

the	 same	 way,	 and	 the	 protein	 concentration	 was	 then	 roughly	 estimated	 by	

comparing	the	color	with	negative	control.			 	
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Table	2.2	List	of	protein	purification	conditions.		

Concentration	of	IPTG,	induction	temperature	and	duration	time	(overnight,	O/N,	

16-18	h)	of	all	the	proteins	purified	in	the	study	is	showed.	 	
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For	 GST	 fusion	 protein	 purification,	 the	 GST	 lysis	 buffer	 (see	 appendix	 7.2)	

contained	1	mM	DTT	to	enhance	GST	binding.	The	cell	lysate	was	incubated	with	

GST-Sepharose	 (GE	 Healthcare,	 pre-equilibrated	 with	 GST	 lysis	 buffer	 in	 the	

same	way	as	with	His	Select	Ni-NTA)	and	the	resin	was	washed	with	GST	Wash	

buffer	and	eluted	with	GST	elution	buffer	(see	appendix	7.2)	in	the	same	manner	

as	described	previously.		

2.2.2.2 Denaturing	protein	purification	

If	 the	 protein	 was	 mostly	 in	 the	 insoluble	 fraction	 (PIAS3,	 for	 instance),	 a	

denaturing-refold	 strategy	 was	 employed.	 After	 initial	 sonication	 and	

centrifugation,	 the	 pellet	 was	 resuspended	 in	 denaturing	 His	 lysis	 buffer	 (see	

appendix	 7.2),	 with	 stirring	 until	 the	 solution	 is	 clear.	 The	 mixture	 was	 then	

separated	 by	 centrifugation	 at	 17000	 rpm	 for	 15	 min.	 The	 supernatant	 was	

collected	and	incubated	with	His	Select	Ni-NTA,	which	was	pre-equilibrated	with	

denaturing	 His	 lysis	 buffer,	 for	 1	 h	 with	 rotation	 at	 room	 temperature.	 The	

mixture	was	 then	 applied	 to	 an	 empty	 PD-10	 column,	 and	wash	with	 gradient	

urea	wash	buffer	(8	M,	6	M,	5	M,	4	M,	3.5	M,	3	M,	2.5	M,	2	M,	1.5	M,	1	M,	0	M)	to	

refold	protein	on	the	column.	Finally,	protein	was	eluted	with	His	elution	buffer.	

2.2.2.3 Buffer	exchange	and	protein	concentration	

Purified	 proteins	 were	 subject	 to	 buffer	 exchange	 using	 a	 PD-10	 desalting	

column	(GE	Healthcare)	according	to	the	manufacturer’s	protocol.	First,	storage	

buffer	 (see	 appendix	 7.2)	 was	 discarded	 by	 gravity.	 The	 column	 was	 then	

equilibrated	with	 5-column	 volume	 of	 storage	 buffer.	 A	maximum	 1	ml	 of	 the	

Elution	 fraction	was	 then	applied	 to	 the	column.	For	sample	volumes	 less	 than	

1ml,	equilibration	buffer	was	added	to	adjust	the	volume	to	1	ml	after	the	sample	

had	entered	the	packed	bed	completely.	The	flow-through	was	discarded.	Finally,	

the	column	was	eluted	with	1.2	ml	storage	buffer	(see	appendix	7.2).	

If	the	elution	fractions	are	more	than	5	ml,	the	buffer	exchange	was	achieved	by	

using	 a	 protein	 concentrator	 (Vivaspin).	 For	 maximum	 recovery,	 a	 MWCO	 at	

least	 50%	 smaller	 than	 the	molecular	 size	 of	 the	 target	 protein	 was	 used.	 All	

elution	 fractions	 were	 combined	 and	 transferred	 to	 the	 concentrator	 and	

centrifuged	 at	 4000	 rpm	until	 the	 volume	 down	 to	~0.2	ml.	 The	 flow	 through	

was	 discarded	 and	 20	 ml	 storage	 buffer	 was	 added	 to	 the	 concentrator	 and	
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mixed	with	remaining	concentrated	protein.	And	the	concentrator	is	centrifuged	

again	at	4000	rpm	until	the	volume	down	to	~0.2	ml.	This	step	was	repeated	one	

more	time	to	fulfill	better	effect	of	buffer	exchange.	

The	protein	 concentration	was	 roughly	 estimated	by	measuring	Absorbance	 at	

λ280	nm.	The	protein	was	then	aliquoted	to	20	µl	each	tube	and	flash	frozen	with	

liquid	nitrogen	before	store	in	-80	°C.	

2.3 Recombinant	protein	analyses	

2.3.1 In	vitro	ubiquitylation	assays	

Recombinant	proteins	(Ub	E1	Uba1,	E2	Ubc1,	E3	Nedd4	family	members)	were	

purified	 using	 the	 method	 in	 section	 2.2.2	 and	 were	 roughly	 quantified	 by	

measuring	the	Absorbance	at	280	nm.	The	purified	proteins	to	be	assayed	were	

first	detected	with	western	blot,	 followed	by	 infrared	red	 IR-detection	 (section	

2.4.3),	and	 the	relative	proteins	were	calculated	using	relative	 intensity	values.	

The	 loading	 volumes	 were	 equalized	 and	 adjusted;	 an	 appropriate	 volume	 of	

each	protein	was	then	added	to	a	mixture	containing	(final	concentrations)	5	mM	

Tris	 pH	7.4,	 0.01	M	MgCl2	(Melford),	 0.01	M	ATP	 (Melford),	 along	with	 100	ng	

recombinant	yeast	Uba1,	100	ng	recombinant	yeast	Ubc1	(cloned	&	produced	in	

house)	and	1	µg	methylated	human	Ub	or	epitope	tagged	Ub	(Boston	Biochem).	

100-500	µg	 recombinant	human	Nedd4.1	or	other	Nedd4	 family	members	was	

added	to	 initiate	 the	reaction	and	samples	were	 incubated	at	30	°C	 for	90	min.	

For	 autoubiquitylation	 assays	 where	 the	 E3	 enzyme	 is	 also	 the	 substrate,	 a	

negative	 control	 consisting	of	 all	 the	above	with	no	Ub	was	 incubated	and	 run	

alongside.	For	ubiquitylation	assays	where	the	activity	of	 the	E3	on	a	substrate	

was	being	assessed,	the	negative	control	instead	lacked	the	E3.	The	reaction	was	

stopped	by	adding	equal	volume	of	SDS	sample	buffer	and	heated	at	95	°C	for	5	

min.	The	samples	were	analyzed	by	running	on	an	appropriate	percentage	SDS-

PAGE	gel	and	Western	blotting.	

2.3.2 In	vitro	SUMOylation	assays	

As	 with	 the	 ubiquitylation	 assays,	 the	 recombinant	 E3	 protein	 was	

approximately	 equalized	 by	 running	 an	 SDS-PAGE	 gel	with	 series	 dilution	 and	

scanned	 with	 Odyssey	 detection	 to	 assess	 the	 relative	 protein	 levels.	 The	 E3,	

acting	as	either	 ligase	or	substrate,	was	added	 to	a	 reaction	volume	containing	
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(final	concentrations)	50	mM	Tris	pH	7.4,	0.01	M	MgCl2	and	0.01	M	ATP,	along	

with	 150	 ng	 E1	 conjugating	 enzyme	 SE1,	 1	 μg	 E2	 activating	 enzyme	Ubc9	 (or	

limited	amount	of	Ubc9,	as	specified	in	different	experiments)	and	1	µg	Smt3p	or	

methylated	Smt3p	or	SUMO1	(Viva	Bioscience).	The	reaction	volume	was	made	

up	to	30	µl	with	deionized	H2O	and	the	E3	added	last	to	initiate	the	reaction.	The	

mixture	was	 incubated	 at	 30	 °C	 for	 1.5	 h,	 stopped	 by	 the	 addition	 of	 an	 equal	

volume	of	SDS	sample	buffer,	and	then	run	on	a	10	%	SDS-PAGE	gel	alongside	a	

negative	control	containing	the	reaction	mixture	with	no	SUMO	present,	followed	

by	a	western	blot	(section	2.4.2).	

Smt3p	was	 chemically	methylated	 by	 incubation	 of	 the	 Smt3p	with	 20	 µl	 1	M	

DMAB	and	40	µl	1	M	formaldehyde	for	2	h	with	shaking	at	100	rpm	at	4	°C	in	the	

dark.	A	further	20	µl	1	M	DMAB	and	40	µl	1	M	formaldehyde	was	added	to	the	

reaction	and	incubated	for	another	2	h	at	the	same	condition.	Additional	10	µl	1	

M	DMAB	was	added	and	incubated	overnight,	followed	by	buffer	exchange,	and	

stored	in	the	storage	buffer	(Hershko	and	Heller,	1985).		

2.4 Protein	analysis	

2.4.1 Protein	separation	and	visualization	

Proteins	were	separated	by	size	using	sodium	dodecyl	sulfate	polyacrylamide	gel	

electrophoresis	 (SDS-PAGE).	 Briefly,	 7.5%	 SDS-PAGE	 gel	 was	 used	 for	 protein	

larger	 than	100	kDa	(eg.	GST-Nedd4,	GST-Uba1),	10%	gel	was	used	 for	protein	

up	 to	 100	 kDa	 (eg.	 His-S-PIAS3,	 SUMO	 trap),	 12%	 gel	 was	 used	 for	 protein	

smaller	 than	30	kDa	(eg.	Ubc9,	Ubc1).	SDS-PAGE	gels	consist	of	 two	 layers.	For	

the	 separating	 layer,	 resolving	 buffer	 (see	 appendix	 7.2)	was	mixed	with	 10%	

APS,	 TEMED	 and	 30%	 bis-Acrylamide	 (Melford).	 4.5	 ml	 of	 the	 mixture	 was	

poured	 into	 glass	 cassette	 sealed	 in	 the	 use	 of	 the	 OmniPAGE	 mini	 vertical	

electrophoresis	 system	 (Cleaver	 Scientific),	 and	 a	 layer	 of	 water	 was	 gently	

added	 to	 the	 top	without	 disrupting	 the	 surface	 in	 between.	 After	 10-15	min,	

when	 the	 separating	 layer	was	set,	 the	water	on	 the	 top	was	discarded	 for	 the	

coming	top	layer.	For	the	resolving	layer,	stacking	buffer	(see	appendix	7.2)	was	

mixed	with	APS,	TEMED	and	bis-Acrylamide,	as	required.	Approximately	2.5	ml	

of	this	mixture	was	used	to	refill	the	cassette,	and	10-well	or	12-well	comb	was	

inserted.	Once	 this	 layer	was	 set,	 the	 comb	was	 removed	and	 the	 cassette	was	
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placed	 in	a	 running	 tank	 filled	with	reservoir	buffer	 (see	appendix	7.2).	All	 the	

samples	were	mixed	with	2x	SDS	sample	buffer	and	heated	at	95	°C	for	5-10	min.	

For	non-reducing	gels	sample	buffer	lacking	β-mercaptoethanol	was	used.	After	

all	the	samples	were	added	to	the	wells	by	pipetting,	the	SDS-PAGE	gel	was	ran	

at	120	V	for	30	min,	and	then	150	V	until	the	loading	dye	reach	the	bottom.	Once	

this	was	done,	the	gel	was	taken	out	from	the	cassette	and	visualized	using	either	

coomassie	 brilliant	 blue	 (VWR)	 or	 instant	 blue	 (Expedeon).	 For	 coomassie	

staining,	 gels	 were	 first	 soaked	 in	 staining	 buffer	 (see	 appendix	 7.2)	 while	

shaking	for	at	least	one	hour,	excess	stain	was	then	eluted	with	destaining	buffer	

(see	 appendix	 7.2).	 More	 efficient	 destaining	 was	 obtained	 by	 replacing	

destaining	buffer	with	fresh	buffer	every	30	min	and	adding	cubes	of	foam	(soaks	

up	 stains).	 For	 instant	 blue	 staining,	 the	 gel	 was	 submersed	 in	 instant	 blue	

solution	and	protein	bands	were	visible	within	5	min.		

2.4.2 Western	blotting	

Proteins	 of	 different	 sizes	 were	 separated	 by	 SDS-PAGE	 and	 transferred	 to	 a	

7.5x8	cm2	piece	of	 low	background	fluorescence	Immobilon-F	PVDF	membrane	

(Millipore)	 using	 a	 200x200	 mm2	 semi-dry	 blotting	 system	 (Jencons),	 PVDF	

membrane	 was	 activated	 in	 100%	 v/v	 methanol	 for	 5	 min	 before	 use.	 A	

“sandwich”	in	an	order	of	filter	paper	(Whatman)--PVDF	membrane--PAGE	gel--

filter	paper	was	equilibrated	 in	 the	 transfer	buffer	 (see	appendix	7.2).	 For	one	

membrane,	 transfer	 was	 carried	 out	 under	 constant	 160	 mA	 for	 2	 h,	 for	 two	

membranes,	transfer	was	extended	to	160	mA	for	2.5	h.	Once	the	transfer	is	done,	

the	 PVDF	 membrane	 was	 blocked	 in	 blocking	 buffer	 (5%	 w/v	 milk	 power	

dissolved	 in	 TBS	 buffer	 (see	 appendix	 7.2)	 with	 shaking	 for	 1	 h.	 Specific	

antibodies	 (see	 Table	 2.3)	were	 then	 diluted	 in	 TBS	 buffer	 and	 the	membrane	

was	 incubated	with	 shaking	 at	 room	 temperature	 overnight.	Membranes	were	

washed	 three	 times	 for	 5	 min	 with	 TBS	 buffer.	 Finally,	 the	 membrane	 was	

incubated	 with	 shaking	 for	 another	 1	 h	 in	 the	 buffer	 that	 contains	 secondary	

antibody	 (IRDye,	 LI-COR)	 (1:10000	 diluted	 in	 TBS	 buffer).	 Similarly,	 excess	

second	 antibodies	 were	 washed	 away	 three	 times	 for	 5	 min	 with	 TBS	 buffer.		

Membrane	was	then	visualized	using	Odyssey.	 	
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Table	2.3	List	of	antibodies.	

Epitope	 recognition	 sites,	 clonality,	 suppliers,	 species	 and	 working	

concentrations	 of	 all	 primary	 antibodies	 used	 for	 detection	 of	 proteins	 via	

western	blotting	are	shown.	

	



	 69	

2.4.3 Infrared	red	detection	

When	 infrared	 fluorescence,	 IRDye	 secondary	 antibodies	 was	 used,	 Odyssey	

infrared	 scanning	 system	 was	 used	 to	 detect	 western	 blots.	 Goat	 anti	 rabbit	

IRDye	680	LT	was	detected	in	the	700	nm	(red)	channel,	while	goat	anti	mouse	

IRDye	 800	 CW	 was	 detected	 in	 the	 800	 nm	 (green)	 channel.	 The	 blot	 was	

scanned	 at	 84	 µm	 resolution	 and	 the	 Image-studio	 Lite	 software	 was	 used	 to	

image	 the	blots	 and	obtain	 relative	 quantification	data	 by	using	 the	 integrated	

intensity	 calculation	 function.	 Image	 Studio	 Lite	 was	 used	 for	 limited	 image	

manipulation	such	as	brightness	adjustments.		

2.5 Mammalian	cell	culture	and	transfections	

2.5.1 Cell	culture	

2.5.1.1 Maintenance	and	passage	

HeLa	 cervical	 cancer	 cells	 (ATCC)	 and	 Human	 Embryonic	 Kidney	 293	 cells	

(HEK293,	 provided	 by	 Professor	 Kenneth	 J.	 Linton,	 Blizard	 Institute,	 QMUL)	

were	maintained	 in	modified	 Eagle	media	 (MEM,	 Thermo	Fisher)	 containing	 2	

mM	 glutamine,	 1%	 v/v	 penicillin-streptomycin	 and	 10%	 fetal	 bovine	 serum	

(FBS).	Cells	were	passaged	every	2-3	days.	The	growth	media	was	removed	and	

monolayer	 washed	 with	 10	 ml	 phosphate	 buffered	 saline	 (PBS,	 Fisher)	 then	

incubated	 with	 UV-inactivated	 trypsin	 containing	 EDTA	 (Fisher,	 3	 ml	 trypsin	

solution	when	using	T75	flask,	1	ml	trypsin	for	T25	flask)	in	the	incubator	for	5	

min.	Excess	trypsin	solution	was	then	removed.	Detached	cells	were	collected	by	

pipetting	with	fresh	medium.	According	to	the	cell	density,	appropriate	amount	

of	cells	were	seeded	to	a	new	T75	flask	or	6-well	plates,	as	required.	

2.5.1.2 Freezing	and	thawing	cells	

Low	passage	cells	were	frozen	regularly	so	that	we	always	have	a	stock	to	come	

back	to.	Cells	were	80-100%	confluent	and	healthy	growing	before	freezing.	First	

the	 cells	 were	 completely	 detached	 from	 the	 flask	 by	 incubating	 with	 3	 ml	

trypsin.	An	equal	volume	of	complete	media	was	added	to	deactivate	the	trypsin.	

The	whole	mixture	was	then	transferred	to	a	15	ml	Falcon	tube	and	centrifuged	

at	 1000	 rpm	 for	 5	 min	 to	 pellet	 the	 cells.	 The	 supernatant	 was	 discarded	 by	

gently	pipetting	without	disrupting	 the	cell	pellet.	5	ml	of	 complete	media	 that	
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contains	10%	DMSO	was	used	to	gently	resuspend	the	cells.	The	suspended	cells	

were	 then	 aliquoted	 into	 2	ml	Nalgene	 cryotubes	 (Star	 lab)	 and	 slowly	 frozen	

overnight	 using	 Mr.	 Frosty	 Cryo	 Freezing	 container	 (Nalgene)	 filled	 with	

isopropanol.	 Once	 the	 cells	were	 frozen,	 the	 aliquots	were	 then	 transferred	 to	

liquid	nitrogen	storage.	

Frozen	stocks	of	cells	were	defrosted	quickly	in	a	37	°C	incubator	or	in	a	water	

bath,	and	the	pipetted	directly	into	a	large	volume	of	growth	media.	

2.5.2 Transfection	

Cells	 were	 passaged	 the	 day	 before	 and	 seeded	 to	 a	 24-well	 or	 6-well	 plate	

(Thermo	 Fisher).	 Once	 the	 cells	 grow	 to	 75%-80%	 confluency,	 FuGene	 HD	

transfection	 regent	 (Promega),	was	 used	 for	mammalian	 cell	 transfection.	 The	

cell	media	was	discarded	and	the	attached	cells	were	washed	with	PBS.	And	the	

PBS	was	replaced	with	1	ml	complete	media	by	gently	pipetting.	For	initial	trial,	

FuGene	HD	and	plasmids	were	added	directly	to	the	media	and	mixed	gently	by	

gentle	rocking	at	an	initial	of	3:1.	With	24-well	plates,	3	µl	FuGene	HD	and	1μg	

plasmids	was	used;	with	6-well	plates,	6	µl	FuGene	HD	and	2	μg	plasmids	were	

used.	The	ratio	was	then	adjusted	in	order	to	get	optimal	expression	according	to	

the	expression	level	detected	by	western	blotting	(as	described	in	section	2.4.2).	

The	mixture	was	 incubated	at	37	 °C	 for	48	h,	 allowing	 the	 cells	 to	 express	 the	

protein	of	interest.	Extra	complete	media	was	added	to	ensure	enough	nutrients.	

Cells	 were	 either	 treated	 with	 MG132	 (Sigma	 Aldrich),	 NEM	 (Melford)	 or	

harvested	directly,	as	required.	

2.5.3 TCA	precipitation	

24-48	 hours	 after	 transfection,	 the	 cells	 were	 washed	 with	 ice	 cold	 PBS,	 and	

scraped	and	lysed	with	cell	 lysis	buffer	(see	appendix	7.2).	The	lysate	was	then	

incubated	on	 ice	 for	10	min	before	30%	Trichloroacetic	acid	 (TCA)	was	added.	

The	mixture	was	 then	 vortexed	 and	 incubated	 on	 ice	 for	 another	 30	min.	 The	

precipitated	 protein	 was	 then	 pelleted	 by	 centrifugation	 at	 12000	 rpm	 for	 10	

min.	The	supernatant	was	discarded	and	the	protein	pellet	neutralized	with	20	µl	

1	M	Tris	before	resuspension	in	80	µl	2x	SDS	sample	buffer.		
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2.6 Protein	interaction	assay	

2.6.1 Immunoprecipitation	kit	

Dynabeads	 (Novex)	 were	 completely	 suspended	 by	 pipetting	 or	 rotating	 on	 a	

roller	 for	 5	min.	 For	 each	 sample,	 50	µl	Dynabeads	were	 transferred	 to	 a	 new	

tube	 and	 placed	 on	 magnet.	 Storage	 buffer	 was	 removed	 and	 Dynabeads	 was	

resuspended	in	200	µl	Binding	&	Washing	buffer	(supplied	in	the	Kit)	containing	

antibody	of	choice.		The	amount	of	antibodies	was	used	according	to	the	manual.		

The	 mixture	 was	 incubated	 with	 rotation	 at	 room	 temperature	 for	 1	 h.	 The	

Dynabeads-antibody	complex	was	washed	twice	with	200	µl	Binding	&	Washing	

buffer.	 The	 cell	 lysate	 (antigen	 containing	 sample)	 was	 then	 applied	 to	 the	

Dynabeads-antibody	Complex	and	incubated	with	rotation	for	another	hour.	The	

Dynabeads-antibody-antigen	complex	was	 then	 transferred	 to	a	clean	 tube	and	

washed	twice	with	200	µl	Washing	buffer.	Finally,	the	antigen-antibody	complex	

was	eluted	with	either	SDS	sample	buffer	or	0.1	M	glycine	pH	3.0.	

2.6.2 Denaturing	pull-down	assay	

Transfected	cells	were	harvested	after	48	h	incubation.	Briefly,	each	of	the	pull-

down	 samples	 consisted	 of	 3	wells	 of	 a	 6-well	 plate;	 the	 cells	 from	 all	 3	wells	

were	scraped	and	collected	in	1	ml	PBS,	centrifuged	at	5000	rpm	for	5	min	and	

resuspended	in	0.5	ml	PBS.	10%	of	the	cell	suspension	was	taken	as	input	sample,	

which	 then	 subjected	 to	 TCA	 precipitation,	 as	 described	 above.	 The	 remaining	

cells	were	lysed	by	the	addition	of	a	total	of	0.5	ml	denaturing	lysis	buffer	(DLB,	

see	 appendix	 7.2)	 added	 freshly	 before	 use.	 	 The	 lysate	was	 sonicated	 at	 15%	

amplitude	 for	15	sec	 (3	sec	on,	5	sec	off)	and	centrifuged	at	13000	rpm	for	15	

min	at	4	°C.	Meanwhile,	100	µl	His	Select	resin	(Sigma	Aldrich)	was	washed	twice	

with	 PBS	 and	 twice	 with	 DLB.	 To	 minimize	 the	 background	 binding,	 the	

equivalent	 resin	was	 blocked	 by	 incubation	with	 10%	 v/v	 FBS	 (depending	 on	

different	experiment	requirements).	Blocked	resin	was	then	washed	twice	with	

DLB	and	diluted	with	DLB	to	form	50%	v/v	resin	slurry.	50	µl	resin	was	added	to	

the	 cleared	 lysate	 and	 incubated	 at	 room	 temperature	with	 rotation	 for	 2-4	 h.	

The	bound	resin	was	pelleted	by	centrifugation	at	1000	rpm	for	1	min	and	the	

buffer	 removed.	 The	pellet	was	washed	 four	 times	 in	 1	ml	DLB,	 and	 then	 four	

times	in	urea	wash	buffer	1	(see	appendix	7.2)	and	twice	in	urea	wash	buffer	2	
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(see	appendix	7.2).	After	the	final	wash,	the	sample	was	centrifuged	at	4000	rpm	

and	the	supernatant	discarded.	50	µl	SDS	sample	buffer	was	added	directly	to	the	

resin	 and	 eluted	 at	 room	 temperature	 (pull-down	 sample).	 All	 samples	 were	

heated	at	95	°C	for	10	min	before	loading.	

2.7 Cell	imaging	

2.7.1 Fixing	and	mounting	

Cells	were	 seeded	 into	6-well	 plate,	 each	well	was	pre-equipped	with	 a	 single,	

circular	16	mm	diameter,	1	mm	sterile	coverslip	(Scientific	Laboratory	Supplies),	

grown	and	transfected	as	described	above	(see	section	2.5.2).	48	h	later,	growth	

media	was	 removed	 and	 the	 cells	were	washed	 twice	with	 cold	 PBS.	 The	 cells	

were	fixed	on	the	coverslip	by	immersion	in	4%	w/v	PFA	(Sigma	Aldrich)	in	PBS	

at	pH	7.0	for	20	min,	and	washed	three	times	in	PBS.	The	fixed,	washed	cells	on	

the	 coverslip	 were	 mounted	 on	 a	 microscope	 slide	 using	 3	 µl	 Fluor	 mount-G	

(Southern	 Biotechnology	 Associates)	 and	 sealed	 with	 nail	 varnish,	 then	 if	

necessary,	stored	at	4	°C	in	a	low	light	environment	until	imaging.	

2.7.2 FRET	and	confocal	microscopy	

Confocal	 microscopy	 was	 used	 to	 directly	 visualize	 fluorescently	 labelled	

proteins	 images	 were	 captured	 and	 processed	 using	 a	 Leica	 TCS	 SP5	 type	

DMI6000	microscope	with	Leica	LAS	AF	software.	The	pinhole	was	set	to	95	µm	

diameter	 and	 the	 objective	 used	was	 a	 63x	 oil	 immersion	 lens	with	 Immersol	

microscopy	 immersion	 oil	 (Zeiss).	 Green	 channel	 fluorophores	 were	 excited	

using	an	argon	laser	at	25%	power,	at	488	nm	and	emission	was	collected	across	

the	region	500-570	nm.	Red	channel	fluorophores	were	excited	at	561	nm	using	

a	 HeNe	 laser	 and	 emission	 was	 collected	 across	 the	 region	 570-630	 nm.	 For	

fluorescence	 resonance	 electron	 transfer	 (FRET)	 analysis,	 red	 channel	

fluorophores	were	photobleached	at	561	nm	for	20	sec.	Non-overlap	of	the	green	

and	red	emission	spectra	was	confirmed	by	calibrating	 the	spectral	 range	with	

single-channel	 images	 before	 gathering	 FRET	 data.	 Images	 before	 and	 after	

photobleaching	 were	 captured	 in	 2048x2048	 pixel	 format	 at	 200	 Hz,	 and	

subjected	to	two	line	averages	and	two	frame	averages.	These	images	were	saved	

in	TIFF	format	and	subsequently	adjusted	using	Image	Studio	Lite	to	convert	to	

monochrome	as	necessary	and	ensure	that	images	were	directly	comparable.		 	
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3 Result	I:	Ubiquitylation	of	PIAS3	

3.1 Introduction	

3.1.1 Ubiquitylation	of	PIAS	SUMO	ligases	

PIAS	proteins	have	been	reported	undergo	ubiquitylation	and	regulation	by	both	

RING-	 and	 HECT-type	 ligases,	 as	 discussed	 in	 the	 introduction	 chapter	 (see	

section	 1.4.3.1).	 For	 instance,	 the	 RING	 ligase	 Trim32	 (Albor	 et	 al.,	 2006)	 and	

HECT	 ligase	 FIEL1	 (Lear	 et	 al.,	 2016)	 target	 PIASy	 for	 ubiquitylation	 and	

degradation;	the	RING	ligase	hSiah	mediates	PIAS1	ubiquitylation	(Depaux	et	al.,	

2007);	 the	 heterodimer	 Slx5/Slx8	 STUbL	 interacts	 with	 Siz1p	 in	 yeast,	 and	

mediate	 its	 degradation	 (Westerbeck	 et	 al.,	 2014)	 and	 constitutive	

photomorphogenic	 COP-1	 polyubiquitylates	 the	Arabidopsis	 PIAS	 family	 SUMO	

ligase	AtSiz1	(Kim	et	al.,	2016).	

Previous	work	 in	our	 lab	has	shown	that,	 in	vitro,	 Siz1p	and	Siz2p,	PIAS	 family	

SUMO	ligases	in	yeast,	can	modify	Rsp5p,	homologue	of	the	human	Nedd4	family	

of	 Ub	 ligases,	 with	 detectable	 levels	 of	 Siz1p	 interaction	 with	 Rsp5p	 being	

observable	in	IP	studies	in	vivo	(Novoselova	et	al.,	2013).	In	a	recently	published	

paper,	 Fang	 et	 al.	 (2014)	 tried	 to	 identify	which	 proteins	 are	 ubiquitylated	 by	

Rsp5p	 upon	 heat	 shock,	 and	 used	 a	 proteomic	 approach	 that	 combines	 triple-

SILAC	 (Stable	 Isotope	 Labeling	with	 amino	 acids	 in	 cell	 culture)	 analysis	 with	

antibody-based	enrichment	of	diGly	peptides	 (that	correspond	 to	ubiquitylated	

peptides).	 Interestingly,	 Siz1p	 was	 among	 all	 those	 screened	 Rsp5p	 candidate	

substrates	 and	 showed	 high	 ratio	 of	 being	 affected	 by	 the	 absence	 of	 Rsp5p	

activity	and	influenced	by	heat	shock,	further	substantiating	the	observations	of	

Novoselova	et	al	(2013).	

3.1.2 WW	domains	and	PY	motifs	

Novoselova	et	al.	(2013)	identified	3	putative	PY	motifs	in	Siz1p	and	5	in	Siz2p.	It	

was	shown	that	mutation	of	all	putative	PY	motifs	had	no	effect	on	the	 level	of	

autoSUMOylation.	 However,	 SUMO	 modification	 of	 recombinant	 Rsp5p	 was	

significantly	attenuated,	in	particular	that	mediated	Siz2p,	when	PY	motifs	were	
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Figure	 3.1	 A,	 Schematic	 diagram	 of	 PIAS3	 shows	 conserved	 domains	 and	 position	 of	 putative	 PY	 motifs.	 Position	 of	 PIAS3	
truncation	 (PIAS3-4MVT)	 is	 indicated	below.	B,	Alignment	of	 human	PIAS	 family	of	 SUMO	 ligases	using	Clustal	Omega.	Three	
putative	 PY	 motifs	 (LPFY126,	 V/LPGY216,	 and	 PPGY414,	 numbering	 according	 to	 PIAS3)	 is	 highlighted	 in	 red.	 Fully	 conserved	
residues	are	shown	with	asterisk,	similar	residues	are	shown	with	colon	or	period.	 	
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absent,	indicating	that	Siz1p	and	Siz2p	are	capable	of	facilitating	the	modification	

of	 Rsp5p	 in	 a	 PY	 motif-dependent	 manner.	 Moreover,	 protein	 sequence	

alignment	of	PIAS	family	of	SUMO	ligases	showed	that	similar	PY	motifs	exist	in	

human	PIAS	proteins	(Figure	3.1).	PIAS1	and	PIASx	proteins	bear	 two	putative	

motifs	(LPFY126	and	LPGY216)	that	are	located	in	the	PINIT	motif,	PIAS3	contains	

an	extra	canonical	PY	motif	PPGY414	 in	 the	RING	domain,	while	PIASy	only	has	

one	single	putative	PY	motif	VPGY216	(amino	acids	numbering	corresponds	to	the	

sequence	of	PIAS3).	Based	on	the	fact	that	human	PIAS	family	members	contain	

1-3	 highly	 conserved	 putative	 PY	 motifs	 compared	 with	 Siz1p	 and	 Siz2p,	 I	

speculated	that	the	same	dependence	on	PY	motifs	was	adopted	in	mammalian	

species	for	the	interaction	between	Nedd4	and	PIAS	ligases.	

3.1.3 Non-PY	motif	interactions	

As	mentioned	previously	(section	1.3.1.2),	WW	domains	of	Nedd4	family	ligases	

might	 also	 recognize	 its	 substrate	 via	 non-PY	motif	 interactions.	 Non-PY	motif	

containing	 sequences	 SS	 and	VLxxxPSR,	 in	 CXCR4	 and	 FGFR1	 respectively,	 are	

responsible	for	ligase-substrate	recognition.	In	addition,	other	domains	of	Nedd4	

ligases	 have	 also	 been	 reported	 to	 play	 a	 role	 in	 substrate	 recognition.	 In	 S.	

cerevisiae,	 Rsp5p	 plays	 the	major	 role	 in	 targeting	 a	 number	 of	multivesicular	

bodies	MVB	 cargoes,	 including	 Carboxypeptidase	 S	 Cps1p,	 into	MVB-mediated	

lysosomal	 degradation.	 Although	 the	 PY-containing	 adaptor	 protein	 Bsd2p	 has	

been	 shown	 to	 promote	 Cps1p	 ubiquitylation	 by	 Rsp5p	 (Hettema	 et	 al.,	 2004;	

Sullivan	 et	 al.,	 2007),	 a	 direct	 interaction	 between	 Cps1p	 and	 Rsp5p	 has	 also	

been	demonstrated	(Lee	et	al.,	2009).	Cps1p	contains	MVB	targeting	information	

within	the	amino	acid	sequence	“PVEKAPR”,	which	does	not	possess	a	PY	motif	

capable	 of	WW	domain	 interaction.	 This	 sequence,	 however,	 showed	 ability	 to	

directly	 interact	with	 the	 HECT	 domain	 of	 Rsp5p.	Moreover,	 Lee	 et	 al.	 (2009)	

showed	that	such	interaction	can	be	enhanced	by	Bsd2p	to	regulate	modification	

in	vivo,	 and	hence,	 raised	a	model	wherein	 ligase-substrate	 interactions	 can	be	

subject	 to	 multiple	 levels	 of	 modulation	 to	 achieve	 appropriate	 levels	 of	

substrate	ubiquitylation.	
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3.1.4 Aims	of	this	study	

This	 study	 aims	 to	 find	whether	Nedd4	 family	 of	Ub	 ligases	 can	promote	PIAS	

ubiquitylation,	 and	whether	 such	modification	 occurs	 in	 a	 PY	motif-dependent	

manner.	

• To	optimize	the	purification	of	a	functional	PIAS3	protein	

• To	confirm	the	effects	of	Nedd4	proteins	on	PIAS3	

• To	investigate	the	ubiquitylation	status	of	PIAS3	PY	mutants	

• To	investigate	the	subcellular	localization	of	Nedd4.1	and	PIAS3	

3.2 Results	

3.2.1 Recombinant	PIAS	protein	purification		

3.2.1.1 Purification	of	full	length	PIAS3		

In	order	 to	 study	whether	PIAS3	proteins	 can	be	ubiquitylated	 in	vitro,	 human	

PIAS3	 was	 produced	 using	 prokaryotic	 expression	 system.	 Plasmid	 DNA	

encoding	His	and	S	tagged	PIAS3	was	transformed	and	expressed	in	BL-21	Codon	

Plus.	Unsurprisingly,	PIAS3,	a	large	multi-domain	protein,	was	present	mostly	in	

the	 inclusion	 bodies.	 Consequently,	 purification	 under	 denaturing	 condition	

followed	 by	 refolding	 (denature-refold)	 strategy	 was	 employed.	 Interestingly,	

the	 PIAS3	 protein	 that	 purified	 under	 native	 and	 denatured-refold	 conditions	

migrated	 differently,	 as	 determined	 by	 western	 blotting	 with	 anti	 S	 tag	

antibodies	(	

).	 The	 natively	 purified	 PIAS3	 proteins	 have	 a	minor	 band	 at	 70	 kDa,	 and	 two	

major	bands	at	62	kDa,	while	the	denature-refold	PIAS3	proteins	only	show	one	

band	at	approx.	70	kDa,	as	expected.		

Although	a	small	yield	of	PIAS3	proteins	was	obtained,	it	was	still	sufficient	to	be	

used	as	a	substrate	for	the	in	vitro	assays.	However,	it	showed	little	SUMOylation	

activity	 (Figure	 3.6A).	 To	 better	 investigate	 the	 PIAS3	ubiquitylation	 in	vitro,	 a	

solution	that	can	optimize	the	yield	of	enzymatically	activity	PIAS3	protein	was	

therefore	required.	

Often,	if	the	protein	expression	of	the	His	tagged	protein	in	E.coli	is	insoluble,	one	

or	 more	 of	 the	 following	 strategies	 can	 be	 employed:	 altering	 culture	 growth	
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conditions,	 use	 of	 different	 promoters,	 coexpressing	 chaperones,	 changing	 cell	

lines,	 or	 switching	 to	 a	 different	 affinity	 tag	 (Sørensen	 and	 Mortensen,	 2005;	
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Figure	3.2	Outcomes	of	different	purification	strategies	for	recombinant	PIAS3.	

His	and	S	tagged	PIAS3	recombinant	was	purified	under	either	native	condition	

(left	panel)	or	denaturing-refold	conditions	(right	panel).	Purified	proteins	were	

separated	 by	 SDS-PAGE	 and	 detected	 by	 western	 blotting	 using	 anti	 S	 tag	

antibodies,	 followed	 by	 IR-labelled	 anti	mouse	 antibody	 and	 imaged	 using	 the	

Odyssey	 IR	 laser	 scanning	 system.	 Asterisk	 indicates	 expected	 position	 of	 full	

length	 PIAS3;	 arrowhead	 indicates	 major	 form	 of	 truncated	 or	 SDS	 resistant	

PIAS3	 	
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Berrow	 et	 al.,	 2006;	 Vernet	 et	 al.,	 2011;	 Pacheco	 et	 al.,	 2012).	 Indeed,	 several	

studies	 have	 shown	 successfully	 purified	 GST	 tagged	 PIAS	 proteins	 using	

bacterial	 expression	 system	 (Chung	 et	 al.,	 1997;	 Kotaja	 and	 Aittomäki,	 2000;	

Sachdev	et	al.,	2001;	Nishida	and	Yasuda,	2002;	Man	et	al.,	2006;	Castillo-Lluva	et	

al.,	 2010).	 Therefore,	 we	 cloned	 PIAS3	 proteins	 to	 pGEX-6P2.	 However,	 under	

our	experimental	conditions,	GST	tag	did	not	improve	the	solubility	of	PIAS3,	as	

most	protein	remains	the	pellet	following	lysis	(Figure	3.3).	

3.2.1.2 Purification	of	PIAS3-4MVT	

Since	 it	 proved	 difficult	 to	 purify	 full	 length	 of	 PIAS3	 under	 our	 experimental	

conditions	by	switching	to	different	tag	usage,	I	next	sought	to	purify	partial	or	

truncated	 PIAS3	 proteins.	 As	 a	 crystal	 structure	 of	 PIAS3	 (PDB:	 4MVT),	

containing	amino	acids	103-458	and	includes	catalytic	RING	domain,	was	solved	

by	Hu	et	al.	(2013),	I	decided	to	purify	this	PIAS3	fragment,	named	PIAS3-4MVT,	

using	pET30a	constructs	that	contain	a	His	and	a	S	tag.	Unsurprisingly,	without	

the	C-terminal	S/T	rich	domain	and	unstructured	domain,	most	of	 the	proteins	

present	in	soluble	fractions	(Figure	3.4).		

3.2.2 PIAS3	mutagenesis	

3.2.2.1 Molecular	modeling	of	4MVT-ΔPY	

As	 indicated	 above,	 in	 vitro	 Siz1p	 and	 Siz2p	 are	 capable	 of	 facilitating	 the	

modification	 of	 Rsp5p	 in	 a	 PY	motif-dependent	manner,	 while	 PIAS3	 also	 has	

three	 such	 conserved	 PY	 motifs	 (LPFY126,	 LPGY216	 and	 PPGY414).	 Our	 lab	

previously	 have	 introduced	 Y126A	 and	 Y216A	 single	 and	 double	 mutants	 to	

pET30a,	 and	 thus	 constructed	 plasmids	 that	 encode	 PIAS3-126A,	 PIAS3-216A	

and	PIAS3-126A216A	mutants.	To	 further	make	PIAS3-414A	single	mutant	and	

PIAS3-ΔPY	 triple	mutant,	 I	 introduced	Y414A	 to	 both	 the	 original	 plasmid	 and	

the	 plasmid	 that	 encodes	 PIAS3-126A216A,	 using	 a	 site-directed	 mutagenesis	

strategy.	All	 PIAS3	mutants	were	 sequenced	and	no	unrelated	point	mutations	

were	found.	

With	 two	 of	 the	 putative	 PY	motif	 (LPFY126	 and	 LPGY216)	 locates	 in	 the	 PINIT	

domain,	 and	 the	 third	 PY	motif	 PPGY414	locates	 within	 RING	 domain,	 it	 seems	

that	these	PY	motifs,	on	the	basis	of	crystal	structure	(PDB	ID:	4MVT),	are	close	
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Figure	3.3	SDS-PAGE	gel	of	protein	purification	of	full	length	PIAS3	using	pGEX-

HA-PIAS3	construct.	

pGEX-HA-PIAS3	 construct	 was	 transformed	 to	 BL21-Gold.	 The	 proteins	 were	

purified	using	standard	GST	pull-down.	Fractions	during	the	protein	purification	

steps	(pre-induction,	pellet,	supernatant,	flow	through	and	elution	fractions	1-3)	

were	 subjected	 to	 SDS-PAGE	 gel	 and	 visualized	 with	 Coomassie	 staining.	 The	

expect	size	of	GST	and	HA	tagged	PIAS3	is	100	kDa.		 	
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Figure	3.4	SDS-PAGE	gel	of	protein	purification	of	PIAS3-4MVT.	

pET30a-PIAS3-4MVT	 construct	 was	 transformed	 to	 BL21-Gold.	 The	 proteins	

were	 purified	 using	 standard	 His	 pull-down.	 Fractions	 during	 the	 protein	

purification	steps	(pellet,	supernatant,	and	elution	fractions	1-3)	were	subjected	

to	SDS-PAGE	gel	and	visualized	with	Coomassie	staining.	The	expect	size	of	His	

and	S	tagged	PIAS3-4MVT	is	48	kDa.		 	
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Figure	 3.5	Ribbon	 representation	 of	 predicted	PIAS3	PY	mutants	 based	 on	 the	

structure	of	PIAS3-4MVT	(PDB	ID:	4MVT).	

Structures	of	 three	 single	mutants	PIAS3,	 three	double	mutants,	 and	one	 triple	

mutant	 were	 predicted	 using	 an	 online	 template-based	 protein	 structure-

modeling	tool	Raptor-X	prediction	program.	Wild-type	PIAS3-4MVT	was	shown	

in	 grey,	 and	 PY	 motifs	 highlighted	 in	 purple,	 tyrosine	 highlighted	 in	 red.		

Structure	of	all	mutants	was	aligned	to	the	wild-type	PIAS3-4MVT	to	emphasize	

the	structure	changes	predicted	by	Raptor-X,	using	pyMol.	
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to	 the	 interaction	 interface	 between	 PINIT	motif	 and	 RING	motif	 (Figure	 3.5).	

Structure	of	altered	forms	of	recombinant	PIAS3	in	which	the	putative	PY	motif(s)	

of	PIAS3	had	been	inactivated	by	replacing	the	conserved	tyrosine	with	alanine	

were	generated	using	an	online	template-based	protein	structure	modeling	tool	

Raptor-X	 prediction	 program	 (Källberg	 et	 al.,	 2012).	 The	 prediction	 results	

showed	that	all	three	point	mutation	caused	no	significant	changes	in	the	overall	

structural	 features	 (Figure	 3.5).	 However,	 it	 revealed	 noticeable	 changes	 of	 C-

terminal	ends	extending	towards	opposite	direction.	

3.2.2.2 SUMOylation	activity	of	PIAS3-4MVT	and	its	PY	mutants	

Containing	 the	 SP-RING	 domain	 of	 PIAS3,	 the	 fragment	 PIAS3-4MVT	 could	 in	

theory	 retain	 its	 SUMO	 ligase	 activity.	 To	 validate	 the	 SUMOylation	 activity	 of	

PIAS3-4MVT	 in	 vitro,	 I	 purified	 recombinant	 proteins	 His-S-Smt3p,	 His-

Aos1/Uba2,	 and	 His-Ubc9	 from	 E.	 coli	 (BL21-condon	 plus)	 extracts	 and	

performed	in	vitro	SUMOylation	assays.	Multiple	PIAS3-4MVT-Smt3p	conjugates	

were	observed	only	when	Smt3p	was	present	(Figure	3.6B).	 It	should	be	noted	

that	 SUMO	 ligase	 activity	 of	 by	 PIAS3-4MVT-ΔPY,	 as	 indicated	 by	 its	

autoSUMOylation	level,	was	not	attenuated,	suggesting	that	all	 three	mutations,	

including	 PPGY414	 mutation,	 which	 locates	 in	 RING	 domain,	 did	 not	 affect	 its	

SUMOylation	 activity.	 This	 is	 in	 consistence	 with	 what	 was	 observed	 with	 PY	

mutants	of	Siz1p	and	Siz2p.	

3.2.3 Ubiquitylation	assays	on	full	length	PIAS3	

3.2.3.1 Ubiquitylation	assays	using	Nedd4.1	on	PIAS3-FL	

While	 addressing	 the	 purification	 issue	 of	 PIAS3	 proteins,	 I	 tested	 whether	

Nedd4.1	can	promote	ubiquitylation	of	full	length	PIAS3	(PIAS3-FL)	in	vitro.	It	is	

noted	that	at	this	stage,	PIAS3	proteins	were	purified	under	native	condition,	and	

unmodified	PIAS3	show	as	two	bands	(around	70	kDa	and	55	kDa,	respectively),	

as	described	above.	In	vitro	ubiquitylation	assays	using	either	HA-Ub	(for	polyUb	

chain	 forming)	 or	 methylated	 Ub	 (MeUb,	 non-chain	 forming)	 were	 performed	

with	and	without	presence	of	Nedd4.1	 (Figure	3.7).	Ubiquitylation	of	PIAS3-FL	

was	 observed	 only	 when	 Nedd4.1	 was	 present	 in	 the	 reactions.	 Moreover,	
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Figure	3.6	AutoSUMOylation	activity	of	PIAS3-FL	(A),	PIAS3-4MVT	(B),	and	their	

PY	mutants.		

In	vitro	SUMOylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	yeast	SUMO	(Smt3p)	and	equal	quantities	of	 full	 length	 (A)	or	 truncated	 (B)	

PIAS3	recombinant	proteins	or	their	versions	lacking	PY	motifs	(ΔPY).	Reactions	

were	 subjected	 to	western	blotting	using	anti	 S	 tag	antibodies,	 followed	by	 IR-

labelled	 anti	 mouse/rabbit	 antibody	 and	 imaged	 using	 the	 Odyssey	 IR	 laser	

scanning	system.	Arrowhead	indicates	unmodified	truncated	PIAS3	or	PIAS3-ΔPY;	

square	bracket	indicates	their	SUMOylated	forms.	
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Figure	3.7	PIAS3	is	ubiquitylated	on	multiple	sites	by	Nedd4.1.	

In	vitro	Ubiquitylation	 assays	 employ	Ub	 (left	 session)	 or	Methylated	Ub	 (right	

session)	 were	 performed	 in	 the	 presence	 (+)	 or	 absence	 (-)	 of	 recombinant	

Nedd4	 and	 full-length	 PIAS3	 protein.	 Reactions	 were	 subjected	 to	 western	

blotting	 using	 anti	 S	 tag	 antibodies	 (upper	 panel)	 and	 anti	 Nedd4	 antibodies	

(lower	panel),	 followed	 by	 IR-labelled	 anti	mouse/rabbit	 antibody	 and	 imaged	

using	 the	 Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	 indicates	 unmodified	

PIAS3,	 square	 bracket	 indicates	 ubiquitylated	 form	 of	 PIAS3,	 and	 asterisk	

indicates	major	modified	forms	of	PIAS3.	
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ubiquitylation	 using	MeUb	 showed	 that	 several	 different	 sizes	 of	 PIAS3-FL-Ub	

conjugates	 were	 formed,	 suggesting	 that	 PIAS3-FL	 can	 be	 ubiquitylated	 at	

multiple	sites.	

3.2.3.2 Ubiquitylation	assays	using	Nedd4.2	and	WWP1	on	PIAS3-FL	

To	further	investigate	whether	other	Nedd4	family	members	can	modify	PIAS3-

FL,	 I	 produced	 recombinant	 protein	 GST-Nedd4.2	 and	 GST-WWP1	 and	

performed	the	same	assay	described	in	section	3.2.3.1.	It	should	be	noted	that	I	

was	unable	to	purify	enough	PIAS3-FL	under	native	conditions;	hence	I	adopted	

the	denaturing-refold	strategy	instead.	Also	considering	that	Nedd4.1	was	able	to	

ubiquitylate	native	purified	PIAS3-FL	(Figure	3.7),	Nedd4.1	was	used	as	a	control	

and	performed	in	parallel.	The	assay	showed	that	Nedd4.2,	but	not	WWP1	have	

the	ability	to	modify	PIAS3	in	a	similar	manner	to	Nedd4.1	(	

Figure	3.8).		

3.2.3.3 Ubiquitylation	assays	using	Nedd4.1,	WWP1,	and	Smurf2	on	PIAS3-4MVT	

Since	 I	 managed	 to	 purify	 PIAS3-4MVT	 under	 native	 conditions,	 I	 decided	 to	

conduct	all	the	ubiquitylation	assays	using	Nedd4	proteins	(Nedd4.1,	WWP1	and	

Smurf2)	on	PIAS3-4MVT	(Figure	3.9).	Ubiquitylated	forms	of	PIAS3-4MVT	were	

observed	at	the	presence	of	Nedd4.1,	consistent	with	the	observation	presented	

above.	Interestingly,	ubiquitylated	PIAS3-4MVT	was	also	observed	when	WWP1	

was	present,	which	was	not	achieved	when	PIAS3-FL	was	used.	No	modification	

of	 PIAS3-4MVT	 was	 observed	 with	 Smuf2.	 It	 is	 noted	 that,	 among	 all	 the	 Ub	

assays	 described	 above,	 Ubc1	 was	 used	 as	 conjugation	 enzyme.	 Smurf2	 has	

previously	been	shown	 to	not	 function	 identically	with	all	E2s	 (Ogunjimi	et	al.,	

2005).	 To	 exclude	 the	 possibility	 that	 Smurf2	was	 not	 able	 to	 stimulate	 PIAS3	

ubiquitylation	because	of	its	poor	Ub	ligase	activity,	in	vitro	assays	with	different	

E2s	was	performed.	In	vitro	autoubiquitylation	assay	using	different	E2s	(Ubc1,	

Ubc2,	 Ubc5,	 Ubc7,	 Ubc8,	 Ubc10)	 and	HA	 tagged	Ub	was	 conducted	 on	 Smurf2.	

Without	 the	 present	 of	 any	 recombinant	 GST-Smurf2	 proteins,	 all	 the	 Ub	 E2s,	

Ubc1	and	Ubc10	in	particular,	were	able	to	generate	dimer-Ub	or	polymeric	Ub,	

as	indicated	by	western	blotting	using	anti	HA	antibodies	(	

Figure	3.10,	lower	panel).	Moreover,	western	blotting	using	the	same	antibodies	

showed	increased	amounts	of	higher	molecular	weight	HMW	Ub	conjugates	with	
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the	addition	of	recombinant	GST-Smurf2	(Figure	3.10,	lower	panel),	one	of	which	

are	 in	 the	



	 88	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	3.8	Full	length	PIAS3	is	ubiquitylated	by	Nedd4.1,	Nedd4.2	but	not	WWP1.	

In	vitro	Ubiquitylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	recombinant	Nedd4	family	members	(Nedd4.1,	Nedd4.2	or	WWP1),	yeast	E1	

(Uba1)	and	E2	(Ubc1).	Reactions	were	subjected	to	western	blotting	using	anti	S	

tag	antibodies,	followed	by	IR-labelled	anti	mouse	antibody	and	imaged	using	the	

Odyssey	 IR	 laser	 scanning	 system.	Arrowhead	 indicates	 unmodified	 full-length	

PIAS3,	asterisk	indicates	its	ubiquitylated	forms.	 	
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Figure	3.9	Truncated	PIAS3	is	ubiquitylated	by	Nedd4.1,	WWP1	but	not	Smurf2.	

In	vitro	Ubiquitylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	 recombinant	Nedd4	 family	members	 (Nedd4.1,	 Smurf2	 or	WWP1),	 yeast	 E1	

(Uba1)	and	E2	(Ubc1).	Reactions	were	subjected	to	western	blotting	using	anti	S	

tag	antibodies	(upper	panel)	and	anti	FLAG	tag	antibodies	(lower	panel),	followed	

by	IR-labelled	anti	mouse/rabbit	antibody	and	imaged	using	the	Odyssey	IR	laser	

scanning	 system.	 Arrowhead	 indicates	 unmodified	 truncated	 PIAS3;	 asterisk	

indicates	its	ubiquitylated	forms.	
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Figure	3.10	E2	usage	by	Smurf2.	

In	 vitro	 autoubiquitylation	 assays	 employing	 Smurf2,	 HA-Ub	 and	 equivalent	

concentrations	of	the	indicated	E2	enzymes	were	conducted	and	products	of	the	

reaction	detected	by	immunoblotting	with	anti	Smurf2	antibodies	(upper	panel)	

and	anti	HA	antibodies	(lower	panel),	followed	by	IR-labelled	anti	mouse/rabbit	

antibody	 and	 imaged	 using	 the	 Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	

indicates	unmodified	Smurf2;	asterisk	indicates	ubiquitylated	forms	of	Smurf2.		 	
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same	position	as	Smurf2-Ub	conjugates,	as	confirmed	by	western	blotting	using	

anti	Smurf2	antibodies	(Figure	3.10,	upper	panel).	Taken	together,	analysis	of	E2	

usage	 showed	 that	 Smurf2	 displayed	 relatively	 high	 level	 of	 activity	 in	 the	

presence	 of	 Ubc1	 and	 Ubc10,	 suggesting	 that	 the	 purified	 Smurf2	 displayed	

proper	catalytic	activity,	however,	it	was	not	as	capable	as	other	Nedd4	proteins	

(Nedd4.1,	Nedd4.2	and	WWP1)	to	promote	ubiquitylation	of	PIAS-4MVT.	

3.2.3.4 Role	of	PY	motif	in	Nedd4.1/4.2-mediated	ubiquitylation	of	PIAS-4MVT	

Since	 ubiquitylation	 of	 Siz1p/Siz2p	 by	 Rsp5p	 was	 found	 to	 be	 PY	 motif-

dependent	(Novoselova	et	al.,	2013),	I	tried	to	assess	the	role	of	PY	and	PY-like	

motifs	in	mediating	substrate	recognition	by	Nedd4.1	or	Nedd4.2.	To	this	end,	I	

performed	in	vitro	ubiquitylation	assay	on	PIAS-4MVT	and	its	PY	mutant	with	or	

without	the	present	of	Ub	E3	(Nedd4.1	or	Nedd4.2).	It	showed	that	both	Nedd4.1	

and	 Nedd4.2	 mediated	 ubiquitylation	 of	 PIAS3	 PY	 mutants	 are	 only	 partially	

decreased	 compared	 with	 that	 of	 PIAS3	 wild-type	 proteins	 (Figure	 3.11),	

suggesting	that	other	non-PY	Nedd4	family	interaction	motifs	may	be	present	in	

PIAS3.		

3.2.4 Interaction	between	PIAS3	and	Nedd4.1	in	vivo		

Next,	 I	decided	 to	 investigate	 further	whether	PIAS3	have	any	 interaction	with	

Nedd4	in	vivo.	To	this	end,	cDNA	of	Nedd4.1	was	inserted	to	plasmid	encoding	3	

HA	and	8	His	tag	(see	Figure	7.1),	the	generated	plasmid	p3HA8His-Nedd4.1	was	

then	 transfected	 to	 HeLa	 cells	with	 or	without	 FLAG	 tagged	 PIAS3,	with	 HeLa	

cells	that	express	3HA8His	tagged	Nedd4.1	alone	used	as	a	negative	control.	48h	

later,	cells	were	harvested	and	subjected	to	immunoprecipitation	assay.	Western	

blotting	 analysis	 of	 the	 pull-down	 sample	 shows	 that	 showed	 that	 FLAGPIAS3	

was	not	capable	of	pulling	down	tagged	Nedd4.1,	which	can	be	confirmed	by	its	

presence	in	the	wash	fraction	(	
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Figure	3.12).		

To	gain	further	insight	into	the	nature	of	the	interactions	between	Nedd4.1	and	

PIAS3,	 I	examined	their	cellular	 localization	and	degree	of	colocalization	by	co-

transfecting	 mCherry	 tagged	 Nedd4.1	 and	 GFP	 tagged	 PIAS3	 in	 HeLa	 cells,	

images	were	captured	using	confocal	microscopy.	In	most	cases,	when	Nedd4.1	

and	 PIAS3	 are	 co-transfected,	 their	 distributions	 remain	 unaltered	 (Figure	

3.13A).	 GFP	 tagged	 PIAS3	 was	 found	 to	 reside	 in	 a	 punctate	 pattern	 in	 the
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Figure	3.11	Nedd4.1	and	Nedd4.2	are	capable	of	 facilitating	the	modification	of	

PIAS3-4MVT	partially	in	a	PY	motif-dependent	manner.	

In	vitro	Ubiquitylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	 recombinant	 Nedd4	 family	 members	 (Nedd4.1	 or	 Nedd4.2)	 and	 truncated	

PIAS3	recombinant	proteins	or	versions	lacking	PY	motifs	(ΔPY).	Reactions	were	

subjected	to	western	blotting	using	anti	S	tag	antibodies	(upper	panel)	and	anti	

Nedd4	 antibodies	 (lower	 panel),	 followed	 by	 IR-labelled	 anti	 mouse/rabbit	

antibody	 and	 imaged	 using	 the	 Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	

indicates	unmodified	truncated	PIAS3-4MVT;	asterisk	indicates	its	ubiquitylated	

forms.	
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Figure	3.12	Interaction	between	Nedd4.1	and	PIAS3	in	vivo.	

Plasmids	 encoding	 3HA8His	 tagged	 Nedd4.1	 and	 FLAG	 tagged	 PIAS3	 were	

transfected	and	expressed	 in	HeLa	 cells.	 48h	 later,	 cell	 lysates	were	harvested,	

1/10	 of	 which	 were	 kept	 as	 “Input”,	 and	 the	 rest	 were	 subjected	 to	

immunoprecipitation	 assay	 with	 anti	 FLAG	 antibodies.	 The	 agrose	 beads	 are	

washed	 and	 eluted	 with	 30%	 Glycine	 (equal	 volume	 as	 input	 sample).	 All	

fractions	 (input,	 unbound,	 and	 pull-down	 samples)	 were	 analysed	 by	 western	

blotting	 using	 either	 anti	 FLAG	 antibodies	 (upper	panel)	 or	 anti	 HA	 antibodies	

(lower	panel),	 followed	 by	 IR-labeled	 anti	 rabbit/mouse	 antibody	 and	 imaged	

using	the	Odyssey	IR	laser	scanning	system.	
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Figure	3.13	Nedd4.1	and	PIAS3	colocalize	in	transfected	cells.	

Plasmids	for	expression	of	mCherry-Nedd4.1	and	GFP-PIAS3	were	cotransfected	

into	HeLa	cells.	Cells	were	fixed	using	paraformaldehyde	48	hrs	post-transfection,	

mounted	 and	 a	 representative	 cell	 was	 observed	 and	 imaged	 by	 confocal	

microscopy.	GFP	was	excited	at	488	nm	to	produce	an	emission	spectrum	across	

500-560	nm;	mCherry	was	excited	at	561	nm	to	produce	an	emission	spectrum	

across	570-630	nm.	Images	were	collected	with	microscope	equipped	with	63x	

oil	immersion	objective.	A,	no	colocalization	of	Nedd4.1	and	PIAS3	was	observed.	

B,	colocalization	of	Nedd4.1	and	PIAS3	was	observed	in	nucleus.	An	area	within	

the	 cell	 is	 enlarged	 in	 inset	 a	 to	 show	 detail	 of	 signal	 colocalization.	 Arrows	

indicate	colocalization	puncta.	Images	were	desaturated	and	reversed	to	produce	

black-on-white	images	easy	comparison.	
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nucleus,	 a	 phenomenon	 in	 consistent	 with	 previously	 published	 observations	

(Qu	 et	 al.,	 2007).	 On	 the	 other	 hand,	 mCherry-Nedd4.1	 exhibits	 a	 completely	

different	 pattern	 and	 was	 found	 almost	 exclusively	 in	 the	 cytoplasm	 (Figure	

3.13A).	This	is	in	consistence	with	the	IP	studies.	Interestingly,	however,	on	some	

occasions,	 colocalization	 of	 these	 two	 proteins	 are	 observed	 in	 the	 nucleus	

(Figure	3.13B),	as	shown	in	detail	in	Figure	3.13B	inset	a.	Nonoverlapping	areas	

of	green	or	red	fluorescence	indicate	that	the	colocalization	signal	is	specific	and	

not	 an	 artifact	 of	 red	 fluorescence	 signal	 leaking	 into	 the	 green	 channel	 after	

nuclear	 accumulation	 of	 Nedd4.1.	 The	 colocalization	 experiment	 demonstrates	

that	PIAS3	and	Nedd4.1	 can	 interact	 in	 the	nucleus	of	mammalian	 cells,	which	

might	be	the	place	where	the	ubiquitylation	of	PIAS3	occurs.	

3.3 Discussion	

In	this	study,	 I	 tried	to	purify	human	PIAS3	proteins	using	bacterial	expression	

system.	Plasmid	encoding	His	and	S	tag	PIAS3,	the	only	available	plasmid	at	hand,	

was	 transformed,	 expressed	 and	 purified	 under	 both	 native	 and	 denatured-

refold	 conditions.	 Interestingly,	 the	 PIAS3	 purified	 under	 these	 two	 conditions	

migrate	 differently:	 native	 PIAS3	proteins	migrate	 at	 either	 70	 kDa	 or	 62	 kDa,	

while	 the	 denature-refold	 PIAS3	 proteins	 migrate	 at	 70	 kDa.	 It	 has	 been	

previously	 reported	 that	 full	 length	 of	 Siz1p,	 yeast	 PIAS	 family	 homologue,	 is	

difficult	 to	 produce	 using	 prokaryotic	 expression	 systems	 in	 vitro,	 while	 a	 C-

terminally	truncated	form	(amino	acids	1-465),	which	contains	all	the	functional	

domains	 except	 the	 C-terminal	 unstructured	 amino	 acids	 and	 a	 SIM	 domain	 is	

otherwise	 soluble	 (Yunus	 and	 Lima,	 2009;	 Takahashi	 et	 al.,	 2003).	 I	 therefore	

speculated	 that	 the	 larger	 band	 is	 PIAS3-FL	 whereas	 a	 truncated	 version	 of	

PIAS3	 protein	 is	 more	 soluble	 and	 more	 predominately	 purified	 under	 native	

conditions.	To	test	this,	a	stop	codon	can	be	introduced	based	on	the	size	of	the	

major	 band	 of	 native	 purified	 products	 visualized	 on	 SDS-PAGE	 and	 western	

blotting	(62	kDa).		

It	was	estimated	that	one-third	to	one-half	of	all	prokaryotic	proteins	cannot	be	

overexpressed	in	bacteria	in	soluble	form	using	a	His	tag	(Edwards	et	al.,	2000;	

Stevens,	 2000),	while	 for	 eukaryotic	 proteins,	 particularly	 larger	multi-domain	

proteins	this	number	is	higher	as	indicated	by	high-throughput	studies	(Braun	et	
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al.,	2002;	Hammarström	et	al.,	2002;	Shih	et	al.,	2002).	Although	success	 is	not	

always	 guaranteed,	 the	Trx,	 GST,	MBP	 and	NusA	 (Marblestone	 et	 al.,	 2006;	 GE	

Healthcare,	 2009;	 Nallamsetty	 and	 Waugh,	 2006),	 are	 commonly	 used	 as	

solubility	 enhancing	 carriers.	 In	 my	 studies,	 I	 initially	 tried	 to	 purify	 PIAS3	

proteins	 via	 plasmid	 encoding	 His	 and	 S	 tagged	 PIAS3.	 However,	 this	 was	

hindered	 by	 the	 same	 solubility	 problems	 with	 PIAS3	 restricting	 the	

concentration	 of	 solutions.	 A	 construct	 of	 PIAS3	 with	 a	 GST	 tag	 in	 replace	 of	

6xHis	 and	 S	 tag	was	 successfully	 cloned,	 the	 solubility	 of	which	was	not	much	

improved.	 Recently,	 many	 mammalian	 proteins,	 including	 PIAS	 proteins,	 have	

been	generated	using	in	vitro	transcription	and	translation	(TnT)	Kit	(Depaux	et	

al.,	2007;	Travis	Lear	et	al.,	2016).	In	some	other	cases,	native	PIAS	proteins	are	

immunoprecipitated	 from	cell	 lysate	using	PIAS	 specific	 antibodies	 (Lear	et	 al.,	

2016).		

Regarding	 WWP1’s	 ability	 of	 catalyzing	 PIAS3	 ubiquitylation,	 it	 seems	

contradictory	results	were	shown	when	different	version	of	PIAS3	were	used	(	

Figure	 3.8	 and	 Figure	 3.9).	 However,	 it	 is	 noted	 that	 I	 was	 unable	 to	 produce	

enough	PIAS3-FL	under	denaturing-refold	condition,	and	the	results	shown	in		

	was	 not	 able	 to	 be	 repeated,	 raising	 the	 question	 whether	 WWP1	 cannot	

promote	 ubiquitylation	 of	 PIAS3-FL	 or	 such	 ability	 is	 masked	 under	

experimental	 conditions.	 It	 could	 be	 possible	 that	 denaturing-refold	 PIAS3-FL	

proteins	were	not	exposing	Ub	modification	sites	properly.	It	is	also	possible	that	

the	acitivity	of	 that	specific	batch	of	 recombinant	GST-WWP1	proteins	was	not	

high	enough	to	promote	ubiquitylation	of	PIAS3-FL.	Fortunately,	these	concerns	

were	 addressed	 by	 conducting	 in	vitro	 Ub	 assays	 on	 PIAS3-4MVT	 (Figure	 3.9).	

The	activity	of	GST-WWP1	was	confirmed	by	western	blotting	using	anti	FLAG	

antibodies	for	FLAG-Ub	conjugates,	and	a	band	at	the	same	size	of	PIAS3-4MVT-

Ub	generated	by	Nedd4.1	was	observed,	suggesting	that	WWP1,	like	Nedd4.1,	is	

able	to	promote	PIAS3	ubiquitylation.	Moreover,	although	it	cannot	be	excluded	

that	some	Ub	modification	sites	of	PIAS3	lies	in	N-terminal	1-103	amino	acids	or	

C-terminal	 458-627	 amino	 acids,	 there	 are	 Ub	modification	 sites	 Nedd4.1	 and	

WWP1	employ	for	Ub	transfer	between	PIAS3	103-458	amino	acids.		

In	 terms	 of	 the	 role	 of	 putative	 PY	 motifs	 in	 the	 Nedd4-mediated	 PIAS	

ubiquitylation,	my	study	showed	that	PIAS3	PY	triple	mutant	attenuated,	but	did	
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not	 completely	 disrupt,	 the	 ubiquitylation	 level	 of	 PIAS3	 in	vitro.	 This	 was,	 to	

some	 extent,	 similar	 with	 what	 was	 observed	 in	 S.	 cerevaise,	 where	 it	 was	

showed	that	not	all	interaction	with	Rsp5p	is	lost	when	all	the	putative	PY	motifs	

in	Siz1p	are	mutated	 (Novoselova	et	al.,	2013).	There	are	 two	explanations	 for	

such	phenomenon.	One	of	 the	explanations	 is	 that	 there	are	other	PY	potential	

motifs	 lying	in	PIAS3	amino	acids.	As	described	in	section	1.3.1.2,	PY	motif	was	

suggested	 to	 expand	 to	 xPxY.	 Yet,	 there	 are	 reported	 non-canonical	 PY	motifs	

that	 are	 responsible	 in	 the	 interaction	 with	 WW	 domain	 of	 Nedd4	 proteins.	

Alternatively,	 as	 mentioned	 in	 section	 3.1.3,	 non	 WW-PY	 motif-dependent	

interaction	might	also	mediate	Ub	modification	of	PIAS3.		

Regarding	 the	 ubiquitylation	 of	 PIAS3	 in	 vitro,	 as	 shown	 in	 Figure	 3.9,	 the	

intensity	 of	 ubiquitylated	 PIAS3	mediated	 by	 human	 Nedd4	 proteins	were	 far	

less	compared	with	ubiquitylated	Siz1p/Siz2p	generated	by	Rsp5p	in	S.	cerevaise	

(Novoselova	 et	 al.,	 2013).	 On	 occasions,	 in	 vitro	 ubiquitylation	 studies	 have	

include	 adaptor	 proteins,	 such	 as	 Bsd2	 (yeast	 homologue	 of	 N4WBP5)	 in	 the	

assay	 (Sullivan	 et	 al.,	 2007).	 I	 speculate	 whether	 addition	 of	 Nedd4	 adaptor	

proteins	might	enhance	PIAS3	ubiquitylation.	Moreover,	it	has	been	proved	that	

there	 exists	 a	 large	 amount	 of	 E2/E3	 specificity,	 and	 different	 E2/E3	

combinations	can	result	 in	different	activities	(Stewart	et	al.,	2016).	Hence,	 it	 is	

possible	that	Nedd4	proteins	might	exhibit	better	E3	activity	with	another	type	

of	E2,	other	than	Ubc1.	

Current	findings	with	PIAS3	protein	may	also	apply	to	other	PIAS	proteins	due	to	

the	sequence	similarities	among	members	of	the	PIAS	family.	Trim32	was	found	

able	 to	 bind	 with	 PIAS1,	 PIASxβ,	 and	 PIASy	 by	 two-hybrid	 screening,	 among	

which	PIASy	was	 found	undergo	ubiquitylation	by	Trim32	 (Albor	 et	 al.,	 2006).	

Moreover,	Qu	et	al.	(2007)	observed	that	PIAS3	can	also	be	modified	by	Trim32.	

It	 is	 therefore	reasonable	to	speculate	that	my	finding	that	PIAS3	ubiquitylated	

by	 Nedd4	 proteins	 (Nedd4.1,	 Nedd4.2	 and	 WWP1)	 might	 also	 apply	 to	 other	

PIAS	family	members.	

In	 terms	of	 the	 interaction	of	Nedd4.1	and	PIAS3	 in	vivo,	no	apparent	Nedd4.1-

PIAS3	 complex	was	 pulled	 down	 in	 the	 IP	 study.	 In	 line	with	 this,	 while	 GFP-

PIAS3	 showed	 punctuate	 nuclear	 staining	 pattern	 and	 mCherry-Nedd4.1	 was	

distributed	 predominantly	 in	 the	 cytoplasm	 (Figure	 3.13A).	 However,	 it	 is	
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interesting	 to	 note	 that,	 a	 small	 fraction	 of	 Nedd4.1	 present	 as	 speckles	 with	

PIAS3	in	the	nucleus	(Figure	3.13B).	Therefore,	it	is	promising	that	there	exists	a	

direct	 interaction	between	Nedd4.1	and	PIAS3	within	 this	compartment,	which	

might	 be	 the	 place	 where	 ubiquitylation	 of	 PIAS3	 occurs.	 Further	 experiment	

such	as	FRET	is	required	for	further	investigation.	It	is	also	ideal	to	use	untagged	

or	different	tagged	Nedd4.1	to	further	substantiate	such	colocalization.	Moreover,	

it	 is	possible	 that	 a	 larger	 extent	of	 colocalization	between	PIAS3	and	Nedd4.1	

might	 vary	 depending	 on	 local	 cellular	 conditions.	 Similar	 to	 the	 distribution	

pattern	 of	 Nedd4.1,	 Trim32	 also	 localized	 predominantly	 in	 the	 cytoplasm	

(Reymond	et	al.,	2001).	Albor	et	al.	(2006)	studied	the	subcellular	localization	of	

the	 interaction	 of	 PIASy	 and	 Trim32,	 and	 found	 that,	 in	 the	 absence	 of	 any	

treatment,	 Trim32	 localized	 in	 cytoplasmic	 speckles,	 usually	 concentrated	

around	 the	 nucleus,	 while	 PIASy	 presented	 dominantly	 nuclear	 staining.	

However,	within	3h	of	treatment	with	20	μM	MG132,	many	of	the	PIASy-positive	

cells	showed	a	reduction	in	nuclear	staining	and	an	accumulation	of	PIASy	in	the	

cytoplasmic	 granules,	 as	well	 as	 in	more	 diffuse	 cytoplasmic	 staining.	 In	 some	

cases,	 PIASy	 was	 even	 depleted	 from	 nucleus	 after	 MG132	 treatment.	

Overlapping	the	PIASy	and	Trim32	fluorescence	signals	reveals	colocalization	of	

these	 proteins,	 particularly	 around	 nucleus.	 Similar	 redistribution	 pattern	was	

observed	 upon	 combined	 treatment	 with	 UVB	 and	 TNFα.	 Furthermore,	 their	

statistical	 analysis	 showed	 that	 in	 the	 absence	 of	 any	 treatment,	 2–5%	 of	 the	

double-positive	 cells	 showed	 evidence	 of	 colocalization	 of	 Trim32	 and	 PIASy,	

increasing	5–10-fold	after	 treatment	with	20	μM	MG132.	TNFα/UVB	treatment	

increased	colocalization	2	to	6	relative	to	untreated	control,	and	that	percentage	

nearly	doubled	after	combined	treatment	with	MG132.	Given	these	observations	

with	 PIASy	 and	 Trim32,	 it	 is	 possible	 that	 subcellular	 localization	 of	 the	

interaction	 of	 PIAS3	 and	 Nedd4.1	 might	 better	 observed	 under	 specific	

conditions.	

My	 study	 here	 has	 shown	 that	 Nedd4	 family	 proteins	 (Nedd4.1,	 Nedd4.2	 and	

WWP1)	 can	 promote	 PIAS3	 ubiquitylation	 in	 vitro,	 and	 that	 PIAS3	 showed	 a	

degree	of	colocalization	with	Nedd4.1	in	the	nucleus,	 it	might	be	worthwhile	to	

examine	 the	 ubiquitylation	 status	 of	 PIAS3	 in	 cells.	 Novoselova	 et	 al.	 (2013)	

carried	out	co-IP	studies	to	confirm	the	ubiquitylation	of	Siz1p.	In	this	case	here,	
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similar	experiments	can	be	carried	out.	Co-expression	of	PIAS3	proteins	and	His	

tagged	Ub,	followed	by	co-IP	studies	under	denaturing	conditions,	in	both	wild-	

type	and	Nedd4	deficient	cells	will	help	to	demonstrate	in	vivo	whether	PIAS3	is	

ubiquitylated	in	a	Nedd4.1	dependent	manner.	Interestingly,	Nedd4.2,	compared	

with	Nedd4.1,	can	promote	higher	ubiquitylation	level	of	PIAS3-4MVT	and	its	PY	

mutant	 PIAS3-4MVT-ΔPY	 (Figure	 3.11).	 Moreover,	 such	 ubiquitylation	 in	vitro	

demonstrated	lower	level	compared	with	that	promoted	by	Rsp5p	(Novoselova	

et	al.,	2013).	Recently,	it	has	been	shown	that	the	peptide	linkers	tethering	WW	

domains	in	several	Nedd4	family	members	(Nedd4.1,	WWP1,	WWP2	and	ITCH)	

are	 key	 regulatory	 elements	 of	 their	 catalytic	 activities,	 and	 that	 WW1,WW2-

linker	 deleted	Nedd4.1	 showed	 enhanced	 autoubiqutylation	 activity	 relative	 to	

wide	type	Nedd4.1	(Chen	et	al.,	2017).	It	is	highly	possible	that	Rsp5p,	Nedd4.1	

and	Nedd4.2,	 bearing	 distinct	 linker	 regions,	 results	 in	 different	 autoinhibition	

state	 and/or	 ligase	 activity	 towards	 PIAS	 proteins	 in	 vitro.	 Moreover,	 as	

described	 previously	 (section	 1.3.2.1),	 although	 Nedd4.1	 and	 Nedd4.2	 have	

common	 substrates,	 they	 do	 have	 distinct	 substrates	 and	 functions	 in	 vivo.	 It	

would	be	of	great	interest	to	see	whether	Nedd4.1	or	Nedd4.2	have	distinct	role	

with	respect	to	PIAS	proteins	in	vivo.	

It	 is	 also	 interesting	 to	 point	 out	 that	 all	 the	 PIAS	 proteins	 which	 have	 been	

reported	so	far	to	undergo	ubiquitylation	is	subsequently	degraded	with	the	help	

of	proteasome	(Albor	et	al.,	2006;	Lear	et	al.,	2016;	Westerbeck	et	al.,	2014;	Kim,	

Jang	 and	 Seo,	 2016).	 However,	 in	 yeast,	 Novoselova	 et	 al.	 (2013)	 showed	 that	

Rsp5p	did	not	change	the	half-life	of	Siz	proteins;	instead	ubiqutylated	Siz1p/2p	

had	reduced	enzyme	activity.	Whether	Nedd4	family	of	Ub	 ligases	also	 leads	to	

PIAS3	degradation	or	other	outcomes	remains	to	be	determined.		

To	my	knowledge,	 this	 is	 the	first	report	of	showing	ubiquitylation	of	PIAS3	by	

HECT	 ligase	 Nedd4	 in	 a	 partially	 PY	 motif-dependent	 manner,	 verified	 with	

structure	prediction.	Moreover,	 interaction	between	Nedd4.1	and	PIAS3	can	be	

observed	in	the	nucleus,	suggesting	that	the	ubiquitylation	of	PIAS3	mediated	by	

Nedd4.1	might	occur	in	vivo.		
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4 Result	II:	SUMO	modification	of	Nedd4.1	

4.1 Introduction	

4.1.1 SUMOylation	of	ubiquitin	ligases	

Two	 Ub	 ligases,	 BRCA1	 (Galanty	 et	 al.,	 2009;	 Morris	 et	 al.,	 2009)	 and	 Mdm2	

(Miyauchi	 et	 al.,	 2002),	 both	 of	 which	 belong	 to	 RING-type	 ligases	 undergo	

SUMOylation	mediated	 by	 PIAS	 proteins	 (PIAS1	&	 PIASy	 and	 PIAS1	&	 PIASxβ,	

respectively),	 as	 mentioned	 previously	 (see	 section	 1.5.3).	 Novoselova	 et	 al.	

(2013)	have	identified	Rsp5p,	homologue	of	Nedd4	family,	in	yeast	as	a	substrate	

for	 Siz1p	 and	 Siz2p,	 yeast	 homologues	 of	 PIAS	 family	 of	 SUMO	 ligases,	 thus	

defining	the	first	example	of	a	HECT	ligase	that	is	SUMO	regulated.	Considering	

that	both	Nedd4	proteins	and	PIAS3	proteins	are	highly	conserved	in	evolution,	

it	 is	plausible	that	Nedd4	ligases	might	be	SUMOylated	in	mammalian	cells	 in	a	

similar	way.	

Nedd4.1	 is	 localized	 predominantly	 in	 the	 cytoplasm	 (Anan	 et	 al.,	 1998).	 A	

nuclear	export	sequence	(293-309	amino	acids)	within	Nedd4.1	was	 identified,	

suggesting	 an	 import/export	mechanism	by	which	Nedd4.1	 accesses	 a	 nuclear	

substrate	 (Hamilton	 et	 al.,	 2001).	 It	was	 known	 that	 the	 nuclear	 export	 signal	

appears	 to	 be	 particularly	 strong,	 limiting	 Nedd4.1	 presence	 in	 the	 nucleus	 to	

almost	 undetectable	 levels.	 In	 fact,	 a	 number	 of	 nuclear	 substrates	 of	 Nedd4.1	

have	been	 identified	 (Hamilton	 et	 al.,	 2001;	Anindya	 et	 al.,	 2007;	Bustos	 et	 al.,	

2015).	 For	 instance,	 human	 proline-rich	 transcript,	 brain-expressed	 protein	

hPRTB	is	ubiquitylated	by	Nedd4.1	in	the	nucleus,	indicating	the	role	of	Nedd4.1	

in	regulating	nuclear	protein	stability	(Hamilton	et	al.,	2001).	RNA	polymerase	II	

(RNPII)	transcriptional	arrest	at	chromatin	DNA	lesions	in	human	cells	results	in	

the	recruitment	of	Nedd4.1	and	thereby	RNAPII	ubiquitylation	and	degradation	

(Anindya	 et	 al.,	 2007).	 Nedd4.1	 nuclear	 import/export	 is	 also	 critical	 for	

regulation	of	Pax7	protein,	a	 transcription	 factor	 that	regulates	skeletal	muscle	

stem	cell	specification	and	maintenance	(Bustos	et	al.,	2015).		

Moreover,	altered	subcellular	 localization	of	Nedd4.1	that	has	been	reported	so	

far	 is	 mediated	 by	 either	 C2	 domain	 or	 WW	 domain.	 Similar	 to	 many	 other	

human	 HECT	 E3	 ligases,	 Nedd4	 proteins	 contains	 a	 C2	 domain	 at	 the	 amino	
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terminus,	which	is	responsible	for	mediating	membrane	localization	in	response	

to	calcium	(Plant	et	al.,	1997).	Indeed,	redistribution	of	Nedd4	in	the	cytoplasm	

or	along	 the	cell	membrane	 is	 commonly	 reported	mediated	by	 the	C2	domain	

(see	section	1.3.1.1).	In	addition,	WW	domains,	on	some	occasions,	play	a	role	in	

redistribution	 of	 Nedd4	 family	 members	 as	 well.	 Ndfip2,	 an	 adaptor	 protein,	

localizes	to	endosomes	and	co-expression	of	Nedd4	family	(Nedd4.1,	 ITCH,	and	

Smurf2)	 and	 Ndfip2	 in	 COS-7	 cells	 leads	 to	 formation	 of	 punctate	 complexes,	

indicating	 Nedd4	 proteins	 are	 recruited	 to,	 and	 activated	 on,	 endosomal	

membranes	 (Mund	 and	 Pelham,	 2009).	 As	 Nedd4	 proteins	 interact	with	Ndfip	

proteins	 via	 WW-PY	 interaction,	 when	 all	 three	 PY	 elements	 of	 Ndfip2	 were	

mutated,	Nedd4.1	shows	a	diffuse	distribution	(Mund	and	Pelham,	2009).		

In	chapter	3,	it	has	been	shown	that	PIAS3	and	Nedd4.1	co-transfected	HeLa	cells	

demonstrated	 nuclear	 import	 of	 Nedd4.1	 and	 partial	 colocalization	 in	 the	

nucleus	(Figure	3.13),	raising	the	question	whether	such	colocalization	implies	of	

the	potential	role	of	PIAS3	in	mediating	Nedd4.1	SUMOylation.	SUMOylation	has	

been	 reported	 to	 regulate	 several	 biological	 processes	 by	 altering	 the	 activity,	

stability,	 or	 subcellular	 localization	of	 its	 targets	 (Bae	 et	 al.,	 2004;	Klenk	 et	 al.,	

2006;	Kim	et	al.,	2008;	Hong	et	al.,	2011).	PIAS	proteins,	which	are	found	in	the	

nucleoplasm	 and	 nuclear	 bodies,	 can	 affect	 the	 functions	 of	 the	 interacting	

proteins	 by	 altering	 their	 subcellular	 or	 subnuclear	 localization	 (Rytinki	 et	 al.,	

2009;	Sundvall	et	al.,	2012;	Sachdev	et	al.,	2001).	 Intracellular	domain	(ICD)	of	

ErbB4	 localizes	 in	 the	 nucleus	 but	 also	 in	 the	 cytosol	 and	 exhibits	 differential	

functional	outcomes	depending	on	its	localization.	Interestingly,	PIAS3	act	as	an	

interaction	partner	of	ErbB4	and	control	its	nuclear	sequestration	and	function,	

overexpression	 of	 PIAS3	 resulted	 in	 accumulation	 of	 the	 ICD	 into	 nucleus	

(Sundvall	et	al.,	2012).	Ubc9,	the	only	SUMO	E2	conjugating	enzyme,	on	the	other	

hand,	 has	 also	 been	 reported	 to	 alter	 the	 subcellular	 distribution	 of	 SUMO	

substrates.	It	is	reported	that	N-terminal	domain	of	BRCA1	binds	with	Ubc9	and	

regulates	 the	 activity	 of	 Estrogen	 receptor	 ER-α,	which	 has	 been	 implicated	 in	

the	development	of	BRCA1	associated	tissue	specific	tumorigenesis	(Gorski	et	al.,	

2009),	by	promoting	 its	degradation	 in	vivo	(Xu	et	al.,	2009a).	Ubc9	 is	required	

for	nuclear	import	of	BRCA1;	knockdown	of	Ubc9	causes	cytoplasmic	localization	
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of	 BRCA1	 and	 impairs	 BRCA1-mediated	 inhibition	 of	 ER-α	 activity	 (Qin	 et	 al.,	

2011).		

Taken	 together,	 Nedd4	 proteins	 are	 highly	 likely	 to	 undergo	 SUMOylation	 in	

mammalian	 cells,	 and	 if	 so,	 PIAS	 proteins	 or	 Ubc9,	 may	 contribute	 to	 the	

subcellular	localization	with	Nedd4	proteins	or	their	redistribute	the	localization	

in	response	to	cellular	requirements.	

4.1.2 Dual	role	of	Nedd4	family	members	in	post-translational	modification	

Several	 studies	 have	 shown	 neddylation	 being	 involved	 in	 regulation	 of	 Cullin	

family	 of	 proteins,	 which	 is	 a	 common	 subunit	 of	 E3	 Roc1/Rbx1/Hrt1-Skp1-

cullin/Cdc53-F	 box	 (SCF)	 complexes	 (Lammer	 et	 al.,	 1998;	 Liakopoulos	 et	 al.,	

1998;	Osaka	et	al.,	1998).	Indeed,	Nedd8	conjugated	cullin/Cdc53	is	required	for	

assembly	or	function	of	SCF	complex	(Lammer	et	al.,	1998).	Later	studies	showed	

that	Nedd8	modification	facilitates	the	recruitment	of	Ub	E2	to	the	SCF	complex	

(Kawakami	et	al.,	2001)	and/or	mediates	dissociation	of	p120Cand1,	an	inhibitor	

of	cullins	and	SCF	ligase	activity	(Liu	et	al.,	2002).	The	ability	of	Roc1/Rbx1/Hrt1	

protein,	 component	 of	 the	 SCF	 complexes,	 to	 promote	 neddylation	 of	 cullins	

suggested	that	it	could	act	as	an	E3	Nedd8	ligase	(Kamura	et	al.,	1999;	Gray	et	al.,	

2002;	Morimoto	et	al.,	2003).	Shortly	after,	Xirodimas	et	al.	(2004)	reported	that	

Mdm2,	RING-type	E3	ligase,	is	itself	modified	with	Nedd8	in	a	way	similar	to	the	

autoubiquitylation	 of	 Mdm2.	 Interestingly,	 the	 catalytic	 Cys462	 in	 the	 RING	

domain	 of	 Mdm2,	 which	 is	 required	 for	 its	 E3	 Ub	 ligase	 activity,	 is	 also	

responsible	 for	 Mdm2-dependent	 neddylation.	 They	 also	 demonstrated	 that	

Mdm2	prompts	conjugation	of	Nedd8	to	p53	and	might	act	as	an	E3	Nedd8	ligase.	

Since	then,	Mdm2	has	been	reported	to	be	responsible	for	neddylation	of	several	

other	Nedd8	substrates,	such	as	p73	(Watson	et	al.,	2006),	Hu	antigen	R	(HuR)	

(Embade	et	al.,	2011),	ribosomal	protein	RPL11	(Xirodimas	et	al.,	2008;	Ebina	et	

al.,	2013;	Mahata	et	al.,	2012)	and	RPS14	(Zhang	et	al.,	2014).		It	was	proposed	by	

Xirodimas	et	al.	(2004)	that	the	dual	usage	of	Ub	and	Nedd8	could	be	a	common	

feature	 of	 RING-type	 E3	 ligases.	 In	 fact,	 several	 other	 RING	 ligases	 such	 as	

Trim40	 (Noguchi	 et	 al.,	 2011),	 Drosophila	 inhibitor	 of	 apoptosis	 protein	 IAP1	

(Broemer	 et	 al.,	 2010),	 RNF111	 (Ma	 et	 al.,	 2013)	 have	 recently	 been	 reported	

function	as	Nedd8	ligases.			
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More	 recently,	 it	 is	 been	 realized	 that	 the	 dual	 role	 of	 the	 ligase	 activity	 also	

exists	in	HECT-type	ligases	(Xie	et	al.,	2014;	Qiu	et	al.,	2016).	Beside	of	the	HECT-

domain	 dependent	 Ub	 ligase	 activity,	 it	 has	 been	 shown	 that	 Nedd4	 family	

members	can	act	as	Nedd8	ligases.	It	has	been	reported	that	Smurf1	is	activated	

by	neddylation	via	physically	interaction	with	Nedd8	and	Ubc12	(Xie	et	al.,	2014).	

NEDL2	 has	 also	 been	 shown	 to	 regulate	 GDNF/Ret/Akt	 signaling	 in	 an	Nedd8	

ligase	activity-dependent	but	Ub	ligase	activity-independent	manner	by	the	same	

group	(Qiu	et	al.,	2016).	

Xie	 et	 al.	 (2014)	 found	 that	 a	 Nedd8-thioester	 linked	 Smurf1	 intermediate	 is	

formed	and	Smurf1	catalyzes	its	own	neddylation	on	multiple	lysine	residues	via	

Cys426,	a	separate	cysteine	that	that	which	catalyzes	ubiquitylation,	in	the	HECT	

N-lobe.	 Neddylation	 of	 Smurf1	 enhances	 E2	 recruitment	 and	 increased	 the	 Ub	

ligase	 activity	 of	 Smurf1.	 The	 regulatory	 role	 of	 neddylation	 was	 found	

conserved	in	human	Smurf1	and	yeast	Rsp5p.		

Previous	 in	 vitro	 studies	 have	 shown	 that	 Nedd4,	 but	 not	 Rsp5p,	 can	 be	

conjugated	with	 yeast	 Smt3p	 (Marks,	 2013),	 raising	 the	 possibility	 that	Nedd4	

proteins	 are	 a	 substrate	 for	 PIAS	mediated	 SUMOylation	 or	 even	 function	 as	 a	

SUMO	ligase	to	catalyze	its	own	SUMOylation.	Hence,	my	study	aims	to	confirm	

the	SUMOylation	of	Nedd4	and	try	to	identify	the	active	site	Cys	required	for	any	

potential	autoSUMOylation	activity.	

4.1.3 Aims	of	this	study	

In	 this	 study,	 I	 try	 to	 identify	 whether	 Nedd4	 is	 SUMO	 conjugated,	 and	 if	 so,	

whether	 it	act	as	merely	substrate	 for	SUMOylation	or	has	a	potential	role	as	a	

SUMO	ligase.		

• To	observe	whether	Nedd4	 family	members	are	conjugated	with	SUMO,	and	

whether	it	is	affected	by	PIAS	proteins	in	vitro	

• To	further	confirm	the	existence	of	Nedd4	modification	in	vivo	by	determining	

if	overexpression	of	Ubc9	or	SUMO1/2	has	any	effect	on	subcellular	 location	

of	Nedd4.1	and	whether	they	share	similar	distribution	in	mammalian	cells.		

• To	investigate	the	mechanism	of	how	Smt3p	is	conjugated	to	Nedd4.1	

• To	detect	SUMOylated	Nedd4.1	conjugates	in	vivo.		 	



	 105	

4.2 Results	

4.2.1 Nedd4.1	forms	Smt3p-Nedd4.1	conjugates	in	the	absence	of	SUMO	E3	

ligases.	

To	 investigate	 whether	 Nedd4.1	 could	 be	 SUMOylated	 in	 vitro,	 GST	 tagged	

Nedd4.1,	 His-S	 tagged	 Smt3p,	 SUMO	 E1	 (HisUba2/Aos1)	 and	 His	 tagged	 Ubc9	

were	 purified	 and	 SUMOylation	 assays	 with	 different	 amounts	 of	 Ubc9	 were	

performed	 in	 vitro	 (Figure	 4.1,	 left	 panel).	Western	 blotting	 revealed	 bands	

consistent	with	 the	 attachment	 of	 several	 Smt3p	molecules	 to	 Nedd4.1,	which	

were	 not	 present	 when	 E1,	 E2	 or	 Smt3p	 was	 absent.	 Furthermore,	 Nedd4.1	

SUMOylation	 level	 was	 Ubc9-dependent;	 Nedd4-Smt3p	 conjugates	 were	

enhanced	 by	 increased	 amount	 of	 the	 E2-conjugating	 enzyme	Ubc9	within	 the	

range	 of	 0.25-1	 μg,	 with	 a	 peak	 modification	 level	 at	 1	 μg,	 which	 reduced	

gradually	when	increasing	Ubc9	was	present.	To	determine	the	least	amount	of	

Ubc9	 that	 required	 achieving	 SUMOylation,	 assays	 with	 500ng	 Nedd4.1	 and	

lower	quantities	of	Ubc9	(10,	20,	40	and	80	ng)	was	performed	(Figure	4.1,	right	

panel).	 Western	 blotting	 revealed	 that	 the	 Nedd4-Smt3p	 conjugates	 were	 not	

detectable	 until	 80	 ng	 Ubc9	 was	 present,	 indicating	 that	 the	 minimum	 molar	

ratio	of	Nedd4.1	and	Ubc9	for	SUMO	conjugates	is	approximately	6.25:1.	

A	number	of	reports	have	revealed	that	members	of	the	PIAS	family	function	as	

E3	ligases	and	enhance	SUMOylation	of	target	proteins	(Jackson,	2001;	Kahyo	et	

al.,	 2001;	 Kotaja	 et	 al.,	 2002;	 Nishida	 and	 Yasuda,	 2002;	 Castillo-Lluva	 et	 al.,	

2010).	 To	 investigate	whether	 PIAS3	 could	 function	 as	 SUMO	E3	 ligase	 in	 this	

context,	 truncated	PIAS3	proteins,	which	contains	SP-RING	domain	and	retains	

its	 autoSUMOylation	 activity	 (as	 described	 in	 chapter	 3),	 were	 used.	

SUMOylation	 assay	 were	 performed	 in	 the	 presence	 of	 different	 amounts	 of	

truncated	PIAS3	(1	μg	and	4	μg).	However,	in	the	presence	of	either	excess	(1	μg;	

Figure	4.2	left	panel)	or	limiting	(80	ng;	Figure	4.2	right	panel)	quantities	of	Ubc9,	

the	amount	of	Smt3p-Nedd4.1	conjugates	were	not	enhanced	by	the	addition	of	

PIAS3	 (Figure	 4.2	 lane	2	 and	 3).	 On	 the	 contrary,	 Smt3p-Nedd4.1	 conjugates	

were	decreased	in	the	presence	of	excess	truncated	PIAS3	(4	μg;	Figure	4.2	lane	

4	versus	lane	2	and	3).	This	apparent	inhibitory	effect	is	likely	due	to	the	SUMO	
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Figure	4.1	Nedd4.1	SUMOylation	is	determined	by	the	concentration	of	Ubc9	in	the	reaction.	

In	vitro	SUMOylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	of	recombinant	Nedd4.1,	yeast	SUMO	(Smt3p),	

SUMO	E1	(SE1)	and	variable	quantities	of	SUMO	conjugating	enzyme	(Ubc9).	Reactions	were	subjected	to	western	blotting	using	

anti	Nedd4	antibodies.	Left	panel	shows	increasing	concentration	of	Ubc9	of	0.25,	0.5,	1.0,	2.0,	4.0	and	6.0	μg,	right	panel	shows	

Ubc9	concentrations	of	10,	20,	40	and	80	ng.	Arrowhead	 indicates	unmodified	Nedd4.1;	asterisk	 indicates	SUMOylated	forms	of	

Nedd4.1.	
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conjugation	components,	Ubc9	in	particular,	being	rate	 limiting	in	the	presence	

of	 excess	 levels	 of	 PIAS3	 so	 that	 the	 Nedd4.1-Smt3p	 conjugates	 decreased.	 It	

should	 be	 noted	 that	 both	 Smt3p	 and	 truncated	 PIAS3	 are	 S	 epitope	 tagged,	

hence,	 the	 western	 blotting	 using	 anti	 S	 tag	 antibodies	 represents	 PIAS3	 and	

Smt3p	 SUMOylated	 proteins	 (including	 SUMOylated	 Nedd4.1).	 Comparison	

between	the	overall	patterns	of	SUMO	conjugates	induced	with	either	excess	or	

limited	Ubc9	and	same	amount	of	PIAS3	(Figure	4.2,	 lower	panel)	revealed	that	

SUMOylated	products	were	enhanced	when	more	Ubc9	was	present,	which	is	in	

consistent	 with	 what	 I	 observed	 with	 SUMOylated	 Nedd4.1.	 Moreover,	

comparison	between	lanes	1-3	shows	that	the	SUMOylation	level	was	the	highest	

when	both	PIAS3	and	Nedd4.1	was	present	(Figure	4.2,	lower	panel).	It	therefore	

seems	that	PIAS3	has	little	if	any	effect	on	Nedd4.1	SUMOylation	in	vitro.	

4.2.2 Characterization	of	Nedd4.1-Smt3p	conjugates	

To	 test	whether	Nedd4.1	can	 form	an	obligate	 thioester	bond	with	Smt3p,	a	 in	

vitro	SUMOylation	assay	was	performed	and	stopped	with	either	a	reducing	SDS	

sample	buffer	 (β-Mecaptoethanol	 included)	or	non-reducing	SDS	sample	buffer	

(β-Mecaptoethanol	excluded).	Following	in	vitro	assays	and	western	blotting	a	β-

Mecaptoethanol	sensitive	thoiester	adduct	was	detected	(	

Figure	4.3).	In	the	absence	of	Smt3p,	a	single	band	of	135	kDa	corresponding	to	

the	 unmodified	Nedd4.1	 can	 be	 observed	 under	 both	 conditions.	When	 Smt3p	

was	added	to	the	reaction,	an	additional	band	of	approximately	185	kDa	can	be	

detected	 in	 the	presence	of	β-Mecaptoethanol	and	corresponds	to	 the	expected	

size	for	Nedd4.1	conjugated	to	four	Smt3p	moieties	in	non-reducing	conditions.	

4.2.3 Identification	of	cysteine(s)	that	are	responsible	for	Nedd4.1	SUMOylation	

The	 fact	 that	Nedd4.1	was	 effectively	 SUMOylated	 in	 the	 absence	 of	 any	 other	

SUMO	 E3s	 under	 in	vitro	conditions	 (Figure	 4.1)	 suggests	 that	 Nedd4.1	 might	

function	as	a	SUMO	ligase	to	catalyze	its	own	SUMOylation.	Given	the	presence	of	

reduction	sensitive	Nedd4.1-Smt3p	conjugates,	this	further	suggests	that	one	or	

more	cysteine	residues	within	Nedd4.1	may	be	responsible	for	this	autocatalytic	

activity.	A	program	of	SDM	was	then	performed	to	try	and	identify	the	cysteine	

residues	 responsible	 for	 this	 activity.	 To	 begin	 with,	 ubiquitylation	 catalytic	

inactive	 Nedd4.1	 protein	was	 produced	 by	 introducing	 C867A	 point	mutation.	
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Figure	 4.2	 Truncated	PIAS3	does	 not	 boost	 the	modification	 of	Nedd4.1,	while	

excess	truncated	PIAS3	reduced	the	SUMOylation	level	of	Nedd4.1.	

In	vitro	SUMOylation	assay	were	performed	in	the	presence	(+)	or	absence	(-)	of	

recombinant	Nedd4.1	 and	 various	 amounts	 (0,	 6	 μl,	 12	μl)	 of	 truncated	PIAS3.	

Reactions	 were	 subjected	 to	 western	 blotting	 either	 anti	 Nedd4	 antibodies	

(Upper	 panel;	 Arrowhead	 indicates	 unmodified	 Nedd4.1,	 asterisk	 indicates	 its	

SUMOylated	 forms)	 or	 anti	 S	 tag	 antibodies	 (Lower	panel;	Arrowhead	 indicates	

unmodified	 truncated	 PIAS3,	 asterisk	 indicates	 its	 major	 SUMOylated	 forms),	

followed	 by	 IR-labeled	 anti	 rabbit/mouse	 antibody	 and	 imaged	 using	 the	

Odyssey	IR	laser	scanning	system.	 	
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Figure	 4.3	 Smt3p-Nedd4.1	 conjugation	 formation	 in	 vitro	 is	 achieved	 via	

thioester	bond.	

In	vitro	SUMOylation	with	 recombinant	Nedd4.1	 in	 the	 presence	 or	 absence	 of	

Smt3p	 was	 performed	 and	 stopped	 by	 either	 SDS	 sample	 buffer	 (with	 β-

Mecaptoethanol;	 β-Me	 +)	 or	 non-reducing	 SDS	 sample	 buffer	 (without	 β-

Mecaptoethanol;	 β-Me	 -).	 Reaction	 products	 were	 immunoblotted	 with	 Nedd4	

antibodies	 followed	 by	 IR-labeled	 anti	 rabbit	 antibody	 and	 imaged	 using	 the	

Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	 indicates	 unmodified	 Nedd4.1;	

square	bracket	indicates	SUMOylated	forms	of	Nedd4.1.	 	
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Figure	4.4	C627,	C778	and	C867	are	not	required	for	Nedd4.1	SUMOylation.	

In	vitro	SUMOylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	yeast	SUMO	(Smt3p)	and	equal	quantities	of	Nedd4.1	or	Nedd4.1C867A	(A,	B	

and	 C),	 Nedd4.1C627A	 (B),	 Nedd4.1C778A	 (B)	 and	 triple	 mutant	

Nedd4.1C627AC778AC867A	 (C).	 Reactions	 were	 subjected	 to	 western	 blotting	

using	 anti	 Nedd4	 antibodies	 followed	 by	 IR-labeled	 anti	 rabbit	 antibody	 and	

imaged	 using	 the	 Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	 indicates	

unmodified	Nedd4.1;	asterisk	indicates	SUMOylated	forms	of	Nedd4.1.	
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In	vitro	 SUMOylation	 assay	 followed	 by	 western	 blotting	 revealed	 that	 C867A	

mutation	 partially	 decreased,	 but	 not	 completely	 disrupted	 the	 SUMOylation	

level	(Figure	4.4A),	which	excluded	C867	as	the	exclusive	active	site.	To	further	

identify	 active	 cysteines	 all	 the	 cysteine	 in	 the	 Nedd4.1	 HECT	 domain	 were	

investigated,	where	C627	and	C778	are	conserved	across	species	(Figure	4.5A).	

Notably,	Rsp5p	shows	no	autoSUMOylation	and	instead	required	the	Siz	proteins	

for	modification	 (Novoselova	et	al.,	2013).	 Interestingly,	 sequence	alignment	of	

Rsp5p	and	nine	human	Nedd4	members,	showed	that	while	C627	and	C778	are	

conserved	 in	 Nedd4.1	 from	 multiple	 species,	 they	 are	 not	 found	 in	 Rsp5p.	 In	

addition,	 C778	 is	 apparently	 conserved	 in	 all	 human	 Nedd4	 family	 members	

while	 C627	 is	 only	 found	 in	 Nedd4.1	 and	 Nedd4.2	 (Figure	 4.5B).	 Therefore,	 I	

mutated	both	C627	and	C778	 individually	 into	alanine,	and	SUMOylation	assay	

were	performed.	Western	blotting	revealed	that	Nedd4.1	could	still	be	modified	

by	Smt3p	(Figure	4.4B)	when	either	of	these	cysteine	residues	was	absent.	Next,	

I	 speculated	 that	 cysteines	 in	 the	HECT	domain	might	 facilitate	 SUMO	 transfer	

redundantly,	and	an	alternative	cysteine	might	be	employed	if	one	cysteine	were	

not	 available.	 To	 test	 this,	 a	 triple	 mutant	 Nedd4.1C867AC627AC778A	 was	

constructed	 and	 SUMOylation	 assay	 was	 performed.	 However,	 it	 showed	 little	

effect	on	 the	Nedd4.1-Smt3p	conjugates	 formation	 (Figure	4.4C).	 It	 should	also	

be	noted	that	the	effect	of	Nedd4C867A	mutant	varies	(Figure	4.4A	and	C	versus	

Figure	4.4B).	I	assume	that	this	might	due	to	the	post-translational	modification	

status	of	recombinant	protein	used.	Thus,	I	concluded	that	none	of	the	cysteine	

within	 in	 the	HECT	domain	of	Nedd4.1	 triggers	SUMOylation	and	 that	 cysteine	

residues	outside	of	this	domain	are	required	for	Nedd4.1	autoSUMOylation.	
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Figure	 4.5	 Sequence	 alignment	 of	 the	 Nedd4.1	 C627	 and	 C778	 site	 among	

different	species	(A)	and	different	Human	Nedd4	family	members	(B).	

Numbers	 refer	 to	 the	 human	Nedd4.1.	 All	 the	 sequence	was	 downloaded	 from	

NCBI.	Sequence	was	aligned	using	NCBI	BLAST.		 	
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Table	4.6	SUMOylation	sites	prediction.	

SUMOylated	sites	of	Nedd4.1	were	predicted	using	GPS-SUMO	2.0	online	service,	

with	both	“SUMOylation”	and	“SUMO	interaction”	threshold	set	to	medium.	Two	

items	were	retrieved,	as	listed	in	the	table.	SIM	sequence	and	lysine	residue	are	

highlighted	in	red.	 	
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4.2.4 Identification	of	SUMOylation	sites	

Next,	 I	 decided	 to	 identify	 the	 site(s)	 of	 SUMO	 covalent	 attachment	GPS-SUMO	

online	 software	 was	 used	 to	 predict	 and	 score	 consensus	 and	 non-consensus	

SUMOylation	sites	within	the	amino	acid	sequences	of	the	Nedd4.1	protein	(Zhao	

et	al.,	2014).	One	putative	SUMO	non-consensus	motif	“EKQD”	which	was	located	

between	C2	and	WW1	domain	was	screened	(Table	4.6).	To	investigate	whether	

the	predicted	SUMO	non-consensus	motif	has	a	significant	 role	 in	 the	ability	of	

Nedd4.1	 being	 autoSUMOylated,	 SUMOylation	 assays	 were	 carried	 out	 on	

recombinant	GST-tagged	wild-type	Nedd4.1	and	Nedd4.1K357R,	in	the	presence	

or	 absence	 of	 Smt3p.	 These	 assays	 showed	 that	 Nedd4.1K357R	 retained	 the	

ability	 of	 forming	 Smt3p-Nedd4.1	 conjugates	 (Figure	 4.7),	 suggesting	 that	 the	

mutation	K357R	has	little	or	no	impact	on	the	autoSUMOylation	of	Nedd4.1,	and	

that	 the	predicted	consensus	motif	 “EKQD”	does	not	appear	 to	play	any	role	 in	

the	autoSUMOylation	of	Nedd4.1	in	vitro.	

4.2.5 Nedd4	SUMOylation	decreases	Nedd4	autoubiquitylation	in	vitro	

Novoselova	 et	 al.	 (2013)	 showed	 that	 SUMOylated	 Rsp5p	 demonstrated	

decreased	 Ub	 ligase	 activity	 level	 toward	 Bsd2p	 and	 have	 shown	 increased	

ubiquitylation	of	 this	protein	 in	a	Siz1	 depletion	 strain.	Therefore,	 I	decided	 to	

examine	 the	 effects	 of	 Nedd4.1	 SUMOylation	 on	 Nedd4.1	 autoubiquitylation	

activity	in	vitro.	Xie	et	al.	(2014)	have	employed	a	system	to	examine	the	effects	

of	 neddylation	 of	 Smurf1	 ubiquitylation	 in	 vitro	 by	 reconstituting	 the	

ubiquitylation	 of	 Smurf1	 using	 purified	 Ub	 E1,	 E2	 (UbcH5c),	 Smurf1,	 in	 the	

absence	 or	 presence	 of	 Nedd8,	 Nedd8	 E1	 and	 E2	 (Ubc12).	 Following	 the	

experimental	 design	 of	 Xie	 et	 al.	 (2014),	 I	 reconstructed	 the	 ubiquitylation	 of	

Nedd4.1	in	vitro	using	purified	Ub	E1	(Uba1),	E2	(Ubc1),	Nedd4.1	in	the	absence	

or	presence	of	SUMO	E1,	E2	(Ubc9)	and/or	Smt3p.	To	preclude	effects	being	due	

to	 ATP	 or	 Nedd4.1	 being	 rate-limiting,	 excess	 ATP	 and	 Nedd4.1	 were	 used.	

Western	 blotting	 revealed	 that,	 the	 inclusion	 of	 Smt3p	 or	 SUMO	 E1/E2	 alone	

slightly	 attenuated	 the	 autoubiquitylation	 of	Nedd4.1	 (Figure	 4.8),	while	when	

Smt3p,	 SUMO	E1/E2	were	 all	 included,	 the	 autoubiquitylation	 of	 Nedd4.1	was	

significantly	reduced	(Figure	4.8),	suggesting	that	SUMOylation	reduced	Nedd4.1	

activity	 in	vitro.	 I	next	investigated	whether	other	Nedd4	family	members	same	
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the	 same	 autoSUMOylation	phenomenon.	A	 similar	 assay	was	 carried	 out	with	

recombinant	GST-Nedd4.2.	As	shown	in	Figure	4.9,	western	blotting	with	anti	S	

tag	 antibodies	 demonstrated	 that	 the	 production	 SUMO	 conjugates	 could	 be	

mediated	 by	 Nedd4.2,	 and	 that	 SUMOylation	 of	 Nedd4.2	 attenuated	 its	

autoubiquitylation.	Interestingly,	unlike	Nedd4.1	which	appears	to	be	conjugated	

with	3-4	Smt3p	moieties	and	can	be	readily	detected	by	anti	Nedd4	antibodies;	

Nedd4.2	 tend	 to	 form	 polySmt3p	 conjugates	 as	 indicated	 by	 anti	 S	 antibodies	

that	recognize	Smt3p	conjugates	(Figure	4.8	and	Figure	4.9).	

4.2.6 Interaction	between	Nedd4.1	and	Ubc9	in	vitro	and	in	vivo	

Given	 that	 Ubc9	 can	 facilitate	 autoSUMOylation	 of	 Nedd4.1	 in	 vitro,	 I	 next	

decided	to	 investigate	whether	Ubc9	and	Nedd4.1	physically	 interact	with	each	

other	in	vitro.	For	that	purpose,	equally	amount	of	Nedd4.1	and	His	tagged	Ubc9	

were	incubated	and	subjected	to	a	His	pull-down	assay,	Nedd4.1	alone	was	used	

as	a	control	to	exclude	the	non-specific	binding	to	His	nickel	resin.	Western	blot	

analysis	 showed	 that	 a	 significant	 amount	 of	 Nedd4.1	 was	 pulled	 down	 only	

when	 Ubc9	 was	 present,	 confirming	 the	 physical	 interaction	 of	 these	 two	

proteins	in	vitro	(Figure	4.10A).		

To	 further	 substantiate	 our	 observation	 that	 Nedd4.1	 interact	 with	 Ubc9,	 I	

sought	 to	 detect	 the	 interaction	 of	 Nedd4.1	 and	 Ubc9	 in	 vivo.	 3HA	 and	 8His	

tagged	 Nedd4.1	 and	 GFP	 tagged	 Ubc9	were	 cotransfected	 into	 HeLa	 cells.	 Cell	

lysates	 were	 then	 subject	 to	 His	 pull-down	 assay	 and	 subsequent	

immunoblotting	 with	 anti	 Nedd4.1	 and	 anti	 GFP	 antibodies.	 However,	 no	

interaction	 with	 Nedd4.1	 was	 revealed	 in	vivo	 (Figure	 4.10B),	 suggesting	 that	

either	Nedd4.1-Ubc9	 interaction	was	not	robust	enough	 to	be	detected	or	such	

interaction	is	transient	in	vivo.		

Meanwhile,	it	was	investigated	whether	Nedd4.1	and	Ubc9	colocalize	in	the	cells.	

For	 this	 purpose,	 N-terminal	 mCherry	 tagged	 Nedd4.1	 and	 GFP	 tagged	 Ubc9	

mammalian	 expression	 constructs	 were	 cloned	 (see	 appendix	 Figure	 7.4	 and	

Figure	 7.2)	 and	 transiently	 transfected	 to	 HeLa	 cells	 both	 individually	 and	

together.	GFP-Ubc9	shows	a	diffuse	distribution	throughout	the	cells,	with	more	

presents	 in	 the	 nucleus	 and	 along	 the	 edges	 of	 nucleus.	 It	 was	 clear	 that	
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Figure	4.7	K357	is	not	the	essential	for	Nedd4.1	SUMOylation.	

In	vitro	SUMOylation	assays	were	performed	in	the	presence	(+)	and	absence	(-)	

of	 yeast	 SUMO	 (Smt3p)	 and	 equal	 quantities	 of	 GST	 tagged	 Nedd4.1	 or	

Nedd4.1K357R.	Reactions	were	subjected	 to	western	blotting	using	anti	Nedd4	

antibodies	 followed	 by	 IR-labeled	 anti	 rabbit	 antibody	 and	 imaged	 using	 the	

Odyssey	 IR	 laser	 scanning	 system.	 Arrowhead	 indicates	 unmodified	 Nedd4.1;	

asterisk	indicates	SUMOylated	forms	of	Nedd4.1.	
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Figure	4.8	SUMOylation	of	Nedd4.1	decreases	its	Ub	ligase	activity.	

In	vitro	ubiquitylation	 assay	was	 performed	with	 recombinant	 GST-Nedd4.1	 in	

the	presence	of	SUMO	SE1/SE2/ATP	and/or	Smt3p.	Reactions	were	subjected	to	

immunoblotting	 with	 anti	 FLAG	 antibodies	 (for	 Ub	 conjugating	 proteins),	 anti	

Nedd4	 antibodies	 and	 anti	 S	 tag	 antibodies,	 followed	 by	 IR-labeled	 anti	 rabbit	

antibody	 and	 imaged	 using	 the	Odyssey	 IR	 laser	 scanning	 system.	 Positions	 of	

unmodified	 Nedd4,	 Smt3p-modified	 Nedd4	 and	 Ub-modified	 Nedd4,	 were	

emphasized	in	the	image.	 	
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Figure	4.9	SUMOylation	of	Nedd4.2	decreases	their	autoubiquitylation.	

In	vitro	ubiquitylation	assay	was	performed	with	recombinant	GST-Nedd4.2	(left	

panel)	 and	 GST-Smurf2	 (right	 panel)	 in	 the	 presence	 of	 SUMO	 SE1/SE2/ATP	

and/or	 Smt3p.	 Reactions	 were	 subjected	 to	 immunoblotting	 with	 anti	 FLAG	

antibodies	 (for	 Ub	 conjugating	 proteins)	 and	 anti	 S	 tag	 antibodies	 (for	 SUMO	

conjugating	 proteins),	 followed	 by	 IR-labeled	 anti	 rabbit	 antibody	 and	 imaged	

using	the	Odyssey	IR	laser	scanning	system.	 	
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Figure	4.10	Interaction	between	Nedd4.1	and	Ubc9	in	vitro	and	in	vivo.	

A,	Bacterially	expressed	Nedd4.1	were	mixed	with	(+)	or	without	(-)	His	tagged	

Ubc9.	B,	HeLa	cells	were	transfected	with	GFPUbc9	with	(+)	or	without	(-)	3HA	

and	 8His	 tagged	Nedd4.1.	 1/10	 of	 both	 samples	were	 saved	 as	 input.	 After	 an	

hour	incubation	at	25	°C	(A)	or	4	°C	(B),	rest	of	both	samples	are	incubated	with	

His	NTA	resin.	The	resins	were	then	washed	and	eluted	with	SDS	sample	buffer	

(pull-down	 sample,	 equal	 volume	 as	 input	 sample).	 Both	 input	 and	 pull-down	

samples	 were	 subjected	 to	 immunoblotting	 with	 the	 indicated	 antibodies,	

followed	 by	 IR-labeled	 anti	 mouse/rabbit	 antibody	 and	 imaged	 using	 the	

Odyssey	 IR	 laser	 scanning	 system.	 Asterisk	 indicates	 endogenous	 Nedd4.1	 in	

HeLa	cells.	 	
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Figure	 4.11	 Nedd4.1	 colocalizes	with	 Ubc9,	 SUMO1	 and	 SUMO2	 in	 transfected	

cells.	

HeLa	cells	grown	on	glass	cover	slips	were	co-transfected	with	mCherry-Nedd4.1	

and	 GFP-Ubc9/GFP-SUMO1/GFP-SUMO2,	 with	 mCherry-Nedd4.1	 alone	 as	

control.	 Cells	 were	 fixed	 using	 paraformaldehyde	 48hours	 post-transfection,	

mounted	 and	 a	 representative	 cell	was	 imaged.	 GFP	was	 excited	 at	 488	nm	 to	

produce	an	emission	spectrum	across	500-560	nm;	mCherry	was	excited	at	561	

nm	to	produce	an	emission	spectrum	across	570-630	nm.	Images	were	collected	

with	microscope	equipped	with	63x	oil	immersion	objective.	A,	Colocalization	of	

mCherry-Nedd4.1	 with	 GFP-Ubc9/GFP-SUMO1/GFP-SUMO2	 were	 observed	 in	

cytoplasm.	 Images	 were	 desaturated	 and	 reversed	 to	 produce	 black-on-white	

images	for	easy	comparison.	B,	Colocalization	of	Nedd4.1	with	GFP-SUMO1	was	

observed	 both	 in	 cytoplasm	 and	 nuclear	 speckles.	 Images	 were	 reversed	 to	

produce	 white-on-back	 images	 for	 easy	 comparison.	 Arrows	 indicate	

colocalization	puncta.	 	



	 122	

co-expression	 of	 both	 proteins	 showed	 that	 mCherry-Nedd4.1	 and	 GFP-Ubc9	

colocalized	as	speckles	in	the	cytoplasm	(Figure	4.11A).	Nonoverlapping	areas	of	

green	or	 red	 fluorescence	 indicate	 that	 the	 colocalization	 signal	 is	 specific	 and	

not	an	artifact	of	 red	 fluorescence	signal	 leaking	 into	 the	green	channel.	 It	was	

also	 interesting	 to	 note	 that	 the	 Nedd4.1,	which	 showed	 a	 diffuse	 distribution	

throughout	 the	 cytoplasm	 with	 apparent	 exclusion	 from	 the	 nucleus	 (Figure	

4.11A),	 exhibited	 both	 diffuse	 and	 punctate	 in	 the	 cytoplasm	 and	 moderately	

enriched	at	the	cell	periphery.		

4.2.7 Interaction	between	Nedd4.1	and	SUMO1/2	in	vivo	

To	extend	our	findings	and	examine	whether	such	colocalization	of	Nedd4.1	and	

Ubc9	is	SUMOylation-related,	I	constructed	GFP	tagged	SUMO1	and	SUMO2,	and	

sought	 to	 detect	 the	 interaction	 of	 Nedd4.1	 and	 SUMO	 in	 vivo.	 As	 expected,	

SUMO1	and	SUMO2	distributed	throughout	cell	and	in	a	higher	concentration	in	

the	 nucleus	 (Mü	 et	 al.,	 1998;	 Kishi	 et	 al.,	 2003).	 Similar	 to	 that	 observed	

previously	 mCherry-Nedd4.1	 resided	 almost	 exclusively	 in	 the	 cytoplasm,	 and	

formed	 punctate	 signals	 colocolizing	 with	 SUMO1	 or	 SUMO2	 (Figure	 4.11A).	

Interestingly,	in	some	cells,	colocalization	of	Nedd4.1	and	SUMO1	in	the	nuclear	

speckles	 was	 also	 observed,	 indicating	 that	 SUMOylation	 of	 Nedd4.1	 also	 take	

place	 in	 the	 nucleus	 and	 might	 therefore	 be	 involved	 in	 nuclear	 protein	

regulation	 (Figure	 4.11B).	 Again,	 nonoverlapping	 areas	 of	 green	 or	 red	

fluorescence	indicate	that	the	colocalization	signal	is	specific	and	not	an	artifact	

of	red	fluorescence	signal	leaking	into	the	green	channel.	

To	further	substantiate	the	interaction	between	Nedd4.1	and	SUMO,	I	attempted	

to	 use	 fluorescence	 resonance	 energy	 transfer	 (FRET)	 to	 elucidate	 interaction	

between	mCherry	tagged	Nedd4.1	and	GFP	tagged	SUMO2.	When	a	fluorophore	

has	 an	 emission	 spectrum	 that	 overlaps	 on	 the	 excitation	 spectrum	of	 another	

fluorophore,	 the	 first	 fluorophore	can	act	as	a	FRET	donor,	 inducing	an	energy	

transfer	and	inducing	emission	of	light	in	the	acceptor.	This	phenomenon	occurs	

only	 if	 acceptor	 and	 donor	 are	 in	 close	 proximity	 (i.e.	 <10	 nm)	 and	 with	

favourable	orientation.	 In	 this	 case,	 the	emission	 spectrum	of	FRET	donor	GFP	

(500-570	 nm)	 overlaps	 with	 the	 excitation	 wavelength	 of	 FRET	 acceptor	

mCherry	(561	nm).	Consequently,	 if	mCherry	photobleaching	 is	 followed	by	an	

increased	signal	of	GFP	 fluorescence,	 it	 indicates	 that	FRET	 is	occurring,	as	 the	



	 123	

	

Figure	 4.12	 FRET	 images	 of	 fixed	 HeLa	 cells	 transiently	 co-transfected	 with	

mCherry	tagged	Nedd4.1	and	GFP	tagged	SUMO2.	

Cells	were	fixed	using	paraformaldehyde	48	h	post-transfection,	mounted	and	a	

representative	 cell	 cluster	 was	 imaged.	 To	 produce	 FRET	 images,	 cells	 were	

bleached	at	561	nm	for	20	secs;	images	were	captured	both	before	bleaching	(A	

and	B)	and	after	bleaching	(C	and	D).	Red	channel	(A	and	C)	was	excited	at	561	

nm	to	produce	an	emission	spectrum	across	570-630	nm.	Green	channel	(B	and	

D)	was	excited	at	488nm	to	produce	an	emission	spectrum	across	500-560	nm.	

Images	 were	 desaturated	 and	 reversed	 to	 produce	 black-on-white	 images	 for	

easy	comparison.	To	better	demonstrate	FRET	signals,	an	overlay	image	(E)	of	C	

and	D	is	shown.	There	appears	to	be	some	FRET	signal	produced	by	interaction	

between	 Nedd4.1	 and	 SUMO2	 at	 the	 peripheral	 cytoplasm,	 indicated	 by	white	

arrows.	 	



	 124	

	

	

	

	

	

	

	

	

	

	

	

Figure	4.13	Nedd4.1	can	be	SUMOylated	by	SUMO1	in	vivo.	

Myc	tagged	SUMO1	was	transfected	with	(+)	or	without	(-)	3HA	and	8His	tagged	

Nedd4.1	in	HeLa	cells.	Total	lysates	were	prepared	under	denaturing	conditions	

using	6	M	guanidine	hydrochloride	buffer.	1/10	of	both	samples	were	saved	as	

input,	 followed	 by	 TCA	 precipitation.	 The	 rest	 samples	 are	 subjected	 to	 pull-

down	assays	using	His	Select	Ni-NTA	resin.	The	resins	were	washed	and	eluted	

with	SDS	sample	buffer	(pull-down	sample,	equal	volume	as	input	sample).	Both	

input	 (left	 panels)	 and	 pull-down	 samples	 (right	 panels)	 were	 immunoblotted	

with	 indicated	 antibodies,	 followed	 by	 IR-labeled	 anti	 mouse/rabbit	 antibody	

and	 imaged	 using	 the	 Odyssey	 IR	 laser	 scanning	 system.	Arrowhead	 indicated	

major	SUMO1-modified	Nedd4.1-SUMO	conjugates.	
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Figure	4.14	Nedd4.1	can	be	SUMOylated	by	SUMO2	in	vivo.	

GFP	tagged	SUMO2	was	transfected	with	(+)	or	without	(-)	3HA	and	8His	tagged	

Nedd4.1	in	HeLa	cells.	Total	lysates	were	prepared	under	denaturing	conditions	

using	6	M	guanidine	hydrochloride	buffer.	1/10	of	both	samples	were	saved	as	

input,	 followed	 by	 TCA	 precipitation.	 The	 rest	 samples	 are	 subjected	 to	 pull-

down	assays	using	His	Select	Ni-NTA	resin.	The	resins	were	washed	and	eluted	

with	SDS	sample	buffer	(pull-down	sample,	equal	volume	as	input	sample).	Both	

input	 (left	 panels)	 and	 pull-down	 samples	 (right	 panels)	 were	 immunoblotted	

with	 indicated	 antibodies,	 followed	 by	 IR-labeled	 anti	 mouse/rabbit	 antibody	

and	imaged	using	the	Odyssey	IR	laser	scanning	system.	 	
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energy	 from	 GFP	 is	 no	 longer	 diverted	 into	 the	 mCherry	 chromophore.	

Otherwise,	 if	 the	signal	of	GFP	deceases	or	remains	consistent,	 then	no	FRET	is	

occurring	 (Gastard,	 2006).	 As	 shown	 in	 Figure	 4.12	 A	 and	 B,	 there	 was	

colocalization	 between	Nedd4.1	 and	 SUMO2	 both	 along	 the	 cell	 periphery	 and	

cytoplasm.	After	bleaching	the	mCherry	channel	for	20	secs,	although	signals	of	

both	mCherry-Nedd4.1	and	GFP-SUMO2	were	overall	attenuated	(Figure	4.12	C	

and	D),	 there	was	 a	 relatively	 increased	 signal	 of	GFP	 along	 the	 cell	 periphery	

(Figure	 4.12D),	 indicating	 that	 Nedd4.1	 and	 SUMO2	 are	 physically	 interacting	

with	each	other	at	the	cell	periphery.	

4.2.8 Nedd4.1	SUMOylation	in	vivo	

Next,	 I	 sought	 to	 verify	 whether	 Nedd4.1	 could	 be	 SUMOylated	 in	 vivo.	 Myc	

tagged	SUMO1	was	 transfected	with	or	without	3HA	and	8His	 tagged	Nedd4.1.	

48	h	later,	cell	extracts	were	subjected	to	TCA	precipitation	and	directly	analyzed	

by	western	blotting	(Input).	Alternatively,	cells	were	lysed	and	subjected	to	a	His	

pull-down	 assay	 under	 strongly	 denaturing	 conditions	 using	 His	 Select	 resin.	

Nedd4.1	 conjugated	 proteins	 (Pull-down	 sample)	 were	 analyzed	 by	 western	

blotting.	 Cells	were	 lysed	 in	6	M	Guanidine	Hydrochloride	 and	10	mM	NEM	 to	

completely	 unfold	 and	 disrupt	 protein	 complexes	 and	 to	 inactivate	 SUMO	

isopeptidases.	 As	 shown	 in	 Figure	 4.13,	 two	major	 HMW	bands	 of	 SUMO1	 co-

precipitated	 with	 3HA8His-Nedd4.1	 from	 the	 lysate	 likely	 representing	

Nedd4.1/SUMO1	 conjugates.	 To	 further	 test	 whether	 Nedd4.1	 SUMOylation	

confers	 any	 SUMO	 isoform	 preference,	 GFP-SUMO2	 was	 co-expressed	 with	

3HA8His-Nedd4.1	 and	 similar	 studies	 were	 performed.	 Western	 blotting	

revealed	 that	 SUMOylated	 proteins	 (HMW	 conjugates)	 were	 co-purified	 with	

3HA8His-Nedd4.1	 from	 the	 lysate,	 suggesting	 the	 existence	 of	Nedd4.1-SUMO2	

conjugates	(	

	

Figure	4.14).	

4.3 Discussion	

Initially,	based	on	the	research	on	yeast,	I	speculated	that	PIAS	proteins,	similar	

to	the	yeast	Siz	proteins,	might	be	responsible	for	Nedd4	SUMOylation.	However,	

my	studies	showed	that	PIAS3	did	not	affect	the	SUMOylation	level	of	Nedd4.1	in	
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vitro.	With	 that	 said,	 I	 cannot	preclude	whether	 other	members	 of	 PIAS	 SUMO	

ligase	might	play	a	role	in	the	regulation	of	Nedd4.1	SUMOylation.	This	would	be	

a	priority	for	future	experimentation.	

Efforts	 have	 focus	 on	 identifying	 the	 SUMO	 acceptor	 site	 in	 Nedd4.	 Previous	

work	has	excluded	K598	as	the	acceptor	site	(Marks,	2013).	In	the	present	study,	

as	 K357	was	 predicted	 as	 SUMO	non-consensus	 site	 by	 GPS-SUMO,	 lysine	 357	

was	mutated	 to	 arginine,	 and	 it	 showed	 no	 effect	 in	Nedd4.1	 SUMOylation.	 As	

previously	mentioned,	proteins	can	be	SUMOylated	at	sites	that	do	not	conform	

to	the	consensus	sequence	(Lin	et	al.,	2003;	Nunez-O’Mara	et	al.,	2015).	Nunez-

O’Mara	 et	 al.	 (2015)	 showed	 that	 neither	 of	 the	 8	 single	mutations	 prevented	

PHD3	 SUMOylation,	 and	 identified	 two	 clusters	 of	 lysines	 at	 the	 C-terminal	

region	 of	 PHD3	 by	 adopting	 a	 three-dimensional	 homology	 approach	 using	 an	

online	server	(Kelley	and	Sternberg,	2009),	and	one	of	the	clusters	turns	out	to	

be	responsible	for	SUMOylation.	Analysis	of	the	Nedd4.1	sequence	shows	that	it	

bears	 47	 lysine	 residues.	 To	 further	 facilitate	 the	 identification	 of	 the	 target	

residues,	 two	 overlapping	 truncated	 forms	 of	 Nedd4.1	 (N-terminal	 and	 C-

terminal)	 could	 be	 made	 and	 if	 possible,	 to	 better	 characterize	 the	 SUMO-

modified	 residues	 and	 see	whether	 Nedd4.1	 SUMOylation	motif	 is	 a	 cluster	 of	

lysine	residues	in	spatial-dependent	manner.		

To	 investigate	 whether	 Nedd4.1	 act	 as	 a	 SUMO	 ligase,	 three	 cysteines	 in	 the	

HECT	 domain	 was	 mutated,	 and	 it	 revealed	 that	 none	 of	 the	 three	 cysteine	

residues	function	as	the	sole	catalytic	active	site	for	SUMOylation.	An	explanation	

could	be	that	the	SUMO	thioester	formation	is	not	crucial	for	SUMO	attachment,	

and	 SUMO	 discharge	 from	 Ubc9~SUMO	 in	 E3-independent	 manner.	 In	 other	

words,	maybe	one	of	the	five	cysteines	(including	Cys4	and	Cys182,	which	locate	

in	 the	C2	domain)	 could	affect	 the	 formation	of	 the	 thiol-linked	conjugates	but	

had	no	effect	on	covalent	attachment.	To	test	this,	SUMOylation	assay	performed	

on	 Nedd4.1	 C	 to	 A	 mutant	 will	 serve	 to	 see	 whether	 covalent	 modification	 is	

thioester-dependent.	

My	 experiments	 indicate	 that	 ubiquitylation	 and	 SUMOylation	 of	 Nedd4.1	

compete	 against	 each	 other	 in	 in	 vitro	 enzyme	 assays.	 In	 support	 of	 this	

observation,	 recombinant	 Nedd4.1	 proteins	 were	 co-immunoprecipitated	 with	

His	 tagged	 Ubc9	 in	 vitro	 (Figure	 4.10A),	 suggesting	 that	 Ubc1~Ub	 and	
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Ubc9~SUMO	might	 compete	 for	Nedd4.1	 in	 such	 reconstituted	 assay.	Whether	

such	negatively	 regulation	exists	 in	vivo	 require	 further	 investigation.	Xie	 et	 al.	

(2014)	 reconstituted	 a	 similar	 assay	 to	 examine	 the	 effects	 of	 neddylation	 on	

Smurf1	ubiqutylation	in	vitro,	using	purified	Ub	E1,	E2,	Smurf1,	in	the	absence	or	

presence	 of	 Nedd8,	 Nedd8	 E1	 and	 E2.	 Furthermore,	 they	 test	 whether	 Nedd8	

could	enhance	the	activity	of	Smurf1	towards	its	substrates	both	 in	vitro	and	 in	

vivo.	 Similarly,	 our	 findings	may	have	 significant	 implications	 for	 the	 effects	 of	

Nedd4	SUMOylation	towards	Nedd4	Ub	substrates.	Further	studies	may	include	

the	effects	of	SUMO	on	these	substrates	in	vivo.	It	would	also	be	interesting,	if	the	

key	 SUMOylation	motif	were	 found,	 to	 see	whether	 SUMOylation	 dead	mutant	

compromises	 the	 reduced	 ubiquitylation	 level	 in	 vitro	 and	 in	 vivo.	 Another	

observation	was	that	Nedd4.2	induced	increased	level	of	HMW	SUMO	conjugates	

(Figure	 4.8	 and	 Figure	 4.9),	 and	 more	 strikingly,	 such	 HMW	 conjugates	

significantly	exceeds	the	one	induced	by	Nedd4.1	(Figure	4.2,	lane	2),	suggesting	

SUMOylation	of	Nedd4.1	and	Nedd4.2	might	have	different	outcomes	in	vivo.		

A	very	interesting	observation	is	that	when	Ubc9/SUMO1/SUMO2	and	Nedd4.1	

were	co-expressed	in	HeLa	cells,	significant	amounts	of	Nedd4.1	were	localized	

to	the	punctate	structures,	resides	around	the	cell	periphery	and	partially	in	the	

cytoplasm.	It	should	also	be	noted	that	the	colocalization	between	Nedd4.1	and	

SUMO1	varies,	besides	some	colocalization	in	the	cytoplasm,	some	colocalization	

also	 occurs	 in	 the	 nucleus	 in	 some	 cells	 (Figure	 4.11B),	 suggesting	 that	

SUMOylation	 of	 Nedd4.1	 might	 play	 a	 role	 in	 the	 nuclear	 protein	 regulation.	

Strikingly,	 further	FRET	assays	on	Nedd4.1	and	SUMO2	showed	FRET	signal	 in	

the	 peripheral	 cytoplasm	 (Figure	 4.12).	 It	 would	 be	 of	 great	 interest	 to	

fractionate	 the	 cytosol	 and	 nucleus,	 which	 will	 further	 substantiate	 what	 I	

observe	on	localization	of	Nedd4.1,	and	shed	light	on	SUMOylation	of	Nedd4.1.		

It	is	also	noted	that,	although	robust	interaction	between	Ubc9	and	Nedd4.1	was	

detected	 in	vitro	 (Figure	 4.10A),	 and	 that	 a	 strong	 colocalization	 of	 Ubc9	 and	

Nedd4.1	 was	 observed	 (Figure	 4.11),	 no	 3HA8His-Nedd4.1	 and	 GFP-Ubc9	

complex	was	pulled	down	in	vivo	(Figure	4.10B).	I	reasoned	that,	although	SUMO	

E2	 can	 directly	 interact	 with	 some	 SUMO	 substrates	 to	 transfer	 the	 SUMO	 to	

substrate	acceptor	lysine	residues,	E3	ligases	are	often	required	to	increase	the	

interaction	between	Ubc9	and	its	substrate.	It	is	possible	that	Nedd4.1	act	merely	
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as	 a	 substrate	 despite	 of	 its	 ability	 to	 form	 thioester	 bond	 with	 Smt3p	 (as	

discussed	 above),	 and	without	 the	 help	 of	 E3	 to	 recruit	Ubc9~SUMO	 thioester	

and	 Nedd4.1	 into	 a	 complex	 to	 promote	 specificity,	 the	 direct	 interaction	

between	 Ubc9~SUMO	 and	 Nedd4.1	 in	 vivo	 can	 be	 barely	 detected.	 Another	

possibility	 is	 that	 the	 complex	 of	 GFP	 tagged	 Ubc9	 and	 Nedd4.1	 in	 vivo	 is	

transient	 or	 not	 robust	 enough	 to	 be	 co-precipitated.	 To	 confirm	 this,	 cross-

linker	regents	that	are	capable	of	covalently	binding	protein-protein	complexes	

as	 they	 interact,	can	be	employed	 in	 further	studies.	 In	addition,	 to	exclude	the	

potential	inhibition	effect	role	of	GFP	due	to	its	size,	a	smaller	tag,	such	as	FLAG,	

could	be	a	better	option.		

As	for	in	vivo	denaturing	pull-down	studies,	owing	to	its	dynamic	nature	and	low	

steady-state	levels,	endogenous	SUMOylation	is	challenging	to	detect	(Becker	et	

al.,	 2013).	 One	 common	 strategy	 is	 to	 overexpress	 tagged	 versions	 of	 SUMO	

along	with	a	putative	target	protein	in	cells	and	evaluate	target	modification	by	

immunoblotting	or	IP	followed	by	immunoblotting.	Ectopic	expression	of	SUMO	

may	 enrich	 the	 population	 of	 SUMOylated	 proteins	 in	 the	 cell,	 and	 in	 the	

meanwhile	have	little	effect	on	the	specificity	of	the	reaction	(Zhao	et	al.,	2004).	

In	 my	 study,	 I	 also	 overexpressed	 GFP-SUMO2	 and	 3HA8His-Nedd4.1	 and	

observed	 Nedd4.1	 SUMOylated	 conjugates	 after	 pull-down	 assay	 under	

denaturing	 conditions.	 The	 use	 of	 His	 tag	 proteins	 followed	 by	 Ni	 pull-down	

allows	 denaturing	 cell	 lysis,	which	 inhibits	 SUMO	 isopeptidases	 and	 breaks	 up	

non-covalent	 protein	 interactions.	 It	 is	 also	 interesting	 to	 note	 that	 different	

forms	of	Nedd4.1-SUMO	conjugates	were	observed	in	the	denaturing	pull-down	

assay,	 with	 SUMO1	 modified	 Nedd4.1	 present	 as	 a	 specific	 band,	 and	 SUMO2	

modified	Nedd4.1	present	 as	 a	 smear.	 This	 is	 consistent	with	 the	 findings	 that	

SUMO2	 tend	 to	 form	 polySUMO	 chains,	 while	 SUMO1	 often	 results	 in	 mono-

SUMOylation	or	act	as	 chain	 terminator	 in	vivo	 (Tatham	et	al.,	2001;	Vertegaal,	

2010;	Matic	et	al.,	2007).	

On	 some	occasions,	 SUMOylation	of	 specific	 substrates	 can	be	 readily	detected	

when	 co-expressed	 with	 SUMO.	 MTA1,	 for	 instance,	 was	 found	 undergo	

SUMOylation	 in	 vivo	 by	 co-expressing	 MTA1	 and	 SUMO2	 and	 performing	 a	

denaturing	 pull-down	 assay	 using	 MCF-7	 cell	 extracts	 (Cong	 et	 al.,	 2011).	

Similarly,	SUMOylation	of	Dnmt3a	was	readily	observable	when	tagged	Dnmt3a	
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and	SUMO1	was	co-transfected	and	subjected	to	denaturing	pull-down	(Ling	et	

al.,	2004).	However,	on	some	other	occasions,	SUMOylation	event	might	require	

an	extra	stimulation,	co-expressing	with	Ubc9	for	instance,	to	be	detected.	Ubc9	

levels	 are	 found	well	 correlated	with	SUMO1	and	SUMO2/3	conjugation	 levels,	

and	global	SUMOylation	is	elevated	in	Ubc9	transgenic	mice	(Lee	et	al.,	2011).	In	

fact,	this	strategy	has	been	frequently	employed	(Chalovich	and	Eisenberg,	2005;	

Feligioni	 et	 al.,	 2011).	 Co-expression	 of	 Ubc9	 and	 SUMO1,	 instead	 of	 SUMO1	

alone,	 was	 conducted	 to	 investigate	 the	 crosstalk	 between	 SUMOylation	 and	

regulation	of	 JNK	activation	 in	 the	model	of	hydrogen	peroxide	(H2O2)	 induced	

oxidative	 stress	 (Feligioni	 et	 al.,	 2011).	 Co-expression	 with	 Ubc9	 greatly	

enhanced	 mono-SUMOylation	 of	 RAP80.	 Moreover,	 several	 additional,	 HMW	

form	 of	 RAP80	 species,	 which	were	 later	 determined	 as	multi-SUMOylation	 of	

RAP80,	were	also	observed	(Chalovich	and	Eisenberg,	2005).	Since	HMW	form	of	

Nedd4.1	was	weakly	detected	in	HeLa	cells,	co-transfection	of	3HA8His-Nedd4.1	

with	 Ubc9,	 aiming	 to	 boost	 the	 SUMOylation	 machinery	 could	 be	 taken	 into	

consideration	 in	 future	 experimentation.	 On	 the	 other	 hand,	 it	 is	 noted	 that	

artificially	 generated	 SUMOylation	 of	 Nedd4	 upon	 ectopic	 overexpression	 of	

Nedd4,	 SUMO,	 and/or	 Ubc9	 does	 not	 necessarily	 indicate	 its	 physiological	

implications,	 and	 examining	 the	 SUMOylation	 status	 of	 Nedd4	 in	 Ubc9	

knockdown	or	knockout	cell	lines	might	help	to	substantiate	the	findings.	

In	 conclusion,	 the	data	presented	here	 represents	 a	 study	of	 the	 interaction	of	

SUMO	and	Nedd4.1,	in	various	forms,	for	the	first	time.	SUMOylation	of	Nedd4.1	

was	 reconstituted	 in	vitro,	 attempts	 to	 looking	 into	 SUMOylation	 motif	 or	 the	

possibility	of	acting	as	a	SUMO	ligase	was	made.	My	data	showed	that	Nedd4.1	

could	be	SUMOylated	in	vitro,	and	that	thioester	bonds	form	between	SUMO	and	

Nedd4.1	during	this	process.	Initial	attempts	to	identify	which	cysteine	residues	

may	be	involved	excluded	those	found	within	the	Nedd4.1	HECT	domain	(C627,	

C778,	C867).	Moreover,	evidence	of	SUMOylation	of	Nedd4.1	 in	vivo	was	shown	

by	 localization	observation	and	performing	pull-down	assays	under	denaturing	

condition.	SUMOylation	of	Nedd4.1	was	further	examined	using	SIM-based	SUMO	

trap,	which	will	be	described	in	more	detail	in	the	next	chapter.	
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5 Result	III:	Capture	of	SUMOylated	proteins	using	a	SIM-

based	SUMO	trap	

5.1 Introduction	

5.1.1 Purification	of	endogenous	SUMOylated	proteins	

Identification	 and	 purification	 of	 SUMOylated	 proteins	 has	 been	 hampered	 by	

the	 low	 steady-state	 abundance	 of	 SUMOylation	 levels	 due	 to	 their	 inherent	

instability,	which	stems	 from	both	proteasome	degradation	and	de-conjugation	

by	 SENPs	 (Ulrich,	 2009;	 Sundvall	 et	 al.,	 2012).	 One	 common	 strategy	 is	 to	

overexpress	tagged	versions	of	SUMO	along	with	a	putative	target	protein	in	cells	

and	 evaluate	 target	 modification	 by	 immunoblotting	 or	 IP	 followed	 by	

immunoblotting	(Rodriguez	et	al.,	1999;	Desterro	et	al.,	1998;	Müller	et	al.,	2000;	

Janina	 Becker,	 2013).	 In	 chapter	 3,	 I	 described	 overexpressing	 GFP	 tagged	

SUMO2	 and	 3HA8His	 tandem-tagged	 Nedd4.1	 and	 observed	 Nedd4.1	

SUMOylated	 conjugates	 after	 a	 pull-down	 assay	 under	 denaturing	 conditions.	

However,	 although	 this	 strategy	 is	 useful	 to	 test	 whether	 proteins	 can	 in	

principle	be	SUMOylated	and	can	help	in	development	of	SUMOylation-deficient	

variants,	 they	 provide	 little	 insight	 into	 the	 endogenous	 regulation	 of	 target	

SUMOylation	and	is	 limited	to	transfectable	material	and	genetically	modifiable	

organisms	(Becker,	2013).	Therefore,	many	research	groups	have	been	focusing	

on	seeking	other	strategies	to	identify	endogenous	SUMO	targets	(Barysch	et	al.,	

2014).	Several	groups	have	managed	to	enrich	endogenous	SUMOylated	proteins	

by	 immunoprecipitation	 and	 peptide	 elution	 using	 monoclonal	 antibodies	

(Becker	 et	 al.,	 2013;	 Barysch	 et	 al.,	 2014;	 Iribarren	 et	 al.,	 2015).	 Using	 this	

approach,	 in	 combination	 with	 mass	 spectrometry	 (MS),	 Becker	 et	 al.	 (2013)	

screened	 584	 different	 endogenous	 SUMO1-	 and	 SUMO2/3-modified	 proteome	

candidates	 from	 asynchronously	 growing	 HeLa	 suspension	 cells.	 In	 another	

example,	 Iribarren	 and	 colleagues	 established	 a	 Trypanosoma	 brucei	 cell	 line	

expressing	 HA-TbSUMOT106K,	 which	 allows	 purification	 of	 SUMO	 conjugates	

and	after	digestion	with	Lys-C	and	the	enrichment	 for	diGly-Lys	peptides	using	
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specific	antibodies	 (Iribarren	et	al.,	2015).	This	site-specific	proteomic	strategy	

identified	45	SUMOylated	proteins	and	53	acceptor	sites	unambiguously.	

5.1.2 SUMO	interaction	motif	(SIM)	based	SUMO	trap	

Emerging	evidence	has	suggested	SUMOylation	plays	a	general	role	in	regulation	

of	protein-protein	interactions	via	the	recognition	of	SUMO	that	are	attached	to	

modified	proteins	by	a	SIM	on	receptor	proteins.	The	SIM	is	a	hydrophobic	motif	

with	 a	 loose	 consensus	 sequence	 (V/L/I-X-V/L/I-V/L/I)	 that	 interacts	 non-

covalently	with	the	hydrophobic	groove	of	SUMO	(Figure	5.1).		

The	 RING	 finger	 protein	 RNF4	was	 first	 identified	 as	 a	 co-regulator	 in	 steroid	

receptor-mediated	 gene	 transcription	 (Moilanen	 et	 al.,	 1998).	 Using	 the	 DNA-

binding	domain	of	androgen	receptor	(AR)	as	bait	in	a	yeast	two-hybrid	screen,	

they	identified	a	small	nuclear	RING	finger	protein,	initially	termed	SNURF,	that	

interacts	with	AR	in	a	hormone-dependent	fashion	in	both	yeast	and	mammalian	

cells.	 It	was	 later	demonstrated	 that,	RNF4,	which	 contains	a	C-terminal	RING-

domain	 and	 four	 tandems	 SIM	 repeats,	 targets	 poly-SUMOylated	 proteins	 for	

degradation	mediated	by	Ub	and	 is	 involved	 in	controlling	PML	nuclear	bodies	

(Tatham	et	al.,	2008),	DNA	double	strand	break	repair	(Galanty	et	al.,	2012;	Yin	

et	 al.,	 2012;	Vyas	 et	 al.,	 2012)	 and	 other	 nuclear	 functions	 (Abed	 et	 al.,	 2016).	

Interestingly,	not	all	RNF4	SIMs	contribute	equally	to	SUMO	binding	(Tatham	et	

al.,	2008;	Sun	and	Hunter,	2012).	Structural	analysis	shows	that	SIM2	and	SIM3	

bind	 to	 SUMO	 with	 a	 high	 affinity	 and	 together	 constituted	 the	 recognition	

module	necessary	 for	SUMO	binding	(Figure	5.1),	whereas	SIM4	alone	binds	 to	

SUMO	 with	 low	 affinity;	 however,	 its	 contribution	 to	 tetra-SUMO2	 binding	 is	

comparable	with	that	of	SIM3	when	in	context	of	the	RNF4-SIMs	domain	(Kung	

et	 al.,	 2014).	 Keusekotten	 et	 al.	 (2014)	 has	 also	 shown	 that	 the	 sequence	 and	

spacing	of	 the	SIMs	of	RNF4	determines	 its	substrate	specificity	and	concluded	

that	 SIM2	 and	 SIM3	 are	 necessary	 and	 sufficient	 for	 an	 interaction	 of	 the	 SIM	

domain	with	chains	of	at	least	two	SUMOs.	Although	RNF4	has	a	low	affinity	for	

single	 SUMO	moieties,	 it	 shows	 high	 binding	 ability	 towards	 poly-SUMOylated	

proteins	 (Tatham	 et	 al.,	 2008),	 making	 it	 a	 potential	 tool	 to	 identify	

polySUMOylated	 proteins.	 In	 fact,	 several	 groups	 have	 used	 the	 polySUMO-

binding	 nature	 of	 RNF4	 to	 identify	 or	 purify	 endogenous	 polySUMO-modified	
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Figure	 5.1	Ribbon	 representation	 showing	 SIM2	 and	 SIM3	of	RNF4	 interacting	

with	two	SUMO2	moieties	(PDB	ID:	2MP2).	

Sequences	 of	 SIM2	 (IVDL)	 and	 SIM3	 (VVDL)	 are	 shown	 with	 purple	 stick	

representation.	 The	 linker	 sequences	 are	 highlighted	 in	 yellow.	 The	 rest	

sequences	 are	 shown	 in	 red.	 Both	 SIM2	 and	 SIM3	 are	 interacting	 with	 a	

hydrophobic	groove	formed	between	the	β2	strand	and	α	helix	of	SUMO	moieties.	 	
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proteins,	in	combination	of	SUMO-boosting	treatments	(Bruderer	et	al.,	2011;	Da	

Silva-Ferrada	 et	 al.,	 2013).	 Ronald	 T.	 Hay’s	 group	 used	 the	 polySUMO	 binding	

ability	 of	 RNF4	 and	 the	 specific	 elution	 by	 a	 SIM-containing	 peptide	 to	 purify	

endogenous	 polySUMOylated	 proteins	 from	 cell	 extracts,	 which	 resulted	 in	 a	

highly	 purified	 material	 that	 is	 suitable	 for	 analysis	 by	 high-resolution	 MS	

(Bruderer	 et	 al.,	 2011);	 Similarly,	 Manuel	 S.	 Rodriguez’s	 group	 used	 the	 SIM	

binding	 phenomenon	 and	 engineered	 a	 GST-fusion	 protein	 carrying	 tandem	

repeats	 of	 SIM2	 and	 SIM3	 motifs	 of	 RNF4	 to	 generate	 a	 system	 to	 capture	

SUMOylated	proteins	(Da	Silva-Ferrada	et	al.,	2013).	They	also	demonstrate	that	

SUMO	 trap	 is	 a	 potent	 affinity	 purification	 tool	 to	 isolate	 total	 and	 specific	

SUMOylated	proteins,	 such	as	PTEN,	 IkBα,	PML	and	p53	 in	vivo	and/or	 in	vitro	

(Da	Silva-Ferrada	et	al.,	2013).	

The	SIM	is	very	short	peptide	sequence,	raising	the	question	of	its	efficiency	for	

SUMOylated	 protein	 purification,	 especially	 in	 terms	 of	 affinity	 and	 specificity	

(Da	Silva-Ferrada	et	al.,	2013).	The	multiplication	of	SIM	motifs	 to	 increase	the	

capacity	to	interact	with	poly	SUMOylated	proteins	is	an	approach	naturally	used	

by	 the	 cell	 in	 proteins	 such	 as	 RNF4	 and	 RNF111,	 which	 uses	 four	 and	 three	

adjacent	 SIMs,	 respectively	 (Sun	 and	 Hunter,	 2012;	 Poulsen	 et	 al.,	 2013).	

Consistent	with	this,	 it	has	been	shown	that	SUMO	trap	containing	four	repeats	

of	SIM	captured	SUMOylated	proteins	with	significantly	less	efficiency	than	that	

contains	 of	 eight	 repeats	 of	 SIM,	 thus	 indicating	 that	 extension	 the	 number	 of	

SIMs	might	show	improved	capacity	to	purify	SUMOylated	proteins	compared	to	

the	natural	RNF4	SIM	sequences	(Da	Silva-Ferrada	et	al.,	2013).	Yet,	the	optimal	

number	of	SIMs	required	for	consistently	purifying	these	proteins	has	yet	to	be	

fully	determined.	

On	 the	 other	 hand,	 SIMs	 often	 present	 within	 SUMO	 substrates	 and	 enzymes	

where	 they	 regulate	 substrate	 and	 SUMO	 paralog	 selectivity,	 as	 mentioned	 in	

section	1.2.3.2.	Although	nearly	ten	types	of	SIMs	were	experimentally	identified,	

each	one	represents	only	a	small	proportion	of	known	SIMs,	and	no	one	to	date	

has	performed	a	systematic	analysis	of	SUMOylation	and	SUMO	interaction	(Zhao	

et	al.,	2014).	Meanwhile,	 to	 identify	novel	polySUMO-binding	proteins,	Sun	and	

Hunter	 conducted	 a	 computational	 string	 search	with	 a	 custom	 Python	 script,	

and	found	clustered	SIMs	in	RNF111	(Sun	and	Hunter,	2012).	They	also	showed	
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that	 dominant	 SIMs	 in	 a	 SIM	 cluster	 often	 contain	 a	 pentameric	 VIDLT	

(V/I/L/F/Y	(V/I)	DLT)	core	sequence	and	that	is	also	found	in	the	SIMs	in	PIAS	

family	 E3s	 and	 suggest	 this	 might	 be	 the	 best-fitted	 structure	 for	 SUMO	

recognition	 (Sun	 and	 Hunter,	 2012).	 This	 idea	 led	 to	 the	 identification	 of	

additional	novel	SIM	clusters	in	FLASH/CASP8AP2,	C5orf25,	and	SOBP/JXC1	and	

they	 suggest	 that	 the	 clustered	 SIMs	 in	 these	 proteins	 form	 distinct	 SUMO	

binding	domains	to	recognize	diverse	forms	of	protein	SUMOylation.		

Moreover,	the	importance	of	SIM2/3	linker	has	also	been	highlighted.	It	has	been	

reported	that	the	acidic	amino	acids	that	flank	each	SIM	core,	are	important	for	

SUMO	 recognition	 (Matic	 et	 al.,	 2010).	 A	 measurable	 reduction	 in	 poly	 SUMO	

chain	binding	was	observed	for	mutations	targeting	the	SIM2/3	linker.	The	RNF4	

P60A	mutant	and	a	four	residue	deletion	between	SIM2	and	SIM3	showed	small	

decreased	 in	 bound	 polySUMO2,	 which	 are	 consistent	 with	 the	 effects	 of	

removing	either	SIM2	or	SIM3	alone	(Xu	et	al.,	2014).	Similarly,	replacement	of	

the	 natural	 acidic	 linker	 between	 the	 hydrophobic	 cores	 of	 SIM2	 and	 SIM3	 by	

seven	glycine	residues	resulted	in	inability	of	binding	with	SUMOylated	proteins	

(Da	Silva-Ferrada	et	al.,	2013).	Because	of	these	complicated	features,	systematic	

analysis	of	SUMOylation	and	SUMO	interaction	is	still	a	great	challenge.	Thus,	a	

platform	 that	 can	 be	 applied	 to	 generate	 different	 SIMs	 for	 binding	 different	

SUMOylation	patterns	is	worth	exploring.		

Regarding	 the	 three	 issues	 (tandem	 repeat	 numbers,	 SIM	 sequence	 and	 linker	

sequence)	discussed	above,	Dr.	Sullivan	established	a	strategy	that	can	be	used	

to	generate	SUMO	trap	with	desired	repeats	of	different	SIM	tandem	sequences.	

Briefly,	 two	pairs	of	oligos	that	contain	two	different	SIM	sequences	(SIM1	and	

SIM2)	 and	 a	 linker	 sequence	 in	 between	 were	 annealed	 separately	 (named	

annealing	 fragment	 1	 and	 2).	 With	 complementary	 overhangs	 these	 two	

annealed	products	were	further	ligated	together	to	generate	annealing	fragment	

3,	 and	 inserted	 to	a	GST	vector	via	KpnI	and	HindIII,	 this	 is	P1	 that	 contains	4	

SIMs	 in	total.	An	 intact	KpnI	site	was	 introduced	at	 the	C-terminal	of	annealing	

fragment	 3,	making	 it	 available	 for	 another	 insertion	 of	 annealing	 fragment	 3,	

this	is	P2	that	contains	8	SIMs.	In	theory,	specific	number	of	tandem	SIM	repeats	

in	repeat	units	of	4	can	be	generated	via	this	platform	(Figure	5.2).	Validation	of	

the	efficiency	of	SUMO	trap	established	 in	 this	 system	will	be	of	great	 interest.	
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Figure	5.2	Schematic	diagrams	showing	how	the	SUMO	trap	is	generated.		

A,	Molecular	design	of	SIM	insert	fragment.	Two	pairs	of	primers	were	annealed	

separately	to	generate	“Annealing	fragment	1”	and	“Annealing	fragment	2”,	each	

contains	a	SIM1,	SIM2	and	a	linker.	SIM1,	SIM2,	linker	sequences	are	highlighted	

with	underline,	in	green,	purple	and	orange,	respectively.	Annealing	fragments	1	

and	 2	 are	 ligated	 subsequently	 to	 generate	 “Annealing	 fragment	 3”,	 which	 in	

theory	is	the	addition	of	 fragment	1	and	2.	B,	Cloning	of	SUMO	trap.	 It	 is	noted	

that	one	“ETAGDE”	was	missing	(emphasized	with	red	circle),	which	might	occur	

during	 cloning.	With	 a	 KpnI	 and	 HindIII	 overhang	 in	 each	 end,	 the	 Annealing	

fragment	3	is	inserted	to	plasmids	containing	a	His	and	a	GST	tag	protein	in	the	

N-terminal,	 this	 is	 a	 SUMO	 trap	 that	 contains	 4	 SIMs,	 named	 P1.	 Another	

Annealing	fragment	3	can	be	inserted	into	P1	via	the	intact	KpnI	in	between	the	

Annealing	 fragment	 3	 and	 HindIII	 digestion	 site,	 named	 P2.	 Theoretically,	

plasmid	 can	be	 elongated	unlimitedly	 to	 generate	Pn	 encoding	4n	 SIM	 tandem	

repeats.	 	
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The	SIMs	used	in	the	creation	of	SUMO	trap,	IVDL	and	VVDL,	were	derived	from	

RNF4.	Briefly,	 a	 plasmid	basis	 encoding	 two	 repeats	 of	 IVDL-ETAGDE	 (linker)-

VVDL	 was	 created,	 and	 hence	 a	 SUMO	 trap	 SIM	 expansion	 system.	 Here,	 my	

study	aims	at	validating	the	availability	of	SUMO	trap,	which	consists	of	4	repeats	

of	 IVDL-ETAGDE	(linker)-VVDL,	aiming	to	confirm	the	SUMOylation	of	Nedd4.1	

and	the	physiological	relevance	of	the	modification.	

5.1.3 Experimental	conditions	that	might	affect	the	protein	level	of	SUMOylated	

proteins	

Studies	 with	 mammalian	 and	 yeast	 cells	 found	 that	 SUMO	 is	 important	 for	

cellular	 responses	 to	 stress	 (Zhou,	 et	 al.,	 2004;	 Saitoh	 and	 Hinchey,	 1999).	

Numerous	stress	conditions	are	known	to	induce	global	changes	in	SUMOylation,	

both	in	tissue-cultured	cells	and	at	the	organism	level,	such	as	heat	shock,	DNA	

damage,	 oxidative	 stress	 and	 ethanol	 stress	 (Seeler	 and	 Dejean,	 2017).	 It	 has	

been	reported	a	rapid	and	reversible	increase	in	SUMO2	and	SUMO3	conjugates	

when	 mammalian	 cells,	 such	 as	 COS-7	 (Saitoh	 and	 Hinchey,	 1999)	 ,	 or	 HeLa	

(Bruderer	 et	 al.,	 2011)	 were	 shifted	 from	 the	 normal	 growth	 temperature	 of	

37	°C	to	the	stressful	43	°C.	In	another	example,	deficient	SUMOylation	sensitizes	

cells,	 either	 normal	 cells	 or	 cancer	 cells,	 to	 the	 effects	 of	most	 DNA	 damaging	

agents	 and	 genotoxic	 agents,	 such	 as	 ionizing	 irradiation,	 cisplatin,	 and	

hydroxyurea	(Guo	and	Henley,	2014;	Seeler	and	Dejean,	2017).	Double-stranded	

DNA	 breaks	 might	 occur	 if	 exposed	 under	 these	 agents,	 activating	 signaling	

pathways	that	lead	to	the	association	of	DNA	repair	proteins,	such	as	BRCA1,	p53	

binding	protein1	(53BP1)	and	Ring	finger	protein	168,	with	the	damaged	regions	

(Morris	et	al.,	2009;	Mohanty	et	al.,	2014;	Zhi	and	Chen,	2012;	Galanty	et	al.,	2009;	

Wong,	2009).		

In	most	cases,	naturally	SUMOylated	protein	is	hardly	detectable	as	only	a	small	

fraction	of	 a	particular	protein	 is	 SUMOylated	at	 any	given	 time	 (Kerscher	and	

William,	2007).	Usually	biological	methods	or	chemical	regents	are	employed	to	

induce	the	SUMOylation	process.	Specific	stresses	induce	SUMOylation	of	specific	

sets	 of	 proteins	 (Enserink,	 2015).	 For	 instance,	 autoSUMOylation	 of	 the	 E3	

enzymes,	 Siz1p	 and	 Siz2p,	 was	 not	 detected	 in	 untreated	 cells,	 but	 readily	

identified	 following	 ethanol	 stress	 (Zhou,	 et	 al.,	 2004);	 to	 capture	 SUMOylated	

PML,	one	hour	pre-treatment	with	proteasome	inhibitor	MG132	followed	by	one	



	 139	

hour	 of	 stimulation	 with	 arsenic	 trioxide	 (ATO)	 was	 applied;	 to	 capture	

SUMOylated	 p53,	 cells	were	 pre-transfected	with	His-SUMO2	 and	 treated	with	

IFN-α	for	24h	or	infected	with	vesicular	stomatitis	virus	(VSV)	for	4h	(Da	Silva-

Ferrada	 et	 al.,	 2013).	 Overexpressing	 other	 SUMO	 pathway	 enzymes	 such	 as	

SUMO	 E2	 or	 E3	 might	 be	 another	 option.	 For	 instance,	 SUMOylation	 of	

endogenous	PTEN	could	be	analyzed	after	overexpressing	PIAS1	or	PIAS3	SUMO	

ligases	in	HEK293	cells	(Lang	et	al.,	2015).		

My	study	reports	the	use	of	the	previously	established	a	SUMO	trap	a	platform,	in	

combination	with	a	proper	method	to	induce	cell	stress	and	boost	SUMOylation	

of	Nedd4,	if	possible,	to	investigate	the	SUMOylation	of	endogenous	Nedd4.	

5.1.4 Aims	of	this	study	

In	this	chapter,	I	aim	to	verify	the	SUMO	trap	platform	established	in	our	lab,	and	

to	see	whether	this	tool	can	be	applied	to	capture	SUMOylated	Ub	ligases.	

• To	 optimize	 the	 conditions	 so	 that	 SUMO	 trap	 can	 capture	 SUMOylated	

proteins	efficiently	both	in	vitro	and	in	vivo.	

• To	capture	poly-	or	mono-	SUMOylated	Nedd4.1	in	vitro	using	SUMO	trap	

• To	capture	endogenous	or	exogenous	Nedd4.1	conjugates	 from	cell	extracts	

using	SUMO	trap	

5.2 Results	

5.2.1 Expression	and	purification	of	SUMO	trap	

SUMO	 trap,	 also	 named	 SUMO	 binding	 entities	 (SUBE),	 were	 engineered	 by	

introducing	4	repeats	of	RNF4-derived	SIM2	and	SIM3	motifs	in	tandem	(named	

SIM1	and	SIM2,	respectively,	in	Figure	5.2),	into	a	GST	vector.	The	purified	SUMO	

trap	 proteins	were	 confirmed	 using	MS	 analysis	 (Dr.	 Ruth	Rose,	 unpublished).	

Purified	GST	and	SUMO	trap	were	detected	by	Coomassie	staining	and	western	

blotting	using	anti	GST	antibodies	(	

Figure	5.3).	GST	control	protein	ran	 to	expect	molecular	weight	of	35	kDa,	and	

SUMO	trap	protein	ran	to	the	expected	molecular	weight	of	45	kDa.	 	
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Figure	5.3	Purification	of	GST	and	SUMO	trap.	

BL21-Gold	 host	 strain	 was	 used	 to	 produce	 recombinant	 protein	 GST	 (G)	 and	

SUMO	 trap	 (S).	 Purified	 proteins	were	 readily	 detected	 by	 Coomassie	 staining	

(left	 panel);	 Both	 proteins	 were	 diluted	 1:10	 and	 detected	 using	 anti	 GST	

antibodies	followed	by	IR-labelled	anti	mouse	second	antibody	and	imaged	using	

the	Odyssey	IR	laser	scanning	system	(right	panel).		 	
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5.2.2 Optimization	of	experimental	conditions	to	capture	SUMOylated	proteins	

using	SUMO	trap		

To	 capture	 in	vivo	 SUMOylated	 proteins,	 HEK293	 and	 HeLa	 cells	 were	 treated	

with	 heat	 stress	 at	 43	 °C	 for	 an	 hour	 to	 boost	 SUMOylation	 level.	 Cell	 lysates	

were	then	incubated	with	GST	sepharose	beads	that	were	pre-bound	with	either	

GST	or	 SUMO	 trap	 and	blocked	with	FBS.	As	 shown	 in	Figure	5.4,	 SUMOylated	

proteins	 accumulated	 significantly	 after	 heat	 stress	 in	 HEK293	 cells,	 and	

although	the	efficiency	of	pull-down	with	 the	SUMO	trap	was	not	very	high	(as	

determined	 by	 the	 ratio	 of	 pull-down	 proteins	 to	 input	 SUMOylated	 proteins)	

SUMO	 conjugates	were	 readily	 detectable	 using	 anti	 SUMO2/3	8A2	 antibodies.	

While	in	contrast,	the	quantity	of	SUMO2/3	conjugates	induced	by	heat	shock	in	

HeLa	 cells	 was	 relatively	 low	 (Figure	 5.4,	 left	panels),	 which	might	 due	 to	 the	

health	state	of	the	cells.		

Meanwhile,	 to	 verify	 that	 our	 SUMO	 trap	 could	 be	 used	 to	 purify	 in	 vitro	

SUMOylated	 substrates,	 recombinant	 Siz2p,	 whose	 autoSUMOylation	 had	 been	

previously	 demonstrated	 (Novoselova	 et	 al.,	 2013),	 was	 SUMOylated	 in	 vitro.	

Considering	 that	 SUMO	 trap	 preferably	 capture	 poly-SUMOylated	 rather	 than	

mono-SUMOylated	 substrates	 in	vitro	 (Da	Silva-Ferrada	et	 al.,	 2013),	His	 and	S	

tagged	 Smt3p	 (yeast	 SUMO)	 was	 used	 in	 the	 in	 vitro	 SUMOylation	 assay	 to	

generate	 poly-Smt3p	 conjugated	 Siz2p.	 Western	 blotting	 using	 anti	 S	 tag	

antibodies,	which	 recognize	both	His-S-Siz2p	and	His-S-Smt3p,	 and	anti	 Smt3p	

antibodies	 both	 showed	 that	 SUMOylation	 of	 Siz2p	 was	 successfully	 achieved	

(Figure	5.5).	The	reaction	mixture	was	then	incubated	with	GST	sepharose	beads	

that	 were	 pre-bound	with	 either	 GST	 or	 SUMO	 trap	 and	 blocked	with	 FBS.	 In	

terms	of	capture	of	SUMOylated	Siz2p,	although	SUMO	trap	sample	pulled	down	

a	relatively	 larger	amount	of	SUMOylated	Siz2p,	 the	GST	control	also	showed	a	

small	 proportion	 of	 non-specific	 binding	 of	 proteins	 that	 can	be	 recognized	by	

anti	Smt3p	and	anti	S	antibodies	(Figure	5.5).		

It	 is	 worthy	 to	 note	 that,	 in	 these	 two	 experiments,	 I	 decided	 to	 capture	

SUMOylated	 proteins	 without	 eluting	 the	 GST	 or	 SUMO	 trap	 from	 the	 GST	

sepharose	beads	before	pull-down	(Figure	5.6A).	I	reasoned	that	the	structure	of	

SUMO	 trap	was	 linked	with	 an	 extra	His	 tag	 at	 the	N-terminus,	 and	 this	might	
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Figure	5.4	Capture	of	SUMOylated	proteins	in	vivo.	

A,	HEK293	and	HeLa	cells	were	treated	with	MG132	with	(+)	or	without	(-)	heat	

shock	 (HS)	 at	 43	 °C	 for	 1	 h.	 Cell	 lysate	 was	 subjected	 to	 SDS-PAGE	 and	

immunoblotting	 with	 anti	 SUMO2/3	 clone	 8A2	 antibodies	 followed	 by	 IR-

labelled	 anti	mouse	 antibody	 and	 imaged	 using	 the	 Odyssey	 IR	 laser	 scanning	

system.	B,	heat	shock	treated	HEK293	cell	lysate	was	incubated	with	GST	(G)	or	

SUMO	 trap	 (S),	 input	 and	 bound	 fractions	 were	 immunoblotted	 with	 anti	

SUMO2/3	clone	8A2	antibodies	followed	by	IR-labelled	anti	mouse	antibody	and	

imaged	using	the	Odyssey	IR	laser	scanning	system.	 	
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Figure	5.5	SUMOylated	Siz2p	can	be	captured	by	SUMO	trap	in	vitro.	

In	vitro	SUMOylation	assay	with	Siz2p	in	the	presence	(+)	or	absence	(-)	of	Smt3p	

was	 performed.	 The	 generated	modified	 proteins	 (input)	 were	 than	 incubated	

with	 beads	 containing	 GST	 or	 SUMO	 trap,	 SUMO	 trap	 captured	 proteins	 are	

present	in	the	bounded	fraction.	All	the	fractions	were	analyzed	by	western	blot	

using	 either	 anti	 S	 tag	 antibodies	 (left	 panel)	 or	 anti	 Smt3p	 antibodies	 (right	

panel)	followed	by	IR-labelled	anti	mouse/rabbit	antibody	and	imaged	using	the	

Odyssey	 IR	 laser	 scanning	 system.	Arrowhead	 shows	 unmodified	 proteins,	 and	

square	bracket	indicates	their	SUMOylated	forms.	 	
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Figure	 5.6	 Schematic	 diagram	 of	 strategies	 used	 in	 capture	 of	 SUMOylated	

proteins.	

A,	GST	 resin	was	 incubated	with	 bacterial	 cell	 lysate	 containing	 GST	 or	 SUMO	

trap	 and	washed	 three	 times	 before	 incubated	with	 samples	 that	 contain	 prey	

proteins	 (SUMOylated	proteins)	 (Step	 I),	 the	GST	 resin	was	 then	washed	 twice	

before	 elution	 (Step	 II).	B,	 GST	 resin	 was	 incubated	 with	 bacterial	 cell	 lysate	

containing	GST	or	SUMO	trap	and	washed	three	times.	Before	Step	I	and	II,	GST	

resin	 was	 pre-blocked	 by	 incubation	 with	 FBS	 (Step	 III).	 C,	 GST	 resin	 was	

incubated	with	bacterial	cell	 lysate	containing	GST	or	SUMO	trap,	washed	three	

times	and	eluted	(Step	IV).	Before	Step	I	and	Step	II,	GST	or	SUMO	trap	proteins	

are	re-bind	to	GST	resin	(Step	V).	
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make	GST	tag	less	accessible	to	GST	sepharose	beads	and	hence	indirectly	affect	

the	 efficiency	 of	 SUMO	 trap.	 However,	 this	 strategy	 inevitably	 introduces	 non-

specific	 binding	 proteins	 from	 purification	 system	 (bacteria)	 and/or	 from	

samples	 that	 contain	 prey	 proteins	 (in	 vitro	 reactions	 or	 cell	 lysates).	 To	

minimize	 the	 non-specific	 binding	 of	 the	 GST	 control,	 the	 GST	 sepharose	 was	

pre-blocked	 with	 FBS	 (Figure	 5.6B).	 Theoretically,	 FBS	 would	 block	 the	

redundant	 binding	 sites	 in	 GST	 resin,	 thereby	 reducing	 the	 amount	 of	 non-

specific	 binding	 proteins	 from	 samples	 that	 contain	 prey	 proteins.	 Indeed,	 the	

GST	 alone	 control	 of	 in	vivo	 SUMO	 trap	 binding	 showed	negligible	 background	

(Figure	5.4).	However,	GST	control	of	the	in	vitro	SUMO	trap	binding	pulled	down	

detectable	 amount	 of	 proteins	 (Figure	 5.5),	 which	 might	 due	 to	 high-

concentrated	 purified	 recombinant	 proteins	 in	 the	 reaction,	 suggesting	 that	

further	 adjustment	 experiments	 were	 required.	 To	 further	 decrease	 the	

background	 binding,	 in	 the	 later	 experiments,	 GST/SUMO	 trap	 was	 purified,	

eluted,	concentrated	and	stored	in	storage	buffer.	Before	use	~500	ng	of	either	

GST	alone	or	the	SUMO	trap	was	rebound	to	the	resin	prior	incubation	with	poly-

SUMOylated	 substrates	 (Figure	 5.6C).	 This	 modified	 protocol	 gives	 a	 clearer	

signal	even	without	the	presence	of	FBS	(Figure	5.8	and	Figure	5.9).		

5.2.3 Capture	of	SUMOylated	Nedd4.1	using	SUMO	trap	in	vitro	

Following	the	validation	of	the	SUMO	trap	to	capture	SUMOylated	proteins	both	

in	vitro	and	 in	vivo,	I	 examined	whether	 the	 poly-SUMOylated	 form	of	Nedd4.1	

could	 be	 captured	 by	 SUMO	 trap.	 To	 exclude	 or	 minimize	 the	 binding	 of	

SUMOylated	GST-Nedd4.1	recombinant	proteins	to	GST	sepharose	beads	directly	

rather	 than	 via	 the	 non-covalent	 SIM	 interaction,	 the	 recombinant	 GST	 tagged	

Nedd4.1	proteins	were	 cleaved	with	 3C	protease	 to	 remove	 the	GST	 tag.	More	

than	90%	of	GST-Nedd4.1	 recombinant	protein	was	cleaved	 (Figure	5.7A).	The	

uncleaved	GST-Nedd4.1	recombinant	protein	and	free	GST	was	then	removed	by	

passing	 through	 a	 GST-trap	 column,	 and	 flow	 through	 was	 fractioned	 and	

detected	by	SDS-PAGE	(Figure	5.7	B	and	C).	All	the	fractions	containing	cleaved	

Nedd4.1	 were	 combined	 concentrated	 and	 visualized	 using	 SDS-PAGE	 gel,	 in	

parallel	with	pre-cleaved	GST-Nedd4.1	recombinant	protein	(Figure	5.7D).	This	
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Figure	5.7	N-terminal	GST	of	GST-Nedd4	recombinant	protein	was	removed	by	

3C	protease	and	GST	pull-down.	

A,	Purified	GST-Nedd4	recombinant	protein	was	incubated	with	3C	protease;	the	

reaction	was	separated	by	SDS-PAGE	and	stained	with	instant	blue.	Arrowheads	

(from	 top	 to	 bottom)	 indicate	 uncleaved	 GST-Nedd4,	 Nedd4,	 free	 GST,	

respectively.	B,	The	mixture	of	the	reaction	was	passed	through	GST	resin.	Peak	i	

indicates	 the	 unbounded	 fractions,	 peak	 ii	 indicates	 GST	 tag	 and	 GST	 tagged	

proteins.	C,	Different	fractions	of	peak	i	was	detected	by	SDS-PAGE	and	stained	

with	 instant	 blue.	D,	All	 the	 fractions	 of	 peak	 i	 were	 combined,	 concentrated	

(Post-cleavage),	separated	by	SDS-PAGE	and	stained	with	instant	blue,	in	parallel	

with	GST-Nedd4	recombinant	protein	(Pre-cleavage).	 	
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cleaved	Nedd4.1	proteins	were	 then	used	 for	 the	 in	vitro	 SUMOylation	assay	 in	

subsequent	experiments.	

To	examine	whether	Nedd4.1-Smt3p	conjugates	could	be	captured	by	SUMO	trap,	

in	vitro	SUMOylation	assays	on	Nedd4.1	with	or	without	Smt3p	were	performed.	

Nedd4.1	was	modified	 extensively	 only	when	 Smt3p	was	 present	 (Figure	 5.8).	

The	Smt3p	SUMOylated	Nedd4.1	conjugates	were	then	incubated	with	either	GST	

or	 SUMO	 trap.	 Western	 blot	 analysis	 of	 the	 pulled	 down	 material	 shows	 that	

SUMO	 trap	 very	 efficiently	 captured	 polySUMO	 chains	 formed	 by	 Smt3p.	 Da	

Silva-Ferrada	et	al.	(2013)	reported	that	GST	control	bound	to	unmodified	forms	

of	proteins	such	as	IκBα	or	p53,	especially	when	the	target	protein	is	abundant.	

In	my	experimental	conditions,	the	same	phenomenon	was	observed	(Figure	5.8).		

Next,	I	decided	to	see	whether	SUMO1	modified	forms	of	Nedd4.1	could	also	be	

captured	by	SUMO	trap.	To	this	end,	I	performed	an	 in	vitro	SUMOylation	assay	

using	 His	 tagged	 SUMO1.	 SUMOylation	 of	 Nedd4.1	 was	 only	 observed	 when	

SUMO1	 was	 present,	 with	 a	 less	 extensive	 modification	 than	 observed	 with	

Smt3p,	as	determined	by	western	blotting	using	anti	Nedd4	antibodies	 (Figure	

5.8	 versus	 Figure	 5.9).	 Moreover,	 western	 blotting	 using	 anti	 S	 tag	 antibody	

showed	 that,	 compared	with	 Smt3p-SUMOylated	Nedd4.1,	 SUMO1-SUMOylated	

Nedd4.1	presents	more	defined	bands	around	135	kDa.	After	the	 in	vitro	SUMO	

reaction,	a	GST	pull-down	was	performed	using	SUMO	trap	or	GST	as	a	control.	

SUMO	 trap	 exhibited	 affinity	 for	 SUMO1	 forms	 of	 Nedd4.1	 (Figure	 5.9).	 It	 is	

worthy	 to	 note	 that	 major	 SUMO1-modified	 Nedd4.1	 migrates	 at	 a	 similar	

position	as	GST-Nedd4.1.	A	small	proportion	of	uncleaved	GST-Nedd4.1	residues	

were	enriched	by	the	GST	sepharose,	masking	SUMOylated	Nedd4.1	proteins.	In	

contrast,	anti	His	antibodies	distinguished	His	tagged	SUMO1-modified	Nedd4.1	

protein	based	on	their	size	(this	part	of	protein	migrates	higher	than	unmodified	

Nedd4	 (~110	kDa)),	while	 anti	 SUMO1	antibodies	were	also	able	 to	detect	 the	

major	 SUMO1-modified	 Nedd4.1	 (Figure	 5.9,	 asterisk).	 Western	 blot	 analysis	

using	 either	 anti	 His	 or	 anti	 SUMO1	 antibodies	 revealed	 that	 SUMO1-modified	

Nedd4.1	was	captured	by	SUMO	trap,	although	with	 less	efficiency	 than	 that	of	

Smt3p-modified	 Nedd4.1.	 It	 is	 also	 interesting	 to	 note	 that	 a	 range	 of	 SUMO1	

conjugates	 were	 significantly	 enriched,	 again	 based	 on	 the	 ratio
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Figure	5.8	Nedd4-Smt3p	conjugates	can	be	captured	by	SUMO	trap.	

In	 vitro	SUMOylation	 assay	 with	 Nedd4	 in	 the	 presence	 (+)	 or	 absence	 (-)	 of	

Smt3p	 was	 performed.	 The	 generated	 modified	 proteins	 (Input)	 were	 than	

incubated	with	beads	 containing	 equally	 amount	 of	GST	 (G)	 or	 SUMO	 trap	 (S),	

captured	 proteins	 are	 present	 in	 the	 bound	 fraction	 (Bound).	 All	 the	 fractions	

were	analyzed	by	Western	blot	using	either	anti	Nedd4	antibodies	(upper	panels)	

and	 anti	 His	 antibodies	 (lower	 panels)	 followed	 by	 IR-labelled	 anti	 rabbit	

antibody	and	anti-mouse	antibody,	respectively.	Signals	were	detected	using	the	

Odyssey	 IR	 laser	 scanning	 system.	Arrowhead	 shows	 unmodified	 proteins,	 and	

square	bracket	indicates	their	SUMOylated	forms.	
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Figure	5.9	Nedd4-SUMO1	conjugates	can	be	captured	by	SUMO	trap.	

In	vitro	 SUMOylation	 assay	with	Nedd4	 in	 the	presence	 (+)	 or	 absence	 (-)	 of	 SUMO1	was	performed.	The	 generated	modified	

proteins	(Input)	were	then	incubated	with	beads	containing	equally	amount	of	GST	(G)	or	SUMO	trap	(S),	captured	proteins	are	

present	in	the	bound	fraction	(Bound).	All	the	fractions	were	analyzed	by	Western	blot	using	antibodies	as	indicated	followed	by	

IR-labelled	anti	mouse/rabbit	antibody	and	imaged	using	the	Odyssey	IR	laser	scanning	system.	Arrowheads	show	the	position	of	

unmodified	Nedd4;	asterisk	indicates	 the	position	of	major	SUMO1	modified	 forms	of	Nedd4;	Square	bracket	indicates	SUMO1	

modified	forms	of	Nedd4	that	has	been	enriched	by	SUMO	trap.		 	
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of	captured	fraction	(Bound)	to	input	proteins	(Figure	5.9,	as	shown	with	square	

bracket).		

5.2.4 Attempts	of	Capture	endogenous	SUMOylated	Nedd4.1	under	heat	shock	

Following	 the	 validation	 of	 the	 SUMO	 trap	 of	 capture	 in	 vitro	 SUMOylated	

Nedd4.1,	 I	next	 sought	 to	determine	whether	 the	SUMO	 trap	can	be	utilized	 to	

investigate	the	SUMOylation	of	endogenous	Nedd4.1	in	vivo.		

To	better	preserve	the	SUMOylated	proteins	in	vivo,	Da	Silva-Ferrada	et	al.	(2013)	

compared	popular	cysteine	protease	inhibitors,	such	as	Iodoacetamide	(IAA),	the	

cell-permeable	 deubiquitylating	 enzyme	 (DUB)	 inhibitor	 PR-619,	 and	 N-

ethylmaleimide	 (NEM),	which	 all	 showed	modest	 protection	 of	 HMW	 forms	 of	

SUMO2/3	compared	to	untreated	controls.	They	also	suggested	that	while	NEM	

appears	 to	 be	 the	most	 efficient	 SUMO	 protease	 inhibitor	 on	 the	 basis	 of	 free	

SUMO2/3	accumulation,	it	also	interferes	with	GST	binding	to	glutathione	beads.	

Manufacturer’s	 information	 for	 NEM	 also	 notes	 that	 it	 is	 not	 compatible	 with	

DTT	 as	 reducing	 agents	 (DTT,	 DTE,	 β-mercaptoethanol	 etc.)	 inactivate	 NEM	

(Figure	 5.10).	 Hence,	 to	 preserve	 SUMO-modified	 proteins	 during	 the	

preparation	 of	 cell	 extracts,	 PR619	was	 added	 to	 lysis	 buffer	 to	 inhibit	 SUMO	

protease	activities.	Interestingly,	despite	being	contra-indicated	for	use	with	DTT	

the	 use	 of	 NEM	 during	 all	 the	 wash	 steps	 better	 preserved	 and	 captured	

SUMOylated	proteins	more	efficiently	(Figure	5.11).		

When	 exposed	 to	 heat	 shock	 stress,	 cells	 respond	 by	 enhancing	 SUMO2/3	

conjugation,	as	well	as	polySUMO	chain	formation	(as	described	in	section	5.1.3).	

Moreover,	 Rsp5p,	 the	 Nedd4	 homolog	 in	 yeast,	 as	well	 as	 Nedd4.1,	 have	 been	

reported	 to	 be	 the	 main	 Ub	 ligases	 that	 target	 cytosolic	 misfolded	 proteins	

following	 heat	 shock	 (Fang	 et	 al.,	 2014).	 I	 decided	 to	 see	 whether	 heat	 shock	

might	affect	SUMOylation	of	Nedd4.1.	HeLa	cells	were	exposed	to	43	°C	for	1	h,	

and	 treated	 with	 NEM	 and	 MG132	 before	 harvest,	 cell	 lysates	 were	 then	

subjected	 to	pull-downs	with	GST	or	 SUMO	 trap.	My	 experiments	 showed	 that	

although	general	SUMOylation	was	enhanced	by	heat	shock,	 the	 level	of	Nedd4	

protein	 or	 post-translational	 modification	 of	 Nedd4	 remains	 apparently	

unchanged,	as	determined	by	western	blotting	of	 the	 input	samples	using	both	

anti	SUMO2/3	and	anti	Nedd4	antibodies	(Figure	5.12A);	as	a	result,	SUMO	trap	
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Figure	5.10	Antagonistic	effect	of	NEM	and	reducing	agent.	

NEM	can	irreversibly	blocks	free	SH	groups	of	Cysteine	residues	of	the	enzyme	by	

the	above	reaction,	while	the	enzyme	can	be	recovered	by	appropriate	reducing	

agents	such	as	DTT,	DTE,	β-mercaptoethanol.	 	
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Figure	5.11	Capture	of	SUMOylated	proteins	in	HeLa	cells	with	or	without	NEM.	

HeLa	cells	were	treated	with	MG132	with	(+)	or	without	(-)	heat	shock	at	43	°C	

for	1	h.	Heat	shock	treated	HeLa	cell	lysate	was	incubated	with	GST	(G)	or	SUMO	

trap	(S),	NEM	was	presented	(+,	left	panel)	or	absent	(-,	right	panel)	during	the	

lysis	and	wash	steps.	Input	and	bound	fractions	were	subjected	to	SDS-PAGE	and	

immunoblotted	with	anti	SUMO2/3	clone	8A2	antibodies	followed	by	IR-labelled	

anti	mouse	antibody	and	imaged	using	the	Odyssey	IR	laser	scanning	system.		 	
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Figure	5.12	Attempts	of	capture	endogenous	SUMOylated	Nedd4	in	untreated	or	

heat	shock	treated	HeLa	cells.	

A,	 HeLa	 cells	 were	 treated	 with	MG132	with	 (+)	 or	 without	 (-)	 heat	 shock	 at	

43	°C	for	1	h.	HeLa	cell	 lysate	under	both	conditions	were	immunoblotted	with	

anti	 SUMO2/3	 8A2	 and	 anti	 Nedd4	 antibodies	 followed	 by	 IR-labelled	 anti	

mouse/rabbit	antibody	and	imaged	using	the	Odyssey	IR	laser	scanning	system.	

B,	Both	untreated	and	heat	shock	treated	HeLa	cell	lysates	were	incubated	with	

GST	(G)	or	SUMO	trap	(S),	NEM	was	presented	during	the	lysis	and	wash	steps.	

Input	and	bound	fractions	were	subjected	to	SDS-PAGE	and	immunoblotted	with	

anti	Nedd4	antibodies	 followed	by	 IR-labelled	anti	 rabbit	 antibody	and	 imaged	

using	the	Odyssey	IR	laser	scanning	system.	Arrowheads	indicate	the	position	of	

unmodified	Nedd4.1.	 	
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did	 not	 capture	 any	 SUMOylated	 Nedd4	 in	 both	 untreated	 and	 treated	 cell	

samples	(Figure	5.12B).		

5.2.5 Capture	of	exogenous	SUMOylated	Nedd4.1	

Given	that	SUMOylation	of	Nedd4.1	was	detected	using	a	denaturing	pull-down	

assay	when	Nedd4.1	and	SUMO	are	transiently	transfected	together	(Chapter	3),	

I	next	decided	 to	see	whether	overexpression	of	SUMO2	and	Nedd4.1	could	be	

utilized	to	analyze	SUMOylated	Nedd4.1	using	SUMO	trap.	For	this	purpose,	GFP-

SUMO2	 and	 3HA8His-Nedd4.1	 were	 transiently	 transfected	 and	 expressed	 in	

HeLa	cells	for	48	h.	To	avoid	an	eventual	proteasome-mediated	degradation,	cells	

were	treated	with	MG132	for	2	h	before	harvest	and	cell	lysates	were	submitted	

to	a	GST	pull-down	using	SUMO	trap	or	GST	alone	control	with	NEM	being	added	

throughout	 the	 procedure.	 Western	 blot	 analysis	 of	 the	 captured	 material	

showed	 that	 no	 obvious	 SUMOylated	 forms	 of	 3HA8His-Nedd4.1	was	 captured	

and/or	recognized	by	anti	Nedd4	antibodies	(Figure	5.13).		

In	 contrast,	when	3HA8His-Nedd4.1	was	co-transfected	with	different	 forms	of	

SUMO	(Myc-SUMO1/GFP-SUMO2/HA-SUMO3)	and	cell	lysates	were	treated	with	

MG132	and	harvested	48	h	post-transfection	and	incubated	with	GST/SUMO	trap,	

as	 described	 above.	 Different	 forms	 of	 SUMOylated	 proteins	were	 successfully	

captured	 by	 SUMO	 trap	 (Figure	 5.14A,	 upper	 panel).	 Moreover,	 SUMOylated	

forms	of	3HA8His-Nedd4.1	were	efficiently	enriched	when	using	SUMO	 trap	as	

bait,	 while	 no	 interaction	 with	 GST	 was	 observed	 (Figure	 5.14A,	 lower	panel).	

Interestingly,	in	a	subsequent	repeat	of	this	experiment,	no	SUMOylated	Nedd4.1	

was	observed	in	cell	lysates	and	no	SUMOylated	Nedd4.1	was	enriched	using	the	

SUMO	trap.	

Taken	 together,	 it	 is	 possible	 to	 capture	 exogenous	 SUMOylated	 proteins,	

including	Nedd4.1	in	vivo	using	the	SUMO	trap.	However,	it	is	also	clear	that	the	

levels	of	SUMOylated	Nedd4.1	can	vary	considerably	in	cells.	
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Figure	5.13	Capture	of	overexpressed	SUMOylated	proteins	using	GFPSUMO2	and	mCherryNedd4.1.	

HeLa	cells	were	transfected	with	GFPSUMO2	and	McherryNedd4.1.	Cell	lysate	was	harvested	48	after	transfection	and	incubated	

with	GST	sepharose	containing	GST	or	SUMO	trap.	 Input	and	bound	fractions	were	subjected	to	SDS-PAGE	and	immunoblotted	

with	anti	GFP	antibodies,	anti	SUMO2/3	clone	8A2	antibodies,	anti	SUMO2/3	antibodies	and	anti	Nedd4	antibodies	(from	left	to	

right).	Arrowheads	indicate	the	position	of	unmodified	mCherryNedd4.1.	
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Figure	5.14	Capture	of	overexpressed	SUMOylated	proteins.	

HeLa	 cells	 were	 transfected	 with	 Myc-SUMO1	 (S1)	 /GFP-SUMO2	 (S2)	 /HA-

SUMO3	 (S3)	 and	 3HA8His-Nedd4.1.	 Cell	 lysate	 was	 harvested	 48	 after	

transfection	and	incubated	with	GST	sepharose	containing	GST	(G)	or	SUMO	trap	

(S).	 Input	and	bound	fractions	were	subjected	to	SDS-PAGE	and	immunoblotted	

with	anti	SUMO	(upper	panels)	or	anti	Nedd4	(lower	panels)	antibodies,	followed	

by	IR-labelled	anti	mouse/rabbit	antibody	and	imaged	using	the	Odyssey	IR	laser	

scanning	 system.	 Arrowheads	 indicate	 the	 position	 of	 unmodified	 3HA8His-

Nedd4.1;	 asterisk	 indicates	 the	 position	 of	 major	 SUMO1	 modified	 forms	 of	

Nedd4.1.	A/B	represent	two	independent	experiments.		
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5.3 Discussion	

To	 validate	 the	 utility	 of	 His	 and	 GST	 tagged	 SIM	 based-SUMO	 trap,	 His-GST	

fusion	protein	were	used	as	a	control	throughout	this	chapter,	same	as	what	Da	

Silva-Ferrada	et	al.	(2013)	stated	in	their	paper.	However,	it	might	be	more	ideal	

to	use	a	His	and	GST	 tagged	peptide	with	 the	 same	amino	acid	 composition	as	

SIM	 repeats,	 but	 with	 shuffled	 sequences,	 to	 ensure	 absence	 of	 non-specific	

affinity	 for	SUMOylated	proteins	 (Nadler,	et	al.,	1992).	Furthermore,	although	 I	

successfully	captured	SUMOylated	proteins	using	the	SUMO	trap	in	HEK293	cells	

under	heat	shock	treatment,	there	was	some	non-specific	background	binding	in	

the	 GST	 control	 sample,	 where	 some	 SUMOylated	 proteins	 bound	 non-

specifically	 to	 either	 the	 GST	 or	 glutathione	 sepharose	 (Figure	 5.4).	 FBS	 was	

added	along	the	purification	steps	to	minimize	such	backgrounds.	This	is	also	the	

case	 when	 I	 tried	 to	 capture	 SUMOylated	 Siz2p	 in	 vitro	 (Figure	 5.5).	 Later	

experiments,	especially	 the	 in	vitro	 SUMO	trap	binding	assays,	 showed	 that	 the	

elution-rebinding	step	is	necessary	to	minimize	the	non-specific	binding	of	GST	

controls.	Despite	 the	background	binding	 issue,	 it	 is	 interesting	to	see	that	 free	

His-S-Smt3p	was	not	binding	to	 the	SUMO	trap,	which	 is	consistent	 that	report	

by	 Da	 Silva-Ferrada	 et	 al.	 (2013).	Moreover,	 this	 experiment	 indicates	 that	 an	

RNF4-based	SUMO	trap	might	be	used	to	investigate	Smt3p	conjugates	in	yeast,	

despite	the	SIMs	being	derived	from	the	human	RNF4	protein.		

Regarding	 the	 capture	 of	 SUMOylated	 proteins	 under	 heat	 shock	 treatment	 in	

vivo,	 it	 was	 surprising	 that	 under	 same	 heat	 shock	 conditions,	 HEK293	

SUMOylation	 levels	 was	 significantly	 boosted,	 while	 HeLa	 cells	 showed	 much	

weaker	changes	(Figure	5.4).	One	explanation	would	be	that	the	cell	line	we	used	

was	 already	 slightly	 stressed	 and	 therefore	 does	 not	 respond	 to	 further	 stress	

conditions	 (Knejzlik	 Zdenek,	 pers.	 Comm.).	 Knejzlik	 Zdenek	 and	 colleagues	

(Častorálová	 et	 al.,	 2012)	 investigated	 endogenous	 SUMO2/3	 conjugate	

accumulation	in	cells	under	heat	shock.	They	tested	more	than	three	cell	lines,	of	

which	HEK293,	U2OS	and	HeLa	cells	were	shown	in	manuscript.	Strikingly,	HeLa	

cells	shows	repeated	no	conjugates	accumulation	under	heat	shock.	Meanwhile,	

they	observed	that	several	another	cell	 lines,	 including	HEK293,	 the	conjugates	

were	 not	 observable	 at	 higher	 passages.	 In	 support	 of	 this,	 HEK293	 or	 U2OS	
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were	subjected	to	heat	shock	at	42	°C	for	30	min	two	days	before	next	heat	shock,	

no	SUMO2/3	accumulation	was	shown	in	comparison	with	control	cells	with	no	

heat	pre-treatment.	These	findings	were	consistent	with	my	observation	of	HeLa	

cells.	 In	 the	 beginning,	 heat	 shock	 induced	 SUMO	 conjugates	 accumulation	 in	

HeLa	 cells	 was	 not	 strong,	 but	 was	 detectable	 using	western	 blotting	 analysis	

with	 anti	 SUMO2/3	 8A2	 antibodies.	 As	 experiments	 went	 on,	 HeLa	 cells	

gradually	 lost	SUMO	conjugate-accumulation	under	heat	shock	treatment,	and	I	

reasoned	that	cells	get	gradually	stressed	as	the	passaging	went	on.	Hence,	I	tried	

to	use	HeLa	cell	 line	 from	other	sources	 (kindly	provided	by	Dr.	Viji	Draviam),	

thereafter,	SUMO	conjugates-accumulation	was	clearly	identifiable	(Figure	5.	11).		

In	terms	of	the	usage	of	NEM,	it	was	reported	that,	PR-619	alone	was	sufficient	to	

preserve	 SUMO	 conjugates	 (Da	 Silva-Ferrada	 et	 al.,	 2013).	However,	 under	my	

experimental	 conditions,	 although	 PR-619	 alone	 was	 enough	 when	 I	 tried	 to	

capture	SUMOylated	proteins	in	HEK293	cells	(Figure	5.4),	addition	of	both	PR-

619	 and	NEM	 significantly	 improved	 SUMO	 trap	 efficiency	when	 heat	 shocked	

new	HeLa	 cell	 samples	was	 used	 (Figure	 5.11).	 One	 explanation	 could	 be	 that	

with	a	large	amount	of	input	materials,	PR-619	was	sufficient	to	capture	enough	

SUMO	conjugates	to	be	detected	by	western	blotting.	Since	the	HeLa	cell	line	did	

not	accumulate	as	much	SUMO	conjugates	as	the	HEK293	cell	line	do,	NEM	helps	

to	 better	 preserve	 SUMO	 conjugates.	 Another	 explanation	 is	 that	 PR-619,	 a	

broad-spectrum	 inhibitor	 of	 the	 deubiquitinylating	 enzymes	 (DUBs),	 cannot	

efficiently	inhibit	the	present	of	SENPs	under	my	experimental	conditions,	while	

NEM,	 which	 is	 a	 reagent	 for	 the	 covalent	 modification	 of	 cysteine	 residues	 in	

proteins,	is	required	to	completely	inhibit	SENPs	(Altun	et	al.,	2011).	

Several	 previous	 studies	 have	 addressed	 the	 question	 of	 SUMO	 paralog	

selectivity	 (Chang	 et	 al.,	 2011;	 Tatham	 et	 al.,	 2008;	 Sun	 and	 Hunter,	 2012;	

Keusekotten	et	 al.,	 2014).	With	RNF4,	 SIM1,	 SIM2	and	SIM3	 show	a	 significant	

binding	 selectivity	 for	 SUMO2	 over	 SUMO1,	 while	 SIM4	 indicated	 no	 paralog	

preference	 (Kung	 et	 al.,	 2014).	 My	 experiments	 show	 that	 SUMO1	 or	 Smt3p	

modified	Nedd4.1	proteins	were	captured	by	SUMO	trap	in	vitro	(Figure	5.8	and	

Figure	 5.9).	 Several	 in	 vitro	 SUMOylation	 studies	 have	 seen	 poly-SUMO1	

conjugates	(Yang	et	al.,	2006;	Cong	et	al.,	2011).	For	example,	metastasis	tumor	

antigen	 MTA1	 was	 observed	 to	 undergo	 SUMOylation,	 and	 formation	 of	 poly-
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SUMO	chains	either	by	SUMO1	or	SUMO2	(Cong	et	al.,	2011).	Capture	of	SUMO1	

SUMOylated	 Nedd4.1	 in	 vitro	 was	 successfully	 achieved	 possibly	 indirectly	

supporting	 the	 idea	 that	Nedd4.1	 is	polySUMOylated	with	SUMO1	 (Figure	5.9).	

More	 interestingly,	 western	 blotting	 using	 either	 anti	 SUMO	 or	 anti	 His	

antibodies	 showed	 that	 the	 major	 SUMO1-Nedd4.1	 conjugates	 in	 the	 input	

sample	migrates	 around	135	 kDa	 (Figure	 5.9,	asterisk),	which	 is	 equate	 to	 3-4	

SUMO	 moieties	 conjugated	 to	 Nedd4.1	 and	 is	 in	 consistent	 with	 what	 was	

observed	previously	(Figure	4.3).	However,	the	pull-down	sample	showed	that	in	

addition	to	modified	Nedd4.1	of	~135	kDa	larger	conjugates	(of	around	190	kDa)	

were	also	captured	(Figure	5.9,	square	bracket).	In	fact,	compared	with	proteins	

around	135kDa,	poly-SUMO1	chains	of	Nedd4.1	were,	to	a	larger	extent,	enriched	

and	captured	by	SUMO	trap.	It	 is	probable	that	this	reflects	polySUMO	moieties	

being	captured	at	higher	efficiency	due	to	the	nature	of	SIMs	from	RNF4,	which	

preferentially	bind	to	polySUMO	chains	(Tatham	et	al.,	2008).		

As	described	previously,	a	major	advantage	of	SIM-based	SUMO	trap	is	that	it	is	

capable	 of	 capturing	 endogenous	 SUMOylated	 proteins	 without	 the	 need	 for	

transfection.	However,	my	data	 showed	 that	 endogenous	 SUMOylated	Nedd4.1	

proteins	were	 frequently	 below	 the	detection	 level	 in	 both	untreated	 and	heat	

shock	treated	HeLa	cells	(Figure	5.12).	 	This	 is,	 to	some	extent,	consistent	with	

what	Da	Silva-Ferrada	et	al.	(2013)	found:	basal	levels	of	both	SUMOylated	PML	

or	 p53	were	not	 captured,	while	 SUMOylated	PML	 induced	by	 arsenic	 trioxide	

(ATO)	and	SUMOylated	p53	induced	by	IFN-α	or	VSV	infection	were	successfully	

captured.	 Therefore,	 while	 seeking	 a	 condition	 to	 stimulate	 more	 endogenous	

SUMOylated	 Nedd4.1,	 SUMO	 trap	 can	 also	 be	 applied	 to	 capture	 endogenous	

proteins	 that	 are	 well	 established	 to	 be	 SUMOylated	 under	 specific	

circumstances.	 BRCA1,	 for	 instance,	 is	 modified	 by	 SUMO	 in	 response	 to	

genotoxic	stress	(Morris	et	al.,	2009).	Another	explanation	might	be	that	Nedd4	

are	 mostly	 mono-SUMOylated	 in	vivo	and	 therefore	 could	 not	 be	 pulled	 down	

efficiently	 by	 the	 SUMO	 trap.	 To	 test	 this,	 a	 SUMO	 trap	 with	 different	 SIM	

sequences	that	could	preferably	bind	with	mono-SUMOylated	proteins	could	be	a	

potential	solution	(Further	discussed	in	Chapter	6).	

I	further	employed	SUMO	trap	to	confirm	exogenous	SUMOylation	of	Nedd4.1	in	

vivo.	Given	that	SUMOylation	of	Nedd4	was	detected	using	denaturing	pull-down	
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assays	 (see	Chapter	4),	 I	 sought	 to	 see	whether	 overexpression	of	 SUMO2	and	

Nedd4.1	 could	 be	 analyzed	 using	 SUMO	 trap.	 Exogenous	 SUMO1	 or	 SUMO2/3	

SUMOylated	 forms	 of	 Nedd4.1	 were	 successfully	 captured	 by	 SUMO	 trap	 by	

overexpressing	 tagged	 SUMO	 and	 Nedd4.1	 in	 HeLa	 cells.	 (Figure	 5.14A).	

However,	 the	 experimental	 conditions	 remain	be	optimized	 as	 the	observation	

was	 not	 consistent	 across	 experimental	 replicates	 (Figure	 5.14B).	 One	

explanation	 could	 be	 that	 the	 transfection	 efficiency	 varies	 considerably,	

changing	 the	 extent	 of	 Nedd4.1	 SUMOylation	 in	vivo.	 Moreover,	 it	 is	 critical	 to	

select	 appropriate	 proteasome	 inhibitors	 when	 detecting	 protein-protein	

interaction	especially	 in	 the	post-translational	 level.	 In	my	studies,	MG132	was	

chosen	 because	 of	 its	 wide	 usage.	 However,	 other	 inhibitors	 are	 preferred	 in	

specific	 circumstances.	 For	 instance,	 Lear	 et	 al.	 (2016)	 found	 that	 PIASy	

ubiquitylation	leads	to	degradation	by	the	proteasome,	showed	that	PIASy	half-

life	 decreased	 upon	 overexpression	 of	 Ub	 and	 that	 PIASy	 expression	 was	

decreased	 upon	 leupeptin	 treatment	 (Leupeptin,	 also	 known	 as	 N-acetyl-L-

leucyl-L-leucyl-L-argininal,	 is	 a	 naturally	 occurring	 protease	 inhibitor	 that	 can	

inhibit	cysteine,	serine	and	threonine	peptidases)	in	murine	lung	epithelial	MLE3	

cells.	 Interestingly,	 PIASy	 expression	 was	 not	 decreased	 as	 significantly	 upon	

MG132	treatment	as	determined	by	western	blotting.	In	addition,	it	could	also	be	

possible	 that	 SUMOylated	 Nedd4.1	 is	 unstable	 during	 the	 production	 of	 cell	

lysate	and/or	 the	pull-down	procedure;	 the	contradictory	effect	of	DTT	against	

SENP	inhibitor	NEM	might	vary	when	different	amount	of	SUMOylated	proteins	

are	present.	

Collectively	the	data	showed	here	demonstrates	that	the	SUMO	trap	I	produced	

can	 capture	 both	 in	vitro	 SUMOylated	 proteins	 and	 SUMOylated	 proteins	 from	

cell	 extracts.	 Regarding	 of	 the	 capture	 in	 vitro	 SUMOylated	 Nedd4.1	 proteins	

modification	 with	 either	 SUMO1	 or	 Smt3p	 conjugates	 results	 in	 successful	

capture,	 SUMOylated	 Nedd4.1	 proteins	 in	 vivo	 can	 also	 be	 captured	 (Figure	

5.14A),	 although	 an	 improved	 experimental	 conditions	 are	 required	 to	 better	

preserve	SUMOylated	proteins,	these	may	include	addition	of	a	SENP	inhibitor(s)	

before	 cell	 harvest,	 improvement	 in	 the	 transfection	 efficiency	 to	 induce	more	

exogenous	Nedd4.1	and	SUMO,	or	seeking	a	better	way	to	stimulate	SUMOylation	

of	Nedd4.1	in	vivo.		
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6 Discussion	

Previously,	 Novoselova	 et	 al.	 (2013)	 showed	 that	 Rsp5p	 promotes	 Siz1p	 and	

Siz2p	ubiquitylation	in	S.	cerevisiae	in	a	PY	motif-dependent	manner,	and	in	turn,	

Siz	 proteins	 SUMOylate	 Rsp5p.	 They	 also	 showed	 that	 SUMOylated	 Rsp5p	 has	

reduced	 Ub	 ligase	 activity,	 and	 similarly,	 ubiquitylated	 Siz1p	 demonstrates	

reduced	SUMO	ligase	activity	leading	to	respective	changes	in	both	Ub-mediated	

sorting	of	the	manganese	transporter	Smf1p	and	polySUMO	chain	formation.	My	

studies	have	shown	that	a	similar,	but	not	identical,	reciprocal	crosstalk	between	

Nedd4	 and	 PIAS	 families	 also	 exists.	 In	 this	 case,	 Nedd4	 promotes	 PIAS3	

ubiquitylation	 in	 a	 partially	 PY	 motif-dependent	 manner,	 and	 SUMOylation	 of	

Nedd4.1	 also	 exists	 in	 mammalian	 cells.	 Intriguingly,	 unlike	 Rsp5p,	 Nedd4.1	

undergoes	 SUMOylation	 even	 when	 SUMO	 E3	 ligases	 are	 absent.	 Moreover,	 a	

SUMO	 trap	 platform	 we	 established	 could	 be	 applied	 as	 a	 potential	 tool	 for	

studying	the	SUMOylation	of	Ub	ligases.		

Figure	6.1	shows	a	simple	schematic	diagram	of	a	reciprocal	interaction	between	

Nedd4.1	 and	 PIAS3,	 postulating	 that	 the	 SUMOylation	 of	 Nedd4.1	 might	 be	

involved	 in	 cell	 apoptosis	 and/or	 lead	 to	 a	 decreased	Ub	 ligase	 activity,	which	

can	 be	 reflected	 by	 a	 change	 status	 of	 ENaC	 endocytosis.	 On	 the	 other	 hand,	

ubiquitylation	 of	 PIAS3	 might	 either	 change	 the	 stability	 or	 the	 SUMO	 ligase	

activity	 of	 PIAS3.	 Here,	 I	 would	 like	 to	 briefly	 discuss	 the	 future	 prospective	

based	on	the	findings	reported	in	this	thesis.	

6.1 Ubiquitylation	of	PIAS3	mediated	by	Nedd4	proteins	

Protein	 sequence	 alignment	 of	 PIAS	 proteins	 shows	 that	 PIAS3	 has	 the	 most	

putative	PY	motifs	(Figure	3.1).	Initial	efforts	were	focused	on	introducing	Y126A,	

Y216A	 and	 Y414A	 point	 mutations	 in	 the	 wild-type	 protein.	 In	 vitro	

ubiquitylation	 experiments	 indicated	 that	 ubiquitylation	 by	Nedd4	 ligases	 in	 a	

triple	 PIAS3-ΔPY	 mutant	 was	 reduced	 compared	 with	 wild-type	 protein.	

However,	this	PY	mutant	did	not	completely	disrupt	the	ubiquitylation	promoted	

by	 either	Nedd4.1	 or	Nedd4.2	 (Figure	 3.11).	 A	 reasonable	 theory	 is	 that	 there	

might	be	other	putative	PY	motifs.	As	shown	in	Figure	6.2,	there	are	three	other	

putative	PY	motifs	(Y197FPP,	Y216LPP,	Y421SPV,	Y507PPA	and	Y533GPS),	which	are	
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Figure	 6.1	Model	 diagram	 of	 reciprocal	modification	 and	 regulation	 	 	 between	

Nedd4.1	and	PIAS3.	

Nedd4.1	 can	 promote	 PIAS3	 ubiquitylation,	 while	 PIAS3	 is	 not	 necessarily	

required	 for	 Nedd4.1	 SUMOylation,	 and	 Ubc9	 alone	 can	 promote	 such	

modification.	Arrows	indicate	covalent	attachment	of	Ub	or	SUMO;	dashed	arrows	

indicate	potential	physiological	context.	 	
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Figure	6.2	Putative	PY	and	non-PY	motifs	in	PIAS3.	

Protein	sequence	of	PIAS3	is	presented;	with	the	region	corresponding	to	PIAS3-

4MVT	(103-458	amino	acids)	underlined.	PY	mutants	(LPFY126,	LPGY216,	PPGY414)	

that	have	been	proved	partially	disrupt	the	binding	ability	with	Nedd4	proteins	

are	highlighted	in	red.	Five	putative	PY	motifs	that	have	opposite	orientation	are	

highlighted	 in	 blue.	 Serine	 in	 the	 flanking	 region	 of	 PPGY414	 is	 emphasized	 in	

orange.	Four	“SS”	sequences	are	shown	in	green.	
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the	 inverse	of	 the	consensus	xPxY	motif,	 found	within	 the	PIAS3.	Di	Leva	et	al.	

(2006)	 showed	 that	 the	 Class	 1	WW	 domain,	 to	 which	 those	 found	 in	 Nedd4	

family	ligases	belong	(Kasanov	et	al.,	2001),	can	also	bind	an	inverted	PY	peptide	

sequence	 “YxPx”.	 This	 suggests	 that	 these	 five	 regions	 might	 be	 reasonable	

candidates	 for	 protein-protein	 interaction	 sites.	 Further	 in	 vitro	 assays	 that	

might	 shed	 light	 on	 the	 nature	 of	 the	 interaction	 would	 be	 to	 use	 the	 triple	

mutant	 construct	 as	 the	base	 for	 further	mutations.	 This	would	be	 a	 relatively	

simple	way	to	test	whether	the	theory	that	other	putative	PY	motif	is	functional	

in	the	PY-WW	interaction.	

Moreover,	 as	 mentioned	 in	 section	 1.3.1.2	 and	 section	 3.1.3,	 non-PY	 motif	

sequences	 such	 as	 SS	 in	 CXCR4	 (Bhandari	 et	 al.,	 2009),	 “VLxxxPSR”	 in	 FGFR1	

(Persaud	 et	 al.,	 2011)	 and	 “PVEKAPV”	 in	 Cps1p	 (Lee	 et	 al.,	 2009)	 can	 also	 be	

responsible	for	interaction	with	WW	or	HECT	domain	of	Nedd4	family	proteins.	

Nine	SS	sequences	can	be	found	in	PIAS3,	with	four	 in	the	range	of	PIAS-4MVT	

(Figure	 6.2).	 Relative	 importance	 of	 regions	within	 PIAS3	 for	 Nedd4-mediated	

modification	 can	 be	 roughly	 determined	 by	 establishing	 different	 versions	 of	

truncated	PIAS3	proteins.	Further	in	vitro	assays	on	these	truncated	proteins	are	

helpful	 to	 see	which	 regions	 are	 responsible	 for	 its	 ubiquitylation,	 followed	by	

more	targeted	SDM	to	identify	critical	residues.	

Selective	binding	of	PY	motifs	to	specific	WW	domains	of	the	Nedd4	family	has	

been	 reported	 previously	 (Ingham	 et	 al.,	 2005;	 Sullivan	 et	 al.,	 2007).	 The	 next	

stage	of	in	vitro	experimentation	on	the	PIAS3/Nedd4	interaction	would	involve	

the	 use	 of	 individual	 WW	 mutants	 in	 ubiquitylation	 assays	 to	 pinpoint	 the	

specificity	of	each	PY	motif	on	PIAS3.	

The	 potential	 impact	 of	 other	 post-translational	 modifications	 on	 the	 PIAS3-

Nedd4	 interaction	 is	another	 intriguing	area	 for	 future	study.	 It	 is	noted	 that	a	

serine	 lies	before	the	PPGY414	motif	(Figure	6.2).	Phosphorylated	residues	have	

been	shown	to	provide	a	favorable	environment	for	Nedd4	WW	domain	binding	

(Lu	et	al.,	1999),	implying	that	substrate	phosphorylation	plays	a	regulatory	role	

in	 ubiquitylation	 by	 these	 enzymes.	 It	 is	 therefore	 tempting	 to	 study	 role	 of	

phosphorylation	 in	PIAS	ubiquitylation.	A	pretreatment	of	recombinant	protein	

with	a	kinase	or	phosphatase	to	maintain	a	specific	(de)phosphorylation	status	
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of	 PIAS3,	 in	 combination	 with	 subsequent	 in	 vitro	ubiquitylation	 mediated	 by	

Nedd4,	could	be	applied	to	test	this.	

6.2 Interaction	between	the	SUMO	conjugation	system	and	Nedd4	

6.2.1 SUMOylation	sites	of	Nedd4	

While	 E3	 SUMO	 ligases	 are	 known	 to	 enable	 the	 selective	 modification	 of	

substrates	in	response	to	a	wide	range	of	stimuli,	covalent	attachment	of	SUMO	

to	 target	 substrates	 also	 occurs	 directly	 by	 Ubc9	 (Hay,	 2001).	 Both	 in	 vitro	

SUMOylation	 assays	 and	 in	 vivo	 confocal	 experiment	 have	 confirmed	 the	

interaction	between	Ubc9	and	Nedd4.1	(Chapter	4).	My	results	show	that	while	

Nedd4-SUMO	 conjugates	 can	 be	 generated	 in	vitro	 and	 colocalization	 of	 SUMO	

and	Nedd4	can	be	observed	in	vivo,	the	SUMOylation	of	Nedd4.1	was	not	always	

observed	both	in	the	denaturing	pull-down	assay	and	using	the	SUMO	trap.	This	

may	simply	be	due	to	the	fact	that	I	was	using	transient	transfections	rather	than	

stably	expressing	cell	lines,	and/or	that	the	level	of	Nedd4.1	SUMOylation	might	

be	 very	 close	 to	 the	 threshold	 for	 detection	 when	 the	 efficiency	 of	 transient	

transfections	is	low.		

A	 critical	 step	 in	 the	 process	 of	 analyzing	 the	 role	 of	 SUMO	 in	 regulating	 the	

activity	of	Nedd4.1	is	the	identification	of	the	lysine	residues	that	are	targeted	by	

this	modification.	In	my	study,	I	have	also	showed	that	the	putative	SUMOylation	

consensus	site	in	Nedd4.1	(based	around	K357)	is	not	responsible	for	accepting	

SUMO	 in	vitro.	However,	 it	 is	highly	possible	 that	other	 lysine	residue(s)	act	as	

accept	 site(s)	 for	 Nedd4.1	 SUMOylation.	 Rsp5p,	 for	 instance,	 does	 not	 contain	

any	 consensus	 SUMOylation	 sequence,	 yet	 SUMOylation	 of	 Rsp5p	 have	 been	

observed	both	in	vivo	and	in	vitro.	One	way	to	assess	this	possibility	would	be	to	

use	 Nedd4	 deletion	 mutants	 (N-terminal	 or	 C-terminal	 fragments),	 in	

combination	with	 in	vitro	SUMOylation	assay,	to	identify	modification	sites.	One	

apparent	 disadvantage	 is	 that	 this	 might	 be	 time-consuming,	 considering	 that	

there	 are	 47	 lysine	 residues	 in	 Nedd4.1	 and	 any	 of	 which	 could	 be	 subject	 to	

SUMOylation.	Moreover,	as	discussed	earlier	in	chapter	4,	several	lysine	residues	

that	 are	 close	 to	 each	 other	 in	 the	 tertiary	 structure	might	 be	 responsible	 for	

Nedd4	SUMOylation,	 and	 such	 individual	 lysine	point	mutants	 cannot	 take	 this	

into	account	(Nunez-O’Mara	et	al.,	2015).	
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Another	 common	 strategy	 to	 identify	 modification	 sites	 is	 to	 use	 mass	

spectrometry	analysis	(Zhou	et	al.,	2004;	Denison	et	al.,	2005).	The	SUMO1	and	

SUMO2	 synthesized	 used	 in	 this	 project	 were	 designed	 with	 an	 introduced	

trypsin	 site	 “REQIGG”	 at	 the	 C	 terminus.	 Trypsin	 digestion	 of	 SUMOylated	

Nedd4.1,	which	can	be	purified	from	HeLa	cells	stably	or	transiently	expressing	

Nedd4.1	and	these	SUMO	constructs,	will	produce	SUMOylated	trypsin	peptides	

linked	 to	 an	 isopeptide	 EQIGG	 SUMO	 fragment	 easily	 identifiable	 in	 MS/MS	

analysis.	Moreover,	similar	tandem	mass	spectrometry	LCMS/MS	has	previously	

been	employed	in	the	literature	to	identify	SUMOylation	sites	(Osula	et	al.,	2012).	

6.2.2 Dual	or	triple	function	of	E3	ligases	

As	mentioned	before	(see	section	4.1.2),	both	RING	type	E3	ligases	(SCF	complex,	

Mdm2)	 and	 HECT	 type	 ligases	 (Rsp5p,	 Smurf1,	 NEDL2),	 are	 able	 to	 promote	

Nedd8	self-modification,	demonstrating	that	E3	 ligases	may	be	able	to	have	act	

as	ligases	for	Ub	and	multiple	Ubl	proteins.		

Several	RING	type	E3	ligases	have	been	found	to	bear	both	Ub	ligases	activity	as	

well	as	SUMO	 ligase	activity.	Human	Topors,	which	was	originally	 identified	as	

cellular	binding	partner	of	DNA	topoisomerase	I	and	of	p53	(Haluska	et	al.,	1999;	

Zhou	et	al.,	1999),	was	identified	as	the	first	dual-functional	Ub/SUMO	E3	ligase	

(Weger	 et	 al.,	 2005).	 The	 ubiquitylation	 activity	 maps	 to	 a	 conserved	 RING	

domain	 in	 the	 N-terminal	 region	 of	 the	 protein,	 which	 is	 not	 required	 for	

SUMOylation	activity	(Weger	et	al.,	2005).	In	the	same	year,	the	tumor	necrosis	

factor	TNF	receptor-associated	 factor	TRAF	was	also	 found	 to	possess	both	Ub	

E3	ligase	activity	and	SUMO	E3	ligase	activity	(Morita	et	al.,	2005).	Later	on,	Trim	

family	 proteins	 (Chu	 and	Yang,	 2011)	 and	UHRF2	 (Oh	 and	Chung,	 2013)	were	

also	 found	 to	 act	 as	 dual-functional	 Ub/SUMO	 E3	 ligases.	 Harboring	 a	 RING	

domain,	many	 Trim	 family	members	 have	 been	 shown	 to	 confer	 E3	 Ub	 ligase	

activity,	such	as	Trim5	(Diaz-Griffero	et	al.,	2006),	Trim11	(Ishikawa	et	al.,	2006),	

Trim25	(Gack	et	al.,	2007),	Trim32	(Kudryashova	et	al.,	2005)	and	Trim27	(Gillot	

et	 al.,	 2009).	 Chu	 and	 Yang	 (2011)	 observed	 that	 some	 Trim	 proteins	 such	 as	

Trim27	and	Trim32,	 for	 instance,	possess	 SUMO	E3	 ligase	 activity	 as	well,	 and	

such	 activity	 is	 dependent	 on	 the	 intact	RING	and	B-box	domains.	The	nuclear	

protein	 UHRF2,	 also	 known	 as	 Np95/ICBP90-like	 RING	 finger	 protein	 NIRF,	

consists	 of	 an	 Ub-like	 domain,	 a	 plant	 homeodomain,	 a	 RING	 finger	 domain,	 a	
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SET	 and	 RING	 finger-associated	 (SRA)	 domain,	 and	 an	 NLS-containing	 region	

NCR	(Mori	et	al.,	2002;	Iwata	et	al.,	2009).	UHRF2,	which	displays	RING-type	Ub	

E3	ligase	activity	and	ubiquitylates	substrates	such	as	cyclins	D1	and	D2	(Mori	et	

al.,	2011),	has	been	recently	demonstrated	to	act	as	a	novel	SUMO	E3	ligase	for	

zinc	finger	protein	ZNF131	(Oh	and	Chung,	2013).	They	further	showed	that	the	

SUMO	E3	ligase	activity	of	UHRF2	on	ZNF131	is	dependent	on	the	SRA	and	NCR	

domains,	whereas	RING	domain	of	UHF2	is	not	necessary.	

It	 is	 interesting	 to	 note	 that	 all	 these	 four	 dual	 function	 ligases	mentioned	 are	

RING-type	ligases,	although	RING	domain	is	not	always	required	for	their	SUMO	

ligase	activity,	 such	as	with	Topors	and	UHRF2.	With	 the	observation	of	PIAS3	

proteins	 showing	 no	 apparent	 effect	 on	 Nedd4.1	 SUMOylation	 in	vitro	 (Figure	

4.2),	 I	 speculated	whether	Nedd4.1	act	as	a	SUMO	ligase	and	promotes	 its	own	

SUMOylation,	 being	 the	 first	 demonstration	 of	 Ub/SUMO	 dual-function	 HECT	

ligase.		

My	experiments	have	shown	that	Nedd4.1	 forms	both	 thioester	and	 isopeptide	

bonds	with	Smt3p	during	the	autoSUMOylation	reaction	(Figure	4.1	and	Figure	

4.3).	 My	 first	 thought	 was	 that	 Nedd4.1	 might	 use	 the	 same	 catalytic	 site	 to	

catalyze	 both	 ubiquitylation	 and	 SUMOylation.	However,	 as	Nedd4.1C867A	did	

not	 abolish	 Nedd4	 autoSUMOylation,	 I	 expanded	 to	 search	 other	 cysteine	

residues	 in	 the	 HECT	 domain.	 My	 study	 has	 thus	 far	 excluded	 three	 cysteine	

residues	lying	within	the	HECT	domain	of	Nedd4.1	(Cys627,	Cys778	and	Cys867)	

as	being	required	for	the	SUMO	ligase	activity.	As	discussed	previously	(section	

4.3),	it	is	also	possible	that	the	thioester-formation	is	not	necessary	required	for	

covalent	 SUMO	 attachment.	 This	 can	 be	 investigated	 by	 detecting	 the	 SUMO	

thioester	 formation	 ability	 and	 SUMO	 attachment	 ability	 of	 Nedd4.1	 C	 to	 A	

mutants.	Moreover,	considering	that	Smuf1	and	NEDL1	have	shown	Nedd8	ligase	

activity,	it	is	tempting	to	question	whether	other	Nedd4	family	members,	such	as	

Nedd4.1,	 could	 also	 act	 as	 a	 Nedd8	 ligase.	Whether	 the	 thioester	 formation	 is	

responsible	 for	 other	 Ubl	 proteins	 attachment,	 such	 as	 Nedd8	 remains	 an	

interesting	question.	To	 investigate	 this	possibility,	 in	vitro	neddylation	activity	

can	be	performed,	with	or	without	present	of	Nedd4	E3	ligases	(Xie	et	al.,	2014).	
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6.2.3 SUMOylation	of	Nedd4.1	in	vivo	

In	the	colocalization	study,	it	is	noted	that	after	co-transfected	with	Nedd4.1	and	

Ubc9/SUMO1/SUMO2,	most	 of	 the	 cells	 observed	 show	a	degree	of	membrane	

blebbing	(Figure	4.11),	one	of	 the	distinctive	features	of	cell	apoptosis	 (Mills	et	

al.,	1998).	In	regard	to	cells	expressing	fluorescent	protein	labelled	Nedd4.1	and	

SUMO1,	 an	 interesting	 observation	 was	 that	 besides	 of	 forming	 cytoplasm	

colocalization	dots,	which	was	consistent	with	what	was	observed	with	Nedd4.1	

and	SUMO2/Ubc9,	Nedd4.1	 and	SUMO1	occasionally	 colocalized	 in	 the	nucleus	

(Figure	4.11).	Moreover,	the	extent	of	such	colocalization	differed	widely	among	

transfected	cells,	with	some	cells	showing	no	observable	nuclear	colocalization,	

while	 others	 show	 significant	 colocalization	 in	 nuclear	 speckles	 (see	 appendix	

Figure	 7.8).	 In	 addition,	 those	 cells	 that	 display	 more	 nuclear	 dots	 are	 more	

rounded-shape,	 suggesting	 that	 these	cells	might	perhaps	be	apoptotic	and	are	

detaching	form	the	culture	vessel.	Notably,	it	has	also	been	observed	previously	

that	 accidental	 bacteria-contamination	 resulted	 in	 a	 universal	 nuclear	 speckle	

pattern	 of	 transiently	 transfected	 mCherryNedd4.1	 in	 HeLa	 cells	 (Dr.	 James	

Sullivan,	 Pers.	 Comm.).	 However,	 it	 needs	 to	 be	 tested	 by	 apoptosis	 detection	

methods,	 such	 as	 caspase	 activity	 assay	 and	 Annexin	 V	 staining,	 to	 further	

confirm	 the	 relation	 between	 coexpression	 of	 Nedd4.1	 and	 SUMO	 with	 cell	

apoptosis.	Moreover,	when	carried	out	these	experiments,	a	suitable	cell	line	that	

is	more	sensitive	to	apoptosis	maybe	required,	 for	cancer	cells	such	as	HeLa	or	

HEK293	cells	are	often	resistant	to	apoptosis	(Hervouet	et	al.,	2013).	

One	possibility	is	that	nuclear	colocalization	(and	potential	covalent	attachment)	

of	 Nedd4	 and	 SUMO	 is	 linked	 to	 cell	 apoptosis.	 Indeed,	 Nedd4.1	 has	 been	

reported	to	be	involved	in	apoptosis	in	that	Nedd4.1	is	cleaved	during	apoptosis	

induced	by	a	variety	of	stimuli	by	one	or	more	caspases	like	caspase-3,	-6	and	-7	

(Harvey	 et	 al.,	 1998).	 More	 recently,	 Nedd4.1	 was	 shown	 to	 protect	 the	

myocardium	 from	 ischaemia/reperfusion	 induced	 apoptosis	 by	 activating	

PI3K/Akt	signaling	(Hu	et	al.,	2017).	Whether	SUMOylation	of	Nedd4	plays	a	key	

role	 in	 cell	 apoptosis,	 or	 anti-apoptosis,	 is	worth	 further	 investigation.	A	quick	

and	 convenient	 way	 to	 test	 whether	 such	 nuclear	 colocalization	 is	 apoptosis-

related	is	to	specifically	label	cell	in	apoptosis	with	fluorescently	labeled	Annexin	

V	conjugates.	Loss	of	plasma	membrane	asymmetry,	which	 is	an	early	event	 in	
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apoptosis,	 results	 in	 the	 exposure	 of	 phosphatidylserine	 (PS)	 residues	 at	 the	

outer	plasma	membrane	 leaflet.	Annexin	V	was	shown	 to	 interact	 strongly	and	

specifically	with	PS	and	can	be	used	to	label	apoptotic	cells	by	targeting	for	the	

loss	of	plasma	membrane	asymmetry	(Van	Engeland	et	al.,	1998).	

In	 my	 study,	 it	 was	 noticed	 that	 SUMOylated	 Nedd4.1	 in	 vivo,	 especially	 the	

capture	 by	 SUMO	 trap,	 varies	 considerably	 even	 when	 same	 protocol	 was	

applied	 (Figure	 5.14).	 If	 the	 hypothesis	 that	Nedd4.1	 SUMOylation	 is	 linked	 to	

cell	 apoptosis	 stands,	 then	 such	 variable	 results	 are	 potentially	 explainable.	

Firstly,	 the	status	of	each	batch	of	 cell	 lysate	may	undergo	different	degrees	of	

apoptosis,	and	hence	different	overall	 levels	of	Nedd4.1	SUMOylation.	Secondly,	

in	my	studies,	samples	for	microscopy	and	for	pull-down	assays	cells	were	pre-

washed	with	PBS	before	analysis.	 If	 cells	 that	 contain	nuclear	Nedd4.1/SUMO1	

speckles	 were	 apoptotic	 they	 would	 likely	 adhere	 less	 tightly	 to	 the	 culture	

vessel	and	such	washing	would	remove	more	of	these	cells	in	comparison	to	non-

apoptotic	 cells,	 reducing	 their	 contribution	 to	 cell	 lysates	 used	 for	 subsequent	

assays.	 More	 careful	 washing	 might	 be	 required	 in	 future	 experiments	 to	

increase	 the	proportion	of	 such	 cells.	 In	 the	 longer-term,	 determining	whether	

the	extent	of	apoptosis	is	correlated	with	the	level	of	Nedd4.1	SUMOylation	could	

be	 investigated	 by	 sensitizing	 cells	 to	 apoptosis	 using	 a	 variety	 of	 stimuli	 and	

observing	how	it	affects	the	colocalization	of	Nedd4.1	and	SUMO1	and	potential	

Nedd4	SUMOylation.	

6.3 Interaction	between	PIAS	and	Nedd4	

6.3.1 Colocolization	of	PIAS3	and	Nedd4.1	

Hamilton	et	al.	(2001)	showed	that	nuclear	export	signals	of	Nedd4.1	appear	to	

be	 particularly	 strong,	 limiting	 Nedd4	 presence	 in	 the	 nucleus	 to	 almost	

undetectable	 levels.	 In	 my	 localization	 study,	 when	 PIAS3	 and	 Nedd4.1	 were	

transiently	 transfected	 to	HeLa	 cells,	 PIAS3	 showed	 partial	 colocalization	with	

Nedd4.1	in	some	cells	(Figure	3.13	B	and	Figure	7.9	C,	D)	and	no	colocalization	in	

other	cells	(Figure	3.13	A	and	Figure	7.9	A,	B).	As	previously	mentioned	(section	

4.1.1),	 it	 is	 reported	 that	 both	 Nedd4.1	 and	 PIAS3	 bear	 nuclear	 localization	

sequence	 NLS	 and	 nuclear	 export	 sequence	 NES,	 which	 allow	 them	 to	 shuffle	

between	 the	 cytoplasm	 and	 nucleus.	 One	 question	 that	 arises	 is	 what	 is	 the	
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mechanism	 that	 leads	 to	 the	 nucleus	 colocalization	 of	 Nedd4.1	 and	 PIAS3?	 Is	

PIAS3	or	Nedd4.1	itself	mediating	the	nuclear	import?	

PIAS3	 has	 been	 previously	 reported	 to	 have	 the	 ability	 to	 alter	 subcellular	

localization.	For	instance,	Qu	et	al.	(2007)	speculated	the	import	of	Trim32	into	

nuclear	dots	might	be	mediated	by	dynamic	nucleocytosolic	shuttling	of	PIAS3,	

based	on	the	fact	that	LMB,	a	chromosome	region	maintenance	CRM1-targeting	

nuclear	 export	 inhibitor	 (Nishida	 et	 al.,	 1997;	 Fornerod	 et	 al.,	 1997;	 Qu	 et	 al.,	

2007),	prevented	the	colocalization	of	Trim	32	and	PIAS3	in	the	nucleus	as	well	

as	 preventing	 the	 stimulatory	 effect	 of	 PIAS3	 on	 Trim32	 cytosolic	 aggregation	

(Figure	6.3).	Could	this	be	the	same	case	with	Nedd4.1?	In	the	case	of	Nedd4.1-

PIAS3	interaction,	LMB,	however,	is	not	a	best	choice	to	test	this.	This	effect	can	

be	masked	by	LMB,	which	 results	 in	 nuclear	 accumulation	of	Nedd4.1	 in	HeLa	

cells.	 Therefore,	 the	 colocalization	 of	 Nedd4.1	 and	 PIAS3	 will	 remain	 in	 the	

nucleus,	 if	 not	 more.	 My	 IP	 studies	 showed	 that	 no	 Nedd4.1	 could	 be	

immunoprecipted	 with	 PIAS3	 in	 HeLa	 cells	 transiently	 transfected	 with	 both	

Nedd4.1	 and	 PIAS3	 (Figure	 3.12).	 I	 reasoned	 that	 if	 the	 interaction	 between	

PIAS3	and	Nedd4.1	is	robust	enough	to	enable	PIAS3	to	transport	Nedd4.1	to	the	

nucleus,	 the	 interaction	 should	 certainly	 be	 detected	 by	 IP	 studies.	 Moreover,	

should	be	noted	that	while	almost	all	the	Nedd4.1	in	the	nucleus	colocalized	with	

PIAS3,	on	some	occasions,	as	shown	in	Figure	7.9	B,	nuclear	speckles	formed	by	

Nedd4.1	 was	 not	 colocalized	 with	 PIAS3,	 suggesting	 that	 it	 is	 less	 likely	 the	

import	of	Nedd4.1	is	mediated	by	PIAS3.	

Therefore,	 I	 suspect	 that	 Nedd4.1	 initiates	 its	 own	 import	 to	 the	 nucleus.	 The	

question	 remains,	 however,	 if	 such	 colocalization	 of	 PIAS3	 and	Nedd4.1	 in	 the	

nucleus	 is	 related	 to	 post-translational	 modifications	 (PIAS	 ubiquitylation	

and/or	Nedd4	SUMOylation).	

6.3.2 Role	of	Nedd4	in	PIAS	ubiquitylation	

In	 chapter	 3,	 it	 was	 shown	 that	 Nedd4.1	 and	 several	 other	 Nedd4	 family	

members	 could	 mediate	 PIAS3	 ubiquitylation	 in	 vitro.	 Also,	 as	 discussed	

previously,	 ubiquitylation	 of	 PIAS3	 in	vivo	should	 be	 further	 confirmed	 by	 co-

expression	of	PIAS3	proteins	and	His-tagged	Ub,	 followed	by	pull-down	studies	

under	 denaturing	 conditions,	 in	 both	 wild-type	 and	Nedd4	 deficient	 cells	 (see	

section	 3.3).	 Considering	 the	 nuclear	 colocalization	 of	 Nedd4.1	 and	 PIAS3,	 I	
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Figure	6.3	Original	image	from	Qu	et	al.	(2007)	showing	subcellular	localization	

of	Myc-PIAS3	and	GFP-Trim32	under	LMB	treatment.		

HEK293	cells	were	transfected	with	both	Myc-PIAS3	and	GFP-Trim32.	4	h	after	

transfection,	 cells	 were	 incubated	 with	 or	 without	 LMB	 for	 16	 h.	

Immunofluorescence	analysis	was	performed	with	anti	Myc	antibody	and	Texas	

Red-conjugated	 secondary	 antibody.	 Localization	 of	 both	 PIAS3	 and	 Trim32	

were	observed	by	confocal	microscopy.	 	
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speculate	 that	 the	 Nedd4.1-mediated	 ubiquitylation	 of	 PIAS3,	 if	 exists	 in	 vivo,	

most	 likely	occurs	 in	 the	nucleus.	To	 test	 this,	 the	ubiquitylation	 level	of	PIAS3	

could	 be	 detected	 and	 compared	 in	 both	 subcellular	 nuclear	 and	 cytoplasmic	

fractions.	

6.3.3 Role	of	PIAS	in	Nedd4	SUMOylation	

It	 is	 noted	 that,	 in	 yeast	 Siz1p/Siz2p	 promotes	 Rsp5p	 SUMOylation	 in	 a	 PY-

dependent	manner	and	IP	studies	detected	Siz1p-Rsp5p	interaction.	In	contrast,	

Ubc9	alone	can	promote	Nedd4	SUMOylation	 in	vitro,	which	was	not	 increased	

by	the	presence	of	PIAS3.	Considering	that	the	role	of	PIAS	family	ligases	differs	

in	SUMOylation	of	Nedd4	family	ligases	in	yeast	and	mammalian	cells,	it	is	highly	

possible	 that	 PIAS3	 or	 other	 PIAS	 family	members	 only	 act	 as	 a	 substrate	 for	

Nedd4	in	the	nucleus,	instead	of	promoting	Nedd4	SUMOylation.		

In	addition,	as	mentioned	above,	Nedd4.1	colocalizes	with	Ubc9/SUMO1/SUMO2	

in	 the	 cytoplasm,	 and	 that	 Nedd4.1	 colocalizes	 with	 SUMO1	 in	 the	 nucleus	 to	

various	extent	(Figure	4.7	and	Figure	7.8),	I	speculate	that	Nedd4.1	SUMOylation	

might	happen	both	in	and	outside	of	the	nucleus.	

Therefore,	I	assume	that	PIAS3	might	not	affect	Nedd4	SUMOylation	in	vivo.	With	

this	said,	however,	 I	only	 investigated	the	colocalization	of	Nedd4.1	with	PIAS3	

and	 it	 is	 possible	 that,	 other	 PIAS	 family	 members,	 which	 also	 show	 nucleus	

speckles	distribution	(Kotaja	et	al.,	2002;	Miyauchi	et	al.,	2002),	might	promote	

Nedd4.1	SUMOylation.	

6.4 SUMO	trap	

6.4.1 SIM	sequence	selection	

SUMO	 is	 recognized	by	short	SIMs	and	binds	with	medium	to	 low	affinity	with	

dissociation	constants	Kd	in	the	range	of	1-100	μM	(Song	et	al.,	2004;	Song	et	al.,	

2005;	Hecker	et	al.,	2006;	Sekiyama	et	al.,	2008;	Chang	et	al.,	2011;	Namanja	et	al.,	

2012).	 A	 specific	 SIM	 sequence	 might	 bear	 different	 binding	 affinity	 towards	

different	SUMO	paralogs,	as	described	before	(see	section	1.2.4).		

A	segment	spanning	the	IR1	(internal	repeat	1)-M	(spacer	region)-IR2	(internal	

repeat	2)	domains	of	 the	nuclear	pore	protein	RanBP2	contains	 two	SIMs:	one	

SIM	 is	 located	 in	 IR1,	and	 the	other	 is	 located	at	 the	 junction	of	 the	M	and	 IR2	

regions.	M-IR2	domain	of	RanBP2	harbors	a	high	affinity	SIM	that	 is	specific	 to	
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SUMO1.	 NMR	 chemical	 shift	 perturbation	 and	 line	 shape	 analysis	 showed	 that	

the	Kd	was	estimated	to	be	~1.8	μM	for	SUMO1	and	22	μM	for	SUMO2,	consistent	

with	the	high	affinity	and	specificity	of	M-IR2	for	SUMO1	(Namanja	et	al.,	2012).	

Beside	of	M-IR2,	PIASx	SIM	also	has	Kd	 value	 in	 the	 low	micromolar	 range	 for	

binding	SUMO1,	and	affinities	of	these	two	SIMs	are	among	the	strongest	of	the	

characterized	SIMs	(Song	et	al.,	2005;	Namanja	et	al.,	2012).		

Recently,	many	researches	are	trying	to	answer	the	question	how	is	the	sequence	

requirements	of	SIMs	related	with	high	affinity	and	high	specificity	interactions.	

It	 has	 been	 reported	 that	 the	 antiparallel	 binding	 SIMs	 tolerate	 more	 diverse	

sequences,	 whereas	 the	 parallel	 binding	 SIMs	 show	 more	 strict	 sequence	

preference	 for	 	 (I/V)	 DLT	 where	 high	 affinity	 SUMO2/3	 binding	 is	 observed	

(Namanja	 et	 al.,	 2012).	 One	 of	 the	 advantages	 of	 the	 SUMO	 trap	 platform	

described	 here	 is	 that	 it	 is	 easy	 to	 establish	 a	 SUMO	 trap	 with	 various	 SIM	

sequences,	 simply	 by	 synthesizing	 different	 oligos.	 With	 the	 affinity	 and	

specificity	interactions	of	SIMs	becoming	more	widely	studied,	it	is	promising	to	

accelerate	 the	 pace	 of	 discovering	 and	 capturing	more	 SUMOylated	 substrates	

using	this	platform.	

Moreover,	GPS-SUMO	has	predicted	a	putative	SIM	“VRVIA”	in	the	N-terminal	of	

Nedd4.1	(Table	4.6).	Considering	the	importance	of	SIM	sequence	selection	and	

convenience	of	our	SUMO	trap	platform,	as	discussed	above,	it	is	worthwhile	to	

check	whether	a	SUMO	trap	based	on	this	contributes	to	capture	Nedd4.1-related	

SUMOylated	proteins	in	vivo.	

6.4.2 Tandem	repeats	

It	has	been	reported	that	the	affinities	of	UBDs	for	Ub	is	much	weaker	than	those	

of	SIMs	for	SUMO,	typically	in	the	range	of	10-500	μM	(Hicke	et	al.,	2005;	Hecker	

et	 al.,	 2006).	 Kerscher	 and	William	 (2007)	 suggested	 that	 compared	with	 Ub-

UBD	 interactions,	 SUMO-SIM	 binding	 relies	 to	 a	 lesser	 extent	 on	 multiple	 or	

tandem	interactions.	Curiously,	however,	whether	multiple	SIMs	will	strengthen	

such	 interactions,	 and	 if	 so,	 how	 many	 SIMs	 is	 the	 best	 option	 to	 capture	

SUMOylated	proteins	 remains	 to	be	determined.	Da	 Silva-Ferrada	 et	 al.	 (2013)	

have	 shown	 that	 SUMO	 trap	bearing	8	 SIMs	performed	better	 than	SUMO	 trap	

bearing	4	SIMs.	Further	 investigation	 is	worth	 to	 look	 into	whether	more	SIMs	
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and	 potentially	 different	 combination	 of	 SIMs,	 will	 increase	 the	 efficiency	 of	

SUMO	trap.	

6.4.3 Capture	of	SUMOylated	Nedd4.1	in	vivo	using	SUMO	trap	

In	terms	of	inducing	SUMOylated	Nedd4.1,	it	is	reported	that	increased	Nedd4.1	

protein	levels	were	observed	in	two-week-old	cultured	mature	neurons	induced	

by	various	neurotoxins	such	as	camptothecin,	H2O2	and	ZnSO4	(Figure	6.4)(Kwak	

et	al.,	2012).	In	addition,	increased	level	of	total	protein	SUMOylation	is	reported	

in	both	yeast	(Zhou	et	al.,	2004)	and	mammalian	cells	(Saitoh	and	Hinchey,	2000)	

under	 oxidative	 stress.	 I	 speculated	 that	 H2O2	 treatment	 or	 Zinc	 treatment,	

promising	 to	 increase	 the	protein	expression	 level	of	Nedd4.1,	might	boost	 the	

SUMOylation	 level	 of	Nedd4.1,	 and	 thereby	 improve	 the	performance	of	 SUMO	

trap.	

It	is	also	interesting	to	note	that,	Yang	et	al.	(2013)	showed	that	zinc	selectively	

increases	 the	protein	 level	of	PIAS1	while	decreases	 that	of	PIAS3	(Figure	6.5),	

suggesting	 that	oxidative	 treatment	might	affect	both	PIAS	proteins	and	Nedd4	

proteins,	possibly	the	crosstalk	between	them.		

6.5 Physiological	role	for	crosstalk	between	Nedd4	and	PIAS	family	

proteins	

In	yeast,	Rsp5p	did	not	change	the	half-life	of	Siz	proteins;	instead	ubiqutylated	

Siz1/2p	 had	 reduced	 enzyme	 activity	 (Novoselova	 et	 al.,	 2013).	 It	 would	 be	

interesting	 to	 see	 whether	 Nedd4-mediated	 ubiquitylation	 of	 PIAS3	 affects	 its	

stability	or	its	enzyme	activity	in	mammalian	cells.	An	approach	to	determine	the	

effect	of	Nedd4.1	on	PIAS3	stability	is	to	use	a	siRNA	strategy	to	knockdown	the	

endogenous	Nedd4.1	and	detect	PIAS3	 levels	 in	 the	crude	 lysates	at	 increasing	

time	 points	 after	 cycloheximide	 treatment,	 which	 will	 block	 new	 protein	

synthesis.	 On	 the	 other	 hand,	 Novoselova	 et	 al.	 (2013)	 have	 shown	 that	 how	

Siz1p	 ubiquitylation	 by	 Rsp5p	 affects	 SUMOylation	 of	 RanGap1p,	 a	 well	

described	in	vitro	substrate	of	Siz1p.	It	is	worthy	to	check	whether	ubiquitylation	

of	PIAS3	affects	its	SUMO	ligase	activity.	Further	experimentation	will	be	needed	

to	conduct	in	vitro	SUMOylation	assay	using	PIAS3-Ub	or	PIAS3	purified	from	cell	

lysates	or	modified	in	vitro.		
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The	 result	 shown	 in	 Figure	 4.8	 and	 Figure	 4.9	 demonstrated	 that	 SUMO	

conjugation	systems	affect	the	autoubiquitylation	of	Nedd4.1	and	Nedd4.2,	and	it	

needs	 to	 be	 determined	 whether	 this	 stands	 in	 vivo.	 As	 described	 in	 section	

1.3.1.2,	the	ENaC	is	a	substrate	of	Nedd4	proteins,	and	Nedd4	WW	domains	play	

an	 important	 role	 in	 the	 regulation	 of	 ENaC	 endocytosis	 (Lu	 et	 al.,	 2007).	 I	

speculate	 whether	 SUMOylation	 of	 Nedd4	 is	 involved	 in	 such	 context.	 An	

approach	to	investigate	this	is	to	test	the	effects	of	removing	all	the	SUMOylation	

sites	 in	 Nedd4	 WW	 domains,	 which	 can	 be	 identified	 by	 MS	 as	 previously	

described,	and	to	see	whether	ubiquitylation	status	of	ENaC	is	altered.	Wiemuth	

et	al.	(2007)	managed	to	independently	study	the	ubiquitylation	of	ENaC	at	the	

cell	 surface	 and	 in	 the	 intracellular	 pool	 by	 combining	 surface	 labeling	 and	 IP	

methods.	 Briefly,	 COS-7	 cells	 transiently	 expressing	 HA	 tagged	 ENaC	 subunits	

were	biotinylated	48	h	 after	 transfection.	 	 Cells	were	 then	 lysed,	 and	 total	 cell	

ENaC	was	isolated	from	the	lysate	by	IP	using	HA	antibodies.	The	surface	fraction	

of	 ENaC	 was	 captured	 using	 streptavidin	 precipitation,	 while	 the	 intracellular	

pool	was	further	captured	via	re-IP	using	HA	antibodies.	Similar	strategy	can	be	

applied	 to	 serve	 our	 purpose.	 Moreover,	 considering	 that	 Nedd4-SUMO1	

conjugates	can	also	observed	in	the	nucleus,	it	is	possible	that	nuclear	substrates	

of	Nedd4.1	might	 also	be	 affected.	 Early	 in	2001,	Hamilton	 et	 al.	 identified	 the	

human	proline-rich	 transcript,	 brain-expressed	 (hPRTB)	as	 a	nuclear	 substrate	

of	Nedd4.1,	 and	Nedd4.1	mediated	 ubiquitylation	 leads	 to	 hPRTB	degradation.	

Same	 strategy	 can	 be	 applied	 to	 see	 whether	 SUMOylation	 of	 Nedd4	 affects	

hPRTB	stability.	
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Figure	6.4	Original	image	from	Kwak	et	al.	(2012)	showing	that	H2O2	(A)	and	zinc	

(B)	 induce	Nedd4.1	expression	and	reduce	 IGF-1Rβ	 levels	 in	a	dose-dependent	

manner	in	primary	cultured	neurons.	

Protein	 levels	were	determined	by	Western	blot	 analysis	 after	 a	 4h	 treatment.	

Representative	data	are	shown	from	four	sets	of	independent	experiments.	 	
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Figure	6.5	Original	 image	 from	Yang	et	al.	 (2013)	showing	 that	Zinc	selectively	

decreased	PIAS3,	but	increased	PIAS1	and	PIAS2.	

LNCaP	cells	were	treated	with	150	mM	ZnSO4	 for	 indicated	periods	(0,	4,	8,	12	

and	 24	 h).	 Western	 blot	 analyses	 were	 performed	 with	 antibodies	 of	 PIAS1,	

PIASx,	PIAS3	or	β-actin.		 	
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6.6 Concluding	marks	

In	summary,	 the	work	presented	here	shows	that	the	SUMO	ligase	PIAS3	could	

be	 ubiquitylated	 by	 Nedd4	 Ub	 ligases	 in	 vitro,	 partially	 in	 a	 PY-dependent	

manner.	 Nedd4.1	 and	 PIAS3	 colocalize	 in	 the	 nucleus,	 which	 might	 be	 where	

ubiquitylation	 of	 PIAS	 take	 place.	 On	 the	 other	 hand,	Nedd4	Ub	 ligases	 can	 be	

SUMOylated	 both	 in	 vitro	 and	 in	 vivo.	 Ubc9	 alone	 can	 promote	 Nedd4.1	

SUMOylation	 in	 vitro	 and	 whether	 PIAS	 SUMO	 ligases	 are	 responsible	 in	 the	

SUMOylation	of	Nedd4,	as	observed	with	their	yeast	counterparts,	remains	to	be	

fully	 determined.	 Future	 work	 should	 build	 on	 this	 to	 test	 the	 hypotheses	

presented	and	elucidate	the	precise	nature	of	the	interaction	between	Nedd4	and	

PIAS	 proteins	 in	 vivo,	 and	 possibly	 identify	 the	 regulation	 fate	 of	 crosstalk	

between	these	two.			 	
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7 Appendices	

7.1 List	of	Abbreviations	

APS	 Ammonium	persulfate	

ATP	 Adenosine	triphosphate	

CMV	 Cytomegalovirus	

DMSO	 Dimethyl	sulfoxide		

DNA	 Deoxyribonucleic	acid	

DTT	 Dithiothreitol	

EDTA	 Ethylenediaminetetraacetic	acid	

FBS	 Foetal	bovine	serum	

FLAG	 Trademarked	affinity	peptide	tag	with	sequence	DYKDDDDK	

GFP	 Green	fluorescent	protein	

GST	 Glutathione	S-transferase	

HEPES	 4-(2-hydroxyethyl)-1-piperazineethanesulfonic	acid	

HMW	 High	molecular	weight	

HRP	 Horseradish	peroxidase	

IgG	 	Immunoglobulin	G	

IPTG	 Isopropyl	β-D-1-thiogalactopyranoside	

kDa	 KiloDalton	

MOPS	 3-(N-morpholino)propanesulfonic	acid		

Myc	 Peptide	affinity	tag	with	sequence	N-EQKLISEEDL-C	

Nedd4	

Neural	 precursor	 cell	 expressed	 developmentally	 down-

regulated	protein	4	

NEM	 N-ethylmalimide	

ORF	 Opening	reading	frame	

PAGE	 Polyacrylamide	gel	electrophoresis	

PBS	 Phosphate	buffered	saline	

PCR	 Polymerase	chain	reaction	

PIAS	 Protein	Inhibitor	of	Activated	STAT	

PMSF	 Phenylmethanesulfonylfluoride	ribonuclease	
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Rpm	 Revolutions	per	minute	

Rsp5p	 Reverses	Spt-phenotype	5	protein	

S-tag	 N-terminal	region	of	ribonuclease	S	(KGTAAAKFERQHMDS)	

SDS	 Sodium	Dodecyl	Sulphate	

SUMO	 Small	ubiquitin-like	modifier	

TAE	 Tris-acetic	acid-EDTA	buffer		

TBS	 Tris-buffered	saline		

TCA	 Trichloroacetic	acid	

TEMED	 Tetramethylethylenediamine	

Tris	 Tris(hydroxymethyl)aminomethane	

Uba1	 Ubiquitin	activating	enzyme	1	

Ubc1	 Ubiquitin-conjugated	enzyme	E2K	

Ubc9	 Ubiquitin-conjugated	enzyme	E2I	
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7.2 Buffer	recipes	

Transformation	buffer	I	(TfbI)	

30	mM	KOAc	

100	mM	CaCl2	

10	mM	RbCl2	

50	mM	MnCl2	

15%	v/v	Glycerol	

pH	5.8	

	Transformation	buffer	II	(TfbII)	

10	mM	MOPS	

75	mM	CaCl2	

10	mM	RbCl2	

15%	v/v	Glycerol	

pH	6.5	

	2x	Resolving	buffer		

0.75	M	Tris	

0.2%	w/v	SDS	

pH	8.8	

	2x	Stacking	buffer		

0.25	M	Tris	

0.2%	w/v	SDS	

pH	6.8	

	2x	SDS	Sample	buffer	

50%	v/v	buffer	B	

4%	w/v	SDS	

20%	v/v	glycerol	

0.05%	w/v	bromophenol	blue	

5%	v/v	β	-mecaptoethanol	
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2x	SDS	Sample	buffer	(non-reducing)	

50%	v/v	buffer	B	

4%	w/v	SDS	

20%	v/v	glycerol	

0.05%	w/v	bromophenol	blue	

	Reservoir	buffer		

25	mM	Tris	

192	mM	Glycine	

0.1%	w/v	SDS	

pH	8.3	

	Commassaine	staining	buffer	

25%	v/v	Propan-2-ol	

10v/v	glacial	acetic	acid	

0.05%	w/v	coomassie	brilliant	blue	

Stir	at	least	1h	and	filter	before	use	

	Destaining	buffer	

20%	v/v	methanol	

10%	v/v	glacial	acetic	acid	

	Transfer	buffer	

50	mM	Tris	

380	mM	Glycine	

20%	v/v	methanol	

0.1%	w/v	SDS	

	TBS	buffer	

10	mM	Tris	

150	mM	NaCl	

pH	7.4	
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His	lysis	buffer	

50	mM	Tris	pH	7.4	

300	mM	NaCl	

1	mM	PMSF	

Protease	inhibitor	cocktail		

10	mM	imidazole	

	His	elution	buffer	

50	mM	Tris	pH	7.4	

300	mM	NaCl		

0.5	M	imidazole	

	GST	lysis	buffer	

50	mM	Tris	pH	7.4	

300	mM	NaCl	

1	mM	PMSF	

Protease	inhibitor	cocktail	

1	mM	DTT	

	GST	elution	buffer	

50	mM	Tris	pH	7.4	

300	mM	NaCl		

10	mM	Glutathione	

	

Denaturing	His	lysis	buffer	

8	M	Urea	

50	mM	Tris	pH8.0	

100	mM	NaCl	

10	mM	imidazole	

1	mM	PMSF	

0.2	μl	benzonase	

Protease	inhibitor	cocktail	
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Cell	lysis	buffer	

0.2	M	NaOH	

0.2%	v/v	β-mecaptoethanol	

	Denaturing	lysis	buffer	(DLB)	

6	M	Guanidine	hydrochloride	

50	mM	Phosphate	buffer	

10	mM	Tris	

5	mM	imidazole	

β-mecaptoethanol	

Protease	inhibitor	cocktail	

20	mM	PR-619		

pH	8.0	

	Urea	wash	buffer	I	

8	M	Urea	

50	mM	NaH2PO4	

50	mM	Na2HPO4	

β-mecaptoethonal		

0.1%	Triton-X100		

pH	8.0	

	

Urea	wash	buffer	II	

8	M	Urea	

50	mM	NaH2PO4	

50	mM	Na2HPO4	

β-mecaptoethonal		

0.1%	Triton-X100		

pH	6.3	

	TAE	buffer	

40	mM	Tris	acetate	

1	mM	EDTA	
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7.3 Plasmid	maps	

	

Figure	7.1	Human	PIAS3	in	pGEX-6P2.	

Map	 showing	 construct	 for	 bacterial	 expression	 of	 recombinant	 GST-tagged	

human	PIAS3.	The	bacterial	tac	promoter,	GST	tag,	human	PIAS3	ORF,	ampicillin	

resistance	ORF,	Ori	and	lac	ORF	are	shown	along	with	restriction	sites	used	for	

cloning.	Created	using	SnapGene	Viewer	version	2.3.2.	
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Figure	7.2	SUMO1	in	pGFP.	

Map	 showing	 construct	 for	 mammalian	 expression	 of	 full-length	 GFP-tagged	

SUMO1	 for	 use	 in	 microscopy,	 pull-down	 assay	 and	 western	 blotting.	 The	

mammalian	 CMV	 promoter/enhancer,	 bacteria	 T7	 promoter,	 GFP	 tag,	 SUMO1	

ORF,	ampicillin	and	neomycin	 resistance	ORF	are	 shown	along	with	 restriction	

sites	 used	 for	 cloning.	Noted	 that	 this	 plasmid,	with	 the	 same	 restriction	 sites,	

was	used	to	clone	pGFPSUMO2	and	pGFPUbc9.	Created	using	SnapGene	Viewer	

version	2.3.2.	
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Figure	7.3	4MVT	(human	PIAS3	103-458	amino	acids)	in	pET30a.	

Map	showing	construct	 for	bacterial	 expression	of	 recombinant	 soluble	human	

PIAS3	subsequently	used	in	 in	vitro	assays.	The	bacterial	 lac	ORF,	T7	promoter,	

6xHis	 and	 S	 tags,	 human	 PIAS3	 ORF,	 ori	 and	 kanamycin	 resistance	 ORF	 are	

shown	 along	 with	 restriction	 sites	 used	 for	 cloning.	 Created	 using	 SnapGene	

SnapGene	Viewer	version	2.3.2.	
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Figure	7.4	Nedd4.2	in	p3HA8His.	

Map	 showing	 construct	 for	 mammalian	 expression	 of	 full-length,	 3HA8His	

tagged	Nedd4.2	for	use	in	pull-down	assay	and	western	blotting.	The	bacteria	T7	

promoter,	mammalian	 CMV	 promoter/enhancer,	 HA	 tag,	 His	 tag,	 Nedd4.2	ORF	

and	ampicillin,	neomycin	resistance	ORF	are	shown	along	with	restriction	sites	

used	for	cloning.	Note	that	this	plasmid,	with	the	same	restriction	sits,	was	used	

to	 clone	 3HA8His-tagged	 WWP1/WWP2/Smurf1/Smurf2/	 Nedd4.1	 for	 pull-

down	assay	and	western	blotting.	Created	using	SnapGene	Viewer	version	2.3.2.	
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Figure	7.5	pOPINJ.	

Map	 showing	 construct	 for	 bacterial	 expression	 of	 HisGST.	 CMV	 enhancer,	 His	

tag,	GST	 tag,	ampicillin	resistance	ORF,	Ori	and	poly(A)	signal	are	shown	along	

with	 restriction	 sites	used	 for	 cloning.	Created	using	SnapGene	Viewer	version	

2.3.2.	
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Figure	7.6	pOPINJ-SIMs.	

Map	 showing	 construct	 for	 bacterial	 expression	 of	 SUMO	 trap.	 CMV	 enhancer,	

His	 tag,	 GST	 tag,	 ampicillin	 resistance	 ORF,	 Ori	 and	 poly(A)	 signal	 are	 shown	

along	with	restriction	sites	used	for	cloning.	SIM1	(IVDL)	and	SIM2	(VVDL)	are	

highlighted	 in	 green	 and	 blue,	 respectively.	 Noted	 that	 the	 original	 KpnI	 in	

pOPINJ	was	disrupted.	And	the	KpnI	designed	in	the	annealing	oligos	is	present.	

Created	using	SnapGene	Viewer	version	2.3.2.	 	
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7.4 List	of	E2s	used	

	

	

	

	

	

	

	

	

	

	

Figure	7.7	Homologues	of	yeast	Ub/Ubl	E2s	used	in	the	thesis.	 	
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7.5 Confocal	images	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 7.8	 Select	 images	 showing	 various	 patterns	 of	 colocalization	 between	

GFP-SUMO1	and	mCherry-Nedd4.1.	

Experimental	 descriptions	 are	 explained	 before	 (see	 Figure	 4.12).	 Arrows	

indicate	 the	colocalization	of	Nedd4.1	and	SUMO1;	thinner	arrows	 indicate	dots	

formed	by	SUMO1	alone.	 	
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Figure	 7.9	 Select	 images	 showing	 various	 patterns	 of	 colocalization	 between	

GFP-PIAS3	and	mCherry-Nedd4.1.	

Experimental	 descriptions	 are	 explained	 before	 (see	 Figure	 3.13).	 Arrows	

indicate	 the	 colocalization	 of	 Nedd4.1	 and	 PIAS3;	 thinner	arrows	 indicate	 dots	

formed	by	Nedd4.1	alone.	 	
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