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Abstract	

	

DEF6	(Differentially	Expressed	in	FDCP	6,	also	known	as	IBP	and	SLAT)	is	critical	

for	 the	 development	 of	 autoimmune	 disease	 and	 cancer.	 In	 T	 cells,	 DEF6	

participates	 in	 TCR-mediated	 signalling	 determining	 T	 helper	 cell-mediated	

immune	 responses.	 In	 addition,	 DEF6	 acts	 as	 a	 guanine	 nucleotide	 exchange	

factor	(GEF)	for	Rho	GTPases	facilitating	F-actin	assembly	and	stabilisation	of	the	

immunological	 synapse	 (IS).	 However,	 DEF6	 is	 also	 a	 component	 of	 mRNA	

processing	bodies	(P-bodies)	linking	it	to	mRNA	metabolism.	DEF6	and	its	only	

relative	 switch-associated	 protein-70	 (SWAP70)	 share	 a	 common	 domain	

structure	 that	 is	 highly	 conserved	 from	 human	 to	 trichoplax	 adhaerens	

suggesting	an	ancestral	function	that	is	distinct	from	its	role	in	T	cell	immunity.	

To	further	dissect	the	structure-function	relationship	of	DEF6,	a	comprehensive	

analysis	 of	 wild	 type	 and	 mutant	 DEF6	 proteins	 expressed	 in	 either	 COS7	 or	

Jurkat	 T	 cells	 was	 conducted.	 The	 results	 demonstrate	 that	 DEF6	 can	 adopt	

multiple	 conformations	 that	 result	 in	 different	 cellular	 localisations	 and	

functions.	 Post	 translational	 modifications	 such	 as	 phosphorylation	 result	 in	

conformational	 change	 liberating	 functional	 domains	 that	 are	 masked	 in	 the	

native	 state	 of	 DEF6.	 ITK	 phosphorylation	 of	 Try210/222	 liberates	 the	 N-

terminal	 end	 and	 to	 a	 certain	 extend	 also	 the	C-terminal	 coiled	 coil	domain	 of	

DEF6	resulting	in	P-body	colocalisation.	In	fact,	the	N-terminal	45	amino	acids	of	

DEF6	that	forms	two	Ca2+-binding	EF	hands	are	sufficient	to	target	P-bodies.	The	

coiled	 coil	 domain	 in	 conjunction	 with	 the	 N-terminal	 end	 is	 facilitating	

dimerisation	and	oligomerisation	of	DEF6	 likely	 to	be	essential	 for	GEF	activity	

which	was	mapped	to	amino	acids	537-590,	a	region	that	includes	the	C-terminal	

end	 of	 the	 coiled	 coil	 domain.	 Mutant	 proteins	 that	 unleashed	 the	 coiled	 coil	

domain	 spontaneously	 aggregated	 forming	 large	 structures	 in	 the	 cytoplasm.	

These	aggregates	trapped	proteins	such	as	the	P-body	component	DCP1.	In	some	

cases,	 aggregates	 appeared	 to	 function	 like	 prions	 enforcing	 conformational	

change	onto	wild	type	as	well	as	mutant	DEF6	proteins.	 	Ectopically	expressed	

DEF6	 colocalised	 with	 F-actin	 in	 cell	 protrusions	 as	 well	 as	 with	 P-bodies	 in	

resting	 Jurkat	 T	 cells.	 Upon	 TCR-mediated	 activation,	 wild	 type	 and	 several	
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mutant	DEF6	proteins	were	recruited	to	the	IS.	However,	while	wild	type	DEF6	

localised	to	the	central	supramolecular	activation	cluster	(cSMAC),	mutant	DEF6	

with	disrupted	coiled	coil	domain	were	present	in	the	outer	ring	of	IS	suggesting	

that	 recruitment	 of	 DEF6	 to	 the	 cSMAC	 depends	 upon	 a	 functional	 coiled	 coil	

domain.	 In	contrast,	recruitment	to	 the	 IS	of	DEF6	that	seemed	to	be	mediated	

through	 cellular	 protrusion	 contacting	 the	 antigen	 presenting	 cell	 was	

independent	 of	 both	 the	 N-terminal	 end	 and	 a	 functional	 coiled	 coil	 domain.	

Taken	together,	 the	data	presented	provide	evidence	that	DEF6	 is	more	than	a	

GEF	 linking	 TCR-mediated	 signalling	 with	 F-actin	 organisation	 and	 control	 of	

mRNA	metabolism.	
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1.1	DEF6	 functions	 as	 a	 guanine	 nucleotide	 exchange	 factor	 for	
Rho-GTPases	

	

1.1.1	DEF6	and	Rho-GTPases	

Initially,	 DEF6	 (Differentially	 Expressed	 in	 FDCP	 6;	 Hotfilder	 et	 al.,	 1999)	 was	

shown	to	act	as	a	Guanine	nucleotide	exchange	 factor	(GEF)	that	activated	Rho-

GTPases	(Cdc42,	RhoA	and	Rac1)	(Gupta	et	al.,	2003b;	Mavrakis	et	al.,	2004).	Rho-

GTPases	are	tightly	regulated	signalling	proteins,	which	bind	GDP	when	 inactive	

and	GTP	when	activated.	Rho-GTPases	are	part	of	 the	RAS	superfamily	GTPases	

and	more	than	22	members	have	been	identified	in	the	human	genome	(Johnson	

et	al.,	2009;	Rossman	et	al.,	2005).	Rho-GTPases	regulate	actin	polymerisation	and	

cellular	 morphogenesis,	 and	 are	 also	 involved	 in	 the	 regulation	 of	 cell	

proliferation,	cell	survival	and	gene	transcription.	Downstream	targets	affect	cell	

movement,	 adhesion,	 phagocytosis,	 cytokinesis,	 and	 polarisation.	 Such	

widespread	 functions	 of	 Rho-GTPases	 are	 vital	 for	 cell	 homeostasis	 and	

misregulation	 or	 loss	 of	 function	 promotes	 tumorigenesis	 (Sahai	 and	 Marshall,	

2002;	Rossman	et	al.,	2005).		

The	 function	of	 Rho-GTPases	 as	 bi-molecular	 switches	 depend	 on	 two	different	

conformational	 states:	 GDP-	or	GTP-binding�which	 correspond	 to	 inactive	 and	

active	conformation	respectively	(Fig.	1.1.0).	Three	molecules	regulate	the	cycling	

between	 these	 two	states:	 	 guanine	nucleotide	exchange	 factors	 (GEFs),	 such	as	

DEF6,	 regulate	 the	 exchange	 of	 GDP	 to	GTP,	 GTPase-activating	 proteins	 (GAPs)	

promote	 the	 intrinsic	 hydrolytic	 activity	 of	 GTPase	 from	GTP	 state	 to	GDP,	 and	

guanine	nucleotide-dissociation	inhibitors	(GDIs),	which	inhibit	GDP	dissociation	
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and	 sequester	 GDP-bound	 GTPases	 in	 the	 cytoplasm.	 Moreover,	 GDIs	 might	 be	

necessary	before	the	engagement	of	GEFs	(Fig.	1.1.0)	 (Sahai	and	Marshall,	2002;	

Rossman	et	al.,	2005;	Alan	and	Lundquist,	2013).	
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different changes in the RHO-family proteins are advan-
tageous to growth in different cellular or genetic back-
grounds, so are selected for in the individual tumour.
This could account for the differences in RHO-protein
activity that are found among transformed cells.

RHO proteins in invasion and metastasis
In addition to deregulated proliferation, tumour cells
have altered morphological characteristics and, in the
case of metastasis, acquire the ability to traverse tissue
boundaries. It is clear that RHO-family GTPases are
involved in the control of cell morphology and motil-
ity in untransformed cells. CDC42 is important for
the extension of actin-rich spikes — called filopodia
— which are thought to sense tactic signals and, sub-
sequently, establish the directionality of movement.
Actin-rich ruffles — called lamellipodia — are then
assembled at the leading edge of the cell in a RAC-
dependent manner. RHOA is involved in the genera-
tion of contractile force, and in moving the body and
tail of the cell behind the leading edge (reviewed in
REF. 39). All three of these proteins are also involved 
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RHO–GDPRHO–GDP RHO–GTP Cytoskeleton and
cell regulation

RHO–GDI

GEF

GAP

Activation

Inactivation

Sequestration

Effector

P

Growth factors and 
integrin engagement

Table 1 | RHO proteins, their effectors and functions

RHO protein Effectors Effector protein type Function

RHOA, C ROCK I, II Kinase Actomyosin contraction, transformation,
transcription (SRF)2–4

Scaffold Actin polymerization, transcription (SRF)2–4,
microtubules132

PRK1/PKN Kinase Endocytosis, p38γ MAPK activation75, 
transcription (MEF2C)2–4

Citron Kinase Cytokinesis2–4

RHOB PRK1/PKN Kinase EGFR trafficking103, motility and cell adhesion27

RHOD Unknown – Vesicle transport104

RND1, 2, 3/RHOE Unknown – Antagonist of RHOA43,44

RHOG Kinectin Scaffold Microtubule binding109

Unknown Unknown RAC1 and CDC42 activation8

RHOH Unknown – Implicated in tumours of myeloid origin15,16

RIF Unknown – Actin organization133

CHP PAK Kinase JNK activation134

WRCH1 PAK Kinase JNK activation, morphological transformation30

RAC1, 2, 3 PAK1, 2, 3 Kinase JNK activation, transformation2–4

MLK2, 3 Kinase JNK activation2–4

PAR6 Kinase Cell polarity, transformation2–4

p67PHOX Enzyme NADPH oxidation, transcription (NFκB)2–4

IQGAP1, 2 Scaffold/GAP Adherens junctions2–4

POSH Scaffold JNK activation, transcription (NFκB)2–4

IRSp53 Scaffold Actin polymerization2–4

CDC42 PAK1, 2, 3, 4 Kinase JNK activation, transformation2–4

MLK2, 3 Kinase JNK activation2–4

PAR6 Scaffold Cell polarity, transformation2–4

N-WASP, WASP Scaffold Actin polymerization2–4

MRCK1, 2 Kinase Actin organization2–4

TC10 (TCL) PAK Kinase JNK activation9,135

WASP Scaffold Actin polymerization9,135

PIST136 Scaffold ?
? ? GLUT4 translocation, glucose uptake137

CHP, CDC42 homologue protein; EGFR, epidermal growth-factor receptor; GLUT4, glucose transporter 4; IQGAP, IQ-motif-containing
GTPase-activating protein; IRS, insulin-receptor substrate; JNK, JUN N-terminal kinase; MAPK, mitogen-activated protein kinase;
MEF2C, myocyte-enhancer factor 2C; MLK, mixed-lineage kinase; NF-κB, nuclear factor of κB; PAK, p21-activated kinase; 
PAR, partitioning defective; PIST, PD2 domain protein interacting specifically with TC10; PKN, protein kinase N; POSH, plenty of SH3
domains; PRK, protein-kinase-C-related kinase; RIF, RHO in filopodia; ROCK, RHO-associated coiled-coil-forming kinase; SRF, serum
response factor; WASP, Wiskott–Aldrich syndrome protein; WRCH, WNT-responsive CDC42 homologue.

Figure 2 | Model of RHO-protein regulation. RHO proteins can bind either GTP or GDP. When
bound to GDP, they can be sequestered in the cytoplasm by RHO–GDP dissociation inhibitors
(RHO–GDIs). The exchange of GDP for GTP is promoted by RHO guanine nucleotide exchange
factors (RHO–GEFs), and is often associated with translocation of RHO proteins to cell membranes.
GTP-bound RHO proteins interact with a range of effector proteins and modulate their ability to
regulate cell behaviour. Most RHO proteins have an intrinsic ability to hydrolyse GTP to GDP and
inorganic phosphate (P), which can be promoted by RHO–GTPase-activating proteins (RHO–GAPs).
RND1, RND2 , RND3/RHOE and RHOH are unable to hydrolyse GTP, and their regulation is likely to
be through changes in protein level or localization, not through GDP/GTP binding.

Fig.	1.1.0	The	mechanism	of	Rho-GTPases’	GDP-	and	GTP-	binding	state	
cycle.		
Guanine	 nucleotide	 exchange	 factors	 (GEFs)	 such	 as	 DEF6	 promote	 GDP-
bound	Rho-GTPases	to	change	conformation	releasing	GDP	and	binding	GTP.	
Most	 Rho-GTPases	 have	 an	 intrinsic	 hydrolytic	 action	 from	 GTP-bound	 to	
GDP-bound	 form,	 which	 can	 be	 accelerated	 by	 GTPase-activating	 proteins	
(GAPs).	 Guanine	 nucleotide-dissociation	 inhibitors	 (GDIs)	 sequester	 GDP-
bound	 Rho-GTPases	 in	 the	 cytoplasm,	which	might	 be	 necessary	 before	 the	
GEF	function	(Figure	adapted	from	Sahai	and	Marshall,	2002).	

DEF6	
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1.1.2	A	general	mechanism	of	guanine	nucleotide	exchange	by	GEFs	to	Rho	
GTPases	
	
Rho	GTPases	have	an	ability	 to	 intrinsically	dissociate	 their	GDP	and	altering	 to	

GTP-bound	 form.	However,	GEFs	accelerate	 switching	105	 fold.	The	 structure	of	

nucleotide	binding	and	hydrolysis	in	Rho	GTPases	is	called	G-domain	(Fig.	1.2.0).	

Within	 the	 G-domain,	 two	 confined	 primarily	 switch	 regions	 (I,	 II)	 and	 a	

conserved	 phosphate-binding	 loop	 (P-loop)	 together	 with	 a	 Mg2+-binding	 site	

contribute	 to	 the	 nucleotide	 binding	 and	 exchange.	 Although	 the	 two	 switch	

regions	exhibit	a	large	structural	variation	in	GDP-bound	form,	they	demonstrate	

remarkable	similarity	in	GTP-bound	phase.	GEFs	respectively	interact	with	these	

two	 regions,	 which	 subsequently	 results	 in	 a	 series	 of	 conformational	 changes	

that	 move	 switch	 I	 region	 away	 and	 push	 switch	 II	 region	 toward	 the	 P-loop.	

Within	the	switch	II	region,	a	highly	conserved	glutamate	residue	(E)	in	DxxGQE	

motif	 contacts	 a	 lysine	 residue	 in	 the	 P-loop	 (e.g.	 Glu64	 of	 Rho	 and	 Glu62	 of	

Rac/CDC42	 of	 their	 switch	 II	 region	 toward	 Lys16/18	 of	 their	 P-loop).	

Consequently,	 these	 conformational	 changes	 push	 out	 the	 Mg2+,	 reducing	 the	

nucleotide	affinity,	thereby	releasing	GDP	and	shifting	GTPases	to	nucleotide	free	

phase	and	allowing	GTP-binding	due	to	its	high	concentration	in	cells	(Fig.	1.2.0)	

(Vetter	and	Wittinghofer,	2001;	Thomas	et	al.,	2006;	Dong	et	al.,	2007;	Gasper	et	

al.,	2008;	Guo	et	al.,	2013).	
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1.1.3	DEF6	functions	as	a	GEF	protein	

DEF6	 was	 first	 isolated	 in	 a	 screen	 to	 identify	 differentially	 expressed	 genes	

during	haematopoiesis	(Hotfilder	et	al.,	1999).	Utilising	the	FDCP-mix	cell	line	that	

was	 derived	 from	 the	 mouse	 and	 can	 be	 directed	 to	 differentiate	 into	 various	

haematopoietic	cells	(Spooncer et al., 1986; Heyworth et al., 1990; Kan et al., 1993),	

a	 gene-trap	 approach	 identified	 several	 differentially	 expressed	 genes,	 one	 of	

which	 was	 DEF6.	 Subsequently,	 it	 was	 shown	 that	 DEF6	 functions	 as	 a	 GEF	

activating	Rho-GTPases	(Gupta	et	al.,	2003b;	Mavrakis	et	al.,	2004).	Furthermore,	

Gupta	et	al.	(2003b)	showed	that	DEF6	is	phosphorylated	by	LCK	in	T	cells	upon	

TCR-mediated	 activation,	 liberating	 its	 GEF	 function	 and	 translocation	 to	 the	

junction	between	T	 cells	 and	antigen	presenting	 cells,	 termed	as	 immunological	

synapse	 (IS).	 This	 synapse	 formation	 and	 function	 is	 critically	 depended	 on	 F-

Fig.	1.2.0	GEFs	accelerate	GTPases	nucleotide	exchange.		
GEFs	interact	with	GTPases	switch	I	and	II	regions,	which	removes	the	switch	I	
region	from	its	normal	position	and	pushes	the	switch	II	region	towards	the	P-
loop.	 A	 conserved	 lysine	 residue	 forms	 the	 P-loop	 subsequently	 contacts	 a	
conserved	glutamic	acid	 residue	 from	 the	switch	 II	 region,	which	 result	 in	 the	
release	 of	 Mg2+	 reducing	 the	 affinity	 of	 the	 nucleotide.	 Subsequently,	 GDP	 is	
released	and	GTP	binds	 to	 the	vacant	position	 (Figure	adapted	 from	Tomas	et	
al.,	2006).	
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actin	polymerisation	and	thus	Rho	GTPases	activity	(Dustin	et	al.,	2000).	Similarly,	

Mavrakis	 et	 al.	 (2004)	 demonstrated	 upon	 PI3K	 signalling,	 DEF6	 localised	 to	

lamellipodia,	 membrane	 ruffling	 and	 filopodia	 in	 COS7	 cells,	 all	 of	 which	 are	

hallmarks	of	GEF	activity	and	actin	polymerisation.	 

Indeed,	 both	 of	 these	 reports	 demonstrated	 biochemical	 interactions	 between	

CDC42,	Rac1	and	DEF6	(Gupta	et	al.,	2003b	and	Mavrakis	et	al.,	2004).	Mavrakis	et	

al.	(2004)	detected	in	vivo	interaction	between	DEF6	and	RhoA,	however,	in	vitro	

data	 from	Gupta	et	al.	 (2003b)	did	not	 support	 this	 result,	which	might	 suggest	

the	interaction	between	DEF6	and	RhoA	is	indirect.	Moreover,	comparing	to	wild	

type	(WT)	T	cells,	T	cells	deficient	of	DEF6	or	loss	of	DEF6	GEF	function	exhibited	

lower	F-actin	content	and	less	IS	stability.	In	contrast,	a	constitutively	active	Rho	

GTPase,	Rac2	(G12V),	partially	rescued	the	actin	polymerisation	in	DEF6-deficient	

cells	(Fanzo	et	al.,	2006).	Similarly,	as	reported	from	Mavrakis	et	al.	(2004),	DEF6	

lamellipodia,	membrane	ruffing	and	filopodia	localisation	would	be	abolished	by	

overexpression	 of	 dominant	 negative	 Rac1,	 Cdc42	 and	 RhoA.	 Additionally,	 as	

report	by	Mavrakis	et	al.	(2004),	a	DEF6	C-terminal	fragment	(DHL	domain)	was	

sufficient	 to	 trigger	 lamellipodia,	 membrane	 ruffing	 and	 filopodia	 formation,	

consistent	with	Gupta	et	al.	(2003b)	who	reported	that	DEF6	C-terminal	fragment	

could	 directly	 activate	 CDC42	 and	 Rac1	 in	 vitro.	 Bécart	 et	 al.	 in	 2008	 further	

demonstrated	DEF6	GEF	functions	showing	that	DEF6	promotes	NFAT	signalling	

in	CD4+	T	cells	via	Cdc42/Rac1	activation,	regulating	Th1	and	Th2	differentiation.		
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1.1.4	DEF6	protein	structure	

1.1.4.1	DEF6	and	its	only	relative	SWAP70	are	highly	conserved			

DEF6	 exhibits	 strong	 homology	 to	 only	 one	 other	 protein	 namely	 SWAP70	

(Borggrefe	et	al.,	1998;	Gupta	et	al.,	2003a;	Ripich	et	al.,	2006	Ripich	et	al.,	2016;	

Manni	 et	 al.,	 2017).	 Both	 proteins	 are	 highly	 conserved	 exhibiting	 the	 same	

domain	structure	and	originate	from	a	common	ancestor	gene	present	in	tricoplax	

adhaerens	(Shuen,	MRes	2010).	Two	Ca2+	binding	EF	hands	at	the	N-terminus	are	

followed	 by	 DEF6-SWAP70	 homology	 (DSH)	 domain.	 DSH	 domain	 is	 strongly	

conserved	 between	 DEF6	 and	 SWAP70,	 which	 contains	 an	 immunoreceptor	

tyrosine-based	 activation	 motif	 like	 (ITAM)	 sequence.	 A	 central	 pleckstrin-

homology	(PH)	domain,	which	acts	as	a	PI	(3,4,5)	P3	anchor	is	followed	by	the	C-

terminal	Dbl	homology-like	(DHL)	domain	that	contains	a	coiled	coil	domain	and	

exhibits	GEF	activity	(Fig.	1.2.0	A)	(Mavrakis	et	al.	2004;	Bécart	et	al.,	2008;	Hey	et	

al.	2012).	

	

1.1.4.2	DEF6	and	SWAP70	are	atypical	GEFs	

Up	to	date,	more	than	84	GEFs	have	been	reported,	which	belong	to	three	families.	

Among	them,	Dbl	family	functions	for	RhoA,	Rac1	and	Cdc42,	and	constitutes	the	

largest	 group	 of	 approximately	 69	 distinct	 homologues	 (Rossman	 et	 al.,	 2005).	

Dbl	proteins	contain	diverse	structural	motifs	but	all	share	a	Dbl	homology	(DH)	

domain	 and	 a	 tandem	 pleckstrin	 homology	 (PH)	 domain	 (Fig.	 1.3.0B,	 Zheng,	

2001).	The	second	group	of	GEF	proteins	form	the	Dock	(dedicator	of	cytokinesis)	

family,	which	contains	11	members	in	mammalian	cells,	and	function	as	GEFs	for	
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Rac	and/or	Cdc42.	Unlike	Dbl	family,	Dock	GEFs	lack	DH-PH	module,	but	possess	

a	Dock	homology	region-1	and	-2	(DHR-1,	-2)	to	respectively	play	roles	as	PH	and	

DH	domains	(Shi,	2013;	Zheng,	2001).		

As	described	above,	DEF6	and	SWAP70	also	have	a	DH-like	domain	(DHL)	and	a	

PH	domain	but	while	all	other	Dbl	proteins	feature	a	PH	domain	C-terminal	to	the	

DH	domain,	DEF6	and	SWAP70	are	different	in	that	their	PH	domain	is	N-terminal	

of	the	DHL	domain	(Fig.	1.3.0B).	Due	to	this	difference	in	domain	structure,	DEF6	

and	 SWAP70	 are	 atypical	 GEFs	 and	 build	 a	 third	 group	 of	 GEFs	 (Gupta	 et	 al.,	

2003a;	Mavrakis	et	al.	2004;	Bécart	et	al.,	2008;	Hey	et	al.	2012;	Ripich	et	al.,	2016;	

Manni	et	al.,	2017).	

	

1.1.4.3	PH	and	DH	domain	function	

In	 general,	 the	 DH	 domain	 of	 Dbl	 family	 members	 interacts	 with	 the	 switch	

regions	of	Rho-GTPases	to	facilitate	nucleotide	exchange,	whereas	the	PH	domain	

acts	as	a	membrane	anchor	(Rossman	et	al.,	2005).	However,	the	PH	domains	of	

Dbs	and	LARG	directly	contact	the	bound	GTPases,	whereas	Tiam1	and	ITSN-L	do	

not	have	interaction	between	their	PH	and	DH	domains	(Rossman	et	al.,	2005).	In	

addition,	Sos1	has	an	interface	formed	by	its	PH	domain’s	helix	and	DH	domain’s	

seat-back	 region,	 which	 occludes	 the	 GTPase-binding	 surface	 and	 prohibits	 the	

binding	and	exchanging	of	 its	downstream	Rho-GTPases	 (Rossman	et	al.,	 2005).	

As	 for	 DEF6,	 the	 DHL	 domain	 that	 exhibits	 only	 weak	 homology	 with	 the	 DH	

domain,	still	functions	as	a	GEF	even	in	the	absence	of	the	PH	domain	(Gupta	et	al.,	

2003b;	Mavrakis	et	al.,	 2004),	 suggesting	 that	 the	PH	domain	of	DEF6	does	not	

directly	participate	in	maintaining	DEF6-GTPases	interaction.		
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Fig.	1.3.0	Domain	structure	of	GEFs.	
(A)	 Schematic	 diagram	 of	 DEF6	 and	 SWAP70	 domain	 structure.	 EF:	 Ca2+-
binding	 EF-hand;	 DSH:	 DEF6-SWAP70	 homology;	 PH:	 pleckstrin	 homology	
domain	and	DHL:	Dbl	homology	like	domain	(B)	Domain	structure	of	Dbl	family	
GEFs	 highlighting	 the	 conserved	 DH-PH	 configuration.	 (Figure	 adapted	 from	
Zheng	2001).	

A	

B	
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1.1.5	Vav,	a	prototype	Dbl	GEF,	is	activated	through	conformational	change	

Vav1	is	a	Dbl	family	GEF,	which	is	required	for	TCR	induced	signalling	in	T	cells.		

From	 the	 N-	 to	 C-terminal,	 Vav1	 contains	 a	 calponin	 homology	 domain	 (CH),	

acidic	domain	(Ac),	DH	domain,	PH	domain,	cysteine-rich	C1	domain	and	several	

SH	domains	 (Fig.	1.4.0).	 In	 its	 inactive	 form,	GEF	activity	of	 vav1’	DH	domain	 is	

inhibited	by	the	Ac,	CH,	PH	and	C1	domains.	In	this	phase,	its	Tyr-174	within	Ac	

domain	binds	to	the	DH	domain,	and	CH	domain	also	binds	to	C1	domain.	These	

bindings	 cover	 the	 DH	 domain	 inhibiting	 the	 GEF	 activity.	 TCR-mediated	

activation	 results	 in	 phosphorylation	 of	 Try-147,	 which	 in	 turn	 results	 in	

disassociation	 of	 the	 CH	 domain	 from	 the	 C1	 domain,	 and	 in	 the	 Ac	 domain	

releasing	the	DH	domain	resulting	in	GEF	activity.	In	addition,	PIP3	binding	by	the	

PH	domain	might	also	be	important	for	GEF	activity	as	indicated	by	experiments	

in	mice	 showing	 that	prevention	of	PIP3	binding	 reduced	Rac1	activation.	Post-

translational	 modification	 inducing	 conformational	 change	 are	 thus	 key	 to	

activate	vav1’	GEF	function	(Fig.	1.4.0)	(Tybulewicz,	2005).	
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1.1.5.1	Is	the	model	of	VAV	also	applicable	to	DEF6?	

DEF6	 like	vav1	 is	highly	expressed	 in	T	 cells	 and	upon	TCR-mediated	 signalling	

DEF6	is	phosphorylated	on	Tyr	210	by	LCK,	binds	PIP3,	is	recruited	to	the	IS	and	

exhibits	GEF	activity	(Gupta	et	al.,	2003b).	However,	Bécart	et	al.	(2008)	showed	

that	LCK	 is	 actually	phosphorylating	Tyr	133	and	144	within	 the	 ITAM	motif	of	

DEF6,	but	both	groups	concluded	that	similar	to	vav1,	phosphorylation	resulted	in	

conformational	change	of	DEF6	essential	for	GEF	activity.	However,	Mavrakis	et	al.	

(2004)	showed	that	H2O2	treatment	that	results	in	enhanced	PI3K	signalling	was	

sufficient	to	refer	GEF	activity	to	GFP-DEF6	overexpressed	in	COS7	cells	and	that	

Fig.	1.4.0	The	activation	module	of	Vav1.		
Phosphorylation	 of	 Tyr	 residues	 within	 the	 acidic	 domain	 (Ac)	 releases	 the	
binding	 between	 Ac	 domain	 and	 DH	 domain.	 This	 modification	 in	 turn	
disassociates	the	binding	between	the	calponin	homology	(CH)	and	C1	domains,	
opening	 the	 molecule	 and	 unmasking	 the	 DH	 domain.	 PIP3	 binding	 to	 the	 PH	
domain	might	also	contribute	to	the	conformational	change	and	activation	of	GEF	
function.	(Figure	adapted	from	Tybulewicz,	2005).		
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this	 could	be	prevented	by	 the	addition	of	 a	PI3K	 inhibitor.	COS7	cells	 lack	LCK	

expression,	 suggesting	 that	 other	 post-translational	 modifications	 of	 DEF6	 can	

also	activate	its	GEF	activity.	
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1.2	DEF6	function	in	the	immune	system	

	

1.2.1	DEF6	localises	to	and	enhances	stability	of	immunological	synapse	

Immunological	 synapse	 (IS)	 is	 the	 junction	 between	 T	 cells	 and	 antigen	

presenting	cells	(APCs),	which	plays	critical	roles	 in	 immune	response.	The	IS	 is	

formed	 as	 a	 consequence	 of	 TCR-mediated	 activation	 upon	 binding	 to	 peptides	

presented	 by	major	 histocompatibility	 complex	 (MHC)	 of	 APCs	 (More	details	 in	

Chapter	 5).	 In	 CD4+	 T	 cells,	 DEF6	 is	 recruited	 to	 the	 IS	 after	 T	 cell	 activation	

(Gupta	 et	 al.,	 2003b;	 Bécart	 et	 al.,	 2008)	 and	 lack	 of	 DEF6	 resulted	 in	 reduced	

stabilisation	of	the	IS	(Fanzo	et	al.,	2006).		

Gupta	et	al.	(2003b)	showed	that	the	phosphorylation	of	residue	Try210	of	DEF6	

by	 LCK	 upon	 TCR	 stimulation	 mediates	 DEF6	 translocation	 into	 the	 IS,	 and	

prevention	of	this	modification	abolished	this	recruitment.	However,	Bécart	et	al.	

(2008)	demonstrated	that	LCK	phosphorylation	positions	are	Try133	and	Try144	

of	DEF6,	rather	than	Try210.	Interestingly,	Hey	et	al.	(2012)	reported	that	Try210	

together	with	residue	Try222	are	actually	phosphorylated	by	ITK,	which	resulted	

in	DEF6	colocalising	with	P-bodies.	

Gupta	et	al.	 (2003b)	also	demonstrated	 that	PI3K	signalling	 is	 indispensable	 for	

DEF6	localising	to	the	IS.	They	showed	translocation	of	DEF6	was	prevented	by	a	

treatment	 of	 a	 PI3K	 inhibitor,	 wortmannin.	 However,	 Bécart	 et	 al.	 (2008)	

described	that	pretreatment	of	Jurkat	T	cells	with	PI3K	inhibitors	wortmannin	or	

LY294002	did	not	affect	the	translocation	of	endogenous	DEF6	to	cell	membrane	

upon	TCR	stimulation,	 and	 that	DEF6	 can	 still	 be	 recruited	 to	 IS.	However,	Hey	

(2012,	 PhD	 thesis)	 showed	 that	 wortmannin	 did	 significantly	 reduce	 the	
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detectable	 amount	 of	 DEF6	 from	 the	 cell	 membrane	 in	 Jurkat	 T	 cells,	 which	

supports	the	conclusion	from	Gupta	et	al.	(2003b)	to	some	extent.		

Finally,	DEF6	binding	 to	 the	activated	 small	GTPase,	Rap1	 (Rap1-GTP)	might	be	

also	critical	for	the	recruitment	of	DEF6	to	the	IS	(Côte	et	al.,	2015).	According	to	

this	 study,	 DEF6	 and	 Rab1-GTP	 are	 interdependent,	 which	 either	 deficiency	 of	

DEF6	or	Rap1	will	inhibit	the	other	one	to	relocate	to	the	IS.	The	evidence	did	not	

show	 DEF6	 has	 a	 function	 to	 alter	 Rap1	 from	 GDP	 to	 GTP	 binding,	 but	 the	

constitutively	 active	 Rap1	 mutant	 can	 rescue	 DEF6-deficient	 T	 cells.	 Rap1	

activates	 β2	 integrin	 leukocyte	 function-associated	 antigen	 (LFA-1)	 resulting	 in	

binding	 to	 its	 endothelial	 ligand,	 intercellular	adhesion	molecules	 (ICAMs).	This	

interaction	 guides	 T	 cell	 trafficking	 and	 antigen	 recognition	 in	 the	 IS	 (T	 cell	

adhesion	and	inside-out	signalling)	(Hogg	et	al.,	2002	and	2011).	Therefore,	as	an	

upstream	 activator	 of	 Rap1,	 DEF6	 indirectly	 regulates	 LFA-1	 activation	 and	

further	downstream	functions	(Côte	et	al.	2015,	Fig.	1.5.0).	
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Fig.	1.5.0	Schematic	of	DEF6	signalling	network	in	CD4+	T	cells.		
TCR-mediated	 signalling	 results	 in	 the	 recruitment	 of	 DEF6	 to	 the	 IS.	 1)	 LCK	
phosphorylates	 DEF6	 on	 Tyr133/144,	 also	 resulting	 in	 activation	 of	 the	
NFAT/Ca2+	signalling	pathway.	LCK	is	constitutively	active	in	T	cells,	however,	it	
is	unknown	if	TCR	activation	promoted	the	 interaction	between	LCK	and	DEF6.	
ITK	phosphorylates	DEF6	at	Try210/222,	which	results	in	DEF6	colocalising	with	
P-bodies.	LCK	theoretically	participates	 in	 this	modification	because	LCK	is	also	
responsible	for	ITK	activation,	however,	this	possibility	has	not	been	tested	so	far.	
2)	Activation	of	PI3K	signalling	cooperates	with	LCK	modification	and	will	result	
in	 DEF6	 binding	 to	 PIP3	 enhancing	 DEF6	 relocation	 to	 the	 IS	 (but	 is	 not	 a	
necessary	condition).	3)	DEF6	binds	to	the	activated	GEF	protein	Rap1	(Rap-GTP)	
resulting	in	LFA-1	activation	and	ICAM-1	adhesion.	4)	DEF6	is	required	for	NFAT	
activation,	Th1/Th2	differentiation	and	IL-2,	 IL-4	and	IFNg	expression.	5)	DEF6	
inhibits	IRF-4	activation	resulting	in	reduced	Th17	differentiation,	reduced	IL-17	
and	IL21	expression	and	preventing	autoimmunity.	
(Figure	based	on	information	from	citations	given	in	the	text).		
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1.2.2	DEF6	is	critical	for	the	development	of	autoimmune	diseases.		

Initial	 study	 of	 knockout	 mice	 lacking	 DEF6	 revealed	 that	 DEF6	 deficiency	

resulted	in	deregulation	of	Th17	cell	function	causing	autoimmune	disease	(Chen	

et	al.,	2009).		Th17	cells	are	a	subset	of	CD4+	T	helper	distinct	from	other	T	helper	

cells	such	as	Th1	and	Th2,	by	the	production	of	cytokines	IL-17	(A,	F),	IL-21	and	

IL-22.	 Overexpression	 of	 IL-17	 promotes	 autoimmune	 disease,	 such	 as	

rheumatoid	 arthritis	 (RA),	 systemic	 lupus	 erythematous	 (SLE),	 experimental	

autoimmune	 uveitis	 (EAU)	 and	 experimental	 autoimmune	 encephalomyelitis	

(EAE).	 Anti-IL-17	 antibody	 treatment	 has	 been	 demonstrated	 to	 significantly	

relieve	autoimmune	disease	symptoms	(Park	et	al.,	2005;	Komiyana	et	al.,	2006;	

Yang	et	al.,	2014;	Tabarkiewicz	et	al.,	2015).	The	mechanism	of	IL-17	function	is	

still	 unclear,	 but	 it	 seems	 that	 IL-17	 stimulates	 and	 synergizes	 with	 other	

cytokines,	 i.e.	 tumor	 necrosis	 factor	 (TNF)-α	 and	 macrophage	 inflammatory	

protein	(MIP)-2.	(Khan	et	al.,	2015;	Zhu	et	al.,	2012)	

Even	 though	 excessive	 IL-17	 results	 in	 high	 risk	 of	 autoimmune	 disease,	 IL-17	

deficiency	 will	 also	 increase	 bacteria	 and	 fungal	 infection	 and	 tumor	 growth	

(Welch	 et	 al.,	 2015).	 Thus,	 the	 expression	 level	 of	 IL-17	 needs	 to	 be	 precisely	

controlled.	 IRF-4	 (IFN	 regulatory	 factor-4)	 is	 a	 transcriptional	 factor	 that	

promotes	 IL-17	 expression	 and	 Th17	 cell	 differentiation	 (Brüstle	 et	 al.,	 2007,	

Huber	 et	 al.,	 2008).	 IRF-4	 is	 activated	 upon	 ROCK-2	 (Rho-associated	

serine/threonine	kinases)	-mediated	phosphorylation.	DEF6	can	bind	and	thereby	

inhibit	 the	phosphorylation	of	 IRF-4,	which	results	 in	deregulation	of	Th17	cells	

and	its	cytokine	production	(Chen	et	al.,	2009).		

Fanzo	 et	 al.	 (2006)	 described	 that	 DEF6-deficient	 mice	 developed	 a	 lupus-like	



	 	 	Introduction	|	Chapter	1	
	

	 17	

syndrome	starting	 at	 5	month	 of	 age	 exhibiting	 a	 series	of	 serologic	 symptoms,	

such	 as	 high	 level	 of	 IgG,	 antinuclear	 antibodies,	 anti-double-stranded	DNA	 and	

anti-Smith	antibodies.	In	addition,	similar	to	human	systemic	lupus	erythematous	

(SLE),	symptoms	were	more	prevalent	in	female	(60%)	than	in	male	(10%)	DEF6-

deficient	 mice.	 Subsequently,	 Chen	 et	 al.	 (2009)	 showed	 that	 DEF6	 deficiency	

altered	 IRF-4	 function	 increasing	 Th17	 cells	 differentiation	 and	 IL-17,	 21	

expressions,	resulting	in	autoimmune	disease.		

However,	 Altman	 and	 Bécart	 (2009)	 doubted	 DEF6	 deficiency	 causes	

autoimmunity	because	their	analysis	of	DEF6-deficient	mice	did	not	reveal	signs	

of	autoimmunity.	In	the	following	dispute,	Chen	and	Pernis	(2009)	responded	that	

DEF6	 gene	 deletion	 related	 lupus-like	 syndrome	 only	 happened	 in	 particular	

mouse	strains	dependent	upon	the	genetic	background.	Soon,	Canonigo-Balancio	

et	 al.	 (2009)	 demonstrated	 that	 DEF6-deficient	 mice	 were	 resistant	 to	 MOG	

induced	 EAE,	 and	 DEF6	 positively	 regulated	 Th17	 cells	 differentiation	 in	 vitro.	

Similar	 results	were	 also	 reported	 from	Vistica	 et	al.	 (2012)	 in	 the	 EAU	model.	

Recently,	a	bioinformatics	analysis	reported	that	SNP	(rs10807150)	in	an	intron	

of	 the	 DEF6	 gene	 has	 a	 very	 high	 correlation	with	 SLE	 in	 East	 Asia	 (Sun	 et	al.,	

2016)	but	 it	remains	to	be	seen	what	specific	role	DEF6	plays	in	 the	prevention	

and/or	development	of	autoimmune	diseases	and	whether	it	would	be	a	potential	

target	for	therapy.	
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1.3	DEF6	is	highly	expressed	in	cancer	cells	and	promotes	cancer	
development	

Li	and	their	colleagues	in	2009	reported	that	DEF6	is	highly	expressed	in	human	

invasive	 breast	 carcinoma	 tissue	 and	 breast	 cancer	 lines.	 In	 contrast,	 the	

expression	 level	 of	DEF6	was	 low	or	 undetectable	 in	 normal	or	 low-risk	 breast	

tumour	 tissue.	 Moreover,	 overexpression	 of	 DEF6	 significantly	 increased	

proliferation	and	invasiveness	of	a	non-DEF6	breast	cancer	cells,	and	reduction	of	

DEF6	in	DEF6	abundant	breast	cancer	cell	lines	resulted	in	the	opposite	outcome	

(Li	et	al.,	2009).	Similar	results	were	reported	in	murine	tumour	endothelial	cells	

and	 in	human	colorectal,	 oral	squamous	and	ovarian	 cancer	 cells	 (Otsubo	et	al.,	

2014;	Jian	et	al.,	2015	and	Liew	et	al.,	2016).	In	fact,	DEF6	has	been	shown	to	be	

highly	 expressed	 in	 different	 types	 of	 cancer	 tissue	 (Fig.	 1.8.0).	 Based	 on	 the	

analysis	of	breast	cancer	cells,	the	high	expression	of	DEF6	might	be	attributed	to	

the	 abnormal	 expression	 of	 p53	 (Yang	 et	 al.,	 2012).	 P53	 is	 largely	 known	 as	 a	

transcriptional	 factor	 that	 triggers	 a	 variety	 of	 anti-proliferation	 cellular	

programs,	and	 insufficiency	of	p53	function	 is	commonly	 found	 in	breast	cancer	

cells	(Gasco	et	al.,	2002,	Zilfou	and	Lowe,	2009).	The	relations	between	DEF6	and	

p53	are	reflected	on	two	 levels.	Firstly,	DEF6	expression	 is	negatively	regulated	

by	 p53,	which	 is	 probably	 through	 p53	 binding	 to	 DEF6	 promoter	 (Yang	 et	al.,	

2012).	 Second,	DEF6	 could	 bind	 and	 inactivate	 p53	 protein	 (Yang	 et	al.,	 2012).	

Hence,	the	defective	p53	expression	in	these	cancer	cells	increases	the	expression	

of	DEF6,	and	high	level	of	DEF6	further	reduces	p53	function.	Consequently,	this	

regulatory	loop	promotes	the	development	of	breast	cancers.		

	



	 	 	Introduction	|	Chapter	1	
	

	 19	

	

DEF6	 might	 also	 contribute	 to	 cancer	 development	 through	 other	 routes.	 For	

example,	in	OSCC	cells	(oral	squamous	cell	carcinoma	cells),	DEF6	overexpression	

shortened	the	G1	phase	and	G1	was	prolonged	by	DEF6	knockdown.	Furthermore,	

the	 expression	 level	 of	 DEF6	 in	 these	 cells	 positively	 correlated	 with	 the	

expression	 of	 cyclin	 D1,	 a	 key	 regulator	 of	 G1/S	 phase	 transition.	 Hence,	 the	

interaction	of	DEF6	and	cyclin	D1	might	be	the	reason	for	the	shortening	of	the	G1	

phase	(Jian	et	al.,	2012).	DEF6	has	also	been	shown	to	inhibit	autophagy	reaction	

in	 cancer	 cells	 probably	 through	 interfering	 with	 FoxO3	 pathway.	 FoxO3	 is	 a	

transcription	 factor,	which	 is	necessary	and	sufficient	 to	 induce	autophagy.	This	

protein	 can	 be	 suppressed	 by	 Akt	 ser473	 phosphorylation.	 Interestingly,	 DEF6	

overexpression	correlated	with	this	phosphorylation	and	subsequent	suppression	

of	autophagy	in	breast	cancer	cells.	This	is	consistent	with	later	research	showing	

that	 DEF6	 activates	 mTORC2	 acting	 upstream	 of	 Akt,	 and	 further	 mediats		

suppression	 of	 autophagy	 in	 breast	 cancer	 cells.	 Taken	 together,	 it	 seems,	

therefore,	 that	 DEF6	 functions	 via	 the	 mTORC2/Akt/FoxO3	 pathway	 to	 inhibit	

Fig.	1.6.0	DEF6	protein	expression	in	different	cancer	tissues.		
DEF6	 is	widely	expressed	 in	cancers,	but	hardly	detected	 in	majority	of	normal	
tissues	(www.proteinatlas.org/ENSG00000023892-DEF6/cancer).	
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autophagy	 and	 to	 promote	 cancer	 development	 (Yang	 et	 al.,	 2012;	 Chen	 et	 al.,	

2013).	However,	mTORC1	signalling	was	also	activated	by	DEF6	in	breast	cancer	

cells	 implying	 that	DEF6	 can	 suppress	 autophagy	 in	multiple	ways	 (Chen	 et	al.,	

2013).		

	

	

	 	



	 	 	Introduction	|	Chapter	1	
	

	 21	

1.4	 DEF6	 phosphorylation	 at	 Tyr210/222	 results	 in	
colocalisation	with	P-bodies.	

In	 addition	 to	 LCK	phosphorylation,	DEF6	 is	 also	 a	 substrate	 of	 the	 kinase	 ITK,	

phosphorylating	 Tyr210/222	 of	 DEF6	 in	 Jurkat	 T	 cells.	 DEF6	 ITK	 phosphomimic	

mutant,	Y210/222E,	overexpressed	in	COS7	cells	changed	its	cellular	localisation	

forming	DEF6	foci	that	overlapped	with	the	P-body	marker	decapping	enzyme	1	

(DCP1).	 Endogenous	 DEF6	 in	 Jurkat	 cells	 has	 also	 been	 observed	 to	 colocalise	

with	P-bodies	(Hey	et	al.,	2012	and	Mollett,	2014	PhD	thesis).	Moreover,	arsenate	

(Hey	et	al.,	2012)	or	nocodazole	treatment	can	also	induce	WT	DEF6	and	several	

DEF6	mutants	to	localise	into	P-bodies	in	COS7	cells.	Interestingly,	COS7	cell	line,	

however,	 is	 lacking	 expression	 of	 ITK,	 thereby	 indicating	 that	 ITK	

phosphorylation	 is	 not	 the	 only	 modification	 of	 DEF6	 resulting	 in	 P-body	

colocalisation	(Hey	et	al.,	2012).	 

 

1.4.1	Core	function	of	P-bodies	is	mRNA	degradation	
		
P-body	is	a	major	type	of	messenger	ribonucleoproteins	(mRNP)	granule,	which	is	

non-membranous	 and	 dynamic	 cytoplasmic	 foci	 (Anderson	 and	Kedersha,	 2008	

and	 2009).	 P-body	 is	 a	 supermolecular	organelle	 that,	 including	DEF6,	 contains	

more	than	34	types	of	proteins	(Parker	and	Sheth,	2007;	Hey	et	al.,	2012).	Even	

though	the	components	of	P-bodies	vary	in	different	tissues,	generally,	the	core	of	

each	P-body	unit	is	mRNA	decay	machinery.	The	decay	core	can	be	simplified	into	

two	molecules,	decapping	enzyme	2	(DCP2)	and	XRN1.	DCP2	responds	to	remove	

mRNA	5’-cap	by	catalyzing	the	hydrolysis	of	the	cap	structure,	and	subsequently,	

XRN1,	an	exonuclease,	degrades	mRNA	from	5’	to	3’.	Even	though	DCP2	is	capable	

to	perform	its	function	in	vitro,	its	activity	is	stimulated	and	regulated	by	several	
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other	proteins	termed	decapping	coactivators,	which	include	DCP1,	EDC3,	EDC4,	

LSm1-7	complex,	LSm14A,	Dhh1	and	Pat1.	These	proteins	are	highly	conserved	in	

eukaryotes,	and	all	have	been	observed	to	be	localised	in	P-bodies	and	function	in	

5’	to	3’	mRNA	decay	(Eulalio	et	al.,	2007	and	cited	in	Chang	et	al.,	2014).		

In	addition,	 small	 interfering	RNAs	 (siRNA)	 induced	RNA	 interference	 (RNAi)	 is	

also	 carried	 out	 in	 P-bodies	 by	 Argonaute-2	 (Ago2),	 GW182	 and/or	 the	mRNA	

decay	core	(Jakymiw	et	at.,	2005).	Moreover,	mRNAs	returning	from	P-bodies	to	

polysomes	 has	 also	 been	 observed	 in	 Yeast	 (Brengues	 et	 al.,	 2005),	 which	

indicates	 P-bodies	 could	 also	 function	 as	 mRNA	 storage.	 DEF6	 function	 in	 P-

bodies	 is	 unkown	 and	 it	 remains	 to	 be	 seen	 which	 role	 DEF6	 plays	 in	 this	

organelle.		

	
	
1.4.2	Assembly	of	P-body	components	require	EDC4	as	a	scaffold	for	the	
decay	machinery	and	Q/N	rich	protein	interactions	
	
How	P-bodies	assemble	is	still	not	fully	understood.	Many	factors	are	involved	in	

this	process,	such	as	Ago,	GW182	and	mRNAs.	This	implies	P-bodies	formation	is	

a	 complicated	 and	multilevel	 process.	 Among	 them,	 EDC4	 is	 a	 scaffold	 for	 the	

decay	machinery	(Chang	et	al.,	2014).	In	P-bodies,	EDC4	provides	binding	sites	for	

DCP1,	DCP2	and	XRN1,	where	three	DCP1	molecules	gather	as	a	trimer	to	activate	

DCP2	and	subsequently	perform	 the	decapping.	Without	EDC4,	DCP1	and	DCP2	

can	 still	 interact,	 however,	 the	 binding	 force	 between	 them	 is	 too	 weak	 to	

maintain	 their	 function.	Moreover,	 the	 binding	 of	 DCP2	 and	 XRN1	 to	 the	 same	

EDC4	molecule	 ensures	 that	 the	 decapped	mRNAs	 are	 transferred	 to	 XRN1	 for	

further	decay.	Each	of	the	decay	machinery	could	be	considered	as	a	working	unit.	
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Assembly	 of	 these	 units	 to	 so-called	microscopically	 visible	 P-body	 is	 also	 little	

understood.	Decker	 and	Parker	 (2012)	 summarised	 a	 possible	model	of	 P-body	

assembly	 in	yeast,	which	depends	on	EDC3	self-interaction	domain	(Yjef-N)	and	

Lsm4	Q/N	rich	domain.	Although	 in	Drosophila	 S2	 cells,	P-body	assembly	 is	not	

blocked	by	EDC3	depletion,	 to	deplete	some	P-bodies	Q/N	rich	proteins,	such	as	

GW182,	would	decrease	P-body	formation	in	Drosophila	and	human.	It	is	possible	

therefore	that	assembly	through	interaction	of	Q/N	rich	domains/proteins	is	the	

first	step	in	P-body	formation.	Hence,	a	simple	model	of	P-body	formation	can	be	

summarised	as	 following:	 in	 the	 first	step,	DCP1,	DCP2,	XRN1	rely	on	EDC4	as	a	

scaffold	 to	 assemble	 as	 P-bodies	 units.	 Then	 these	 units	 gather	 to	 be	

microscopically	visible	P-bodies	through	the	interactions	of	Q/N	rich	components	

(Fig.	1.7.0).	Q/N	rich	proteins	 tend	 to	 form	coiled	 coil	 structure	 (Fiumara	et	al.,	

2010).	DEF6	has	a	Q-rich	coiled	coil	domain	in	its	C	terminal	end.	Thus,	it	educes	a	

possibility	that	DEF6	location	in	P-bodies	is	mediated	via	its	coiled	coil	domain.		

	

	

	

Fig.	1.7.0	Schematic	diagram	of	P-body	assembly.	
EDC4	functions	as	a	scaffold	to	support	DCP1	(trimer),	DCP2,	XRN1	and	RNA	to	
interact.	 This	 complex	 is	 termed	 P-body	 functional	 unit.	 Then,	 these	 units	
associate	 via	 interactions	 among	 their	 coiled	 coil	 domains	 to	 form	
microscopically	visible	P-bodies	(Chang	et	al.,	2014;	Decker	and	Parker,	2012).	
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1.4.3	P-body	size	and	abundance	varies	during	cell	cycle		

P-bodies	 are	 flexible	 and	 dynamic	 structures	 varying	 in	 size	 and	 abundance	

during	 the	 cell	 cycle.	 Yang	 et	 al.	 (2004)	 observed	 in	 HeLa	 cells	 that	 the	

microscopically	 visible	 P-bodies	 could	 hardly	 been	 detected	 during	 the	 mitotic	

phase	of	the	cell	cycle,	but	reassembled	at	the	start	of	the	G1	phase.	Until	early	S	

phase,	P-bodies	were	still	small	and	less	abundant,	but	bigger	and	more	abundant	

in	late	S	phase	and	G2	phase.	A	similar	phenomenon	was	also	observed	for	DEF6	

P-bodies	dynamic:	both	DEF6	and	DCP1	did	not	form	granules	but	were	diffuse	in	

the	 cytoplasm	 in	 cells	 undergoing	 mitosis	 (Appendix	 8.4,	 Fig.	 8.4.0).	 Yang	 and	

their	 colleagues	 (2004)	 further	discovered	 that	P-bodies	start	 to	 reform	slightly	

later	 than	 nucleoli	 in	mitotic	 phase,	 and	 become	more	 abundant	 from	 the	 late	

stage	 of	 telophase	when	more	nucleoli	were	 also	 detectable.	 The	 dynamic	of	 P-

body	 size	 (100nm-300nm)	 is	due	 to	 fusion	 of	 small	 P-bodies	 to	 form	 large	 one	

(Yang	et	al.,	2004).	Moreover,	P-bodies	were	described	as	“liquid-like”	assembles,	

which	can	be	dissolved	in	cells	through	hexanediol	treatment	disassociating	weak	

hydrophobic	interactions	among	molecules.	In	contrast,	other	non-liquid-like	foci,	

such	as	stress	granule,	would	not	display	this	phenomenon.	Thereby,	 it	suggests	

the	assembling	of	P-body	units	does	not	rely	on	chemical	bonds	but	hydrophobic	

interactions.	 This	 feature	might	 also	 endow	 a	 flexibility	 to	 P-bodies	 for	 a	 rapid	

reaction	of	mRNA	metabolism	(Becker	and	Gitler,	2015).		
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1.5	Aims	and	Objectives	

	
To	establish	a	comprehensive	functional	map	of	the	DEF6	protein	
	

• Establish	GFP-tagged	mutant	DEF6	proteins	using	site-directed	

mutagenesis	and	recombinant	DNA	technology	and	establish	their	

cellular	localisation	in	COS7	and	Jurkat	T	cells	under	various	culture	

conditions	using	fluorescent	and	confocal	microscopy	

	

• Determine	the	regions	of	DEF6	that	facilitate	granule	formation	and	

P-body	colocalisation	

	

• Determine	the	role	of	the	coiled	coil	domain	in	DEF6	aggregation	

	

• Determine	the	regions	of	DEF6	that	facilitate	GEF	activity	

	

• Determine	the	role	of	post-translational	modification	through	

phosphorylation	of	DEF6	by	LCK	and	ITK	
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Materials	
	
2.1	Mammalian	cell	culture	

2.1.1	Cell	lines	

COS7	cells:	African	Green	Monkey	Kidney	Fibroblast	cells	

Jurkat	 T	 cells:	 Jurkat	 E6.1	 human	 leukemic	 T	 cell	 lymphoblasts	 (ECACC	

#88042803)	

Raji	B	cells:	Raji	human	B	cell	lymphoblasts	(Sigma	#85011429)	

2.1.2	Cell	culture	media	and	solution			

Dulbeco’s	 Modified	 Eagle’s	 Medium	 (DMEM)	 (Sigma,	 #D6429)	 supplemented	

with	10%	(v/v)	FBS	(Sigma,	#F9665)	and	stored	at	4°C.		

RPMI-1640	Medium	(Sigma,	#R8758)	supplemented	with	10%	(v/v)	FBS	(Sigma,	

#F9665)	and	stored	at	4°C.	

1X	 Trypsin/EDTA	 was	 obtained	 by	 diluting	 10x	 Trypsin/EDTA	 (Sigma,	

#59418C)	with	1x	PBS.	

Ringer’s	Buffer	(RB):	NaCl	9.058g,	KCl	0.370g,	CaCl2	0.294g,	MgCl2�6H2O	0.204g,	

HaH2PO4�H2O	 0.276g,	 HEPES	 2.384g	 and	 Glucose	 1.800g	 was	 dissolved	 in	 1L	

dH2O	and	adjust	pH	to	7.2	by	dropping	NaOH	or	HCl	solution	under	measure	of	pH	

meter	 (NANNA	 instrument	 pH210	 Microprocessor	 pH	 Meter).	 This	 buffer	 was	

stored	at	-20°C,	and	filter	sterilized	before	using.	

Fetal	Bovine	Serum	(FBS)	(Sigma,	#F9665)	
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Freezing	Mix:	10%	(v/v)	DMSO	in	FBS	

Alexa	 Fluor	 568	 Phalloidin	 and	 Rhodamine	 Phalloidin	 (ThermoFisher,	

#A12380	and	#R415)			

Genejuice	Transfection	Reagent	(Novagen,	#70967-3)	

Sodium	Arsenite	(Sigma	50mM	stock	solution,	#35000)		

Nocodazole	(Sigma,	#M1404-2MG):	dissolved	in	DMSO	(1mg/ml)	and	stored	at	-

20°C.	

1x	 PBS;	 1x	 PBS	 was	 prepared	 as	 8g	 NaCl,	 0.2g	 KCl,	 1.44g	 Na2HPO4,	 and	 0.2g	

KH2PO4	were	dissolved	in	about	800ml	dH2O,	and	then	adjust	the	pH	to	7.4	to	7.6,	

finally	made	up	to	1	liter	and	autoclaved.		

4%	 paraformaldehyde	 (PFA):	 0.8g	 paraformaldehyde	 was	 dissolved	 in	 10ml	

dH2O	 with	 10µl	 10M	 NaCl	 by	 60�	 heating	 in	 a	 50ml-falcon	 tubes	 and	 once	

dissolved,	10ml	2x	Tris	Buffered	Saline	(TBS)	was	added.	Per	10ml	TBS	was	made	

by	mixing	 0.2ml	 1M	 pH8-Tris	 solution	 and	 0.6ml	 5M	NaCl	 in	 a	 final	 volume	 of	

10ml.		

Poly-L-lysine	solution	(Sigma,	#P4832)	

2.2	Bacterial	cell	culture	

2.2.1	Competent	Cells	

Subcloning	 Efficiency	 DH5α	 Competent	 Cells	 (E.coli)	 (ThermoFisher,	

#18265017)	
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NEB	High	Efficiency	5-	α	Competent	Cells	(E.coli)	(New	England	Biolabs,	#2987)	

XL10-Gold	ultracompetent	cells	 (Agilent	Technologies,	come	with	QuikChange	

Lightning	Multi	Site-Directed	Mutagenesis	Kit)	

2.2.2	Bacteria	culture	broth/agar		

Luria	Bertani	(LB)	broth/agar:	1%	(w/v)	tryptone,	0.5%	(w/v)	yeast	extract	and	

0.5%	(w/v)	were	dissolved	by	dH2O,	for	the	LB	agar,	1.5%	(w/v)	was	added	and	

then	 autoclaved	 at	 121�	 for	 20mins.	 Before	 using,	 antibiotic	 as	 appropriate	

would	be	added.	

	Super	 Optimal	 Broth	 with	 Catobolite	 Repression	 broth	 (SOC),	 2%	 (w/v)	

tryptone,	 0.5%	 (w/v)	 yeast	 extract	 and	 0.5%	 (w/v),	 8.6mM	 NaCl,	 2.5mM	 KCl,	

20mM	MgSO4	and	20mM	glucose	were	dissolved	by	dH2O	and	autoclaved	at	121�	

for	20mins.	No	antibiotic	has	been	used	for	SOC	broth.	

2.3	Antibiotics		

Kanamycin	 (sodium	 salt,	 Sigma,	 #P0781),	 the	 stock	 solution	 was	 dissolved	 in	

dH2O	to	obtain	30mg/ml	concentration	and	then	filter	sterilized	before	stored	at	-

20�.	It	was	used	in	LB	broth/agar	at	final	concentration:	30μg/ml.	

Ampicillin	 (sodium	 salt,	 Sigma,	 #A2804),	 the	 stock	 solution	 was	 dissolved	 in	

dH2O	to	obtain	100mg/ml	and	then	filter	sterilized	before	stored	at	-20�.	It	was	

used	in	LB	broth/agar	at	final	concentration:	100μg/ml.	

2.4	DNA	Materials		

Agarose	gel	(Sigma,	#A9539-500)	
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10x	TBE	buffer:	it	was	dissolved	by	108g	Tris,	55g	Boric	Acid	and	9.3g	EDTA	in	

about	 800ml	 dH2O,	 and	 then	 adding	 dH2O	 to	 one	 liter.	 The	 1x	 TBE	 buffer	was	

directly	diluted	from	this	10x	buffer	by	dH20.	

DNA	Restriction	Enzymes	and	Buffers	(New	England	Biolabs)	

QuikChange	 Lightning	 Multi	 Site-Directed	 Mutagenesis	 Kit	 (Agilent	

Technologies,	#210516)	

dNTP	Mix	(Promega,	#0000233460)	

Q5	 Hot	 Start	 High-Fidelity	 DNA	 Polymerase	 and	 Q5	 Reaction	 Buffer	 (New	

England	BioLabs,	#M0493)	

GenElute	HP	Plasmid	Miniprep	Kit	(Sigma,	#NA0150)	

GenElute	HP	Endotoxin-Free	Plasmid	Maxiprep	Kit	(Sigma,	#NA0410-1KT)	

StrataClone	Blunt	PCR	Cloning	Kit	(Agilent	Technologies,	#240207)	

NucleoSpin	Gel	and	PCR	clean-up	(MACHEREY-NAGEL,	#740609.50)	

Table	1:	DNA	oligonucleotides	used	for	site-directed	mutagenesis,	PCR	
amplification	or	sequencing	as	indiacted	(Thermo	Fisher	Scientific)	
Name	 Sequence	5’-3’	 Application	

Q371P-A374P	 ggaggcgccgcggcagcccgagcgg	 All-10	

R407P-M410P	 gagcaggccccggcctccccgcaggctgag	 R407P-M410P	

L442P-E445P	 gttgcaggaggccccgcaactaccggtgaaagctcggc	 L442P-E445P	

L463P-E466P	 cttcagcttctcttccggctcttccggcagtctggtctgagc	 L442P-E445P	

L470P-L473P	 gaggaggaagagaagccgaagcagccgatgcagctgaagg	 All-10	

K491P-L494P	 ggcgcagcaggagccggaagaggcgcagcaggagatg	 L470P-L473P	
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Name	 Sequence	5’-3’	 Application		

L505P-A508P	 gccgctccccgcagcagccccagcagc	 L505P-A508P	

L512P-V515P	 ccagcagcagccggaggagccgcggcagaacc	 All-10	

L533P-A536P	 ggggagagaaaaccgcgccagcccagcaccaa	 L533P-A536P	

Y133D	 ccatgatcagagggtccttgtcctcagac	 Y133/144D	

Y144D	 cctttttcagcaggtcttccacctcatc	 Y133/144D	

Y133F	 ccatgatcagagggaacttgtcctcagac	 Y133/144F	

Y144F	 cctttttcagcaggaattccacctcatc	 Y133/144F	

Y210E	 gccatccacgaggtcgaacaggagctcatc	 Y210/222F-Px	

Y222E	 tcctgaagcagggcgagctgtggaagcgagg	 Y210/222F-Px	

30-stop	 ctccaagtcccagtagaaggtgctgtcccac	 N-30	

45-stop	 cctgcacatcccctaggaccccgtggccc	 N-45	

79-stop	 agtacatcctggacaagtaggaggagggggcttttg	 N-79	

216-stop	 gagctcatccaataggtcctgaagcag	 N-216	

550-stop	 ccagatgaaccggctgtagtagccaattgagcctggag	 537aa-550aa	

S-EcoRI-45	 acacggtcctgcacatcgaattcgaccccgtggccctgga	 Δ45-79	

S-EcoRI-79	 caacaagtacatcctggaattcgtggaggagggggctttt	 Δ45-79	

Sa-Final	 ggtcctgcacatcgtggaggaggggg	 Δ45-79	

G-EcoRI-108	 agaagaactatcggcagatgaattcgggaacagtttgct	 Δ45-108						
Δ79-108	

C-EcoRI-108	 cgggcagaggaattcgggaacagt	 Δ45-108						
Δ79-108	

C-EcoRI-0-79	 tacatcctggaattcgtggaggag	 Δ0-79	

78-EcoRI-79	 aagtacatcctggacgaattcaaggtggaggagggg	 Δ79-108					

EcoRI-216	 gagctcatccaagatgaattcgtcctgaagcagggct	 Δ0-216	

G-EcoRI-45	 acacggtcctgcacatcgaattcgaccccgtggccctgga	 Δ0-45	

G-EcoRI-45	 tgtacacggtcctgcacgaattccatgaccccgtggccc	 Δ45-108			
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Name	 Sequence	5’-3’	 Application	

EcoRI-311	 gccatccagatggaattccggctgcaggccgagg	 Δ0-311	

550-EcoRI-551	 ccagatgaaccggctggaattcatgcatccaattgagc	 550aa-590aa	

535-EcoRI	 gagaaaactgcgcgaattcagcaccaacgtg	 537aa-590aa	
537aa-550aa	

MSC-EcoRI-de	 ctcgagctcaagcttcaaatgctgcagtcgacggtac	 Destroy	 MSC	
EcoRI	site	

mCherry-sense	 taccggtcgccaccatggtgagcaagggcgaggaggataa	 Amplify	
mCherry	

mCherry-anti-sense	 cgagatctgcttgtacagctcgtccatgccgccggtgg	 Amplify	
mCherry	

NLS-sense	 agcttaccaaaaaagaagagaaaggtag	 mCherry-NLS-
DEF6	

NLS-anti-sense	 aattctacctttctcttcttttttggt	 mCherry-NLS-
DEF6	

Prom-sequencing	 tgacgtcaatgacggtaaatg	 Sequencing	

GFP-d-sequencing	 gccctgagcaaagaccccaacgagaag	 Sequencing	

DEF6-m-sequencing	 acagctgccatccagatg	 Sequencing	

210/220-sequencing	 ggcccaggtggcccagaccaccggg	 Sequencing	

C-half-sequencing	 gaagctgaagcagttgatgcagctgaag	 Sequencing	

mCherry-d-
sequencing	

gcgcctacaacgtcaacatcaagttgga	 Sequencing	
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Methods	
	
2.5	Bacteria	technology	

2.5.1	Bacteria	freezing	

A	single	colony	of	the	bacteria	was	picked	and	cultured	overnight	in	5ml	selective	

LB	broth	at	37°C	with	220rmp	shaking.	The	next	day,	the	bacteria	were	be	mixed	

with	 same	 volume	 of	 80%	 glycerine	 (Sigma	 #SZBG020FV),	 aliquot	 into	 0.5ml	 -

Eppendorf	tubes,	cooled	at	4°C	for	1	to	2	hours	and	finally	frozen	at	-80°C.	

	

2.5.2	Recovery	of	frozen	bacteria	

Frozen	bacteria	were	thawed	at	room	temperature,	and	20μl	aliquots	incubated	in	

1ml	 LB	 or	 SOC	 broth	 (without	 antibiotics)	 for	 an	 hour	 at	 37°C	 with	 220rmp	

shaking.	 Subsequently,	 100μl	 bacteria	 solution	was	 spread	 on	 selective	 LB	 agar	

and	plates	were	incubated	O/N	at	37°C.		

	

2.5.3	Cell	transformation	

20μl	of	competent	cells	were	aliquoted	in	1.5	ml	eppendorf	tubes	and	stored	at	-

80°C.	Before	transformation,	competent	cells	were	thawed	on	 ice	and	gently	1μl	

plasmid	(≥100ng)	added	(avoiding	pipetting	them	up	and	down).	For	XL10-Gold	

ultracompetent	 cells,	 1μl	 β-ME	 (supplied	 with	 the	 kit)	 was	 added	 to	 the	 cells	

before	 adding	 plasmid	DNA,	 incubating	 them	on	 ice	 for	10	minutes	with	 gently	

swirling	every	2	minutes.	Subsequently,	the	mixture	was	incubated	on	ice	for	30	

minutes	and	then	heat-shocked	in	42°C	water	bath.	The	time	for	heat-shock	was	

different	dependent	upon	which	competent	cells	were	used:	for	DH5α	subcloning	

efficiency	and	NEB	High	Efficiency	5-	α	competent	cells,	the	time	was	45	seconds;	
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and	 for	 XL10-Gold	 ultracompetent	 cells,	 the	 time	 was	 30	 seconds.	 After	 heat-

shock,	the	tube	of	the	cells	was	rapidly	placed	in	ice	for	2	minutes,	and	then	500μl	

per-warmed	 (42°C)	 SOC	 or	 LB	 broth	without	antibiotics	was	 added	 to	 the	 cells	

and	 incubated	 for	 an	 hour	 at	 37°C	 with	 220rmp	 shaking.	 Following	 this	

incubation,	50μl	of	 transformed	bacteria	was	spread	on	selective	(Kanamycin	or	

Ampicillin)	LB	agar	and	plates	incubated	for	overnight	at	37°C.		

	

2.5.4	Plasmid	Miniprep	(Sigma)		

At	the	first	day,	a	single	bacterial	colony	was	collected	with	a	sterile	bacterial	loop,	

inoculated	 in	 5ml	 selective	 LB	 broth	 and	 cultured	 overnight	 (13~16	 hours)	 at	

37°C	 with	 220rmp	 shaking.	 The	 next	 day,	 bacteria	 from	 the	 O/N	 culture	 were	

harvested	 by	 centrifugation	 (1min,	 13,000	 x	 g)	 in	 a	 1.5ml	 eppendorf	 tube,	

discarding	supernatant	if	necessary,	this	step	was	repeated	2	to	3	times	to	collect	

sufficient	 number	 of	 bacteria.	 The	 bacteria	 pellet	was	 resuspended	 in	 200μl	 of	

resuspention	 solution,	 and	 78μl	 RNase	 A	 was	 added	 and	 stored	 at	 4°C.	 The	

resuspended	bacteria	cells	were	 lysed	by	adding	200μl	 lyses	buffer	 immediately	

mixing	the	solution	by	inverting	the	tube	several	times	until	the	content	appeared	

to	be	 clean	and	viscous.	Following	 this	step,	350μl	of	S3	Neutralization/Binding	

Solution	was	added,	the	tube	inverted	about	6	times	to	mix	the	content,	and	then	

centrifuged	for	10	minutes	at	13,000	x	g	speed.		

After	centrifugation,	 the	cleared	supernatant	was	transferred	to	a	prepared	spin	

column	(column	preparation	was	adding	500μl	column	preparation	solution	into	

the	 column	 and	 then	 centrifuging	 for	 1	 minute	 at	 13,000	 x	 g	 speed)	 and	 the	

column	was	placed	in	a	collection	tube,	which	was	subsequently	centrifuged	for	1	



	 	 	Materials	and	Methods	|	Chapter	2			
	

	 35	

minute	 at	 13,000	 x	 g	 speed.	 After	 this	 step,	 500μl	 optional-wash	 solution	 and	

750μl	 wash	 solution	 were	 successively	 and	 respectively	 adopted	 to	 wash	 the	

column	 by	 1	 minute	 centrifuge	 at	 13,	 000	 x	 g	 speed.	 The	 centrifuge	 step	 was	

repeated	again	for	further	removing	the	wash	solution.		

Finally,	plasmid	DNA	was	eluted	 from	 the	 column	by	adding	50μl	of	 the	elution	

solution.	 The	 column	 was	 incubated	 at	 room	 temperature	 for	 one	 minute	 and	

then	centrifuged	for	one	minute	at	13,000	x	g	speed	to	collect	the	eluted	plasmid	

DNA.	 The	 concentration	 of	 the	 plasmid	 DNA	 was	 determined	 using	 Nanodrop	

machine.		

	

2.5.5	Plasmid	Maxiprep	(Sigma)		

Maxiprep	 of	 plasmid	 DNA	 was	 essentially	 based	 on	 the	 same	 principle	 as	

mineprep	procedure	and	hence	only	the	differences	are	listed	here.	To	prepare	a	

large	 volume	 of	 bacteria	 culture	 the	 initial	 5ml	 O/N	 culture	 was	 inoculated	 in		

200ml	 selective	 LB	 broth	 using	 a	 500ml	 flask	 and	 incubated	 overnight	 at	 37°C	

with	220rmp	shaking.	Bacteria	were	harvested	by	centrifugation	at	5,	000	x	g	for	

10	minutes	using	4	x	50ml-falcon	tubes.	The	pellet	was	subsequently	resuspended	

in	 12ml	 resuspension/RNase	 A	 solution	 and	 lysis	 solution,	 followed	 by	 the	

addition	of	12ml	 chilled	neutralization	 solution.	Cleared	 lysate	was	 collected	by	

filtration	 through	 vacuum	 rather	 than	 centrifugation.	 9ml	 binding	 solution	was	

added	to	the	filtered	lysate	and	subsequently	passed	through	a	prepared	binding	

column	 again	 using	 vacuum	 to	 bind	 the	 plasmid	 DNA.	 After	 repeated	 washing	

steps	using	12ml	Wash	Solution	1	and	2,	which	was	also	by	vacuum	the	column	
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was	air-dry	for	several	hours	and	the	plasmid	DNA	was	eluted	by	centrifugation	

(5,	000	x	g	 for	5	minutes)	using	3ml	endotoxin-free	water.	The	binding	 column	

was	prepared	by	adding	5ml	column	preparation	solution	 in	a	50ml-falcon	tube	

and	centrifuged	at	5,	000	x	g	speed	for	5	minutes.		
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2.6	Nucleotide	technology	

2.6.1	DNA	restriction	enzyme	digestion	

Restriction	 enzyme	 digestions	 were	 set	 up	 for	 small-scale	 or	 larger-scale	

digestion	as	indicated	in	Table	2.		

Table	2.	The	setting	up	of	DNA	digestion	reaction	

Incubating	Time	 1h	 3h	

dH2O		 2.5μl	 0	

Buffer		 0.5μl	 2μl	
DNA		 1μl	 15μl	

Enzyme(s)	 1μl	 3μl		
	

2.6.2	DNA	gel	electrophoresis		

Agarose	 gel	 powder	 (Sigma,	 #A9539-500)	 was	 melted	 in	 1x	 TBE	 buffer	 by	

microwave	oven,	and	then	cooled	to	~40°C	in	a	water	bath.	The	rang	of	agarose	

concentration	was	from	0.5%	to	2%	depending	on	the	size	of	the	DNA	fragments	

analysed.	0.5%	gels	were	used	for	extraction	of	DNA	from	the	agarose.	SafeViwe	

(source)	 was	 mixed	 to	 the	 agarose	 solution	 (1%00	 final	 concentration)	 before	

preparing	 the	 gel.	 	 DNA	 samples	 and	DNA	marker	 ladders	were	mixed	with	 6x	

loading	dye	(final	1x)	and	samples	loaded	into	wells.	After	electrophoreses	under	

a	constant	suitable	voltage	(90-120V)	the	results	were	visualized	using	UV	trans-

illumination.			

	

2.6.3	DNA	extraction	from	agarose	gel		

The	NucleoSpin	Gel	and	PCR	clean-up	Kit	(MACHEREY-NAGEL,	#740609.50)	were	

used	 to	 isolate	 DNA	 fragments	 from	 agarose	 gels	 essentially	 according	 to	 the	

protocols	provided.	The	gel	slice	containing	the	DNA	fragment	was	excised	under	

UV	 light	 (Bio-Red	Molecular	 Imager	 Gel	 Doc™	 XR+	 System	 #1708195EDU)	 and	
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dissolved	in	NTI	buffer	in	a	volume	according	to	the	weight	of	the	gel	slice;	200μl	

NTI	buffer	 for	each	100mg	agarose	gel.	The	mixture	was	 incubated	at	50°C	and	

vortexed	 every	 2	 to	 3	 minutes	 until	 the	 gel	 was	 completely	 dissolved.	 This	

solution	 was	 transferred	 to	 a	 spin	 column	 and	 centrifuged	 for	 30	 seconds	 at	

11,000	 x	 g	 discarding	 the	 flow-through.	 700μl	 Buffer	 NT3	 was	 added	 to	 the	

column	 and	 the	 column	 was	 centrifuged	 for	 30	 seconds	 at	 11,000	 x	 g.	 This	

washing	step	was	repeated	and	the	column	air	dryed	for	1	min.	Subsequently,	the	

column	was	inserted	into	a	new	1.5-eppendorf	tube,	and	the	DNA	was	eluted	by	

adding	 20μl	 Buffer	 NE	 followed	 by	 another	 centrifugation	 step	 as	 before.	 The	

concentration	of	the	eluted	DNA	was	determined	using	Nanodrop.	

	

2.6.4	DNA	ligation	

To	clone	DNA	fragments	into	plasmid	vectors,	DNA	ligation	reactions	were	set	up	

as	following:	

2μl	10X	T4	DNA	Ligase	Buffer,	50ng	digested	vector	DNA,	relative	amount	insert	

DNA	(3	molar	 times	of	 the	vector	DNA),	1μl	T4	DNA	Ligase,	and	adding	dH2O	to	

final	volume	of	20μl.	After	incubation	at	room	temperature	for	10	minutes	5μl	of	

the	reaction	was	used	for	transformation	as	described	above.	

	

2.6.5	 Q5	 Polymerase	 Chain	 Reaction	 (PCR),	 and	 StrataClone	 Blunt	 PCR	
Cloning	(Agilent	Technologies)	to	establish	recombinant	plasmids	

Following	on	Q5	PCR	amplification,	StrataClone	Blunt	PCR	Cloning	kit	was	used	to	

establish	 new	 recombinant	 plasmids.	Q5	 PCR	 reaction	 system	 and	 cycling	were	

prepared	as	indicated	in	Tables	3	and	4.		
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To	 amplify	 DNA	 appropriate	 for	 subsequent	 subcloning,	 specific	 primers	 were	

designed	(see	Table	1).	DNA	was	amplified	by	PCR	(Table	3	and	4)	and	successful	

amplification	was	monitored	by	gel	electrophoreses	using	5μl	of	the	PCR	product.	

The	PCR	product	was	diluted	10	x	with	dH2O	and	2μl	of	this	was	mixed	with	3μl	

Blunt	 Cloning	 Buffer	 and	 1μl	 StrataClone	 Blunt	 Vector.	 After	 incubation	 for	 5	

minutes	at	room	temperature,	3μl	of	the	mixture	was	used	to	transforme	NEB	5α	

high	 efficiency	 competent	 cells.	 For	 blue-white	 selection,	 bacterial	 cells	 were	

cultured	 on	 LB	 agar	 plates	 containg	 100	 μg/ml	 ampicillin	 and	 20	mg/ml	 X-gal.	

Several	white	 (or	 light	blue)	 colonies	were	 selected	 to	 isolate	plasmid	DNA	and	

aliquotes	 analysed	 by	 restriction	 enzymes	 digestion	 and	 gel	 electrophoresis	 to	

ensure	 successful	 cloning.	 To	 transfer	 the	 subcloned	 fragments	 from	 the	

StrataClone	 Blunt	 Vector	 into	 expression	 vectors,	 DNA	 fragments	 after	

appropriate	restriction	enzyme	digestion	were	 isolated	and	 ligated	as	described	

(2.6.3	 and	 2.6.4).	 Expression	 vectors	 mCherry-Dcp1,	 mCherry-DEF6	 and	

mCherry-Y133/144D	 were	 generated	 and	 and	 partly	 sequenced	 to	 verify	 in-

frame	cloning	(vector	maps	and	nucleotide	sequences	are	 listed	 in	 the	appendix	

8.1	and	8.3).	

Table	3.	The	PCR	reaction	system	for	inserting	and	amplify	DNA	fragment	

Template	DNA	 0.5μl	(50ng)	

Q5	Reaction	Buffer	 5μl	

dNTP	(10mM	of	each	dNTP)	 0.5μl	

Sense	Primer	 0.5μl	(10pmol)	

Anti-sense	Primer	 0.5μl	(10pmol)	

Q5	Hot	Start	High-Fidelity	DNA	Polymerase	 0.25μl	

dH2O	 17.75μl	
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Table	4.	The	Cycling	Parameters	for	inserting	and	amplify	DNA	fragment	

Segment	 Cycles	 Temperature	 Time	

1	 1	 98°C	 2	minutes	

2	 30	 98°C	 30	seconds	

65°C	 45	seconds	
72°C	 30	seconds	per	1	kb	

3	 1	 72°C	 5	minutes	
4	 ~	 4°C	 ~	

	

To	 insert	 the	 SV40	 nuclear	 localizsation	 signal	 (NLS)	 into	 the	 mCherry-DEF6	

vector	 to	 create	mCherry-NLS-DEF6,	 sense	 and	 antisense	 oligonucleotides	were	

designed	 that	 contained	 the	 NLS	 sequence	 flanked	 by	 HindIII	 (AAGCTT)	 and	

EcoRI	 (GAATTC)	 restriction	 enzyme	 recognition	 sites	 at	 their	 5’	 and	 3’	 end	

respectively	 (see	 Table1	 and	 Appendix	 Fig.	 8.1.2	 and	 8.3.2	 Fig	 for	 nucleotide	

sequence),	 and	 purchased	 from	 Thermo	 Fisher	 Scientific.	 	 The	 two	 oligos	were	

dissolved	in	dH2O,	mixed	1:1	and	incubated	to	90°C	for	30	seconds	before	letting	

the	mixture	 cool	 down	 to	 room	 temperature.	 The	 annealed	 NLS	 DNA	was	 then	

subcloned	into	mCherry-DEF6	that	had	been	digested	with	HindIII	and	EcoRI	and	

successful	 in-frame	 cloning	was	 verified	 by	 partial	 sequencing	 (vector	map	 and	

sequence	see	appendix).	

	

2.6.7	QuikChange	Lightning	Multi	Site-Directed	Mutagenesis	PCR	(Agilent)	

To	 create	 mutant	 GFP-tagged	 DEF6	 proteins,	 site-directed	 mutagenesis	 was	

employed	essentially	following	the	protocol	provided	by	Agilent.	Oligonucleotides	

were	 designed	 that	 contained	 the	 desired	mutations	 and	 used	 to	 introduce	 the	

mutation	 into	 the	 wild-type	 DEF6	 cDNA	 using	 GFP-DEF6	 as	 a	 template	 for	

amplification	 (Tables	 5	 and	 6).	 After	 incubation	 with	 1.5μl	 Dpn-I	 to	 digest	 the	
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methylated	 template	 plasmid	 DNA,	 the	 amplified	 single-stranded	 DNA	 was	

transformed	 into	 XL	 10-Gold	 ultracompetent	 cells.	 Mutant	 plasmid	 DNAs	 were	

isolated	 as	 described	 (2.5.4)	 and	 partially	 sequenced	 to	 verify	 successful	

introduction	of	the	desired	mutations	(for	sequences	see	appendix	8.3).		

Table	 5	 The	 PCR	 reaction	 system	 of	 the	 QuikChange	 Lightning	Multi	 Site-
Directed	Mutagenesis	

dH20	 17.75μl	

10×	QuikChange	Lightning	Multi	reaction	
buffer	

2.5μl		

QuikSolution	 0.75μl	

ds-DNA	template	 1μl		(100ng)	

Mutagenic	primers	 1μl		(100ng)	

dNTP	mix	 1μl	

QuikChange	Lightning	Multi	enzyme	blend	 1μl	

	

	

Table	 6.	 The	 Cycling	 Parameters	 for	 the	 QuikChange	 Lightning	Multi	 Site-
Directed	Mutagenesis	

Segment Cycles	 Temperature	 Time	

1	 1	 95°C	 2	minutes	

2	 30	 95°C	 20	seconds	
55°C	 30	seconds	

65°C	 3.5	minutes	
3	 1	 65°C	 5	minutes	

4	 ~	 4°C	 ~	

	

The	following	mutant	plasmids	were	established	using	three	strategies.		

Method	 A:	 amino	 acid	 replacement	with	 the	desired	 new	 amino	 acid	 or	with	 a	

stop	 codon.	 The	 mutants	 established	 by	 this	 method	 were:	 Q371P-A374P	
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(Mollett,	 2014),	 R407P-M410P,	 I428P-L431P	 (Mollett,	 2014),	 L442P-E445P,	

L463P-E466P,	 L470P-L473P	 (Mollett,	 2014),	 K491P-L494P,	 L505P-A508P,	

L512P-V515P	 (Mollett,	 2014),	 L533P-A536P,	 Q371P-A374P-L505P-A508P,	

R407P-M410P-L505P-A508P,	 I428P-L431P-L505P-A508P,	 the	 All-10	

mutants,	537aa-590aa,	Y133/144D,	Y133/144F,	Y210/222E-Q371P-A374P	,	

Y210/222E-I428P-L431P,	 Y210/222E-L505P-A508P,	 Y210/222E-Q371P-

A374P-L505P-A508P,	 Y210/222E-I428P-L431P-L505P-A508P,	 Y210/222E-

All-10,	 N-30,	 N-45,	 N-79,	 N216,	 N-312,	 Δ0-104-Y210/222E,	 and	 D0-104-

Y210/222F.	

Method	B:	 introduction	of	EcoRI	restriction	enzyme	sites	at	various	positions	of	

the	GFP-DEF6	vector	to	create	truncation	mutants	Δ0-311,	D0-216,	Δ0-79,	D0-

45,	537aa-590aa,	551aa-590aa,	ITAM	and	D0-216-All-10.	

Method	 C:	 to	 first	 destroy	 the	 EcoRI	 site	 in	 the	 multiple	 cloning	 site	 between	

eGFP	 and	 DEF6	 and	 to	 subsequently	 insert	 two	 new	 EcoRI	 restriction	 enzyme	

sites	at	appropriate	positions	in	the	GFP-DEF6	vector.	After	deletion	of	the	EcoRI-

flanked	 sequence,	 the	 left-over	 EcoRI	 site	 was	 changed	 with	 an	 appropriate	

primer	to	provide	in-frame	deletion	mutants	Δ45-79,	Δ79-108	and	Δ45-108.	

For	vector	maps	see	appendix	8.1.	

	

2.7	Mammalian	cell	culture		
	
2.7.1	Passaging	of	Adherent	Cells	(COS7)		

	
COS7	cells	were	cultured	 in	10%	FBS	supplemented	DMEM	at	37°C,	5%	C02	and	

humidified	atmosphere	using	10cm2	petri	dishes.	At	70~90%	confluency,	medium	
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was	 removed	 and	 the	 attached	 cells	washed	with	 5ml	 1x	 PBS.	 Cells	were	 then	

rinsed	 with	 2ml	 1x	 Trypsin-EDTA	 and	 incubated	 for	 2-5	 minutes	 at	 37°C.	

Detached	cells	were	resuspend	in	10ml	fresh	full	culture	medium	and	aliquots	of	

2ml	added	to	10ml	fresh	full	culture	medium	in	a	new	petri	dish.	COS7	cells	were	

passaged	about	every	2-3	days.	

	

	

2.7.2	Passaging	of	Cells	growing	in	Suspension	(Jurkat	T	cells	and	Raji	B	cells)		

Jurkat	 T	 cells	 and	 Raji	 B	 cells	 were	 incubated	 at	 37°C,	 5%	 C02	and	 humidified	

atmosphere	as	above.	However,	 these	cells	were	cultures	 in	RPMI-1640	with10-

15%	 FBS	 using	 75cm2	 or	 150cm2	 flasks	 (Corning	 #431464	 and	 #431465).	

Number	 of	 viable	 cells	 was	 determined	 using	 trypan	 blue	 staining	 (Sigma	

#42K2360)	and	passaged	by	either	adding	fresh	medium	or	dilution	to	keep	a	cell	

density	of	3-5	x	105	cells/ml.	

	
2.7.3	Cryopreservation	of	mammalian	cell	lines	

	
Cells	 were	 harvested	 in	 their	 logarithmic	 growth	 phase	 by	 centrifugation	 	 (3	

mintues	at	300	x	g)	and	resuspended	in	1ml	10%	FBS	in	DMSO,	incubated	at	4°C	

for	10	mins,	at	 -20°C	 for	20	mins,	at	 -80°C	overnight	and	finally	stored	 in	liquid	

nitrogen.		

	

2.7.4	Recovery	of	cells	after	cryopreservation	

Frozen	cells	were	thawed	instantly	at	37°C	either	transferred	into	prewarmed	10	ml	

DMEM	medium	(COS7)	or	diluted	 in	a	small	volume	(about	2	ml)	of	RPMI-1640	

medium	 and	 after	 determination	of	 viable	 cell	 count	 further	diluted	 to	 obtain	 a	

cell	concentration	of	2	x	105/ml	(Jurkat	T	and	Raji	B	cells).		
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2.7.5	Transfection	of	COS7	cells		

COS7	cells	were	seeded	(about	1	x	105/ml	and	2	ml	each)	on	clean	and	sterilized	

coverslips	 in	 a	 6-well	 plate	 one	 day	 before	 the	 transfection.	 At	 50	 to	 70%	

confluency,	 1ng	 plasmid	 DNA	 was	 used	 for	 each	 well.	 Prior	 to	 transfection,	

plasmid	DNA	was	mixed	with	1%	volume	of	2M	NaCl	and	2.5x	volume	of	 -20°C	

100%	ethanol	 in	 a	 1.5-eppendorf	 tube,	 and	 then	 incubated	 at	 -20°C	 for	 at	 least	

10mins.	 Precipitated	 plasmid	 DNA	was	 recovered	 by	 centrifugation	 (10mins	 at	

4°C	and	13000rmp	speed),	the	pellet	washed	by	150µl	70%	ethanol	at	-20°C	and	

again	 recovered	 by	 centrifugation	 as	 above.	 After	 removal	 of	 the	 ethanol,	 DNA	

pellet	was	air	dried	in	a	biosafety	cabinet	(class	II)	and	then	dissolving	in	100	µl	of	

FBS	 and	 antibiotics	 free	 culture	medium	was	 added.	 3μl	 Genejuice	 transfection	

reagent	 (Novagen,	 #70967-3)	 was	 added	 and	 the	 mixture	 incubated	 at	 room	

temperature	for	10mins.	Finally,	the	mixture	was	evenly	dropped	onto	the	cells	of	

each	well	and	and	incubated	for	either	24	hrs	or	48	hrs	as	described	above.	

	

2.7.6	Transfection	of	Jurkat	T	cells	

Jurkat	 T	 cells	were	 transfected	 using	 square-wave	 electroporation	 (BTX	Elector	

Square	Porato	T820).	50μg	plasmid	DNA	was	prepared	as	described	in	2.6.5	and	

the	DNA	dissolved	in	150μl	FBS	free	and	antibiotics	free	RPMI-1640	medium.	2	x	

107	 Jurkat	 cells	 were	 collected	 by	 centrifugation	 (3mintues	 at	 300x	 g	 speed),	

resuspended	 in	 150μl	FBS	 and	 antibiotics	 free	RPMI-1640	medium,	mixed	with	

the	plasmid	DNA	in	a	4mm-gap	electroporation	cuvette	and	electroporated	(310V	

voltage,	10ms	pulse	length	and	1	pulse).	Then,	transfected	cells	were	diluted	and	

cultured	in	10	ml	10%	FBS	contained	RPMI-1640	medium	for	24	hrs.	
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2.7.7	Jurkat	T	and	Raji	B	cells	conjugation		

Raji	 B	 cells	 were	 incubated	 with	 Staphylococcus	 aureus	 enterotoxin	 A/B	 and	

mixed	with	Jurkat	T	cells.	At	B/T	conjugations,	super	antigen	presentation	by	Raji	

B	cells	triggered	TCR-mediated	signalling	and	IS	formation	in	Jurkat	T	cells.	6.6	x	

106	Raji	cells	were	collected	by	centrifugation	(3mins	at	300x	g),	resuspended	in	1	

ml	 full	 culture	medium	 containg	 1μg/ml	 calcein	 blue	 and	 incubated	 at	 37°C	 for	

20mins.	 Calcein	 blue	 diffuses	 into	 the	 B	 cells	 marking	 them	 and	 with	 blue	

fluorescence	so	that	they	could	be	distinguished	from	T	cells.	Marked	B	cells	were	

harvested	 (300x	 g,	 3mintues),	 washed	 twice	 in	 100μl	 fresh	 medium	 and	

resuspended	 in	 1ml	 fresh	 medium	 containing	 1μg/μl	 Staphylococcus	 aureus	

enterotoxin	A/B.	After	30mins	 incubation	at	37°C	the	antigen	presenting	B	cells	

were	collected	by	centrifugation	and	resuspended	 in	250μl	 fresh	medium.		3.3	x	

106	Jurkat	T	cells	were	prepared	at	same	time	by	centrifuge	and	also	resuspended	

in	250μl	fresh	medium.	Subsequently,	both	cell	types	were	mixed	and	incubated	

at	37°C	for	1	hour	to	allow	them	conjugate.	1ml	fresh	medium	was	added	to	the	

conjugated	cells	and	500µl	each	were	seeded	onto	poly-L-lysine	coated	coverslips.	

Cells	were	fixed	after	5mins	(see	2.6.8).		

To	 prepare	 coverslips,	 300μl	 poly-L-lysine	 solution	 was	 distributed	 over	 the	

coverslip	and	after	10mins,	coverslips	were	rinsed	twice	with	sterilized	distilled	

water	and	air	dried.	

	

2.7.8	Cell	fixation	

After	 removal	 of	 the	 culture	medium,	 cells	 on	 the	 coverslips	were	 fixed	 adding	

1ml	 pre-warmed	 (37°C)	 4%	 PFA	 (prior	 to	 fixation	 of	 COS7	 cells,	 cells	 were	

washed	once	with	1x	PBS	at	37°C	before	adding	PFA).	Coverslips	were	 covered	
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with	aluminium	foil	and	after	10	to	15mins	fixation	in	the	tissue	culture	cabinet,	

PFA	was	removed	and	the	fixed	cells	washed	three	times	with	1ml	1x	PBS	at	37°C.	

If	 no	 further	 processing	was	 required,	 FluoroGen	mounting	medium	 (GeneTex)	

was	dropped	onto	a	glass	slide	and	coverslip	placed	upside-down	onto	the	drop.	

Glass	slide	were	labelled,	air	dried	and	stored	in	a	dark	place.		

	

2.7.9	Phalloidin	staining	of	f-actin	

The	stock	phalloidin	(300U)	solution	(ThermoFisher,	#A12380)	was	dissolved	in	

1.5μl	methanol	and	stored	at	 -20°C.	The	stock	solution	was	diluted	in	1x	PBS	by	

1:100	 and	 50μl	 was	 used	 for	 each	 slide	 to	 stain	 f-actin.	 For	 COS7	 cells,	 50μl	

working	solution	was	dropped	onto	a	piece	of	parafilm,	and	coverslip	was	placed	

upside-down	 onto	 the	 solution.	 Slides	with	 fixed	 Jurkat	 T	 cells	 and	 Raji	 B	 cells	

were	placed	onto	a	piece	of	parafilm	100μl	working	solution	was	dropped	onto	

each	slide.	After	incubation	cells	at	room	temperature	for	about	an	hour	covered	

in	foil	stained	cells	were	washed	and	mounted	as	described	above.			

	

2.7.10	Cell	imaging	

Cells	were	imaged	using	either	a	conventional	fluorescent	(Zeiss	AxioSkop	MOT)	

or	a	confocal	Zeiss	LSM710	microscope	with	40x,	63x	and	100x	objectives	(SLIM	

facility).	Fiji	software	was	used	for	image	analysis.	

The	 red	 fluorescent	 protein,	 mCherry,	 can	 also	 be	 excited	 to	 fluorescent	 green	

light.	 It	was	therefore	essential	 to	adjust	 the	range	of	wavelength	the	camera	of	

the	 confocal	 Zeiss	 LSM710	microscope	 can	 receive	 to	 eliminate	 the	 potential	of	

green	fluorescence	by	mCherry.	
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Chapter	3	
	
	
	

Study	of	DEF6	Granule	Formation:	
Colocalisation	with	P-bodies	versus	DEF6	aggregation	
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3.1	The N-terminal part of the DHL domain contains a Q-rich coiled coil domain		
	
The	coiled	coil	domain	 is	a	 left-handed	alpha	helix	 that	can	 interact	with	other	

coiled	coil	domains	to	 form	a	right-handed	supercoil	structure.	Typically,	 these	

supercoiled	 structures	 contain	 two	 coiled	 coil	 domains,	 but	 up	 to	 seven	 have	

been	noted	(Liu	et	al.,	2006).	 	The	coiled	coil	motif	is	characterised	by	a	heptad	

(seven)	 repeat	 denoted	 as	 (a-b-c-d-e-f-g)n,	 where	 “a”	 and	 “d”	 positions	 are	

occupied	by	nonpolar	amino	acids,	which	 interact	with	“a”	and	“d”	positions	of	

another	coiled	coil	domain	 forming	a	hydrophobic	core	(Fig.	3.1.1).	 In	addition,	

de	 novo-designed	 and	 native	 coiled	 coil	 studies	 demonstrated	 that	 “a”	 and	 “d”	

positions	 of	 the	 coiled	 coil	 are	 critical	 for	 folding	 and	 stability	 endowing	 a	

thermodynamic	 driving	 force	 (Tripet	 et	 al.,	 2000;	 	 Mason	 &	 Arndt,	 2004).	

Frequently,	“e”	and	“g”	positions	are	charged	amino	acids	that	interact	with	the	

other	 chain’s	 “e”	 and	 “g”	 amino	 acids	 through	 interhelical	 ionic	 interactions	

influencing	 the	 preference	 of	 helix	 orientation,	 partner	 specificity	 and	 the	

stability	 of	 the	 structure.	 The	 “b”,	 “c”	 and	 “f”	 positions	 are	 normally	 polar	 or	

charged	(Fig.	3.1.1;	Tripet	et	al.,	2000;		Mason	&	Arndt,	2004;	Deng	et	al.,	2007).	
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Fig.	 3.1.1	 Schematic	 diagram	 of	 zenithal	 and	 lateral	 view	 of	 a	 two-
stranded	coiled	coil	motif.		
Heptad	of	one	coiled	coil	domain	is	denoted	as	a-b-c-d-e-f-g,	the	other	as	a’-b’-
c’-d’-e’-f’-g’.	Interaction	of	a,	d	with	a’,	d’	forms	a	hydrophobic	core	and	g,	e	and	
g’,	e’	are	normally	charged	and	their	ionic	interactions	stabilises	the	coiled	coil	
oligomerisation	(Mason	&	Arndt,	2004).	

bCIPA	
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Ferdinando et al. reported in 2010 that Q/N-rich and polyQ containing proteins tend 

to form coiled coil structures.	Similarly,	the	N-terminal	part	of	the	DHL	domain	of	

DEF6	contains	a	28-heptad	Q-rich	repeat	region	(Fig.	3.1.2	A)	that	was	predicted	

by	bioinformatics	analysis	using	Paircoil2	 (Hey	et	al.,	 2012;	 see	also	Fig.	3.2.2)	

and	through	Circular	Dichroism	spectra	analysis	(Fig.	3.1.2	B;	Mollett,	2014)	to	

form	a	coiled	coil	structure.	 

	

 
  

	

Fig.	3.1.2	Predicted	coiled	coil	domain	of	DEF6	
(A)	Heptad	repeat	of	DEF6	from	amino	acid	321	to	553	(Hey	et	al.,	2012).	
(B)	Circular	Dichroism	spectra	analysis	of	amino	acids	321	to	553	of	DEF6	
The	 mean	 residue	 ellipticity	 is	 consistent	 with	 a	 coiled	 coil	 structure	
(Mollett	PhD	thesis,	2014).	

A	

B	
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3.2 Substitution of highly conserved amino acid residues in the “a” and “d” 
position with prolines disrupt the coiled coil structure of DEF6 
 
Hey et al. (2012) described that phosphorylation of DEF6 by ITK caused a 

conformational change resulting in DEF6 granule formation, colocalising with the P-

body marker DCP1. Given that P-body components often are proteins with coiled coil 

domains such as EDC3 and GW182 (Reijns et al., 2008; Chang et al., 2014), it was 

suggested that the conformational change released the coiled coil domain of DEF6 

facilitating colocalisation and perhaps interaction with P-body components. To test 

this hypothesis, amino acids in ten “a’ and “d” positions within the coiled coil domain 

were exchanged with proline residues. It had been shown that introduction of prolines 

disrupts the formation of coiled coil domains (Chang	 et	 al.,	 1999). Amino acid 

sequences alignments of DEF6 and its only related protein SWAP70 indicated that 

amino acids in the “a” and “d” positions are highly conserved across species from 

human to trichoplax (Fig. 3.2.1; Spencer and Sablitzky, unpublished; Shuen, 2010). 

Based on these analyses, 10	a/d	positions	as	indicated	in	Fig.	3.2.1	and	Fig.	3.2.2	

were	 selected	and	 the	amino	acids	exchanged	with	prolines	using	site-directed	

mutagenesis	(Chapter	2,	2.5.2).	Initially,	10	mutant	DEF6	proteins	with	a	single	

set	 of	 a/d	 mutations	 were	 established	 (Q371P-A374P,	 R407P-M410P,	 I428P-

L431P,	L442P-E445P,	L463P-E466P,	L470P-L473P,	K491P-L494P,	L505P-A508P,	

L512P-V515P	 and	 L533P-A536P),	 and	 subsequently,	 multiple	 sets	 of	 a/d	

mutations	were	 combined	with	one	DEF6	protein	 containing	all	10	sets	of	 a/d	

mutations	 (Q371P-A374P-L505P-A508P,	 R407P-M410P-L505P-A508P,	 I428P-

L431P-L505P-A508P	 and	 All-10	 mutant)	 (Fig.	 3.2.2).	 Sequence	 analysis	 of	 all	

mutants	confirmed	exchange	of	codons	at	the	a/d	positions	chosen	with	no	other	

apparent	 changes	 of	 the	 DEF6	 coding	 region	 (Appendix	 8.3,	 Fig.	 8.3.1).	 COIL2	
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analysis	 shown	 in	 Fig.	 3.2.2	 C	 suggested	 that	 introduction	 of	 proline	 residues	

indeed	disrupts	the	coiled	coil	domain.	
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VAV1	

Tropomysin	

WT	DEF6	

Q371P-A374P	 R407P-M410P	 I428P-L431P	

L442P-E445P	 L463P-E466P	 L470P-L473P	

K491P-L494P	 L505P-A508P	 L512P-L515P	

Fig.	3.2.2		
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3.3	Proline	mutants	exhibited	three	types	of	distinct	phenotypes	but	none	
of	the	mutant	proteins	colocalised	with	P-bodies.		
	
GFP-tagged	DEF6	wild	type	and	proline	mutants	were	transfected	into	COS7	cells	

and	 the	 cellular	 localisation	 of	 the	 proteins	 was	 determined	 after	 24h	 by	

fluorescent	and/or	confocal	microscopy.	COS7	cells	do	not	express	LCK	nor	ITK,	

two	 kinases	 known	 to	 phosphorylate	 DEF6	 in	 T	 cells	 (Hey	 et	 al.,	 2012)	 but	 it	

cannot	 be	 ruled	 out	 that	 other	 unknown	 modifications	 of	 DEF6	 might	 occur.	

Nevertheless,	changes	in	cellular	localisation	in	non-treated	COS7	cells	are	likely	

Fig.	3.2.2	Insertion	of	proline	residues	at	selected	a/d	positions	disrupts	
the	coiled	coil	domain	of	DEF6	
(A)	 Schematic	representation	of	 the	domain	structure	of	DEF6	fused	to	GFP.	
EF:	 Ca2+-binding	 EF-hand;	 ITAM:	 immunoreceptor	 tyrosine	 activation	motifs	
within	 the	 DEF6-SWAP70	 homology	 domain;	 PH:	 pleckstrin	 homology	
domain;	DHL:	Dbl	homology	 like	domain	(see	Figure	1.3.0).	Within	the	ITAM	
and	PH	domains,	Try-133/144	are	phosphorylated	by	LCK	and	Try-210/222	
by	 ITK.	 DHL	 domain	 contains	 a	 nuclear	 localisation	 sequence	 (NLS)	 and	 a	
coiled	coil	structure.		
(B)	 10	 highly	 conserved	 a/d	 positions	 within	 coiled	 coil	 sequence	 of	 DEF6	
were	selected	and	amino	acids	replaced	by	prolines	(P)	as	indicated.		
(C)	 Coil2	 analysis	 predicted	 disruption	 of	 the	 coiled	 coil	 domain	 in	 proline	
mutants	 compared	 to	 wild	 type	 DEF6.	 a/d	 double	 P	 mutants	 and	 ALL-10	
predictions	are	shown	as	indicated.	Vav1,	lacking	a	coiled	coil	domain,	served	
as	a	negative	control	and	tropomysin	that	consists	entirely	out	of	a	coiled	coil	
structure	as	a	positive	control.	
	

	

L533P-A536P	 Q371P-A374P	
-L505P-A508P	

R407P-M410P	
-L505P-A508P	

I428P-L431P	
-L505P-A508P	

All-10	
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a	 consequence	of	 conformational	 change	due	 to	 the	 introduction	of	 the	proline	

residues	 rather	 than	 post-translational	 modifications.	 Compared	 to	 wild	 type	

DEF6	and	GFP	alone,	that	are	diffuse	in	cytoplasm	and	in	the	case	of	GFP	also	in	

the	 nucleus,	 proline	 mutants	 exhibited	 three	 types	 of	 distinct	 phenotypes.	

R407P-M401P,	I442P-E445P	and	K491P-L494P	exhibited	a	diffuse	localisation	in	

the	cytoplasm	similar	 to	wild	type	DEF6	(Fig.	3.3.0).	Apart	 from	Q371P-A374P,	

all	other	single	set	of	a/d	mutants	as	well	as	combined	sets	including	the	ALL-10	

mutant	 seemed	 to	 mainly	 localise	 in	 filopodia,	 lamellipodia	 and	 podosomes	

suggesting	colocalisation	with	F-actin	(see	also	Fig.	3.3.0	and	chapter	4).	Q371P-

A374P	was	mainly	diffuse	in	the	cytoplasm	and	somewhat	localised	with	F-actin	

on	 lamellipodia	 but	 it	 also	 occasionally	 formed	 granules	 in	 the	 cytoplasm	 (Fig.	

3.3.0).	 To	 test	 whether	 Q371P-A374P	 granules	 colocalise	 with	 P-bodies,	 a	

cotransfection	with	 a	 P-bodies	maker,	DCP1	 tagged	with	mCherry	was	 carried	

out.	 Confocal	 analysis	 with	 Z-stack	 images	 shown	 in	 both	 vertical	 and	 side	

versions	(X	and	Y	coordinates)	to	provide	a	3D	view,	revealed	clearly	that	Q371-

A374P	granules	did	not	colocalise	with	DCP1	(Fig.	3.3.1).	It	is	not	clear	whether	

Q371-A374P	granules	are	associated	with	other	know	cytoplasmic	granules	such	

as	stress	granules	or	just	aggregation	of	the	mutant	protein.	This	was	not	further	

analysed	 given	 that	Q371-A374P	 granules	were	 less	 common	 than	 the	mutant	

protein	being	diffuse	in	the	cytoplasm.	
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Fig.	3.3.0	
	

20μm	
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Fig.	 3.3.1	Q371P-A374P	 mutant	 granules	 are	 not	 colocalising	 with	 P-
bodies	
Confocal	Z-stack	image	analysis	of	Q371P-A374P	(green)	and	P-body	marker	
DCP1	 tagged	with	mCherry	 (red)	 cotransfected	 in	COS7	cells.	Boxed	area	 in	
the	left	image	is	shown	enlarged	on	the	right.	Vertical	and	side	views	(X	and	Y	
coordinates)	are	also	shown	indicating	that	Q371P-A374P	did	not	colocalise	
with	DCP1.	
	

		2μm	

	

X	

Y	

Fig.	 3.3.0	 GFP-tagged	 DEF6	 proline	 mutants	 exhibited	 three	 types	 of	
cellular	localisation	in	COS7	cells.		
Type	1:	Q371P-A374P	was	mainly	diffuse	 in	 the	 cytoplasm	but	occasionally	
exhibited	granules	
Type	2:	R407P-M410P,	I428P-L431P	and	K491P-L494P	were	localised	diffuse	
in	the	cytoplasm	similar	to	WT	DEF6		
Type	 3:	 All	 other	 mutant	 proteins	 as	 indicated	 localised	 in	 lamellipodia,	
filopodia	and	podosome	(see	also	Chapter	4).		
GFP	alone	localised	diffuse	in	the	cytoplasm	and	nucleus.	
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3.4	 Arsenate	 treatment	 failed	 to	 induce	 colocalisation	 of	 the	 proline	
mutants	with	P-bodies.	
	
Arsenate	treatment	of	cells	results	in	an	oxidative	condition	that	leads	to	arrest	

of	mRNA	 translation	 and	 induction	 of	 stress	 granules	 and	P-bodies	 (Anderson	

and	Kedersha	2009).	It	was	previously	shown	that	wild	type	DEF6	relocates	and	

colocalises	with	DCP1	in	P-bodies,	after	arsenate	treatment	(Hey	et	al.,	2012)	in	

COS7	 cells.	 To	 test	 whether	 disruption	 of	 the	 coiled	 coil	 domain	 by	 the	

introduction	of	prolines	would	interfere	with	granule	formation,	COS7	cells	were	

treated	with	 1mM	arsenate	 (Sigma)	 for	 40	mines	 24	 hrs	 after	 transfection.	 As	

shown	 in	Fig.	3.4.0,	wild	 type	DEF6	 formed	granules	 in	 cytoplasm	as	expected.	

Apart	 from	 K491P-L494P	 mutant	 that	 exhibited	 granules	 in	 a	 subset	 of	 cells	

(~17%),	all	other	single	set	as	well	as	combined	sets	including	the	All-10	mutant	

did	not	 form	granules.	These	 results	 are	 in	 line	with	 the	notion	that	 the	 coiled	

coil	 domain	 is	 essential	 for	 granule	 formation	 and	 suggest	 that	 K491P-L494P	

mutation	 might	 be	 less	 disruptive	 to	 the	 coiled	 coil	 domain	 than	 the	 other	

proline	mutations.	
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Fig.	 3.4.0	 Disruption	 of	 the	 coiled	 coil	 domain	 prevented	 arsenate	
induced	granule	formation	
Analysis	of	proline	mutants	as	indicated	24	h	after	transfection	of	COS7	cells	
treated	with	arsenate	 (1mM,	40mins).	As	previously	 shown,	 about	16%	WT	
DEF6	 formed	 granules.	 However,	 among	 the	 proline	 mutants,	 only	 K491P-
L494P	 (17%	 cells)	 exhibited	 granules.	 Arsenate	 treatment	 had	 no	 effect	 on	
the	 other	 mutants	 exhibiting	 a	 cellular	 localisation	 as	 in	 untreated	 cells	
(compare	with	Figure	3.3.0).	



	 	 Results	|	Chapter	3	
	

	 61	

	
3.5	The	coiled	coil	domain	is	dispensable	for	DEF6	granule	formation	and	
colocalisation	with	DCP1	
	
As	described	above,	the	data	presented	so	far	would	suggest	that	the	coiled	coil	

domain	is	essential	for	granule	formation	of	DEF6	in	cells	treated	with	arsenate.	

This	is	in	line	with	data	presented	by	Hey	et	al.	(2012)	who	showed	that	DEF6	is	

phosphorylated	by	ITK	at	amino	acid	positions	of	Tyr	210	and	Tyr	222	 in	vitro	

and	 that	 phosphomimc	 mutants	 in	 COS7	 cells	 spontaneously	 relocated	

colocalising	with	 P-bodies.	 	Therefore,	 the	Tyr	 (Y)	 residues	210	 and	222	were	

changed	 to	 Glu	 (E)	 in	 selected	 proline	 mutant	 proteins	 to	 see	 whether	 the	

disrupted	 coiled	 coil	 domain	 prevents	 spontaneous	 granule	 formation	 of	 the	

phosphomimic	Y210-222E	mutant.	

Mutant	Y210-222E-Q371P-A374P,	Y210-222E-I428P-L431P,	Y210-222E-L505P-

A508P,	 Y210-222E-Q371P-A374P-L505P-A508P,	 Y210-222E-I428P-L431P-

L505P-A508P	and	Y210-222E-All-10	were	established	and	transfected	into	COS7	

cells.	Surprisingly,	all	these	combined	mutants	spontaneously	formed	granules	in	

COS7	 cells.	 Furthermore,	 cotransfections	 revealed	 that	 granules	 formed	by	 the	

combined	mutants	colocalised	with	P-body	marker	DCP1	(Fig.	3.5.0).	Confocal	z-

stack	 images	 also	 confirmed	 colocalisation	 of	 Y210-222E-L505P-A508P	 and	

Y210-22E-All-10	with	DCP1	(Fig.	3.5.1).	These	results	demonstrate	that	granule	

formation	and	P-body	colocalisation	of	the	phosphomimic	Y210-222E	mutant	is	

independent	of	the	coiled	coil	domain	and	suggests	that	instead	another	region	

of	DEF6	is	responsible	for	both.	
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Fig.	3.5.0		
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Fig.	3.5.0	Introduction	of	 the	ITK	phosphomimic	mutations	Y210/222E	
results	in	colocalisation	of	proline	mutants	with	P-bodies.		
Y210/222E	 mutations	 were	 introduced	 into	 selected	 proline	 mutants	 as	
indicated	 and	 these	 combined	 GFP-tagged	 mutants	 (green)	 were	
cotransfected	into	COS7	with	mCherry-tagged	DCP1	(red).	Images	taken	24h	
after	transfection.	Merged	images	from	the	left	and	middle	columns	shown	on	
the	right	indicate	that	the	combined	mutants	formed	granules	that	colocalised	
with	DCP1.	

����� �
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X	
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20μm	

	
A	

	

20μm	

X	

Y	

B	

Fig.3.5.1	Y210/222E-L505P-A508P	and	Y210/222E-All-10	form	granules	
that	colocalise	with	DCP1	
Confocal	 Z-stack	 analysis	 of	 GFP-tagged	 Y210/222E-L505P-A508P	 (A)	 and	
Y210/222E-All-10	(B)	(green)	cotransfected	with	mCherry-tagged	DCP1	(red)	
24	h	after	transfection	of	COS7	cells.	Boxed	area	in	the	images	on	top	left	are	
enlarged	 on	 the	 left	middle	 and	 bottom	 and	 further	 enlarged	 in	 the	merged	
images	 on	 the	 right.	 Vertical	 and	 side	 views	 (X	 and	 Y	 coordinates)	 are	 also	
shown	indicating	colocalisation.	
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3.6	 N-terminal	 45	 amino	 acids	 of	 DEF6	 are	 necessary	 and	 sufficient	 to	
spontaneously	colocalise	with	P-bodies	

	
Having	established	that	the	coiled	coil	domain	of	DEF6	is	dispensable	for	granule	

formation	and	colocalisation	with	P-bodies,	C-terminal	truncation	mutants	N-30,	

N-45,	N-79,	N-108,	N-216	and	N-312,	N-590	were	made	as	depicted	in	Fig.	3.6.0	

and	 cellular	 localisation	 of	 these	 mutants	 tested	 in	 COS7	 cells.	 All	 C-terminal	

truncation	mutants	but	N-30	formed	granules	(Fig.	3.6.0)	confirming	earlier	data	

for	N-108	 (Mollett,	 2014)	 and	N-590	 (Theodore,	 2011).	 In	 addition,	N-590,	N-

312,	 N-216	 (Alsayegh,	 personal	 communication)	 and	 N-108	 (Mollett,	 2014)	 as	

well	 as	 N-79	 and	 N45	 spontaneously	 colocalised	with	 DCP1	 (Fig.	 3.6.2).	 Given	

that	N-30	did	not	form	granules	these	data	establish	that	the	first	45	amino	acids	

of	DEF6	are	necessary	and	sufficient	to	spontaneously	target	P-bodies.	It	is	worth	

mentioning,	that	the	transfection	efficiency	of	some	of	the	C-terminal	truncation	

mutants	was	low	perhaps	suggesting	that	expression	of	these	mutant	proteins	is	

in	some	way	detrimental	to	COS7	cell	survival	but	further	experiments	are	need	

to	firmly	establish	this	idea.	

Overall	 the	 data	 presented	 are	 consistent	with	 the	 notion	 that	 the	 Y210-222E	

mutant	mimicking	ITK	phosphorylation	is	liberating	the	N-terminal	end	of	DEF6	

rather	 than	 the	 coiled	 coil	 domain	 as	 initially	 proposed	 by	 Hey	 et	 al.	 (2012),	

resulting	in	targeting	and	colocalisation	of	DEF6	to/with	P-bodies.	
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Fig.	3.6.0	DEF6	N-terminal	domains	form	granules	and	aggregations		
Upper	 panel:	 Schematic	 representation	 of	 C-terminal	 truncation	mutants	 as	
indicated.		
Lower	 panel:	 after	 24h	 expression	 in	 COS7	 cells,	GFP-tagged	N-45,	 79,	108,	
216,	312	and	590	exhibited	cytoplasmic	granules.	N-30	however	did	not	form	
any	granules	but	was	diffuse	in	the	cytoplasm	and	cell	nucleus.	GFP	and	wild	
type	DEF6	are	shown	for	comparison.	
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Fig.	 3.6.1	 The	 N-terminal	 45	 amino	 acids	 of	 DEF6	 are	 sufficient	 for	
colocalisation	with	P-bodies	
Confocal	 Z-stack	 analysis	 of	 GFP-tagged	 N-45	 (A)	 and	 N-79	 (B)	 (green)	
cotransfected	with	mCherry-tagged	DCP1	(red)	24	h	after	transfection	of	COS7	
cells.	Boxed	area	in	the	images	on	top	left	are	enlarged	on	the	left	middle	and	
bottom	and	further	enlarged	 in	the	merged	 images	on	the	right.	Vertical	and	
side	views	(X	and	Y	coordinates)	are	also	shown	indicating	colocalisation.	
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3.7	The	coiled	coil	domain	facilitates	DEF6	aggregation	
	
Having	 established	 that	 the	N-terminal	 end	 of	DEF6	 is	 necessary	 and	 essential	

whereas	 the	 coiled	 coil	 domain	 is	 dispensable	 for	 spontaneous	 P-body	

localisation,	N-terminal	truncation	and	deletion	mutants	were	established	to	test	

which	 functional	 role	 the	 coiled	 coil	 domain	 of	 DEF6	 plays.	 The	 structures	 of	

these	N-terminal	truncation	mutants	are	schematically	depicted	in	Figure	3.7.1a.	

In	addition	 to	 the	previously	established	mutants	DH2	 (Mollett,	2014)	and	Δ0-

104	(Martin,	2007),	all	other	mutants	shown	(referred	to	as	DX-N	indicating	the	

amino	 acids	 missing	 from	 position	 X	 to	 N)	 were	 established	 as	 described	 in	

Chapter	2	(2.5.2).	Cellular	localisation	of	the	N-terminal	truncation	and	deletion	

mutants	is	summarised	in	Figure	3.7.1b	showing	that	all	9	mutant	DEF6	proteins	

formed	 aggregates	 regardless	 of	 which	 of	 the	 N-terminal	 amino	 acids	 were	

missing.	 These	 aggregates	 appeared	 different	 in	 shape	 and	 size	 from	 the	

previously	 described	 granules	 that	 colocalise	 with	 P-bodies	 and	 although	 not	

colocalising	with	P-bodies	DEF6	aggregates	altered	the	cellular	localisation	of	P-

bodies	(as	described	below	in	more	detail).		

	 	



	 	 Results	|	Chapter	3	
	

	 69	

	

	 	

Fig.	 3.7.1a	 Schematic	 representation	 of	 DEF6	 N-terminal	 truncation	
and	deletion	mutants.		
GFP-tagged	N-terminal	 truncation	and	deletion	mutants	were	established	
as	indicated.	
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To	 further	 test	 the	 role	 of	 the	 coiled	 coil	 domain	 in	 aggregation	 formation,	 a	

series	of	DEF6	truncation	mutants	were	established,	which	either	contained	the	

coiled	coil	domain	entirely	or	partially	or	lacked	it	completely	as	indicated	in	Fig.	

3.7.2a.	 To	 establish	 the	 ITAM	 containing	mutant,	 a	 stop	 codon	 between	 amino	

acid	215	and	216	was	introduced	in	the	Δ0-104	construct,	the	other	mutants	had	

been	previously	established	(PH1,	PH2:	Martin,	2007;	DH1:	Mavrakis	et	al.,	2004;	

DH2,	DH2-N,	DH2-C:	Mollett,	2014).	

Fig.	3.7.1b	DEF6	N-terminal	truncation	and	deletion	mutants	form	large	
aggregates	
24h	 after	 transfection	 of	 COS7	 cells,	 GFP-tagged	 N-terminal	 truncation	 and	
deletion	mutants	as	 indicated	exhibited	 large	cytoplasmic	aggregations.	GFP	
and	wild	type	DEF6	are	shown	for	comparison.	
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As	shown	in	Fig.	3.7.2b,	DH2	that	 just	contained	the	coiled	coil	domain	 formed	

aggregates.	 In	 contrast	 DH1	 and	 DHL-C	 (partially	 containing	 the	 coiled	 coil	

domain),	 did	 not	 form	 aggregates.	 Instead,	 these	 mutant	 proteins	 labelled	

lamellipodia,	 filopodia	and	stress	 fibres	(Fig.	3.7.2b)	and	as	shown	in	chapter	4	

colocalise	with	F-actin.	

Mutant	 DEF6	 proteins	 not	 containing	 the	 coiled	 coil	 domain	 (ITAM,	 PH1	 and	

DHL-N)	 localised	 diffuse	 in	 cytoplasm	 and	 nucleus	 without	 any	 signs	 of	

aggregations.	Nuclear	localisation	of	ITAM	and	PH1	mutant	are	likely	due	to	their	

small	size.	 In	contrast,	PH2	which	contains	a	predicted	NLS	region	(amino	acid	

positions	330	 to	341)	 localised	exclusively	 to	 the	nucleus	as	previously	 shown	

(Martin,	2007).	

DHL-N	also	partially	 contains	 the	 coiled	 coil	region.	As	 shown	 in	Figure	3.7.2b,	

this	 mutant	 protein	 was	 mainly	 distributed	 diffuse	 in	 the	 cytoplasm	 and	 was	

absent	 from	 the	 nucleus.	 However,	 DHL-N	 did	 occasionally	 exhibit	 distinct	

cytoplasmic	granules.	These	granules	have	three	features:	1)	only	one	or	two	are	

seen	per	cells;	2)	they	always	localise	next	to	the	cell	nucleus	3)	if	present	as	a	

pair,	 they	 usually	 localised	 on	 the	 opposite	 sides	 of	 the	 cell	 nucleus	 and	 it	

remains	 to	 be	 seen	 whether	 this	 localisation	 of	 DHL-N	 coincides	 with	

centrosomes.	

To	 firmly	 establish	 that	 the	 coiled	 coil	 domain	 is	 indeed	 facilitating	 DEF6	

aggregation,	mutants	Δ0-216	and	Δ0-216-All-10	were	established	and	tested	(Fig.	

3.7.3).	 Δ0-216-All-10	 contains	 the	 10	 sets	 of	 prolines	 in	 a/d	 positions	 of	 the	

coiled	 coil	 domain	 as	 discussed	 earlier.	 The	 N-terminal	 truncation	mutant	 Δ0-

216	 formed	 consistently	 large	 aggregations,	 whereas	 Δ0-216-All-10	 did	 not.	
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Instead,	 Δ0-216-All-10	 exhibited	 similar	 phenotype	 to	 the	 All-10	 mutant	 (Fig.	

3.7.3	and	Fig.	3.3.0)	localising	to	lamellipodia	and	filopodia.		

Together	 the	 data	 established	 that	 the	 coiled	 coil	 domain	 facilitates	 DEF6	

aggregation	and	this	function	is	masked/inhibited	in	the	wild	type	protein.	

	

Fig.	3.7.2a	Schematic	representation	of	DEF6	N-terminal	truncation	and	
deletion	mutants.		
GFP-tagged	N-terminal	 truncation	and	deletion	mutants	were	established	as	
indicated.	
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Fig.	3.7.2b	The	coiled	coil	domain	of	DEF6	facilitates	aggregation		
GFP-tagged	 mutants	 schematically	 depicted	 in	 Fig.	 3.7.2a	 were	 transfected	
into	COS7	cells	and	images	taken	24h	after	transfection.	
DH2	that	contains	the	entire	coiled	coil	region	formed	large	aggregates	in	the	
cytoplasm.	
DHL-N	 that	 partially	 contains	 the	 coiled	 coil	 region	 was	 mainly	 diffuse	 in	
cytoplasm.	However,	some	 large	round	granules	were	occasionally	observed	
with	 the	 following	 features:	 only	 one	 or	 two	 granules	 were	 present	 in	 the	
cytoplasm	that	always	localised	next	to	and	when	present	in	pairs	at	opposite	
sides	of	the	cell	nucleus.		
DH1	 and	 DHL-C	 did	 not	 form	 large	 aggregates	 despite	 containing	 the	 C-
terminal	part	of	the	coiled	coil	domain.	Instead,	they	localised	to	lamellipodia	
filopodia	and	stress	fibres.	
The	 ITAM	 and	 PH1	 domain	 tagged	 to	 GFP	 were	 diffuse	 in	 cytoplasm	 and	
nucleus	similar	to	GFP	alone.	
The	 PH2	 mutant	 that	 contained	 the	 predicted	 NLS	 sequence	 of	 DEF6	 was	
exclusively	localised	in	the	nucleus	as	previously	shown	(Martin,	2007).	
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Fig.	 3.7.3	 Formation	 of	 large	 aggregates	 of	 DEF6	 is	 abolished	 through	
proline	mutations	in	the	coiled	coil	domain		
Upper	panel:	Schematic	representation	of	GFP-tagged	Δ0-216	and	Δ0-216-All-
10	DEF6	mutants.	
Lower	panel:	24	h	after	transfection	of	COS7	cells,	GFP-tagged	Δ0-216	mutant	
formed	 aggregates	 that	 seemed	 to	 interact	 with	 each	 other	 forming	 large	
structures.	 Aggregation	 and	 large	 structure	 formation	 was	 abolished	 when	
the	coiled	coil	domain	was	disrupted	through	prolines	at	all	10	a/d	positions.		
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3.8	Coiled	coil-mediated	DEF6	aggregations	can	be	classified	into	three	
distinct	groups	according	to	structure/morphology	and	association	with	
DCP1	
	
To	further	test	the	functional	properties	of	DEF6	aggregates,	cotransfection	with	

DCP1	were	 performed.	 As	 shown	 in	 Figures	 3.8.0	 DEF6	 aggregates	 differed	 in	

their	shape	and	structure	but	were	always	associated	with	DCP1	albeit	in	various	

ways	clearly	distinct	from	the	colocalisation	with	DCP1	described	above.		

(i)	 DH2	 aggregates	 were	 unique	 in	 the	 sense	 that	 they	 formed	 vesicle-like	

tubular	 structures	 (Fig.	 3.8.1	 I).	 DCP1	 was	 always	 associated	 with	 these	

aggregates	but	never	colocalised.	Furthermore,	cellular	localisation	of	DCP1	was	

clearly	 altered:	 the	 normal	 cytoplasmic	 distribution	 of	 DCP1/P-bodies	 was	

absent	from	the	double	transfected	COS7	cells	and	all	DCP1	was	tightly	‘bound’	

by	the	DEF6	aggregates.	In	addition,	the	normally	round	shape	of	DCP1/P-bodies	

was	altered	exhibiting	shapes	that	appeared	to	be	dependent	upon	the	shape	of	

DEF6	 aggregates	 (Fig.	 3.8.0).	 DH2	 vesicle-like	 tubular	 aggregates	 somewhat	

resembled	 the	 structure	of	 the	Golgi	 apparatus	but	 cotransfection	of	DH2	with	

several	 Golgi	 markers	 (Addgene:	 mCherry-GalT	 and	 mCherry-SiT-N-15)	 were	

inconclusive	and	 it	remains	 to	be	 seen	whether	DH2	aggregates	are	associated	

with	some	cytoplasmic	organelles	or	self-assembled.	

(ii)	Δ0-216	and	Δ0-311	did	not	 form	vesicle-like	aggregates	as	 seen	with	DH2,	

but	were	also	always	associated	with	DCP1	altering	 its	cytoplasmic	localisation	

(Fig.	3.8.0	II	and	Appendix	8.4,	Fig.	8.5.1).	

(iii)	All	other	mutant	proteins	 tested	 fall	 into	the	3rd	 group	 (e.g.	Δ0-104):	 their	

aggregates	were	also	not	vesicle-like	but	did	partially	overlapped	with	DCP1	(Fig.	

3.8.0	III	and	Appendix	8.4,	Fig.	8.5.2	to	8.5.6).		
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Fig.	 3.8.0	Coiled	 coil-mediated	 aggregates	 of	DEF6	 form	 large	 structure	
that	‘trap’	DCP1	
Confocal	analysis	of	transfected	COS7	cells	as	described	before.	
(I)	 GFP-tagged	 DH2	 aggregates	 formed	 vesicle-like	 structures	 that	 did	 not	
colocalise	 with	 DCP1.	 Instead,	 localisation	 of	 DCP1	 was	 altered	 and	 always	
adjacent	to	DEF6	structures	(see	merged	images	on	the	right).	
(II)	 GFP-tagged	 Δ0-216	 and	 Δ0-311	 (Appendix	 Fig.	 8.5.1)	 aggregates	 also	
formed	large	structures	but	these	did	not	appear	vesicle-like.	However,	these	
structures	 also	 altered	 the	 localisation	 of	 DCP1	 that	 was	 always	 associated	
with	DEF6	structures	(see	merged	images	on	the	right).	
(III)	GFP-tagged	Δ0-104	 is	representative	 for	all	other	N-terminal	 truncation	
mutants	 tested.	 GFP-tagged	Δ0-104	 formed	 aggregates	 and	 larger	 structures	
but	in	this	case	these	structures	partially	overlapped	with	DCP1;	again	altering	
the	normal	cellular	localisation	of	DCP1	(see	merged	images	on	the	right).	
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3.8.1	Differential	response	of	DEF6	aggregates	to	cellular	stress	
	
Arsenate	treatment	of	COS7	cells	caused	wild	type	DEF6	to	relocate	colocalising	

with	 P-bodies	 (as	 shown	 above	 and	 Hey	 et	 al.,	 2012).	 To	 test	 other	 stress	

conditions,	 cells	 were	 treated	 with	 nocodazole,	 a	 microtubule	 inhibitor.	 As	

shown	 in	 Figure	 3.9.0,	 wild	 type	 DEF6	 formed	 granules	 that	 colocalised	 with	

DCP1	in	response	to	nocodazole	treatment	similar	to	arsenate	treatment.	This	is	

consistent	 with	 the	 studies	 showing	 that	 inhibiting	 microtubules	 promote	 P-

body	 formation	 and	might	 suggest	 that	 cellular	 relocalisation	 of	 DEF6	 into	 P-

bodies	is	also	independent	of	microtubules.		

Coiled	 coil-mediated	 DEF6	 aggregates	 responded	 to	 cellular	 stress	 in	 distinct	

fashion.	Neither	arsenate	nor	nocodazol	treatment	influenced	aggregates	formed	

by	DH2	(group	1)	or	mutant	proteins	of	group	2	 like	Δ0-216	and	Δ0-311.	They	

still	 were	 associated	 with	 DCP1	 as	 observed	 in	 untreated	 cells	 and	 never	

colocalised	with	DCP1	(Fig.	3.10.1,	Fig.	3.10.2	and	Appendix	8.4,	Fig.	8.6.1	and	Fig.	

8.7.1).	 	In	contrast,	aggregates	of	mutant	proteins	of	the	3rd	group	(e.g.	Δ0-104)	

that	 partially	 overlapped	with	DCP1	 in	untreated	 cells	mostly	 colocalised	with	

DCP1	when	treated	with	arsenate	(Fig.	3.10.3	A	and	Appendix	8.4,	Fig.	8.6.2	and	

Fig.	8.6.3)	and	completely	colocalised	with	DCP1	after	nocodazol	treatment	(Fig.	

3.10.3	B	and	Appendix	8.4,	Fig.	8.7.2).		

It	 seems	 therefore	 that	 coiled	 coil-mediated	 aggregates	 that	 are	 formed	 by	

mutant	DEF6	proteins	either	 just	containing	the	coiled	coil	domain	(DH2)	or	in	

addition	 the	 PH	 domain	 (Δ0-216)	 are	 non-responsive	 to	 cellular	 stress.	 In	

contrast,	 in	 the	 presence	 of	 the	 ITAM	 domain	 (Δ0-104),	 aggregates	 partially	

overlap	with	DCP1	and	can	be	induced	to	completely	colocalise	with	DCP1	under	
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stress	conditions.		

	

		

	
	 	

Fig.	3.9.0	Cellular	stress	 induced	through	nocodazole	treatment	results	
in	WT	DEF6	colocalising	with	DCP1	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 wild	 type	 DEF6	 and	
mCherry-tagged	 DCP1	 after	 nocodazole	 treatment	 as	 described	 before.	
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	the	right	indicated	colocalisation.	
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Fig.	 3.10.1	 Cellular	 stress	 had	 no	 effect	 on	 formation	 of	 vesicle-like	
structures	of	DH2	and	their	ability	to	‘trap’	DCP1	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 DH2	 and	 mCherry-
tagged	 DCP1	 after	 arsenate	 (A)	 or	 nocodazole	 (B)	 treatment	 as	 described	
before.		
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	the	right	indicated	large	vesicle-like	structures	of	DH2	adjacent	to	DCP1.	
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Fig.	3.10.2	Cellular	stress	had	no	effect	on	formation	of	 large	structures	
of	Δ0-216	and	their	ability	to	‘trap’	DCP1	
Confocal	 analysis	of	COS7	cells	 expressing	GFP-tagged	Δ0-216	and	mCherry-
tagged	 DCP1	 after	 arsenate	 (A)	 or	 nocodazole	 (B)	 treatment	 as	 described	
before.		
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	the	right	indicated	large	structures	of	Δ0-216	adjacent	to	DCP1.	
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Fig.	 3.10.3	Cellular	 stress	 results	 in	 complete	 colocalisation	 of	 Δ0-104	
structures	with	DCP1	
Confocal	 analysis	 of	 COS7	 cells	 expressing	GFP-tagged	Δ0-104	 (representing	
group	3	mutants)	and	mCherry-tagged	DCP1	after	arsenate	(A)	or	nocodazole	
(B)	treatment	as	described	before.		
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	the	right	 indicated	that	 large	structures	of	Δ0-104	completely	overlapped	
with	DCP1.	
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3.8.2	 ITAM	 and	 coiled	 coil	 domains	 are	 both	 required	 for	 colocalisation	
with	P-bodies	under	cellular	stress	conditions	

To	 further	 dissect	 the	 functional	 properties	 of	 the	 ITAM	 and	 the	 coiled	 coil	

domains,	 cellular	 localisation	 of	 a	 mutant	 protein	 just	 containing	 the	 ITAM	

domain	and	the	All-10	mutant	was	tested	after	cellular	stress.	As	shown	in	Figure	

3.10.4,	neither	arsenate	nor	nocodazol	 treatment	resulted	 in	aggregates;	rather	

both	 mutant	 proteins	 remained	 diffuse	 in	 the	 cytoplasm	 as	 in	 untreated	 cells	

similar	 to	 the	 GFP	 control.	 As	 shown	 before,	 wild	 type	 on	 the	 other	 hand	 did	

form	granules	colocalising	with	DCP1	after	nocodazol	treatment	(Fig.	3.9.0).	

Together	these	 results	suggest	 that	neither	domain	alone	 (ITAM	or	 coiled	 coil)	

respond	to	cellular	stress	but	in	combination	they	do	as	shown	above	resulting	

in	colocalisation	with	DCP1.		
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Fig.	3.10.4	Cellular	stress	did	not	alter	localisation	of	the	ITAM	
or	All-10	mutants	
Nocodazole	 (upper	 panels)	 or	 arsenate	 (bottom	panel)	 treatment	
of	COS7	cells	transfected	with	GFP-tagged	ITAM	or	All-10	mutants	
did	not	result	in	formation	of	aggregates.	In	comparison,	wild	type	
DEF6	did	form	granules	that	colocalised	with	DCP1	after	treatment	
of	transfected	COS7	cells	with	nocodazol	(upper	panel).	
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3.8.3	Introduction	of	Y210/222E	or	Y210/222F	mutations	into	Δ0-104	did	
not	alter	the	morphology	of	aggregates	but	prevented	the	mutant	proteins	
completely	colocalising	with	P-bodies	under	cellular	stress	condition.		
	
In	 the	 context	 of	 the	 full-length	 wild	 type	 DEF6	 protein	 introduction	 of	 the	

phosphomimic	Y210/222E	mutations	resulted	in	spontaneous	granule	formation	

and	colocalisation	with	DCP1	(Hey	et	al.,	2012)	due	to	its	unmasking	effect	on	the	

N-terminal	domain	as	shown	above	(Fig.	3.5.1	and	Fig	3.5.1).	It	was	therefore	not	

surprising	 that	 introduction	 of	 the	 same	 Y210/222E	 phosphomimic	mutations	

into	 the	 Δ0-104	mutant	 lacking	 the	 N-terminal	 104	 amino	 acids	 did	 have	 no	

effect	 on	 the	 formation	 of	 aggregates	 that	 partially	 overlapped	 with	 DCP1	 in	

untreated	 cells	 (Fig.	 3.11.1).	 Similarly,	 the	 equivalent	 Y210/222F	 mutations	

introduced	 into	Δ0-104	that	prevent	potential	phosphorylation	on	Tyr	210	and	

222	 also	 did	 not	 show	 an	 effect	 (Fig.	 3.11.1).	However,	 in	 contrast	 to	 Δ0-104,	

introduction	 of	 either	 Y210/222E	 or	 Y210/222F	 into	 Δ0-104	 prevented	

complete	colocalisation	with	DCP1	after	nocodazol	treatment	(Fig.	3.11.2).	These	

results	suggest	that	alteration	in	the	ITAM	(Y210E/F)	and	PH	domain	(Y222E/F)	

influence	the	structural	conformation	independent	of	the	phosphorylation	status	

that	alters	the	response	of	Δ0-104	to	cellular	stress.	
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20μm	

Fig.	3.11.1	Introduction	of	Y210/222E	or	Y210/222F	mutations	into	Δ0-
104	 did	 not	 alter	 the	 morphology	 of	 aggregates	 that	 still	 partially	
overlapped	with	DCP1	
Confocal	analysis	of	COS7	cells	expressing	GFP-tagged	Δ0-104-Y210/222E	(A)	
or	Δ0-104-Y210/222F	(B)	and	mCherry-tagged	DCP1	as	described	before.		
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	 the	 right	 indicated	 that	 both	 mutant	 proteins	 formed	 large	 structures	
partially	overlapped	with	DCP1.	
	
Δ0-104-Y210-222E	and	Δ0-104-Y210-222E	24h	coexpression	with	DCP1	
in	COS7	cells. To	introduce	ITK	phosphor	mimic	mutation	Y210-222E	(A,	Δ0-
104-Y210-222E)	 and	 mutation,	 Y210/222F	 (B,	 Δ0-104-Y210/222F),	 mimic	
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Fig.	3.11.2	Introduction	of	Y210/222E	or	Y210/222F	mutations	into	Δ0-
104	 prevented	 complete	 overlap	 with	 DCP1	 under	 cellular	 stress	
conditions	
Confocal	analysis	of	COS7	cells	expressing	GFP-tagged	Δ0-104-Y210/222E	(A)	
or	 Δ0-104-Y210/222F	 (B)	 and	 mCherry-tagged	 DCP1	 after	 nocodazole	
treatment	as	described	before.		
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	 the	 right	 indicated	 that	 both	 mutant	 proteins	 formed	 large	 structures	
partially	 overlapped	 with	 DCP1	 which	 differs	 from	 Δ0-104	 that	 completely	
overlapped	with	DCP1	under	stress	conditions	(see	Figure	3.10.3).	
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3.9	The	N-	and	C-terminal	of	DEF6	mediate	interactions	
	
As	described	above,	in	isolation,	both	the	N-terminal	end	as	well	as	the	coiled	coil	

domain	 of	 DEF6	 forms	 spontaneously	 either	 granules	 or	 aggregates	 indicating	

that	both	N-	and	C-terminal	parts	of	DEF6	are	capable	of	oligomerisation.	Full-

length	 wild	 type	 DEF6	 protein	 on	 the	 other	 hand	 is	 mainly	 diffuse	 in	 the	

cytoplasm	 when	 overexpressed	 in	 COS7	 cells.	 However,	 endogenous	 DEF6	 in	

Jurkat	 T	 cells	 does	 form	 granules	 that	 overlap	 with	 DCP1	 (Remon,	 2016)	

suggesting	 that	 also	 the	 wild	 type	 DEF6	 protein	 can	 oligomerise.	 To	 test	 this	

directly,	a	mCherry-tagged	wild	type	DEF6	protein	was	also	tagged	with	a	SV40	

nuclear	 localisation	 signal	 (NLS)	 (mCherry-NLS-DEF6;	 Appendix	 8.1,	 Fig.	 8.1.2	

and	Appendix	8.3,	Fig.	8.3.2).	Although	DEF6	contains	a	 functional	NLS	 (amino	

acid	positions	330-341),	as	verified	by	the	fact	the	PH2	mutant	including	the	NLS	

is	 located	exclusively	 in	 the	nucleus	 (Fig.	3.7.2b),	 the	NLS	 is	masked	 in	 the	 full	

length	 DEF6	 protein	 which	 is	 largely	 absent	 from	 the	 nucleus	 (Fig.	 3.3.0).	

mCherry-NLS-DEF6	 however	 is	 exclusively	 found	 in	 the	 nucleus	 (Fig.	 3.12.0	

upper	panel).		

If	 full	 length	wild	 type	 DEF6	 dimerises	 or	 oligomersies	 then	 cotransfection	 of	

GFP-DEF6	 with	 mCherry-NLS-DEF6	 could	 result	 in	 the	 retention	 of	 mCherry-

NLS-DEF6	in	the	cytoplasm	or	the	import	of	GFP-DEF6	into	the	nucleus.	

As	 shown	Fig.	3.12.0	 (lower	panel),	 cotransfection	of	GFP-DEF6	with	mCherry-

NLS-DEF6	 resulted	 in	 a	 clearly	 visible	 localisation	 of	 GFP-DEF6	 in	 the	 nucleus	

completely	overlapping	with	mCherry-NLS-DEF6.	This	is	the	first	direct	evidence	

that	full	length	wild	type	DEF6	dimerises	and/or	oligomerises.	
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To	 test	 whether	 the	 observed	 interaction	 is	 mediated	 through	 the	 coiled	 coil	

domain,	 mCherry-NLS-DEF6	 was	 cotransfected	 with	 mutant	 proteins	 N-590,	

DH1	and	DH2.	Similar	to	full	length	wild	type	DEF6,	mCherry-NLS-DEF6	dragged	

some	of	the	mutant	N-590,	DH1	and	in	part	DH2	proteins	into	the	nucleus	(Fig.	

3.12.0).	However,	DH2	aggregates	in	the	cytoplasm	trapped	some	mCherry-NLS-

DEF6	 protein	 preventing	 it	 from	 entering	 the	 nucleus	 (Fig.	 3.12.0).	 Confocal	

analysis	revealed	that	mCherry-NLS-DEF6	retained	in	the	cytoplasm	was	within	

the	 vesicle-like	 tubes	 formed	 by	 DH2	 aggregates	 (Fig.	 3.12.1).	 Furthermore,	

mutant	 proteins	 Q371P-A374P,	 L442P-E445P,	 All-10	 all	 disrupting	 the	 coiled	

coil	 domain,	 as	 well	 as	 DHL-N	 which	 contains	 only	 a	 part	 of	 the	 coiled	 coil	

domain	did	not	interact	with	mCherry-NLS-DEF6.	

Together	 these	 data	 suggest	 that	 oligomerisiation	 of	 DEF6	 is	 indeed	mediated	

through	 the	 coiled	 coil	 domain.	 However,	 when	 mCherry-NLS-DEF6	 was	

cotransfected	with	N-108	lacking	the	coiled	coil	domain,	mCherry-NLS-DEF6	was	

also	 partially	 retained	 in	 the	 cytoplasm	 colocalising	with	 N-108	 granules	 (Fig.	

3.12.1).	 Importantly,	 phosphomimic	 mutant	 Y210/222E	 that	 spontaneously	

colocalises	with	 DCP1	 also	 retained	mCherry-NLS-DEF6	 in	 the	 cytoplasm	 (Fig.	

3.12.0)	 suggesting	 that	 DEF6	 is	 capable	 of	 dimer	 formation	 and/or	

oligomerisation	in	P-bodies.	A	summary	of	the	data	is	collated	in	Table	7.	
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DEF6/Mutants	 Phenotypes	 Molecule	Features	

Colocalised	

in	nucleus	

Colocalised	

in	granules	

WT	DEF6	 ✔	 /	 	 	

Contain	N-terminal	

and	full	or	part	of	

coiled	coil	domain	

DH1	 ✔	 /	

DH2	 ✔	 ✔	

N-590	 ✔	 ✔	 	

Contain	N-

terminal	domain	
Y210/222E	 ✗	 ✔	

N-108	 ✗	 ✔	

DHL-N	 ✗	 /	 	

No	full	coiled	coil	domain	or	coiled	coil	

structure	is	disrupted	
Q371P-A374P	

L442P-E445P	

All-10	

✗	 /	

	

	

	

	

Table	7:	Cellular	 localisation	of	wild	 type	and	mutant	DEF6	proteins	coexpressed	
with	mCherry-NLS-DEF6	
Import	of	wild	type	or	mutant	proteins	into	the	nucleus	as	well	as	retention	of	mCherry-
NLS-DEF6	 in	 the	 cytoplasm	 indicates	 interaction	 through	 dimerization	 and	 or	
oligomerisation.		✔:	Yes,				✗:	No,				/:	Not	done	
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Single	transfection	 Double	transfection	

Fig.	 3.12.0	 Interaction	 of	 DEF6	molecules	 through	 dimerisation	 and	or	
oligomerisation	
Upper	 Panel:	mCherry-NLS-DEF6	 localised	 exclusively	 to	 the	 nucleus	 that	
was	stained	with	Hoechst.	
Lower	 Panel:	 WT	 DEF6,	 N-590,	 DH1	 and	 DH2	 that	 on	 their	 own	 were	
localised	in	the	cytoplasm	(left	column)	as	shown	before,	cotransfection	with	
mCherry-NLS-DEF6	resulted	in	clear	nuclear	import	of	these	mutants	(merged	
images	 in	 the	 right	 column).	 In	addition,	DH2	and	Y210/222E	 aggregations	
(lower	two	rows)	retained	some	mCherry-NLS-DEF6	in	the	cytoplasm.	
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Fig.	3.12.1		
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Fig.	 3.12.1	 Dimerisation	 and	 or	 oligomerisation	 of	 DEF6	 can	 also	 be	
mediated	through	its	N-terminal	108	amino	acids	
Confocal	 analysis	 of	 COS7	 cells	 cotransfected	 with	 mCherry-NLS-DEF6	 and	
either	DH2	(A)	or	N-108	(B)	as	described	before.		
Merged	 images	 on	 the	 right	 including	 vertical	 and	 side	 views	 (X	 and	 Y	
coordinates)	show	that	DH2	vesicle-like	structures	retain	some	mCherry-NLS-
DEF6	in	the	cytoplasm	by	‘trapping’	it	within	the	vesicle-like	structures.	
N-108	 also	 formed	 cytoplasmic	 aggregations	 that	 retained	 some	 mCherry-
NLS-DEF6	 in	the	cytoplasm	indicating	the	the	N-terminal	108	amino	acids	of	
DEF6	 can	 also	 facilitate	 interaction	 resulting	 demerisation	 and	 or	
oligomerisation.	
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Fig.	3.13.0	DEF6	mutants	Q371P-A374P,	L442P-E445P,	All-10	and	DHL-
N	did	not	interact	with	mCherry-NLS-DEF6	
Comparison	of	single	transfection	(left	column)	and	cotransfection	of	Q371P-
A374P,	 L442P-E445P,	 All-10	 and	 DHL-N	 mutants	 with	 mChery-NLS-DEF6	
(right	 three	 columns).	Merged	 images	on	 the	 right	 show	 that	mutants	with	
disrupted	coiled	coil	and/or	partial	coiled	coil	domain	failed	to	interact	with	
mChery-NLS-DEF6.		

Single	Transfection	 Double	Transfection	

20μm	
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3.10	 LCK	 phosphomimic	 mutant	 Y133-144D	 forms	
aggregates	that	interact	with	DEF6	N-terminal	truncated	
mutants	
	
It	had	been	reported	that	the	LCK	phosphorylation	of	DEF6	is	required	for	DEF6	

to	 locate	 to	 the	 IS	 and	 that	 phosphomimic	 mutant	 Y133/144D	 spontaneously	

localised	 to	 the	 IS	 (Gupta	 et	 al.,	 2003b	 and	 Bécart	 et	 al.,	 2008).	 However,	

expression	 of	 Y133/144D	 in	 COS7	 cells	 resulted	 in	 aggregate	 formation	 that	

partially	 overlapped	with	DCP1	 (Fig.	 3.14.0).	This	 phenotype	 is	 reminiscent	 of	

the	 one	 observed	 with	 DEF6	 N-terminal	 truncated	 mutants	 such	 as	 Δ0-104	

(section	3.8).	However,	unlike	to	Δ0-104	(Fig.	3.10.3),	nocodazole	treatment	had	

no	effect	with	Y133/144D	still	only	partially	overlapping	with	DCP1	(Fig.	3.14.0).	

mCherry-tagged	 Y133/144D	 aggregates	 did	 however	 fully	 colocalise	 with	

aggregates	formed	by	DH2,	Δ0-216	and	Δ0-104	(Fig.	3.15.0).	
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Fig.	 3.14.0	 LCK	 phosphomimic	 mutant	 Y133/144D	 formed	 aggregates	
that	 partially	 overlapped	 with	 DCP1	 in	 untreated	 and	 nocodazole	
treated	cells	
Confocal	 analysis	 of	 COS7	 cells	 cotransfected	 with	 GFP-tagged	 Y133/144D	
and	 mCherry-tagged	 DCP1	 in	 untreated	 cells	 (A)	 and	 after	 nocodazole	
treatment	(B).	Boxed	area	in	the	upper	left	images	are	enlarged	in	the	lower	
left	and	further	enlarged	in	the	merged	images	on	the	right.	Vertical	and	side	
views	(X	and	Y	coordinates)	are	also	shown	on	the	right.	DCP1	is	trapped	by	
Y133/144D	 aggregates	 resulting	 in	 partial	 overlap	 in	 untreated	 and	
nocodazole	treated	cells.	
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Fig.	 3.15.0	 Aggregates	 formed	 by	 the	 LCK	 phosphomimic	 mutant	
Y133/144D	interact	with	DH2,	Δ0-216	and	Δ0-104		
Confocal	 analysis	 of	 COS7	 cells	 cotransfected	 with	 mCherry-tagged	
Y133/144D	(red)	and	either	GFP-tagged	DH2	(upper	panel),	Δ0-216	(middle	
panel)	or	Δ0-104	(lower	panel;	green).	Boxed	area	in	the	upper	left	images	
are	enlarged	in	the	lower	left	and	further	enlarged	in	the	merged	images	on	
the	 right.	Vertical	 and	 side	views	 (X	and	Y	 coordinates)	are	also	 shown	on	
the	right	in	each	panel.	Complete	overlap	of	aggregates	formed	indicate	that	
Y133/144D	mutant	aggregates	are	mediated	through	the	coiled	coil	domain.	
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3.11	Summary	of	main	findings		
	
	

• The	coiled	coil	domain	is	dispensable	for	DEF6	granule	formation	
and	colocalisation	with	P-bodies	

	
• The	N-terminal	45	amino	acids	of	DEF6	are	necessary	and	sufficient	

to	spontaneously	colocalise	with	P-bodies	
	

• Phosphorylation	of	DEF6	by	ITK	at	Y210	and	Y220	releases	the	N-
terminal	end	rather	than	the	C-terminal	coiled	coil	domain	resulting	
in	colocalisation	with	P-bodies	

	
• The	C-terminal	coiled	coil	domain	of	DEF6	facilitates	formation	of	

aggregates	that	form	large	structures	within	the	cytoplasm	
	

• Coiled	coil-mediated	aggregates	of	DEF6	‘trap’	DCP1	suggesting	a	
strong	interaction	between	both	proteins	

	
• Both,	N-terminal	end	and	the	coiled	coil	domain	are	mediating	

dimerisation	and	or	oligomerisation	of	DEF6	
	

• LCK	phosphomimic	mutant	Y133/144D	forms	aggregates	that	
interact	with	N-terminal	truncation	mutants	
	

• Cellular	stress	induced	through	nocodazole	treatment	results	in	wild	
type	DEF6	colocalising	with	P-bodies	

	
• Differential	response	of	DEF6	aggregates	to	cellular	stress		

	
• Nocodazole	or	arsenate	treatment	revealed	a	cooperation	between	

ITAM	domain	and	the	coiled	coil	structure	that	facilitates	
colocalisation	with	P-bodies	
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Chapter	4	
	
	
	

Mapping	the	GEF	function	of	DEF6	
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4.1	Molecular	organisation	of	actin	assembly	
	
4.1.1	F-actin	polymerisation	

F-actin	is	a	filamentous	structure,	which	is	assembled	by	monomer	actins	called	

globular	actin	or	G-actin	(Fig.	4.1.0).	The	two	ends	of	actin	filaments	are	distinct	

in	that	G-actin	is	assembled	at	one	end	called	“barbed”	end	and	disassembled	at	

the	 other	 end	 called	 “pointed”	 end.	 The	 actin	 polymerisation	 undergoes	 two	

steps,	 nucleation	 and	 elongation.	 G-actin	molecules	 form	 dimer	 or	 trimer	 that	

cause	 more	 G-actins	 to	 assemble	 at	 the	 barbed	 end	 (Pollard	 et	 al.,	 2000,	

Blanchoin	et	al.,	2014).	

Although	F-actin	elongation	could	happen	spontaneously,	the	concentration	of	G-

actins	in	the	cytoplasm	is	not	sufficiently	high	enough	for	this	to	happen	in	vivo.	

In	 fact,	 numerous	 molecules	 are	 involved	 in	 the	 polymerisation	 of	 F-actin.	 A	

group	 of	 proteins	 called	 formins	 are	 required	 for	 F-actin	 elongation.	 They	

contain	 formin	 homology	 (FH)	 domains	 1	 and	 2	 and	 usually	 form	 dimers	

mediated	through	their	FH2	domains.	Formin	dimers	bind	to	F-actin	barbed	end	

catalysing	G-actin	assembly	mediated	through	the	FH1	domains.	 In	addition,	G-

actin	binds	to	either	ATP	or	ADP.	ATP-bound	G-actin	is	assembled	at	the	barbed	

end	 but	ATP	 is	 hydrolysed	 at	 actin	molecules	 towards	 the	 pointed	 end	 and	G-

actin	binding	GDP	are	released	from	the	pointed	end.	As	ADP	is	exchanged	with	

ATP	 in	 the	 cytoplasm,	ATP-bound	G-actin	gains	 the	ability	 to	polymerise	again	

(Fig.	4.1.0).	In	addition,	elongation	of	actin	polymerisation	can	be	limited	by	cap	

proteins	binding	to	the	barbed	end	preventing	addition	of	new	G-actins.	Arp	2/3	

are	another	major	protein	 complex	 for	actin	assembly,	which	binds	 to	an	actin	

filament	acting	as	a	nucleus	 to	 recruit	new	G-actins	 forming	a	70°	 side	F-actin	

chain.	 Finally,	 cofilin	 severs	 F-actin	 and	 promoting	 actin	 depolymerisation		



	 	 Results	|	Chapter	4	
	

	 103	

(Pollard	et	al.,	 2000;	Campellone	and	Welch	2010;	Blanchoin	et	al.,	 2014)	 (Fig.	

4.1.0).	

	

Fig.	4.1.0	Schematic	of	actin	polymerisation	
Monomer	 actins	 (G-actin)	 undergo	 nucleation	 to	 form	 dimers	 or	 trimers	
enabling	G-actins	to	be	added	to	the	barbed	end	of	the	nucleus	to	elongate	the	
actin	filament	(F-actin).	G-actins	bind	ATP	that	is	hydrolysed	to	ADP	and	Pi		in	
the	 F-actin	 phase	 releasing	 G-actins	 bound	 to	 ADP	 at	 the	 pointed	 end.	 The	
depolymerised	ADP	bound	actins	exchange	their	ADP	to	ATP	in	the	cytoplasm	
to	obtain	the	ability	to	elongate	F-actin	again.	Molecules	that	contribute	to	the	
actin	dynamic	are:	 formins	 that	 catalyse	 the	elongation	to	add	new	G-actins	
on	the	barbed	end,	Arp2/3	protein	complexes	that	bind	to	an	actin	filament	as	
a	nucleus	to	 form	a	70°	angle	at	actin	branch	chains,	cap	proteins	that	 limit	
binding	 of	 G-actins	 to	 the	 barbed	 ends	 thus	 limiting	 elongation,	 and	 cofilin	
that	 severs	 F-actin	 into	 fragments	 thereby	 promoting	 F-actin	
depolymerisation	 (Figure	 is	 based	 on	 information	obtained	 from	 references	
cited	in	the	text).	
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4.1.2	The	signalling	network	of	CDC42,	Rac1	and	RhoA	
	
Cytoskeleton	dynamics	is	partly	regulated	by	the	Rho	GTPases	CDC42,	Rac1	and	

RhoA.	 They	 regulate	 F-actin	 polymerisation	 promoting	 the	 formation	 of	

lamellipodia,	 filopodia,	 invadosome	and	stress	 fibre/focal	 adhesion	 (Fig.	4.2.0).	

Rho	GTPases	function	in	an	interacting	network:	Rac1	can	be	activated	by	CDC42	

and	CDC42	and	RhoA	can	activate	each	other	while	RhoA	inhibits	the	activity	of	

Rac1.	Rho	GTPases	also	activate	formins,	such	as	mDia1-3,	which	through	F-actin	

elongation	 regulates	 cytoskeleton	 dynamics.	 Furthermore,	 Rac1	 and	 CDC42	

respectively	 activate	WAVE	 and	WASP,	 which	 results	 in	 Arp2/3	 complexes	 to	

promote	F-actin	side	chain	formation	in	lamellipodia,	filopodia	and	invadosome.	

In	 addition,	 myosin	 II	 (MyoII)	 is	 a	 feature	 component	 of	 stress	 fibre/focal	

adhesion	and	invadosome.	CDC42	and	RhoA	activate	MyoII	via	MRCK	and	ROCK,	

respectively.	 Moreover,	 the	 activation	 of	 ROCK	 will	 activate	 formins.	 Finally,	

Rac1	 and	 CDC42	 can	 activate	 PAK,	 which	 in	 turn	 activates	 LIMK	 and	 inhibits	

cofilin.	As	described	above,	 cofilin	 functions	 to	 sever	actin	 filaments,	hence	 the	

inhibition	 of	 cofilin	 increases	 the	 stability	 of	 F-actin.	 PAK	 activates	 MyoII	 and	

ROCK	can	promote	LIMK	(Goeckeler	et	al.,	2000;	Brzeska	et	at.,	2004;	Korobova	

and	Svitkina,	2008;	Linder,	2009;	Tybulewicz	and	Henderson,	2009;	Rottner	and	

Stradal,	 2011;	 Li	 et	al.,	 2011;	Danielle	 and	 Courtneidge,	 2011;	 Shinohara	 et	al.,	

2011;	Jaiswal	et	al.,	2013;	Ouderkirk	and	Krendel,	2014).	
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Fig.	4.2.0	Schematic	of	RAC1,	CDC42	and	RhoA	interacting	network	
CDC42	 can	 activate	 RAC1	 and	 RhoA;	 RhoA	 can	 activate	 CDC42	 but	 inhibits	
RAC1.	Formins	are	common	downstream	targets	of	 these	three	Rho	GTPases	
contributing	to	F-actin	elongation	and	regulating	cytoskeleton	dynamics.	RAC1	
and	 Cdc42	 activate	 Arp2/3	 to	 form	 branch	 actin	 filament	 in	 lamellipodia,	
filopodia	and	invadosome	via	WAVE	and	WASP.	Myo	II	is	activated	by	CDC42	
and	 RhoA	 via	 MRCK	 and	 ROCK	 contributing	 to	 invadosome	 and	 stress	
fibre/focal	 adhesion	 formation.	 Activated	 ROCK	 can	 also	 activate	 formins.	
RAC1	 and	 CDC42	 activate	 PAK,	 which	 in	 turn	 activates	 LIMK	 and	 inhibits	
cofilin.	 Confilin	 severs	 actin	 filament	 and	 inhibition	 of	 cofilin	 increases	 the	
stability	of	F-actin.	 (Figure	 is	based	on	 information	obtained	from	references	
cited	in	the	text).	
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4.1.3	Lamellipodia,	Filopodia,	Invadosome	and	Stress	fibre	
	
Even	 though	 lamellipodia,	 filopodia,	 invadosome	 and	 stress	 fibre	 are	 distinct	

structures,	 they	 are	 formed	 through	 actin	 polymerisation	 and	 contain	 a	 wide	

range	of	common	components.		

	

Lamellipodia	 are	 broad	 but	 thin	 (~0.2μm)	 protrusive	 structures	 at	 the	 leading	

edge	 of	 a	 spreading	 and	migrating	 cell,	which	 is	 filled	with	 branched	 network	

actin	(Fig.	4.3.0	A).	When	lamellipodia	curl	upwards	they	form	membrane	ruffles.	

In	contrast,	filopodia	are	thin	(0.1-0.3μm)	finger-like	structures	that	extents	from	

cell	plasma	membrane	to	explore	extracellular	environment.	Filopodia	are	filled	

with	tight	parallel	bundles	of	F-actin	filaments	and	often	form	at	the	leading	edge	

of	migrating	cells	(Small	et	al.,	2002;	Mattila	and	Lappalaine,	2008;	nature.	n.d.	a)	

(Fig.	4.3.0	A).	Stress	fibres	are	more	abundant,	stable	and	thicker	in	non-motile	

cells.	 They	 are	 large	 filamentous	 F-actin	 bundles	 that	 extend	 across	much	 of	 a	

cell	 and	 usually	 are	 anchored	 by	 focal	 adhesions	 at	 one	 or	 both	 of	 their	 ends.	

Stress	 fibres	are	made	of	 antiparallel	 actin	 filaments	and	contain	MyoII,	which	
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Fig.	4.3.0	F-actin	dynamics	
(A)	 Examples	 of	 lamellipodia,	 filopodia	 and	 invadosome	 (adopted	 from	
Baldassarre	et	al.,	2006)	
(B)	Examples	of	stress	fibres	and	focal	adhesion	(adopted	from	Burridge	and	
Wittchen,	2013).	

A																																																																																								B	
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endow	 stress	 fibres	 an	 ability	 of	 contraction	 (Tojkander	 et	al.,	 2012;	 Burridge	

and	Wittchen,	2013)	(Fig.	4.3.0	B).	Focal	adhesions	are	clustered	transmembrane	

integrins	 and	 other	 associated	 proteins,	 which	 provide	 adhesive	 contacts	

between	 cells	 and	 extracellular	 matrix	 and	 mediate	 both	 mechanical	 and	

biochemical	 signalling	 (Smilenov	 et	al.,	 1999	 and	Nature;	 n.d.	 b)	 (Fig.	 4.3.0	B).	

Invadosomes	 contain	 two	 types	 of	 very	 similar	 F-actin	 foci,	 podosome	 and	

invadopodia.	 They	 are	 both	 0.5-2	 μm	 diameter	 actin	 rich	 cellular	 protrusions	

that	extent	 to	extracellular	matrix	preforming	degradation	of	 the	matrix.	While	

podosomes	are	present	in	normal	cells,	invadosome	are	found	in	cancer	cells	and	

are	 involved	 in	 cell	 invasion.	 Both	 also	 differ	 in	 length	 and	 have	 somewhat	

different	 components	 (Fig.	 4.3.0	 A)	 (Linder	 2009;	 Rottner	 and	 Stradal,	 2011;	

Murphy	and	Courtneidge,	2011	and	nature	n.d.	c	and	d).	 	
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4.2	 Proline	 mutations	 on	 several	 a/d	 positions	 within	 the	 coiled	 coil	
domain	of	DEF6	resulted	in	colocalisation	with	F-actin	

As	 mentioned	 in	 Chapter	 3	 (3.3),	 cellular	 localisation	 of	 the	 proline	 mutants	

Q371P-A374P,	R407P-M410P,	I428P-L431P	and	K491P-494P	was	mainly	diffuse	

within	the	cytoplasm.	In	contrast,	mutant	proteins	L442P-E445P,	L463P-E466P,	

L470P-L473P,	 L505P-A508P,	 L512P-V515P	 and	 L533P-A536P	 widely	 (>90%)	

colocalised	with	 F-actin	 in	 lamellipodia,	 filopodia	 suggesting	 that	 disruption	 of	

the	 coiled	 coil	domain	at	 these	a/d	 positions	 released	GEF	activity	of	DEF6.	To	

further	verify	 this	 interpretation,	 the	 latter	proline	mutations	were	 introduced	

into	 the	 former	 to	 establish	 compound	 mutants	 Q371P-A374P-L505P-A508P,	

R407P-M410P-L505P-A508P,	 I428P-L431P-L505P-A508P	 as	 well	 as	 a	 mutant	

containing	prolines	at	10	a/d	positions	(All-10	mutant).	As	shown	in	(Fig.	4.4.0	

and	Appendix	8.4,	Fig.	8.8.4	to	Fig.	8.8.8)	all	of	the	compound	mutants	colocalised	

widely	 (>90%)	with	 F-actin.	 These	 results	 suggest	 that	 the	 coiled	 coil	 domain	

itself	 is	 unlikely	 to	 be	 important	 for	 the	 colocalisation	 of	 DEF6	 with	 F-actin.	

Rather	 they	 suggest,	 that	 disruption	 of	 the	 coiled	 coil	 domain	 results	 in	

conformational	change	resulting	in	F-actin-binding	of	DEF6.	
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Fig.	4.4.0		

F-actin	labelling		
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Fig.	4.4.0	Disruption	of	the	coiled	coil	domain	results	in	conformational	
change	and	colocalisation	of	some	proline	mutants	with	F-actin	
(A);	 Schematic	 representation	 of	 the	 proline	 mutants	 that	 did	 or	 did	 not	
colocalise	with	F-actin.	
(B):	 GFP	 tagged	R407P-M410P	 (green)	 represents	 the	 proline	mutants	 that	
were	 diffused	 in	 cytoplasm	 and	 did	 not	 colocalise	with	 F-actin	 stained	with	
phalloidin	 (red).	 (Q371P-A374P,	 R407P-M410P,	 I428P-L491P	 and	 K491P-
L494P	mutants	also	did	not	colocalise	with	F-actin;	not	shown).	
(C):	 L442P-E445P,	 L533P-A536P	 (D)	 and	 All-10	 mutants	 (E)	 do	 colocalise	
with	F-actin	 (like	L463P-E466P,	L470P-L494P,	L505P-A508P,	L512P-V515P;	
not	shown)	labelling	lamellipodia,	filopodia	and	invadosome	(arrows).		
Merged	 images	 on	 the	 right	 show	 overlapping	 of	 green	 and	 red	 (yellow)	
indicating	 colocalisation.	 Images	 of	 COS7	 cells	 were	 taken	 24	 hrs	 after	
transfection.	Scale	bar	20µm	as	indicated.	
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4.3	Truncation	mutants	containing	amino	acids	537	to	590	of	DEF6	are	
sufficient	to	label	F-actin		
	
Initial	work	by	Mavrakis	et	al.	(2004)	indicated	that	the	C-terminal	end	of	DEF6	

(DH1:	 amino	 acids	 355	 to	631)	 exhibited	 constitutive	GEF	 activity	 colocalising	

with	F-actin.	Hey	et	al.	(2012)	demonstrated	that	a	portion	of	the	C-terminal	end	

(DHL-C:	amino	acids	476	to	590)	was	sufficient	to	label	F-actin.	Transfection	of	

COS7	 cells	 with	 DH1	 and	 DHL-C	 confirmed	 these	 results	 (Fig.	 4.5.0).	 These	

results	together	with	those	describe	earlier	(Fig.	4.4.0)	suggested	that	the	ability	

of	DEF6	to	colocalise	with	F-actin	was	likely	to	be	mediated	through	the	protein	

region	encoded	by	amino	acids	537	to	590.	Hence,	A	GFP-tagged	DEF6	mutant	

was	established	only	containing	amino	acids	537	to	590.	As	shown	in	Fig.	4.5.0,	

expression	 of	 this	 region	 of	 the	 DEF6	 protein	was	 sufficient	 for	 colocalisation	

with	F-actin	in	almost	100%	of	the	transfected	cells.		

To	 further	 dissect	 the	 ability	 of	DEF6	 to	 colocalise	with	 F-actin,	mutants	were	

established	that	either	expressed	amino	acids	537	to	550	or	551	to	590	as	GFP	

fusion	proteins.	Both	mutants	appeared	 to	overlap	with	F-actin	 (Fig.	4.5.0)	but	

were	also	distributed	diffusely	in	the	cytoplasm,	which	might	indicate	that	both	

sub-regions	are	still	able	to	bind	F-actin	albeit	to	a	lesser	extent	compared	to	the	

combined	region	from	amino	acid	537	to	590.	
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Fig.	4.5.0	
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Fig.	4.5.0	Amino	acids	537	to	590	of	DEF6	colocalise	with	F-actin	
(A):	Schematic	depiction	of	GFP-DEF6	mutants	DH1,	DHL-C,	amino	acids	537	
to	590aa,	537	to	550	and	551	to	590.		
Expression	 of	 GFP-tagged	 DH1	 (B),	 DHL-C	 (C)	 and	 537	 to	 590	 (D;	 green)	
overlapped	with	F-actin	stained	with	phalloidin	(Red).		
In	 contrast,	 537	 to	 550	 (E)	 and	 551	 to	 590	 (F)	 did	 exhibit	 some	 F-actin	
labeling	 but	 this	was	 less	 intense	 and	 somewhat	 blurry	 (white	 arrows).	 In	
addition,	these	mutants	localized	diffuse	in	the	cytoplasm	and	exhibited	some	
cytoplasmic	granules	(pink	arrows)	in	about	37%	of	the	transfected	cells.		
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4.3.1	 F-actin	 colocalisation	 is	 dependent	 on	 the	 coiled	 coil	 domain	
suggesting	that	oligomerisation	is	required	for	F-actin	binding	

SWAP70	forms	oligomers	via	their	coiled	coil	region,	which	is	necessary	for	its	F-

actin	 labelling	 function	 (Chacón-Martínez	 et	 al.,	 2013).	 To	 test	 whether	 the	

region	of	DEF6	that	colocalised	with	F-actin	(amino	acids	537	to	590)	was	able	to	

facilitate	 oligomerisation,	 the	 following	 experiment	 was	 performed.	 mCherry-

Y133/144D	mutant	spontaneously	aggregates	(Fig.	3.14.0)	and	this	aggregation	

is	 likely	 mediated	 through	 the	 coiled	 coil	 domain.	 Therefore	 mCherry-

Y133/144D	was	contransfected	with	GFP-tagged	mutant	537	to	590.	As	shown	

in	 Fig.	 4.6.0,	 in	 the	 presence	 of	 mCherry-Y133/144D	 aggregates,	 GFP-tagged	

mutant	 537	 to	 590	 protein	 colocalised	 with	 mCherry-Y133/144D	 aggregates.	

Similarly,	when	mCherry-Y133/144D	was	cotransfected	with	GFP-tagged	537	to	

550,	 both	 colocalised	 in	 aggregates	 (Fig.	 4.6.0).	 In	 contrast,	 GFP-tagged	551	 to	

590	did	not	colocalise	with	mCherry-Y133/144D	aggregates	(Fig.	4.6.0).	It	seems	

therefore	 that	 Y133/144D	 mutant	 that	 spontaneously	 aggregates	 can	 trigger	

aggregations	of	537-590	and	537-550	that	is	presumably	mediated	through	the	

coiled	coil	domain.	If	so,	it	suggests	that	the	mutant	Y133/144	acts	like	a	prion:	

forcing	 other	 proteins	 to	 aggregate	 that	 on	 their	 own	do	 not	 aggregate.	 Given	

that	 537-590	 localised	with	 F-actin	 (Fig.	 4.5.0),	 it	 suggests	 that	 the	 coiled	 coil	

domain	facilitates	oligomerisation	and	this	oligomerisation	is	resulting	in	F-actin	

colocalisation	and	presumably	binding.		
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Fig.	 4.6.0	 Y133/144D	 aggregates	 enforce	 aggregation	 of	 	 mutant	
proteins	537	to	590	and	537-550		
GFP-tagged	 DEF6	 mutants	 537	 to	 590,	 537	 to	 550	 and	 551to	 590	 were	
coexpressed	 with	 mCherry-tagged	 DEF6	 Y133/144D	 mutant,	 as	 indicated.	
While	537	to	590	and	537	to	550	were	captured	by	Y133/144D	aggregates	
as	seen	in	the	merged	images	on	the	right,	mutant	551	to	590	did	not	overlap	
with	mCherry-tagged	DEF6	Y133/144D	aggregates.		
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4.4	Coiled	coil-mediated	aggregation	prevents	DEF6	from	colocalising	with	
F-actin	
	
N-terminal	 truncated	mutants	 that	contain	the	entire	coiled	coil	region	such	as	

DH2,	Δ0-104	and	Δ0-216	spontaneously	aggregated	in	COS7	cell	cytoplasm	(Fig.	

3.7.1).	All	 these	mutant	proteins	contain	the	amino	acids	537	to	590	that	were	

sufficient	 to	 colocalise	with	F-actin	as	 shown	above.	Nevertheless,	 as	 shown	 in	

Fig.	 4.7.0,	 formation	 of	 aggregates	 by	 the	 mutant	 proteins	 prevented	

colocalisation	with	F-actin	again	indicating	that	F-actin	binding	and	presumably	

GEF	activity	of	DEF6	 is	masked	 in	aggregates.	 Interestingly,	LCK	was	shown	 to	

phosphorylate	DEF6	at	residues	Tyr	210,	133	and	144	apparently	liberating	the	

GEF	activity	of	DEF6	(Gupta	et	al.,	2003b	and	Bécart	et	al.,	2008).	However,	the	

LCK	 phosphomimic	 mutant,	 Y133/144D,	 spontaneously	 aggregates	 in	 the	

cytoplasm	and	did	not	exhibit	any	visible	filament-like	distribution	as	previously	

shown	(Fig.	3.17.0	and	Fig.	4.7.0).		

Together	these	results	suggest	that	DEF6	can	adopt	multiple	conformations	that	

either	 result	 in	 diffuse	 distribution,	 coiled	 coil-mediated	 oligomerisation	

resulting	 in	 F-actin	 colocalisation	 and	 presumably	GEF	 activity,	N-45-mediated	

P-body	colocalisation	and	coiled	coil-mediated	aggregation.	
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Fig.	 4.7.0	 Coiled	 coil-mediated	 aggregation	 prevents	 colocalisation	 of	
mutant	proteins	with	F-actin	
GFP-tagged	 DH2	 (A),	 Δ0-216	 (B),	 and	 Δ0-104	 (C)	 Y133/144D	 (D)	 (green)	
spontaneously	aggregate	as	shown	before	(Section	3.8).	As	can	be	seen	in	the	
merged	 images,	 these	 aggregates	 are	 not	 colocalising	 with	 F-actin	 (stained	
with	phalloidin;	red).		
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4.5	 H2O2	 treatment	 inducing	 PI3K	 activation	 resulted	 in	 DEF6/mutants	
labelling	F-actin.	
	
Mavrakis	 et	 al	 (2004)	 reported	 that	 either	 H2O2	 treatment	 of,	 or	 PDGF-BB	

addition	 to	 COS7	 cells	 transfected	 with	 GFP-tagged	 DEF6	 resulted	 in	

relocalisation	of	 the	 fusion	protein	and	 formation	of	 lamellipodia	and	 filopodia	

suggesting	 that	 DEF6	 GEF	 activity	 is	 regulated	 via	 the	 PI3K	 pathway.	 To	 test	

whether	mutant	DEF6	proteins	that	spontaneously	aggregate	can	still	be	induced	

via	the	PI3K	pathway,	transfected	COS7	cells	with	selected	mutants	were	treated	

with	H2O2	(1	mM,	15mins)	and	the	data	summarised	in	Fig.	4.8.1,	-2	and	-3.		

	

4.5.1	H2O2	treatment	altered	WT	DEF6	and	Δ0-104	to	overlap	with	F-actin	

H2O2	 treatment	 had	 no	 effect	 on	 the	 cellular	 localisation	 of	 GFP	 alone	 and	 as	

expected	 almost	 100%	WT	 DEF6	 expressed	 COS7	 cells	 showed	 colocalisation	

with	 F-actin.	 In	 addition,	 about	 39%	 of	 transfected	 cells	 also	 contained	

cytoplasmic	foci	/	small	granules,	and	these	granules	did	not	overlap	with	F-actin	

(Fig.	 4.8.1).	 N-terminal	 truncated	mutants,	 such	 as	 DH2	 and	 Δ0-216	 (3.7)	 still	

formed	 aggregates	 in	 cytoplasm	 indicating	 that	 H2O2	 treatment	 could	 not	

override	 aggregation	 (Fig.	 4.8.1).	 However,	 some	mutants	 represented	 by	 Δ0-

104	(3.7),	relocalised	and	overlapped	with	F-actin	in	lamellipodia,	filopodia	and	

invadosome	 in	almost	100%	of	 the	 transfected	 cells,	 even	 though	aggregations	

were	still	widely	present	(in	28%	of	the	transfected	cells)	(Fig.	4.8.1).		

Taken	together,	it	seems	that	the	coiled	coil	domain	can	form	stable	aggregates	

and	 larger	 structure	 but	 also	 mediate	 oligomerisation	 facilitating	 F-actin	

colocalisation	and	presumably	GEF	activity.	
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Fig.	4.8.1	
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4.5.2	Conformation	of	phosphomimic	DEF6	mutants	are	resistant	to	H2O2-

mediated	protein	modifications	

As	shown	above,	DH2	and	Δ0-216	aggregates,	which	lack	ITAM	and	PH	domains,	

were	resistant	 to	H2O2-mediated	protein	modifications.	Phosphomimic	mutants	

Y133/144D	 that	 aggregates	 or	 Y210/222E	 that	 localises	 to	 P-bodies	 and	 the	

corresponding	 neutral	 mutants	 Y133/144F,	 Y210/222F	 were	 tested	 next.	 As	

shown	in	Fig.	4.8.2,	Y133/144D	and	Y210/222E	aggregates	were	also	resistant	

to	H2O2	 treatment.	Phosphomimic	mutant	Y210/220E	 in	 the	 context	of	Δ0-104	

(Y210/222E-Δ0-104)	 again	 formed	 aggregates	 that	 were	 resistant	 to	 H2O2	

treatment	 suggesting	 that	 the	 conformation	 of	 these	 aggregates	 is	 stable	

compared	 to	 those	 formed	 by	 Δ0-104	 (see	 Fig.	 4.8.1).	 Y133/144F	 and	

Y210/222F	formed	aggregates	but	also	colocalised	with	F-actin	in	few	cells	after	

the	 treatment	 (these	 rare	 cells	 depicted	 in	 Fig.4.8.2).	 These	 data	 suggest	 that	

modifications	 of	 ITAM	 and	 PH	 domains	 of	 DEF6	 through	 phosphorylation	

determine	conformation	and	function	preventing	colocalisation	with	F-actin.	

Fig.	4.8.1	H2O2	treatment	alleviates	Δ0-104	aggregates		
COS7	 cells	 transfected	with	GFP	 or	GFP-tagged	wild	 type	 DEF6	 or	mutants	
DH2,	Δ0-216	and	Δ0-104	were	treated	with	1	mM	H2O2	for	15mins.		
Localisation	of	GFP	(A),	 and	aggregates	of	DH2	(B)	 and	Δ0-216	(C)	 did	not	
change	upon	treatment.		
Wild	 type	 (WT)	DEF6	 (D)	 colocalised	with	 F-actin	 (stained	with	 phalloidin;	
red)	indicating	GEF	activity.	H2O2	treatment	also	resulted	in	WT	DEF6	forming	
granules	in	about	39%	of	transfected	cells.		
Δ0-104	 (E)	 also	 colocalised	with	 F-actin	 in	 nearly	 100%	of	 the	 transfected	
cells	and	only	about	29%	of	them	exhibited	still	aggregations.	
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Fig.	4.8.2	Conformation	of	phosphomimic	DEF6	mutants	are	resistant	to	
H2O2-mediated	protein	modifications	
H202	 treatment	 (1mM,	 15mins)	 of	 COS7	 cells	 transfected	 with	 GFP-tagged	
phosphomimic	mutants	Y133/144D	(A),	Y210/222E	(B)	and	Y210/222E-Δ0-
104	 (C)	 did	 not	 alter	 formation	 of	 aggregates	 observed	 in	 68%,	 68.5%	and	
88%	of	the	transfected	cells,	respectively.	
Expression	 of	 GFP-tagged	 Y133/144F	 (D)	 and	 Y210/222F	 (E)	 resulted	 in	
aggregates	 in	 27.2%	 and	 43.8%	 of	 the	 transfected	 cells	 and	 only	 few	 cells	
exhibited	overlap	with	F-actin	depicted	here.	
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4.5.3	Conformation	of	proline	mutants	Q407P-M410P	and	I428P-L431P	are	
resistant	 to	 H2O2-mediated	 protein	 modifications	 but	 localisation	 of	
Q371P-A374P	and	K491P-L494P	was	altered	

As	 shown	 in	 Chapter	 3	 (3.3),	 Q371P-A374P,	 Q407P-M410P,	 I428P-L431P	 and	

K491P-L494P	 localised	 diffuse	 in	 the	 cytoplasm	 without	 any	 obvious	 overlap	

with	F-actin	(Fig.	3.3.0).	As	shown	in	Fig.	4.8.3,	Q371P-A374P	colocalsied	with	F-

actin	 in	 almost	 100%	 of	 the	 transfected	 cells.	 In	 contrast,	 R407P-M410P	 and	

I428P-L431P	were	more	diffuse	in	cytoplasm	and	rarely	colocalised	with	F-actin.	

Surprisingly,	81%	of	 cells	 transfected	with	K491P-L494P	exhibited	granules	 in	

the	 cytoplasm	 that	did	not	seem	 to	 colocalise	with	F-actin	but	were	 frequently	

observed	alongside	F-actin.		
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Fig.	4.8.3	
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Fig.	 4.8.3	 Proline	 mutants	 that	 exhibited	 a	 diffuse	 localisation	 in	 the	
cytoplasm	react	differently	to	H2O2-mediated	protein	modifications	
(A)	 GFP-tagged	 Q371P-A374P	 colocalised	 with	 F-actin	 in	 100%	 of	 the	
transfected	cells.	Q407P-M410P	(B)	and	I428P-L431P	(C)	were	diffuse	in	the	
cytoplasm	and	only	rarely	overlapped	with	F-actin.	K491P-L494P	(D)	formed	
granules	 in	81%	of	 the	transfected	cells	 that	seemed	to	 localise	alongside	F-
actin.		
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4.6	Summary	of	main	finding		
	

• Disruption	 of	 the	 coiled	 coil	 domain	 results	 in	 conformational	
change	and	colocalisation	of	some	proline	mutants	with	F-actin	

	
• Truncation	mutants	containing	amino	acids	537	to	590	of	DEF6	are	

sufficient	to	label	F-actin	
	

• F-actin	colocalisation	of	DEF6	is	dependent	on	the	coiled	coil	domain	
suggesting	that	oligomerisation	is	required	for	F-actin	binding		

	
• Coiled	coil-mediated	aggregation	prevents	DEF6	from	colocalising	

with	F-actin		
	

• Wild	type	and	mutant	DEF6	proteins	react	differentially	to	H202	–
mediated	protein	modifications	
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Chapter	5	
	
	
	

DEF6	function	in	T	cells	
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5.1	GEFs	and	F-actin	are	important	for	immunological	synapse	formation	
and	function	
	

T	 cell	 activation	 starts	 when	 T	 cell	 receptor	 (TCR)	 binds	 to	 major	

histocompatibility	complex	proteins	(MHCs)	of	antigen	presenting	cells	(APCs).	

This	 interaction	 initiates	 immunological	 synapse	 (IS)	 formation	 at	 the	 junction	

between	T	cells	and	APCs	and	triggers	a	series	of	reactions,	such	as	TCR	ζ	chain	

phosphorylation	and	ZAP70	activation.	Initiation	of	IS	formation	is	accompanied	

by	 F-actin	 polymerisation	 which	 is	 an	 essential	 step	 and	 either	 enhanced	 or	

reduced	 F-actin	 stability	 disrupts	 this	 reaction.	 Therefore,	 balanced	 F-actin	

polymerisation	 is	 crucial	 for	 IS	 formation	 (Billadeau	et	al.,	 2007;	Alarcón	et	al.,	

2011;	 Yu	 et	 al.,	 2013).	 Once	 formed,	 the	 IS	 exhibits	 a	 spatial	 segmented	

supermolecular	organisation,	and	has	diverse	patterns	 in	different	 immune	cell	

types	(Davis	and	Dustin,	2004).	As	described	in	Chapter	1,	upon	TCR	activation,	

DEF6	localised	into	IS	in	CD4	T	cells	(Bécart	et	al.,	2008	and	Gupta	et	al.,	2004b).	

In	CD4	T	cells,	supermolecular	segregation	results	in	a	“bull’s	eye”	pattern	with	

three	 distinct	 concentric	 domains	 that	 have	 been	 termed	 as	 supramolecular	

activation	 clusters	 (SMAC)	 (Fig.	 5.1.0).	 The	 central	 domain	 (cSMAC)	 is	

characterised	 by	 abundance	 of	 TCRs	 and	 bound	 MHCs.	 cSMAC	 is	 directly	

surrounded	by	a	ring	structure	that	has	been	named	peripheral	SMAC	(pSMAC).	

LFA-1	 is	 concentrated	 in	 this	 domain	 where	 it	 binds	 to	 ICAM-1	 expressed	 by	

APCs.	 The	 outer	 layer	 of	 the	 synapse	 is	 a	 ring	 domain	 called	 distal	 SMAC	

(dSMAC),	which	 is	 full	of	F-actin	(Fig.	5.1.0	B	and	C).	 IS	 formation	 is	a	dynamic	

process	resulting	in	this	asymmetric	distribution	of	TCRs	and	F-actin.	Once	IS	has	

started	 to	 form,	 TCR	 gradually	 concentrates	 in	 the	 center	 of	 the	 synapse,	 in	

contrast,	 actin	 distributes	 to	 a	 ring	 that	 surrounds	 the	 TCR	 center	 (Yu	 et	 al.,	
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2013).		

	

F-actin	plays	multiple	 roles	 in	 IS	 formation	and	 function.	 It	provides	a	 scaffold	

that	 stabilises	 the	 IS,	 and	 the	 F-actin	 ring	 in	dSMAC	 seals	 the	 contact	 between	

two	cells,	which	prevents	leaking	of	cytokines	during	their	transport	between	T	

and	antigen	presenting	cells	(Yu	et	al.,	2013).	In	addition,	the	dynamics	of	F-actin	

produces	 power	 to	 spatially	 segregate	 various	 molecules	 in	 the	 IS	 crucial	 for	

immune	 functions	 (Hartman	 et	 al.,	 2009;	 Yu	 et	 al.,	 2010	 and	 Yu	 et	 al.,	 2013).	

Finally,	F-actin	is	also	directly	involved	in	the	passage	of	T	cell	signalling,	such	as	

integrin	activation	(Kinashi,	2005).	

Fig.	5.1.0	Immunological	synapse	(IS)	and	its	“bull’s	eye”	pattern	
(A)	 IS	 formation	at	 the	 junction	of	T	 cell	 and	APC	as	 indicated	 (Biggs	et	al.,	
2011).	

(B)	 and	 (C)	 Schematic	 representation	 of	 IS	 “bull’s	 eye”	 concentric	 domain	
pattern.	 The	 centre	 is	 termed	 central	 supramolecular	 activation	 cluster	

(cSMAC)	with	abundant	TCRs	and	their	bound	MHCs.	Next	to	the	cSMAC	is	the	

peripheral	 SMAC	 (pSMAC)	 with	 LFA-1	 and	 its	 bound	 ICAM1.	 The	 distal	

domain	(dSMAC)	is	characterised	by	the	abundance	of	F-actin.		
(D)	Dynamic	of	IS	formation.	TCRs	gradually	concentrate	in	the	cSMAC	while	
F-actin	forms	a	ring	structure	in	the	dSMAC	(Yu	et	al.,	2013).	
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F-action	 dynamics	 are	 controlled	 by	 Rho	 GTPases	 that	 in	 turn	 are	 activated	

through	GEFs.	 In	T	cells	 the	vav	 family	have	been	extensively	analysed	and	are	

believed	 to	 be	 the	 main	 GEFs	 downstream	 of	 TCR-mediated	 signalling	

(Tybulewicz	2005).	However,	DEF6	is	also	recruited	to	the	IS	and	functions	as	a	

GEF	 for	Rho	GTPases	 and	 lack	 of	DEF6	 results	 in	 impaired	T	 cell	 function	 and	

autoimmunity	 (Gupta	 et	al.,	 2003b;	 Bécart	 et	al.,	 2008;	 Fanzo	 et	al.,	 2006).	 To	

further	 characterise	 DEF6	 function	 in	 T	 cells,	 GFP-tagged	 WT	 and	 selected	

mutants	were	expressed	 in	 Jurkat	T	cells	 to	determine	their	 localisation	before	

and	 after	 IS	 formation	 mediated	 through	 conjugation	 with	 APCs	 (Raji	 B	 cell	

preloaded	with	staphylococcal	enterotoxin	A/B).		
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5.2	WT	 DEF6,	 L533P-A536P,	 All-10	 and	 Δ0-216-All-10	 labelled	 F-actin	 in	
Jurkat	T	cells.	

In	resting	Jurkat	cells,	GFP	on	its	own	was	present	throughout	the	cells	without	

any	 specific	 localisation	 (Fig.	 5.2.1).	 In	 contrast,	 GFP-tagged	 WT	 DEF6	 was	

mainly	localised	in	lamellipodia-	and	filopodia-like	cell	protrusions,	overlapping	

with	F-actin.	This	is	consistent	with	the	report	from	Hey	(2011,	PhD	thesis)	that	

DEF6	 localised	 in	 cell	membrane	of	 Jurkat	 cells,	 and	might	 suggests	 that	DEF6	

exhibits	GEF	activity	in	resting	cells	independent	of	TCR-mediated	activation.	It	

seems	 therefore	 that	 DEF6	 can	 be	 modified	 in	 resting	 T	 cells	 by	 mechanisms	

other	than	LCK	phosphorylation	(Bécart	et	al.,	2008	and	Gupta	et	al.,	2004b)	to	

liberate	its	GEF	activity	suggesting	DEF6	plays	multiple	roles	in	T	cells.	However,	

while	 endogenous	 DEF6	 can	 form	 granules	 (Remon,	 PhD	 thesis	 2017)	

overexpressed	DEF6	did	not	exhibit	detectable	granule	formation	(Fig.	5.2.1).	

To	 test	whether	 DEF6	mutants	 that	 spontaneously	 colocalised	 with	 F-actin	 in	

COS7	cells	would	also	do	so	in	Jurkat	cells,	GFP-tagged	L533P-A536P,	All-10	and	

Δ0-216-All-10	were	 selected.	 As	 shown	 in	 Fig.	 5.2.2,	 all	 three	mutant	 proteins	

exhibited	 similar	 cellular	 distribution	 as	 overexpressed	WT	DEF6,	 colocalising	

with	F-actin	in	cell	protrusions	in	resting	Jurkat	cells.	
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A	
	
	
	
	
	
	
	
	
B	

Fig.	5.2.1	GFP-tagged	wild	 type	DEF6	colocalises	with	F-actin	 in	resting	
Jurkat	T	cells	
While	GFP	alone	(A)	was	diffused	throughout	the	cells	(as	seen	in	COS7	cells),	
GFP-tagged	 WT	 DEF6	 (B)	 localised	 to	 the	 cell	 membrane	 and	 protrusions	
colocalising	with	F-actin	that	was	stained	with	phalloidin	(red).	
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Fig.	 5.2.2	 GFP-tagged	 DEF6	mutants	 L533P-A536P,	 All-10	 and	 Δ0-216-
All-10	colocalised	with	F-actin	in	resting	Jurkat	T	cells	
GFP-tagged	 L533P-A536P	 (A),	 All-10	 (B)	 and	Δ0-216-All-10	 (C)	 colocalised	
with	phalloidin	stained	F-actin	(red)	in	cell	membrane	and	protrusions.	

5μm	 5μm	 5μm	

5μm	 5μm	 5μm	

5μm	 5μm	 5μm	

Δ0-216-All-10	



	 	 Results	|	Chapter	5	

	

	 133	

5.3	Δ0-104,	Δ0-216,	DH2	and	Y133/144D	exhibited	diverse	phenotypes	in	
Jurkat	T	cells.	

GFP-tagged	 DEF6	 N-terminal	 truncated	 mutants	 Δ0-104,	 Δ0-216,	 the	 LCK	

phosphomimic	mutant,	Y133D/Y144D	and	DH2	formed	aggregates	in	COS7	cells	

(Fig.	 3.7.1	 and	 Fig.	 3.17.0).	 However,	 in	 Jurkat	 T	 cells,	 they	 exhibited	 more	

diverse	 phenotypes.	 As	 for	 Δ0-104,	 only	 less	 than	 2%	 of	 transfected	 cells	

(Appendix	 8.4,	 Fig.	 8.9.0)	 clearly	 contained	 aggregates	 whereas	 most	 cells	

exhibited	 colocalisation	 of	 Δ0-104	 with	 F-actin	 in	 cell	 protrusions.	 Δ0-216	

expressing	cells	did	not	exhibit	any	aggregates.	Instead,	Δ0-216	localisation	was	

more	 diffuse	 in	 the	 cytoplasm	 and	 weakly	 localised	 in	 cells	 protrusions	

overlapping	 with	 F-actin	 (Fig.	 5.2.3).	 DH2	 formed	 vesicular-like	 aggregates	 in	

about	60%	of	 the	 transfected	 Jurkat	 cells	 that	 looked	similar	 in	morphology	 to	

those	 observed	 in	 COS7	 cells.	 In	 about	 40%	 Jurkat	 cells,	 DH2	 was	 localised	

throughout	 the	 cytoplasm	 including	 cell	 protrusions	 overlapping	 with	 F-actin	

(Fig.	 5.2.3).	 Occasionally,	 both	 DH2	 phenotypes	 were	 observed	 in	 single	 cells.	

DEF6	 mutant	 Y133D/Y144D	 that	 mimic	 LCK	 phosphorylation	 had	 been	

previously	 reported	 to	 translocate	 to	 immunological	 synapse	 (Bécart	 et	 al.,	

2008).	 However,	 this	 mutant	 was	 barely	 detectable	 in	 Jurkat	 cells	 suggesting	

toxicity	when	overexpressed.	 The	 image	 shown	 in	 Fig.	 5.2.4	was	 the	 only	 case	

detected	 showing	 Y133D/Y144D	 aggregates	 similar	 to	 its	 behaviour	 in	 COS7	

cells.	
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5.4	 The	 ITK	 phosphomimic	 mutant	 Y210E/Y222E	 formed	 granules	 co-
localising	with	P-bodies	but	also	appeared	diffuse	overlapping	with	F-actin.	
	
As	 previously	 shown,	 ITK	 phosphomimic	mutant	 Y210E/Y222E	 spontaneously	

aggregates	 and	 colocalises	with	 P-bodies	 (Hey	 et	al;	 2012;	Mollett;	 2014,	 PhD	

thesis;	 Alsayegh,	 in	 preparation;	 Fig.	 3.14.0).	 	 However,	 in	 about	 half	 of	 the	

transfected	Jurkat	cells,	Y210E/Y222E	was	also	diffuse	overlapping	with	F-actin	

in	cell	protrusions	(Fig.	5.2.5).	

	

Fig.	 5.2.3	Cellular	 localisation	 of	 GFP-tagged	 Δ0-104,	 Δ0-216	 and	 DH2	
mutants	in	resting	Jurkat	T	cells	
The	N-terminal	truncation	mutant	Δ0-104	(A)	clearly	overlapped	with	F-actin	
in	 cells	 protrusions	 and	 only	 rarely	 (2%	 of	 transfected	 cells)	 contained	

granules	which	is	strikingly	different	from	its	phenotype	in	COS7	cells.	Δ0-216	

(B)	was	diffuse	in	the	cytoplasm	and	overlapped	with	F-actin.	DH2	(C)	formed	
vesicle-like	 aggregates	 in	 60%	of	 transfected	 cells	 like	 in	 COS7.	 In	~40%	of	

the	 cells,	 DH2	 (D)	 was	 diffuse	 and	 weakly	 overlapped	 with	 F-actin	 in	 cell	
protrusions.	

Fig.	5.2.4	GFP-tagged	Y133D/Y144D	formed	aggregates	in	Jurkat	T	cells	
Due	 to	 very	 low	 transfection	 efficiency	 that	 might	 suggest	 toxicity	 of	

Y133D/Y144D	in	Jurkat	T	cells,	only	a	single	transfected	cell	was	detected	that	

exhibited	aggregation	of	Y133D/Y144D	mutant	protein.	
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Fig.	5.2.5	ITK	phosphomimic	mutant	Y2210E/Y222E	colocalises	with	DCP1	
but	also	colocalised	with	F-actin	in	cell	protrusions	
(A)	Confocal	analysis	of	Jurkat	cells	cotransfected	with	GFP-tagged	Y210E/Y222E	
and	 mCherry-tagged	 DCP1.	 Enlarged	 region	 in	 the	 merged	 images	 including	

vertical	and	side	views	indicate	colocalisation	of	the	two	proteins.		

(B)	 Diffuse	 localisation	 of	 Y210E/Y222E	 and	 overlap	 with	 F-actin	 in	 cell	
protrusions	was	observed	in	about	50%	of	transfected	cells.	
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5.5	 Upon	 TCR-mediated	 activation,	 WT	 DEF6	 is	 recruited	 to	 the	 IS	
concentrating	in	cSMAC		
	

Upon	TCR	stimulation,	DEF6	relocates	to	the	IS,	possibly	depending	on:	a)	F-actin	

interactions,	and	b)	interaction	with	Rap1	linking	DEF6	to	LFA-1	that	binds	ICAM		

(Gupta	et	al.,	 2003b	and	Côte	et	al.,	 2015).	To	 further	 characterise	 recruitment	

and	 localisation	 of	WT	 and	mutant	 DEF6,	 Jurkat	 T	 cells	 were	 transfected	 and	

subsequently	 incubated	 with	 Raji	 B	 cells	 pre-loaded	 with	 enterotoxin	 A/B	 to	

trigger	TCR-mediated	activation	and	IS	formation	(Marrack	and	Kappler,	1990).	

Using	confocal	microscopy	allowed	detailed	analysis	of	the	IS	by	zooming	up	the	

vertical	and	side	view	(Z-stack	imaging	and	then	x	and	y	side	views).	As	shown	in	

Fig.	 5.3.1,	 F-actin	 localised	 mainly	 to	 the	 outer	 layer	 of	 the	 IS	 forming	 a	 ring	

structure	 and	 was	 less	 abundant	 in	 the	 center.	 This	 was	 consistent	 with	 the	

“bull’s	eye”	pattern	of	IS	structure	shown	in	Figure	5.1.0.	GFP	as	negative	control	

was	diffuse	and	did	not	exhibit	any	specific	 localisation	(Fig.	5.3.1).	 In	contrast,	

GFP-tagged	WT	DEF6	was	clearly	recruited	to	the	IS	as	expected.	From	the	side	

view,	it	is	apparent	that	DEF6	is	overlapping	with	F-actin	in	the	outer	layer,	but	it	

is	much	more	concentrated	in	cSMAC,	where	F-actin	is	less	abundant	(Fig.	5.3.1).	

This	result	is	consistent	with	pervious	data	by	Singleton	et	al	(2011)	as	well	as	

with	 unpublished	 data	 by	 fellow	 PhD	 students	 Alsayegh	 and	 Akdeniz	 who	

showed	that	endogenous	DEF6	is	also	more	concentrated	in	the	center	of	IS.			
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Fig.	 5.3.1	 Recruitment	 and	 localisation	 of	 GFP-tagged	WT	 DEF6	 to	 the	
cSMAC	of	the	IS		
Jurkat	 T	 cells	 transfected	with	 either	GFP	 (A)	 or	 GFP-tagged	WT	DEF6	 (B)	
were	 conjugated	 with	 enterotoxinA/B	 presenting	 Raji	 B	 cells	 and	 IS	 was	

analysed	using	confocal	microscopy.		

GFP	 was	 diffuse	 and	 absent	 from	 the	 IS	 that	 exhibited	 F-actin	 labelled	 by	

phalloidin	 (red)	 in	 the	 pSMAC.	 In	 contrast,	 GFP-tagged	 WT	 DEF6	 was	

recruited	to	the	IS	concentrating	in	the	cSMAC.	
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5.6	 All-10,	 Δ0-216-All-10,	 L533P-A536P,	 DH2	 and	 Δ0-216	 mutants	
translocate	to	the	IS	but	don’t	concentrate	in	cSMAC	
	
As	 shown	 above	 (Fig.	 5.2.1	 and	 -2),	 All-10,	 Δ0-216-All-10	 and	 L533P-A536P	

mutants	 localised	 in	 cell	 protrusion	 and	 overlapping	 with	 F-actin	 in	 resting	

Jurkat	T	 cells	 similar	 to	WT	DEF6.	 Strikingly,	 all	 three	mutants	 translocated	 to	

the	 IS,	 however,	 unlike	WT	 DEF6,	 they	 did	 not	 concentrate	 in	 the	 cSMAC	 but	

overlapped	with	F-actin	in	the	outer	ring	(Fig.	5.3.2).	While	All-10,	Δ0-216-All-10	

were	 essentially	 absent	 from	 the	 cSMAC,	 L533P-A536P	was	 also	 present	 here	

(Fig.	5.3.2).	Interestingly,	in	the	presence	of	L533P-A536P,	F-actin	did	not	exhibit	

the	“bull’s	eye”	character	but	was	also	abundant	in	cSMAC	(Fig.	5.3.2).	This	data	

is	however	preliminary	and	needs	confirmation.		

DH2	and	Δ0-216	were	also	 recruited	 to	 the	 synapse	and	 localised	 to	 the	outer	

ring	 overlapping	 with	 F-actin	 (Fig.	 5.3.3).	 Although	 DH2	 also	 still	 formed	

aggregates,	 it	 is	rather	striking	that	some	mutant	DH2	protein	was	recruited	to	

the	IS	suggesting	that	during	T	cell	activation	the	vesicle-like	structures	formed	

by	 DH2	 (Fig.	 5.2.3)	 can	 be	 disrupted	 presumably	 through	 phosphorylation	 or	

other	protein	modifications.	
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C	

Fig.	 5.3.2	 Selected	 DEF6	 mutants	 are	 recruited	 to	 the	 IS	 but	 their	
localisation	is	distinct	from	WT	DEF6	
Proline	mutants	All-10	(A),	the	N-terminal	truncated	proline	mutant	Δ0-216-All-
10	 (B)	 and	 L533P-A536P	 (C)	 were	 recruited	 to	 the	 IS.	 Confocal	 microscopy	
analysis	 revealed	 that	 All-10	 and	 Δ0-216-All-10	 localised	 in	 the	 pSMAC	

overlapping	 with	 the	 F-actin	 ring.	 L533P-A536P	 localised	 in	 both	 pSMAC	 and	

cSMAC	altering	F-actin	localisation	that	was	also	present	in	cSMAC.	

	
L533P-A536P	

	

	

	

	

Phalloidin	

	

	

	

	

Merge	

L533P-A536P																																	Phalloidin																																													Merge	

5μm	

2μm	

2μm	

2μm	

	

L533P-A536P	

	

	

																								T	

	

	

																									B	

	

	

5μm	



	 	 Results	|	Chapter	5	

	

	 142	

	

Fig.	 5.3.3	DEF6	mutants	 DH2	and	 Δ0-216	are	 recruited	 to	 the	 IS	 but	 their	
localisation	is	distinct	from	WT	DEF6	
DH2	 (A)	 and	 Δ0-216	 (B)	 were	 recruited	 to	 the	 IS	 localising	 in	 the	 pSMAC.	 In	
addition,	 the	 vesicular-like	 aggregations	 of	 DH2	 were	 still	 present.	 (The	

aggregates	are	over	exposure	to	highlight	IS	translocation.)	
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	5.7	 WT	 DEF6	 seems	 to	 be	 recruited	 to	 the	 IS	 through	 cell	 protrusion	
ruffling	
	

Previous	research	(Ritter	et	al.,	2015)	indicated	that	the	interactions	between	B	

and	T	cell	protrusions	initiate	conjugation	and	IS	formation.	Given	that	WT	DEF6	

was	 observed	 in	 cell	 protrusions	 in	 resting	 Jurkat	 cells,	 live	 cells	 imaging	was	

applied	 to	 see	 whether	 DEF6	 is	 recruited	 to	 the	 IS	 through	 cell	 protrusion	

ruffling.	 As	 shown	 in	 Fig.	 5.4.0,	 GFP-tagged	WT	 DEF6	 localised	 in	 protrusions	

with	 ruffling	 but	 upon	 interaction	 between	 Jurkat	 cell	 protrusions	 and	 Raji	 B	

cells	 the	 IS	 is	 formed	 in	 seconds	 translocating	DEF6	 rapidly	 to	 the	 junction.	 It	

seems	therefore	that	DEF6	is	indeed	translocated	to	the	IS	with	the	movement	of	

cell	protrusions.		

	 	



	 	 Results	|	Chapter	5	

	

	 144	

	 	

Fig.	 5.4.0	 Dynamic	 of	WT	 DEF6	 in	 Jurkat	 T	 cells	 forming	 conjugations	
with	Raji	B	cells	
Time	lapse	analysis	of	IS	formation	from	0	to	40	secs	as	indicated.	GFP-tagged	

DEF6	 localised	 in	 cell	membrane	 and	 protrusions	 that	 seem	 to	 sense	Raji	 B	

cells	 (arrow	 head)	 and	 subsequently,	 DEF6	 is	 recruited	 to	 the	 synapse	 in	

seconds.	Raji	B	cells	are	stained	with	Calcein	Blue.	
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5.8	Spontaneous	granule	formation	and	colocalisation	of	Y210E/Y222E	
with	P-bodies	in	resting	T	cells	seems	reversed	in	activated	T	cells		
	
As	 shown	 in	 Fig.	 5.2.5,	 the	 ITK	 phosphomimic	 mutant	 Y210E/Y222E	 formed	

spontaneous	 granules	 that	 colocalised	 with	 P-bodies	 in	 about	 50%	 of	 the	

transfected	 Jurkat	 cells.	 However,	 after	 conjugation	 with	 Raji	 B	 cells,	

Y210E/Y222E	was	diffuse	 in	activated	 Jurkat	 T	 cells	 and	no	granule	 formation	

was	 detected	 despite	 the	 presence	 of	 P-bodies	 (Fig.5-5-0).	 Given	 that	

Y210E/Y222E	 did	 not	 form	 granules	 in	 all	 of	 the	 transfected	 cells,	 this	

observation	 could	 be	 due	 to	 chance.	 However,	 if	 further	 experiments	 would	

confirm	 the	 result	 shown	 in	Figure	5.5.0,	 then	 it	might	 imply	a	 link	between	T	

cells	activation	and	DEF6	function	in	RNA	metabolism.		
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Fig.	 5.5.0	 Spontaneous	 granule	 formation	 and	
colocalisation	 with	 P-bodies	 of	 Y210E/Y222E	 in	 resting	
Jurkat	T	cells	is	reversed	upon	activation	
Cotransfection	of	Jurkat	T	cells	with	GFP-tagged	Y210E/Y222E	

and	mCherry-tagged	DCP1	conjugated	with	Raji	B	 cells.	While	

mCherry-tagged	 DCP1	 exhibited	 its	 typical	 localisation	 for	 P-

bodies	 (B),	 GFP-tagged	 Y210E/Y222E	 was	 diffuse	 in	 the	
cytoplasm	 (A)	 not	 colocalising	 with	 DCP1	 (C).	 This	 would	
suggest	 that	T	cell	activation	results	 in	conformational	change	

of	GFP-tagged	Y210E/Y222E	preventing	granule	formation	and	

colocalisation	with	P-bodies.	(D)	Phase	image	showing	T	and	B	
cell	conjugation	as	indicated.	
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5.9	Summary	of	main	finding	

	

• In	resting	Jurkat	T	cells,	GFP-tagged	wild	type	DEF6	localised	in	cell	

membrane	and	protrusions	overlapping	with	F-actin.	

• N-terminal	truncation	mutants	that	formed	aggregates	in	COS7	cells	

localised	in	cell	membrane	and	protrusions	in	resting	Jurkat	T	cells	

overlapping	with	F-actin.	

• DH2	formed	vesicle-like	aggregates	in	resting	Jurkat	T	cells	but	upon	

activation	was	mainly	diffuse	in	the	cytoplasm	including	the	IS.	

• Low	 transfection	 efficiency	 of	 the	 LCK	 phosphomimic	 mutant	

Y133/144D	suggests	toxicity	in	Jurkat	cells.		

• In	 resting	 Jurkat	 cells,	 ITK	 phosphomimic	 mutant	 Y210/222E	

formed	granules	that	colocalised	with	P-bodies	but	equally	appeared	

diffuse	 labelling	 F-actin	 in	 cell	 protrusions.	 Upon	 activation,	

Y210/222E	was	diffuse	no	longer	colocalising	with	P-bodies.	

• Upon	TCR-mediated	activation,	wild	type	DEF6	was	recruited	to	the	

IS	concentrating	in	the	cSMAC.	A	feature	that	was	distinct	from	some	

proline	mutants	 that	were	 also	 recruited	 to	 the	 IS	 but	 exhibited	 a	

different	localisation	within	the	IS.	

• Wild	type	DEF6	seems	to	translocate	to	the	IS	within	cell	protrusions	

contacting	the	APC.	
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6.1	Coiled	coil-mediated	aggregation	

PairCoil2	 analysis	 predicted	 a	 coiled	 coil	 domain	 in	 the	 glutamine	 (Q)-rich	 C-

terminal	 part	 of	 DEF6	 (between	 amino	 acids	 330	 and	 550;	 Hey	 et	 al.,	 2012;	

Figures	3.1.2	and	3.2.2).	Q	or	hydrophobic	amino	acids	occur	 frequently	at	 the	

“a”	 and	 “d”	 position	 of	 the	 heptad	 repeats	 (a–g)	 of	 the	 predicted	 coiled	 coil	

region.	Coiled	coil	domains	can	interact	with	other	coiled	coil	domains	resulting	

in	 right-handed	 supercoil	 structures	 that	 contain	 two	 to	 seven	 coiled	 coil	

domains	(Liu	et	al.,	2006).		

	

Given	 that	 wild	 type	 DEF6	 tagged	 with	 GFP	 and	 overexpressed	 in	 COS7	 cells	

localised	diffuse	 in	 the	 cytoplasm,	 it	 is	 likely	 that	 the	 conformation	of	DEF6	 is	

such	that	the	coiled	coil	domain	is	masked	to	control	its	ability	to	interact	with	

other	coiled	coil	domains.	However,	several	mutant	versions	of	DEF6	(e.g.	DH2,	

Y133/144D,	 �104,	 �216)	 formed	 aggregates	 in	 COS7	 cells	 suggesting	 a	

conformational	 change	 unmasking	 the	 coiled	 coil	 domain.	 Some	 aggregates	

formed	 large	 structures	 that	 in	 the	 extreme	 were	 vesicle-like	 (mutant	 DH2;	

Figure	3.8.0).	It	seems	therefore	that	the	coiled	coil	domain	of	DEF6	can	interact	

with	 itself	 and	 if	 uncontrolled,	 this	 interaction	 results	 in	 large	 aggregates.	

Cotransfection	of	mutant	Y133/144D	with	either	DH2,	�104	or	�216	confirmed	

this	 interpretation:	 aggregates	 formed	were	 completely	 overlapping	 indicating	

that	 DEF6	 molecules	 can	 interact	 with	 each	 other	 via	 the	 coiled	 coil	 domain	

(Figures	3.15.0).		
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6.2	Coiled	coil-mediated	interaction	of	wild	type	DEF6	

To	 test	 whether	 wild	 type	 DEF6	molecules	 can	 also	 interact	 with	 each	 other,	

mCherry-NLS-DEF6	was	 cotransfected	with	 GFP-tagged	 DEF6.	 Insertion	 of	 the	

NLS	 into	mCherry-tagged	wild	 type	 DEF6	 resulted	 in	 nuclear	 localisation	 (see	

3.9).	 As	 shown	 in	 Figure	 3.12.0,	 some	 GFP-tagged	 DEF6	was	 colocalising	with	

mCherry-NLS-DEF6	in	the	nucleus	indicating	that	also	wild	type	DEF6	molecules	

can	 interact	 with	 each	 other.	 This	 interaction	 is	 likely	 mediated	 through	 the	

coiled	coil	domain	because	mutant	DEF6	proteins	were	either	also	dragged	into	

the	 nucleus	 when	 cotransfected	 with	 mCherry-NLS-DEF6	 (N590;	 DH1;	 Figure	

3.12.0),	or	mCherry-NLS-DEF6	was	retained	in	the	cytoplasm	(DH2;	Y210/222E;	

Figure	3.12.0).	In	addition,	proline	mutants	(e.g.	All-10	disrupting	the	coiled	coil	

domain	did	not	interact	with	mCherry-NLS-DEF6	(Figure	3.13.0)	indicating	that	

the	interactions	observed	are	indeed	coiled	coil-mediated.		

	

It	 seems	 therefore	 that	 unmasking	 of	 the	 coiled	 coil	 domain	 through	

conformational	 change	 facilitates	 interactions	 of	 DEF6	 molecules	 that	 either	

result	 in	 ‘controlled’	 dimer	 or	 oligomer	 formation	 or	 when	 ‘uncontrolled’	 in	

aggregates	that	can	assemble	to	large	structures	within	the	cytoplasm.		

	

6.3	Coiled	coil-mediated	trapping	or	enforced	conformational	change	

The	 experiments	 described	 above	 also	 showed	 that	 mutant	 DEF6	 proteins	

forming	 coiled	 coil-mediated	 aggregates	 (DH2;	 Y210/222E)	 can	 alter	 the	

behaviour	of	wild	type	DEF6	that	now	also	formed	aggregates	colocalising	with	

the	mutant	protein	(Figure	3.12.0).	Either	the	coiled	coil	domains	of	the	mutant	
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proteins	in	the	aggregates	are	able	to	interact	with	the	coiled	coil	domain	of	wild	

type	 DEF6	 trapping	 it	 in	 the	 aggregates	 or	 the	 mutant	 protein	 enforced	 a	

conformational	change	that	resulted	in	aggregation	of	the	wild	type	protein.	The	

latter	 interpretation	would	mean	that	mutant	DEF6	can	act	prion-like,	a	notion	

that	 is	 supported	 by	 the	 finding	 that	 Y133/144D	 mutant	 that	 spontaneously	

aggregates	 can	 trigger	 aggregations	 of	 other	 proteins	 (537-590	 and	 537-550)	

that	 on	 their	 own	 do	 not	 aggregate	 (Figure	 4.6.0).	 However,	 some	 aggregates	

formed	 by	 mutant	 proteins	 trapped	 mCherry-tagged	 DCP1	 that	 no	 longer	

exhibited	its	normal	cytoplasmic	distribution	when	cotransfected	(e.g.	DH2	and	

�216;	Figure	3.8.0;	Y133/144D;	Figure	3.14.0).	DCP1	does	not	contain	a	coiled	

coil	domain	but	many	P-body	components	do	and	it	remains	to	be	seen	whether	

DCP1	on	its	own	was	trapped	by	the	aggregates	or	whether	localisation	of	entire	

P-bodies	was	altered.		

	

6.4	The	coiled	coil	domain	is	dispensable	for	both	granule	formation	and	P-

body	localisation	

	

To	test	whether	the	coiled	coil	domain	is	required	for	granule	formation	and	P-

body	 localisation	 proline	 residues	 were	 introduced	 in	 highly	 conserved	 a/d	

positions	of	 the	heptad	repeats	 to	disrupt	 the	coiled	coil	domain	(Figure	3.2.2).	

Proline	mutants	did	not	 form	granules	under	cellular	stress	 conditions	 (Figure	

3.4.0)	 but	 introduction	 of	 Y210/222E	 into	 proline	 mutants	 resulted	 in	

spontaneous	 granule	 formation	 colocalising	 with	 DCP1	 (Figure	 3.5.0).	 This	

suggested	that	the	coiled	coil	domain	is	dispensable	for	both	granule	formation	

and	P-body	localisation.		
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6.5	The	N-terminal	45	amino	acids	of	DEF6	are	sufficient	 for	spontaneous	

P-bodies	colocalisation	

	

Hey	et	al.	(2012)	demonstrated	that	tyrosine	(Y)	residues	210	and	222	of	DEF6	

are	 phosphorylated	 by	 ITK	 in	 Jurkat	 T	 cells	 and	 that	 phosphomimic	 mutant	

Y210/222E	spontaneously	formed	cytoplasmic	granules	that	colocalised	with	P-

body	 marker	 DCP1.	 In	 addition,	 they	 showed	 that	 treatment	 of	 COS7	 cells	

expressing	 GFP-tagged	 wild	 type	 DEF6	 with	 sodium	 arsenate	 resulted	 in	 the	

formation	of	DEF6	granules	colocalising	with	DCP1.	Although	COS7	cells	do	not	

express	 ITK,	 these	 data	 suggested	 that	 arsenate	 treatment	 resulted	 in	

modification	of	DEF6	(perhaps	through	phosphorylation	by	an	unknown	kinase)	

causing	a	conformational	change	that	unmasked	a	region	within	DEF6	mediating	

P-body	 colocalisation.	 Several	 C-terminal	 truncation	 mutants	 were	 generated	

and	tested	whether	they	colocalise	with	DCP1	when	coexpressed	 in	COS7	cells.	

As	shown	in	Figures	3.6.0	and	3.6.1,	several	C-terminal	truncated	mutants	fused	

to	GFP	spontaneously	formed	cytoplasmic	granules	that	colocalised	with	DCP1	in	

COS7	cells.	 	 Indeed,	 the	N-terminal	45	amino	acids	were	 sufficient	 to	 target	P-

bodies	 whereas	 localisation	 of	 N-terminal	 30	 amino	 acids	 fused	 to	 GFP	 was	

diffuse	in	the	cytoplasm	(N-45;	N-30;	Figures	3.6.0;	3.6.1).	The	N-terminal	end	of	

DEF6	contains	two	Ca2+–binding	EF	hand	motifs	(Fos	et	al.,	2014)	that	are	both	

present	 in	N-45	but	only	one	 is	 left	 in	N-30	and	 it	 is	not	known	whether	Ca2+-

binding	 is	 required	 for	 P-body	 colocalisation.	 This	 observation	 suggests	 that	

phosphorylation	of	Y210	and	222	results	in	conformational	change	liberating	the	

N-terminal	end	and	P-body	colocalisation.		
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6.6	ITAM,	PH	and/or	coiled	coil	domains	 facilitate	cellular	 stress-induced	

P-body	colocalisation	

	

While	the	N-terminal	45	amino	acids	are	sufficient,	the	first	104	amino	acids	are	

not	required	for	P-body	colocalisation.	Δ0-104	lacking	the	first	104	amino	acids	

but	 containing	 ITAM,	 PH	 and	 the	 coiled	 coil	 domain	 (Figure	 3.7.1a),	 formed	

coiled	 coil-mediated	 aggregates	 that	 trapped	 DCP1	 in	 untreated	 COS7	 cells	

(3.8.0),	but	 formed	granules	 that	completely	overlapped	with	DCP1	 in	arsenate	

or	 nocodazole	 treated	 cells	 (Figure	 3.10.3)	 indicating	 that	 stress	 induced	

modifications	 of	 Δ0-104	 results	 in	 conformational	 change	 unmasking	 parts	 of	

DEF6	 within	 ITAM,	 PH	 and/or	 coiled	 coil	 domains	 that	 facilitates	 P-body	

colocalisation.	 However,	 neither	 domain	 on	 its	 own	 colocalised	with	 P-bodies.	

ITAM	 and	 PH1	 localised	 diffuse	 in	 the	 cytoplasm	 and	 nucleus	 and	 DH2	

containing	the	coiled	coil	domain	 formed	aggregates	(Figure	3.7.2b)	suggesting	

that	 the	 stress-induced	 conformation	 of	 Δ0-104 is	 required	 for	 P-body	

localisation.	 Indeed,	 introduction	 of	 Y210/222E	 into	 Δ0-104	 did	 not	 change	

aggregate	 formation	 in	 untreated	 cells	 but	 prevented	 complete	 overlap	 with	

DCP1	 in	 stressed	 cells	 (Figure	 3.11.2).	 This	 might	 suggest	 that	 ITK	

phosphomimic	mutant	 in	 the	 context	 of	 the	 N-terminal	 truncation	mutant	 Δ0-

104	 ‘fixed’	 its	 conformation	 preventing	 stress-induced	 modifications.	 Overall,	

these	 results	 suggest	 that	 ITAM,	 PH	 and	 coiled	 coil	 can	 cooperate	 in	 a	 stress-

induced	conformation	that	 facilitates	P-body	 localisation	 independent	of	 the	N-

terminal	end.	
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6.7	 Both,	 N-terminal	 end	 and	 the	 coiled	 coil	 domain	 are	 mediating	

dimerisation	and/	or	oligomerisation	of	DEF6		

	

As	 discussed	 above	 (6.2),	 controlled	 unmasking	 of	 the	 coiled	 coil	 domain	

facilitates	dimerisation	and/or	oligomerisation	of	wild	type	DEF6.	Coexpression	

of	 GFP-tagged	 N-108	 with	 mCherry-NLS-DEF6	 revealed	 that	 N-108	 retained	

some	mCherry-NLS-DEF6	 in	 the	 cytoplasm	 indicating	 that	 the	 N-terminal	 108	

amino	acids	interact	with	wild	type	DEF6	(Figure	3.12.1).	Similarly,	Y210/222E	

that	 colocalises	 with	 DCP1	 also	 retained	 some	 mCherry-NLS-DEF6	 in	 the	

cytoplasm	when	coexpressed	(Figure	3.12.0)	suggesting	that	DEF6	dimerisation	

and/or	oligomerisation	can	occur	in	P-bodies.	

	

6.8	F-actin	labelling	of	DEF6	is	regulated	through	the	coiled	coil	domain	

GFP-tagged	wild	type	DEF6	is	localised	diffuse	in	the	cytoplasm	of	COS7	cells	not	

overlapping	with	F-actin	indicating	that	its	GEF	activity	is	masked.	Treatment	of	

transfected	 cells	 with	 H2O2	 that	 triggers	 PI3K	 activity	 resulted	 in	 DEF6	

translocation	to	lamellipodia,	filopodia	and	stress	fibres	colocalising	with	F-actin	

(Mavrakis	 et	 al.,	 2004).	 Expression	 of	 proline	 mutants	 including	 the	 All-10	

mutant	 revealed	 that	 disruption	 of	 the	 coiled	 coil	 domain	 could	 lead	 to	

colocalisation	 with	 F-actin	 in	 cell	 protrusions	 like	 lamellipodia	 and	 filopodia	

(Figure	4.4.0)	suggesting	that	the	coiled	coil	domain	is	controlling	GEF	activity	of	

DEF6.	However,	amino	acids	355	to	631	of	DEF6	(DH1;	Figure	4.5.0)	containing	

the	 coiled	 coil	 domain	 exhibited	 a	 constitutive	 GEF	 activity	 (Mavrakis	 	 et	 al.,	

2004)	suggesting	 that	unmasking	of	 the	 coiled	 coil	domain	 is	 required	 for	GEF	

activity.	 However,	 mutant	 DEF6	 proteins	 that	 formed	 coiled	 coil	 domain-
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mediated	 aggregates	 never	 colocalised	 with	 F-actin	 (Figure	 4.7.0)	 again	

emphasising	the	importance	of	controlled	unmasking	of	the	coiled	coil	domain.	

	

6.9	 Amino	 acids	537	 to	 590	of	 DEF6	 are	 sufficient	 to	 label	 F-actin	 in	 cell	

protrusions	

	

To	further	pinpoint	the	region	that	confers	GEF	activity,	several	mutant	proteins	

containing	 parts	of	 the	 C-terminal	 end	 of	DEF6	were	 tested	 for	 their	 ability	 to	

colocalise	with	 F-actin	 (Figure	 4.5.0).	 GFP-tagged	 537-590	 overlapped	with	 F-

actin	 in	100%	of	 the	 transfected	 cells	while	 sub-regions	537-550	and	551-590	

were	 still	 labelling	 F-actin	 but	 to	 a	 lesser	 extent	 than	 537-590	 (Figure	 4.5.0).	

Amino	acids	537-550	are	the	C-terminal	end	of	 the	coiled	coil	domain	and	 it	 is	

feasible	 that	 this	 part	 is	 still	 capable	 to	 facilitate	 dimerisation.	 To	 test	 this,	

mCherry-tagged	Y133/144D	was	 coexpressed	with	either	GFP-tagged	537-590,	

537-550	or	551-590.	While	537-590	and	537-550	colocalised	with	Y133/144D	

aggregates,	551-590	did	not	(Figure	4.6.0)	indicating	that	amino	acids	537	to	550	

can	 indeed	 still	 facilitate	 interaction	with	 coiled	 coil-mediated	 aggregates.	 It	 is	

plausible	therefore,	that	the	C-terminal	end	of	the	coiled	coil	domain	is	required	

for	 GEF	 activity	 perhaps	 through	 the	 facilitation	 of	 dimer	 formation	 similar	 to	

SWAP70	(Chacón-Martinez		et	al.,	2013).		

	

6.10	How	is	the	GEF	activity	of	DEF6	controlled?	

H2O2	 treatment	 induced	GEF	 activity	of	 GFP-tagged	wild	 type	DEF6	suggesting	

that	 PI3K	 signalling	might	 trigger	GEF	 activity	 (Mavrakis	 et	 al.,	 2004).	 Indeed,	

inhibition	 of	 the	 PI3K	 signalling	 pathway	with	wortmannin	 almost	 completely	

abolished	 DEF6-mediated	 filopodia	 formation	 (Mavrakis	 et	 al.,	 2004).	 PI3K	
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signalling	 is	 also	 indispensable	 for	 DEF6	 to	 translocate	 to	 the	 IS	 (Gupta	 et	 al.,	

2003b)	as	discussed	 later	 in	more	detail.	PI3K	signals	 through	PIP3	and	 it	was	

shown	that	the	PH	domain	of	DEF6	binds	PIP3	(Gupta	et	al.,	2003b	and	Bécart		et	

al.,	 2008).	 Therefore,	 it	 is	 tempting	 to	 speculate	 that	 PIP3	 binding	 results	 in	 a	

conformational	 change	 that	 liberates	 the	 coiled	 coil	 domain	 allowing	

dimerisation	that	in	turn	results	in	GEF	activity.	

	
	
6.11	 Overexpressed	 DEF6	 in	 resting	 Jurkat	 T	 cells	 localises	 in	 cell	

protrusions	

	

As	discussed	above,	 localisation	of	GFP-tagged	DEF6	 in	COS7	cells	 is	diffuse	 in	

the	cytoplasm	not	exhibiting	any	colocalisation	with	F-actin	but	its	GEF	activity	

can	 be	 induced	 through	 H2O2	 treatment	 of	 the	 cells.	 Overexpression	 of	 GFP-

tagged	DEF6	in	Jurkat	T	cells	resulted	in	clear	colocalisation	of	DEF6	with	F-actin	

in	 lamellipodia	 and	 filopodia	 (Figure	 5.2.1)	 suggesting	GEF	 activity	 of	DEF6	 in	

resting	 Jurkat	 cells.	Mutants	 All-10	 and	 Δ0-216-All-10	 also	 colocalised	with	 F-

actin	(Figure	5.2.2)	indicating	that	neither	the	N-terminal	EF-hands	nor	the	ITAM	

motif	 and	 therefore	 LCK	 phosphorylation	 of	 Y133	 and	 Y144	 are	 required	 and	

suggests	that	the	proline	residues	in	10	a/d	positions	so	not	interfere	with	dimer	

formation	of	DEF6.		Δ0-216-All10	contains	the	PH	domain	and	could	potentially	

bind	PIP3	but	it	also	contains	Y222	that	is	phosphorylated	by	ITK.	

	

6.12	ITK	phosphomimic	mutant	Y210/222E	colocalises	with	P-bodies	and	

F-actin	in	resting	Jurkat	cells	

	

Mutant	 Y210/222E	 spontaneously	 colocalised	 with	 p-bodies	 in	 COS7	 cells.	

Similarly,	 Y210/222E	 colocalised	with	DCP1	 in	 transfected	 Jurkat	 cells	 (Figure	

5.2.5).	However,	it	equally	colocalised	with	F-actin	(Figure	5.2.5)	suggesting	that	
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Y210/222E	 is	 shuttling	 between	 P-bodies	 and	 F-actin.	 In	 addition,	 upon	 TCR-

mediated	activation,	Y210/222E	neither	formed	granules	nor	was	it	colocalising	

with	F-actin	 (Figure	5.5.0)	perhaps	 indicating	that	modifications	of	Y210/222E	

or	PIP3-binding	determines	its	location	and	function.	

	

6.13	LCK	phosphomimic	mutant	Y133/144D	 forms	aggregates	 in	 Jurkat	T	

cells	

	

Transfection	of	 Jurkat	cells	with	mCherry-tagged	Y133/144D	was	very	difficult	

despite	the	fact	that	COS7	cells	could	be	readily	transfected.	This	might	suggest	

that	expression	of	mCherry-tagged	Y133/144D	is	toxic	to	Jurkat	T	cells	but	this	

was	 not	 further	 investigated.	Nevertheless,	 a	 single	 transfected	 Jurkat	 cell	was	

observed	 that	 exhibited	 large	 aggregates	 (Figure	 5.2.4).	 If	 representative,	 this	

result	would	contrast	the	one	described	by	Bécart	et	al.	(2008)	who	showed	that	

Y133/144D	 mutant	 can	 be	 expressed	 in	 DEF6-deficient	 T	 cells	 and	 that	 it	 is	

recruited	to	the	IS	upon	TCR	activation.	

	

6.14	The	coiled	coil	domain	is	important	for	DEF6	localisation	in	the	cSMAC	

of	the	IS		

	

Upon	TCR-mediated	 activation	of	 Jurkat	 cells,	GFP-tagged	DEF6	 is	 recruited	 to	

the	IS	concentrating	in	cSMAC	(Figure	5.3.1).	This	result	is	in	line	with	those	by	

Singleton	 et	 al.	 (2011)	 who	 showed	 that	 DEF6	 recruitment	 to	 the	 cSMAC	

depends	 on	 ITK	 function.	 Localisation	of	DEF6	 to	 the	 cSMAC	was	 abolished	 in	

mutant	 proteins	 All-10	 and	 Δ0-216-All-10	 that	 were	 recruited	 to	 the	 IS	 but	

localised	 throughout	 the	 outer	 ring	of	 IS	 (Figure	 5.3.2)	 suggesting	 that	 neither	

the	 N-terminal	 end	 nor	 the	 coiled	 coil	 domain	 is	 required	 for	 IS	 recruitment.	

However,	it	seems	that	the	coiled	coil	domain	is	required	for	DEF6	to	localise	in	
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the	 cSMAC	 perhaps	 indicating	 that	 ITK	 phosphorylation	 of	 DEF6	 liberates	 its	

coiled	 coil	 domain	 that	 then	 facilitates	 oligomerisation.	 Mutant	 L533P-A536P	

was	also	recruited	to	the	IS	and	 localised	throughout.	However,	 in	 this	case,	F-

actin	 which	 is	 mainly	 present	 in	 the	 outer	 ring	 dSMAC,	 was	 colocalising	 with	

L533P-A536P	in	the	entire	IS	(Figure5.3.2)	suggesting	that	this	mutant	binds	F-

actin	and	perhaps	has	GEF	activity	 in	 the	 IS	whereas	wild	 type	DEF6	does	not	

bind	F-actin	nor	has	GEF	activity.	

	

6.15	 Neither	 N-Terminus	 nor	 coiled	 coil	 domain	 is	 necessary	 for	 IS	

recruitment	of	DEF6	

	

As	discussed	above,	mutant	DEF6	proteins	like	Δ0-216-All-10	were	recruited	to	

the	IS	indicating	that	the	N-terminal	EF	hands	and	ITAM	motif	are	not	required	

for	 recruitment.	 Strikingly,	 DH2	 that	 aggregates	 and	 forms	 large	 vesicle-like	

structure	 was	 also	 recruited	 to	 the	 IS	 (Figure	 5.3.3).	 Similarly,	 Δ0-216	 was	

recruited	 to	 the	 IS	 (Figure	 5.3.3)	 indicating	 that	 neither	 N-terminus	 nor	 the	

coiled	 coil	 domain	 is	 required	 for	 IS	 recruitment.	 However,	 like	 for	 other	

mutants,	 DH2	 and	 Δ0-216	 localisation	 was	 distinct	 from	 wild	 type	 DEF6	

concentrating	in	pSMAC.	

	

6.16	 DEF6	 recruitment	 to	 the	 IS	 appears	 to	 be	 mediated	 through	 cell	

protrusions	initiated	by	APC	conjugation	with	T	cells	

	

Preliminary	 data	 shown	 in	 Figure	 5.4.0	 seems	 to	 suggest	 that	 cell	 protrusions	

that	 are	 initiated	 through	 contact	 of	 APCs	 and	 T	 cells	 prior	 to	 IS	 formation	

contain	DEF6.	And	that	within	seconds	DEF6	localises	with	the	IS	(Figure	5.4.0).	

This	 process	 might	 be	 linked	 with	 DEF6	 promoting	 Rap1-dependent	 LFA-1	
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activation	and	adhesion	through	interaction	of	its	PH	domain�with	Rap1� (Cote	

et	al.,	2015).	 	
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Conclusion	

	

Structure-function	 analysis	 dissected	 the	 role	 of	 DEF6	 domains	 in	 cellular	

localisation	 and	 function.	While	 dormant	 in	 its	 native	 stage,	 post-translational	

modifications	of	DEF6	such	as	phosphorylation	result	in	conformational	changes	

that	determine	DEF6’s	behaviour	and	function.	Not	only	is	DEF6	recruited	to	the	

IS	 in	 activated	T	 cells,	 it	 is	 also	 present	 in	 cell	 protrusion	 overlapping	with	 F-

actin	 and	 can	 shuttle	 to	 P-bodies	 combining	 TCR-mediated	 signalling	 with	 F-

actin	organisation	and	control	of	mRNA	metabolism	in	P-bodies.	
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Appendix		

	

	

8.1	Plasmid	map	

	

	
	 	

Fig.	8.1.1	Plasmid	map	of	eGFP	tagged	DEF6		
Plasmid	 type:	 Mammalian.	 Bacterial	 resistance:	 Kanamycin.	 Mammalian	
Selection:	Neomycin.	Map	established	by	SnapGene	Viewer.	
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Fig.	8.1.2	Plasmid	map	of	mCherry	and	SV40	NLS	tagged	DEF6		
Plasmid	 type:	 Mammalian.	 Bacterial	 resistance:	 Kanamycin.	 Mammalian	
Selection:	Neomycin.	Map	established	by	SnapGene	Viewer.	
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8.2	Wild	Type	DEF6	Full	Length	sequence	
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                  50                                            60 

                                         70 

                  80                                            90 

                                         100 

                 110                                            120 

                                         130 

                  140                                           150 

                                         160 

                  170                                           180 

                                         190 

                  200                                           210 

                                         220 

                  230                                           240 

                                         250 

                  260                                           270 

                                         280 

                  290                                           300 

                                         310 

ATG GCC CTG CGC AAG GAA CTG CTC AAG TCC ATC TGG TAC GCC TTT 

ACC GCG CTG GAC GTG GAG AAG AGT GGC AAA GTC TCC AAG TCC CAG 

CTC AAG GTG CTG TCC CAC AAC CTG TAC ACG GTC CTG CAC ATC CCC 

CAT GAC CCC GTG GCC CTG GAG GAA CAC TTC CGA GAT GAT GAT GAC 

GGC CCT GTG TCC AGC CAG GGA TAC ATG CCC TAC CTC AAC AAG TAC 

ATC CTG GAC AAG GTG GAG GAG GGG GCT TTT GTT AAA GAG CAC TTT 

GAT GAG CTG TGC TGG ACG CTG ACG GCC AAG AAG AAC TAT CGG GCA 

GAT AGC AAC GGG AAC AGT ATG CTC TCC AAT CAG GAT GCC TTC CGC 

CTC TGG TGC CTC TTC AAC TTC CTG TCT GAG GAC AAG TAC CCT CTG 

ATC ATG GTT CCT GAT GAG GTG GAA TAC CTG CTG AAA AAG GTA CTC 

AGC AGC ATG AGC TTG GAG GTG AGC TTG GGT GAG CTG GAG GAG CTT 

CTG GCC CAG GAG GCC CAG GTG GCC CAG ACC ACC GGG GGG CTC AGC 

GTC TGG CAG TTC CTG GAG CTC TTC AAT TCG GGC CGC TGC CTG CGG 

GGC GTG GGC CGG GAC ACC CTC AGC ATG GCC ATC CAC GAG GTC TAC 

CAG GAG CTC ATC CAA GAT GTC CTG AAG CAG GGC TAC CTG TGG AAG 

CGA GGG CAC CTG AGA AGG AAC TGG GCC GAA CGC TGG TTC CAG CTG 

CAG CCC AGC TGC CTC TGC TAC TTT GGG AGT GAA GAG TGC AAA GAG 

AAA AGG GGC ATT ATC CCG CTG GAT GCA CAC TGC TGC GTG GAG GTG 

CTG CCA GAC CGC GAC GGA AAG CGC TGC ATG TTC TGT GTG AAG ACA 

GCC AAC CGC ACG TAT GAG ATG AGC GCC TCA GAC ACG CGC CAG CGC 

CAG GAG TGG ACA GCT GCC ATC CAG ATG GCG ATC CGG CTG CAG GCC 

Fig.	8.2.0	DNA	sequence	of	DEF6		
The	numbers	in	blue	indicates	the	amino	acids	positions	in	DEF6	molecule.	
Continued	in	next	two	pages.	
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                                         10 

                  20                                            30 

                                         40 

                  50                                            60 

                                         70 

                  80                                            90 

                                         100 

                 110                                            120 

                                         130 

                  140                                           150 

                                         160 

                  170                                           180 

                                         190 

                  200                                           210 

                                         220 

                  230                                           240 

                                         250 

                  260                                           270 

                                         280 

                  290                                           300 

                                         310 

ATG GCC CTG CGC AAG GAA CTG CTC AAG TCC ATC TGG TAC GCC TTT 

ACC GCG CTG GAC GTG GAG AAG AGT GGC AAA GTC TCC AAG TCC CAG 

CTC AAG GTG CTG TCC CAC AAC CTG TAC ACG GTC CTG CAC ATC CCC 

CAT GAC CCC GTG GCC CTG GAG GAA CAC TTC CGA GAT GAT GAT GAC 

GGC CCT GTG TCC AGC CAG GGA TAC ATG CCC TAC CTC AAC AAG TAC 

ATC CTG GAC AAG GTG GAG GAG GGG GCT TTT GTT AAA GAG CAC TTT 

GAT GAG CTG TGC TGG ACG CTG ACG GCC AAG AAG AAC TAT CGG GCA 

GAT AGC AAC GGG AAC AGT ATG CTC TCC AAT CAG GAT GCC TTC CGC 

CTC TGG TGC CTC TTC AAC TTC CTG TCT GAG GAC AAG TAC CCT CTG 

ATC ATG GTT CCT GAT GAG GTG GAA TAC CTG CTG AAA AAG GTA CTC 

AGC AGC ATG AGC TTG GAG GTG AGC TTG GGT GAG CTG GAG GAG CTT 

CTG GCC CAG GAG GCC CAG GTG GCC CAG ACC ACC GGG GGG CTC AGC 

GTC TGG CAG TTC CTG GAG CTC TTC AAT TCG GGC CGC TGC CTG CGG 

GGC GTG GGC CGG GAC ACC CTC AGC ATG GCC ATC CAC GAG GTC TAC 

CAG GAG CTC ATC CAA GAT GTC CTG AAG CAG GGC TAC CTG TGG AAG 

CGA GGG CAC CTG AGA AGG AAC TGG GCC GAA CGC TGG TTC CAG CTG 

CAG CCC AGC TGC CTC TGC TAC TTT GGG AGT GAA GAG TGC AAA GAG 

AAA AGG GGC ATT ATC CCG CTG GAT GCA CAC TGC TGC GTG GAG GTG 

CTG CCA GAC CGC GAC GGA AAG CGC TGC ATG TTC TGT GTG AAG ACA 

GCC AAC CGC ACG TAT GAG ATG AGC GCC TCA GAC ACG CGC CAG CGC 

CAG GAG TGG ACA GCT GCC ATC CAG ATG GCG ATC CGG CTG CAG GCC 

                  320                                           330 

                                         340 

                  350                                           360 

                                         370 

                  380                                           390 

                                         400 

                  410                                           420 

                                         430 

                  440                                           450 

                                         460 

                  470                                           480 

                                         490 

                  500                                           510 

                                         520 

                  530                                           540 

                                         550 

                  560                                           570 

                                         580 

                  590                                           600 

                                         610 

                  620                                           630 
AAT	

GAG GGG AAG ACG TCC CTA CAC AAG GAC CTG AAG CAG AAA CGG CGC 

GAG CAG CGG GAG CAG CGG GAG CGG CGC CGG GCG GCC AAG GAA GAG 

GAG CTG CTG CGG CTG CAG CAG CTG CAG GAG GAG AAG GAG CGG AAG 

CTG CAG GAG CTG GAG CTG CTG CAG GAG GCG CAG CGG CAG GCC GAG 

CGG CTG CTG CAG GAG GAG GAG GAA CGG CGC CGC AGC CAG CAC CGC 

GAG CTG CAG CAG GCG CTC GAG GGC CAA CTG CGC GAG GCG GAG CAG 

GCC CGG GCC TCC ATG CAG GCT GAG ATG GAG CTG AAG GAG GAG GAG 

GCT GCC CGG CAG CGG CAG CGC ATC AAG GAG CTG GAG GAG ATG CAG 

CAG CGG TTG CAG GAG GCC CTG CAA CTA GAG GTG AAA GCT CGG CGA 

GAT GAA GAA TCT GTG CGA ATC GCT CAG ACC AGA CTG CTG GAA GAG 

GAG GAA GAG AAG CTG AAG CAG TTG ATG CAG CTG AAG GAG GAG CAG 

GAG CGC TAC ATC GAA CGG GCG CAG CAG GAG AAG GAA GAG CTG CAG 

CAG GAG ATG GCA CAG CAG AGC CGC TCC CTG CAG CAG GCC CAG CAG 

CAG CTG GAG GAG GTG CGG CAG AAC CGG CAG AGG GCT GAC GAG GAT 

GTG GAG GCT GCC CAG AGA AAA CTG CGC CAG GCC AGC ACC AAC GTG 

AAA CAC TGG AAT GTC CAG ATG AAC CGG CTG ATG CAT CCA ATT GAG 

CCT GGA GAT AAG CGT CCG GTC ACC AGC AGC TCC TTC TCA GGC TTC 

CAG CCC CCT CTG CTT GCC CAC CGT GAC TCC TCC CTA AAG CGC CTG 

ACC CGC TGG GGA TCC CAG GGC AAC AGG ACC CCC TCG CCC AAC AGC 

AAT GAG CAG CAG AAG TCC CTC AAT GGT GGG GAT GAG GCT CCT GCC 

CCG GCT TCC ACC CCT CAG GAA GAT AAA CTG GAT CCA GCA CCA GAA 

	

Fig.	8.2.0	DNA	sequence	of	DEF6.		
The	numbers	in	blue	indicates	the	amino	acids	positions	in	DEF6	molecule.	
Continued	in	next	page.	
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                  320                                           330 

                                         340 

                  350                                           360 

                                         370 

                  380                                           390 

                                         400 

                  410                                           420 

                                         430 

                  440                                           450 

                                         460 

                  470                                           480 

                                         490 

                  500                                           510 

                                         520 

                  530                                           540 

                                         550 

                  560                                           570 

                                         580 

                  590                                           600 

                                         610 

                  620                                           630 
AAT	

GAG GGG AAG ACG TCC CTA CAC AAG GAC CTG AAG CAG AAA CGG CGC 

GAG CAG CGG GAG CAG CGG GAG CGG CGC CGG GCG GCC AAG GAA GAG 

GAG CTG CTG CGG CTG CAG CAG CTG CAG GAG GAG AAG GAG CGG AAG 

CTG CAG GAG CTG GAG CTG CTG CAG GAG GCG CAG CGG CAG GCC GAG 

CGG CTG CTG CAG GAG GAG GAG GAA CGG CGC CGC AGC CAG CAC CGC 

GAG CTG CAG CAG GCG CTC GAG GGC CAA CTG CGC GAG GCG GAG CAG 

GCC CGG GCC TCC ATG CAG GCT GAG ATG GAG CTG AAG GAG GAG GAG 

GCT GCC CGG CAG CGG CAG CGC ATC AAG GAG CTG GAG GAG ATG CAG 

CAG CGG TTG CAG GAG GCC CTG CAA CTA GAG GTG AAA GCT CGG CGA 

GAT GAA GAA TCT GTG CGA ATC GCT CAG ACC AGA CTG CTG GAA GAG 

GAG GAA GAG AAG CTG AAG CAG TTG ATG CAG CTG AAG GAG GAG CAG 

GAG CGC TAC ATC GAA CGG GCG CAG CAG GAG AAG GAA GAG CTG CAG 

CAG GAG ATG GCA CAG CAG AGC CGC TCC CTG CAG CAG GCC CAG CAG 

CAG CTG GAG GAG GTG CGG CAG AAC CGG CAG AGG GCT GAC GAG GAT 

GTG GAG GCT GCC CAG AGA AAA CTG CGC CAG GCC AGC ACC AAC GTG 

AAA CAC TGG AAT GTC CAG ATG AAC CGG CTG ATG CAT CCA ATT GAG 

CCT GGA GAT AAG CGT CCG GTC ACC AGC AGC TCC TTC TCA GGC TTC 

CAG CCC CCT CTG CTT GCC CAC CGT GAC TCC TCC CTA AAG CGC CTG 

ACC CGC TGG GGA TCC CAG GGC AAC AGG ACC CCC TCG CCC AAC AGC 

AAT GAG CAG CAG AAG TCC CTC AAT GGT GGG GAT GAG GCT CCT GCC 

CCG GCT TCC ACC CCT CAG GAA GAT AAA CTG GAT CCA GCA CCA GAA 

                  320                                           330 

                                         340 

                  350                                           360 

                                         370 

                  380                                           390 

                                         400 

                  410                                           420 

                                         430 

                  440                                           450 

                                         460 

                  470                                           480 

                                         490 

                  500                                           510 

                                         520 

                  530                                           540 

                                         550 

                  560                                           570 

                                         580 

                  590                                           600 

                                         610 

                  620                                           630 
AAT	

GAG GGG AAG ACG TCC CTA CAC AAG GAC CTG AAG CAG AAA CGG CGC 

GAG CAG CGG GAG CAG CGG GAG CGG CGC CGG GCG GCC AAG GAA GAG 

GAG CTG CTG CGG CTG CAG CAG CTG CAG GAG GAG AAG GAG CGG AAG 

CTG CAG GAG CTG GAG CTG CTG CAG GAG GCG CAG CGG CAG GCC GAG 

CGG CTG CTG CAG GAG GAG GAG GAA CGG CGC CGC AGC CAG CAC CGC 

GAG CTG CAG CAG GCG CTC GAG GGC CAA CTG CGC GAG GCG GAG CAG 

GCC CGG GCC TCC ATG CAG GCT GAG ATG GAG CTG AAG GAG GAG GAG 

GCT GCC CGG CAG CGG CAG CGC ATC AAG GAG CTG GAG GAG ATG CAG 

CAG CGG TTG CAG GAG GCC CTG CAA CTA GAG GTG AAA GCT CGG CGA 

GAT GAA GAA TCT GTG CGA ATC GCT CAG ACC AGA CTG CTG GAA GAG 

GAG GAA GAG AAG CTG AAG CAG TTG ATG CAG CTG AAG GAG GAG CAG 

GAG CGC TAC ATC GAA CGG GCG CAG CAG GAG AAG GAA GAG CTG CAG 

CAG GAG ATG GCA CAG CAG AGC CGC TCC CTG CAG CAG GCC CAG CAG 

CAG CTG GAG GAG GTG CGG CAG AAC CGG CAG AGG GCT GAC GAG GAT 

GTG GAG GCT GCC CAG AGA AAA CTG CGC CAG GCC AGC ACC AAC GTG 

AAA CAC TGG AAT GTC CAG ATG AAC CGG CTG ATG CAT CCA ATT GAG 

CCT GGA GAT AAG CGT CCG GTC ACC AGC AGC TCC TTC TCA GGC TTC 

CAG CCC CCT CTG CTT GCC CAC CGT GAC TCC TCC CTA AAG CGC CTG 

ACC CGC TGG GGA TCC CAG GGC AAC AGG ACC CCC TCG CCC AAC AGC 

AAT GAG CAG CAG AAG TCC CTC AAT GGT GGG GAT GAG GCT CCT GCC 

CCG GCT TCC ACC CCT CAG GAA GAT AAA CTG GAT CCA GCA CCA GAA 

Fig.	8.2.0	DNA	sequence	of	DEF6.		
The	numbers	in	blue	indicates	the	amino	acids	positions	in	DEF6	molecule.		
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8.3		DNA	sequencing	results	of	DEF6	mutants		

	

	

	
	
	
	
	
	

L463P-E466P	

L442P-E445P	

I428P-L431P	

R407P-M410P	

Q371P-A374P	
	

Fig.	8.3.1	DNA	Sequencing	results	of	DEF6	Proline	mutants		

The	mutated	positions	are	highlighted	by	coloured	boxes.	Continued	in	next	three	
pages.	
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L533P-A536P	

L512P-V515P	

L505P-A508P	

K491P-L494P	

L470P-L473P	
	

Fig.	8.3.1	DNA	Sequencing	results	of	DEF6	Proline	mutants.		

The	mutated	positions	are	highlighted	by	 coloured	boxes.	Continued	 in	next	 two	
pages.	
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R407P-M410P-L505P-A508P	

Q371P-A374P-L505P-A508P	

	

Fig.	8.3.1	DNA	Sequencing	results	of	DEF6	Proline	mutants.		

The	mutated	positions	are	highlighted	by	coloured	boxes.	Continued	in	next	page.	
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All-10	

I428P-L431P-L505P-A508P	
	

Fig.	8.3.1	DNA	Sequencing	results	of	DEF6	Proline	mutants.		

The	mutated	positions	are	highlighted	by	coloured	boxes.		
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mCherry	
SV40	NLS	

DEF6	

mCherry-NLS-DEF6	

Fig.	8.3.2	DNA	sequencing	result	of	mCherry-NLS-DEF6	
mCherry	and	DEF6	are	respectively		indicated	in	red	and	green;	SV40	nuclear	
localization	 sequence	 (NLS)	 is	 indicated	 in	 purple	 that	 is	 localized	 between	
mCherry	and	DEF6.	

Y210/222E	

Y133/144D	

Y133/144F	

	

Fig.	 8.3.3	 DNA	 sequencing	 results	 of	 DEF6	 phosphormimic	 and	 phosphor	

preventing	mutants		
The	mutated	positions	are	indicated	by	coloured	boxes.		
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Stop	Codon		N-30	 30aa	

Stop	Codon		N-45	 45aa	

Stop	Codon		N-79	 79aa	

Stop	Codon		N-216	 216aa	

Stop	Codon		N-312	 312aa	

Stop	Codon		N-590	 590aa	

	

Fig.	8.3.4	DNA	sequencing	results	of	DEF6	C-terminal	truncated	mutants		
The	inserted	stop	codon	and	their	positions	are	indicated	in	coloured	boxes.	
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Start	from	46aa		Δ0-45	

Δ0-79	 Start	from	80aa		

Start	from	217aa		Δ0-216	

Δ0-104	 Start	from	105aa		

Δ0-311	 Start	from	312aa		

	

Fig.	 8.3.5	 DNA	 sequencing	 results	 of	 DEF6	 N-terminal	 truncated	 mutants	

Green	colour	and	arrow	indicates	the	start	amino	acids	of	these	mutants.		
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Δ45-79	 80aa		44aa		

Δ79-108	 109aa		78aa		

Δ45-108	 109aa		44aa		
	

Fig.	8.3.6	DNA	sequencing	results	of	Δ45-108,	Δ79-108	and	Δ45-79	
The	 introduced	 EcoRI	 digesting	 sites	 were	 remaining	 in	 Δ45-108	 and	 Δ79-108;	
only	Δ45-79	has	been	completely	removed	this	site.	
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537-590aa	 	Start	from	537aa		

590aa		

Stop	Codon		

537-550aa	 550aa		
Stop	Codon		

Start	from	537aa		

	

Fig.	8.3.7a	DNA	sequencing	result	of	DEF6	mutants	537-590aa,	537-550aa	
The	 molecules	 are	 indicated	 in	 green	 with	 arrows	 to	 indicate	 start	 and	 stop	
positions.		
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ITAM	

Stop	Codon		
215aa		

Start	from	105aa		

590aa		
Stop	Codon		

Start	from	551aa	551-590aa	
	

Fig.	8.3.7b	DNA	sequencing	result	of	DEF6	mutants	551-590aa	and	ITAM	(105-
215aa)	
	The	 molecules	 are	 indicated	 in	 green	 with	 arrows	 to	 indicate	 start	 and	 stop	
positions.		
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8.4	Additional	images		
	

		
	

	

	 	

1	

2	

3	

4	

20μm	

1	

2	

3	

4	

20μm	

Fig.	 8.4.0	 DCP1	 and	 DEF6	 Y210/222E	 did	 not	 form	 granules	 in	 COS7	

cells	mitosis	phase	

DAPI	 staining	 indicated	 chromosome	 situations	 and	mitotic	 cells	 (arrows).	
Both	DCP1	 and	DEF6	Y210/222E	did	not	 demonstrated	 visible	 granules	 in	
these	cells.	

	DAPI																																																							Y210/222E	

20μm	20μm	

	DAPI																																																																		DCP1	
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Δ0-311																																										X	
	

	
	
	
	
	
																																																							Merge																																																								Y	
	
DCP1	
	

Fig.	 8.5.1	 Coiled	 coil-mediated	 aggregates	 (Δ0-311)	 of	 DEF6	 form	 large	

structure	that	‘trap’	DCP1	

Confocal	analysis	of	transfected	COS7	cells	as	described	before.	GFP-tagged	Δ0-
311	aggregates	also	formed	large	structures	but	these	did	not	appear	vesicle-like.	
However,	these	structures	also	altered	the	localisation	of	DCP1	that	was	always	
associated	with	DEF6	structures	(see	merged	images	on	the	right)	
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Δ0-45																																								X	
	
	
	
	
																																																			Merge																																																														Y	
	
	
	
	
DCP1	

Fig.	 8.5.2	 Coiled	 coil-mediated	 aggregates	 (Δ0-45)	 of	 DEF6	 form	 large	

structure	that	‘trap’	DCP1	

Confocal	 analysis	 of	 transfected	 COS7	 cells	 as	 described	 before.	 GFP-tagged	
Δ0-45	 formed	 aggregates	 and	 larger	 structures	 but	 in	 this	 case	 these	
structures	partially	overlapped	with	DCP1;	again	altering	the	normal	cellular	
localisation	of	DCP1	(see	merged	images	on	the	right).	
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Δ0-79																																												X	
	
		
			
																																																						Merge																																																																											Y	
	
	
	
	
	
DCP1	

Fig.	 8.5.3	 Coiled	 coil-mediated	 aggregates	 (Δ0-79)	 of	 DEF6	 form	 large	

structure	that	‘trap’	DCP1	

Confocal	 analysis	of	 transfected	 COS7	 cells	 as	described	 before.	 GFP-tagged	Δ0-79	
formed	aggregates	and	 larger	 structures	but	 in	 this	 case	 these	 structures	partially	
overlapped	with	DCP1;	again	altering	the	normal	cellular	 localisation	of	DCP1	(see	
merged	images	on	the	right).	
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Δ45-79	
	
	
	
	
	
	
	
DCP1	
	
	
	
	
	
	
X	
	
	
Merge																																																																																																																														Y	

Fig.	 8.5.4	 Coiled	 coil-mediated	 aggregates	 (Δ45-79)	 of	 DEF6	 form	 large	

structure	that	‘trap’	DCP1	
Confocal	 analysis	 of	 transfected	 COS7	 cells	 as	 described	 before.	 GFP-tagged	
Δ45-79	 formed	 aggregates	 and	 larger	 structures	 but	 in	 this	 case	 these	
structures	partially	overlapped	with	DCP1;	again	altering	 the	normal	 cellular	
localisation	of	DCP1	(see	merged	images	on	the	right).		
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Δ45-108																															X	
	
	
	
																																															Merge																																																																Y	
	
	
	
	
	
DCP1	

Fig.	 8.5.5	 Coiled	 coil-mediated	 aggregates	 (Δ45-108)	 of	 DEF6	 form	

large	structure	that	‘trap’	DCP1	

Confocal	 analysis	 of	 transfected	 COS7	 cells	 as	 described	 before.	 GFP-
tagged	Δ45-108	formed	aggregates	and	larger	structures	but	in	this	case	
these	 structures	 partially	 overlapped	 with	 DCP1;	 again	 altering	 the	
normal	cellular	localisation	of	DCP1	(see	merged	images	on	the	right).		
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Δ79-108																																		X	

	
																																																		Merge																																																																															Y	
	
	
	
	
	
	
	
	
	
DCP1	

Fig.	 8.5.6	 Coiled	 coil-mediated	 aggregates	 (Δ79-108)	 of	 DEF6	 form	 large	

structure	that	‘trap’	DCP1	

Confocal	analysis	of	transfected	COS7	cells	as	described	before.	GFP-tagged	Δ79-
108	 formed	aggregates	and	 larger	 structures	but	 in	 this	 case	 these	 structures	
partially	overlapped	with	DCP1;	again	altering	 the	normal	 cellular	 localisation	
of	DCP1	(see	merged	images	on	the	right).		
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Δ0-311																																				X	
Arsenate		
	
	
	
	
																																																		Merge																																																						Y	
	
	
	
DCP1	

Fig.	8.6.1	Cellular	stress	(Arsenate)	had	no	effect	on	formation	of	large	
structures	of	Δ0-311	and	their	ability	to	‘trap’	DCP1�	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 Δ0-311	 and	
mCherry-	tagged	DCP1	after	arsenate	treatment	as	described	before.	
Merged	 images	 including	 vertical	 and	 side	 views	 (X	 and	 Y	 coordinates)	
shown	on	the	right	indicated	large	structures	of	Δ0-311	adjacent	to	DCP1	
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Fig.	 8.6.2	Cellular	 stress	 (Arsenate)	 results	 in	 complete	 colocalisation	 of	
Δ45-108	structures	with	DCP1�	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 Δ45-108	 (representing	
group	 3	 mutants)	 and	 mCherry-tagged	 DCP1	 after	 arsenate	 treatment	 as	
described	before.	

Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	on	
the	right	indicated	that	large	structures	of	Δ45-108	completely	overlapped	with	
DCP1.	

																																							X	
	
	
	
	
	
	
	
Δ45-108																						Merge																																																																	Y	
Arsenate	
	
	
	
	
	
	
DCP1	
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Δ45-108																																																												DCP1	
Arsenate		
	
	
	
	
	
	
																																										X	
	
	
	
																																										Merge																																																																																Y	

	

Fig.	 8.6.3	After	 arsenate	 treatment,	 few	 samples	 of	 Δ45-108	 remained	 in	
partially	overlapping	with	DCP1�	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 Δ45-108	 (representing	
group	 3	 mutants)	 and	 mCherry-tagged	 DCP1	 after	 arsenate	 treatment	 as	
described	before.	

Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	on	
the	 right	 indicated	 that	 few	 large	 structures	 of	 Δ45-108	 remained	 in	 partially	
overlapped	with	DCP1.	
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	 																																						X	
	
	
	
	
	
	
Δ0-311																										Merge																																																																			Y	
Nocodazole	
	
	
	
	
	
	
DCP1	

Fig.	8.7.1	Cellular	stress	(Nocodozale)	had	no	effect	on	formation	of	large	
structures	of	Δ0-311	and	their	ability	to	‘trap’	DCP1�	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 Δ0-311	 and	mCherry-	
tagged	DCP1	after	arsenate	treatment	as	described	before.	
Merged	images	including	vertical	and	side	views	(X	and	Y	coordinates)	shown	
on	the	right	indicated	large	structures	of	Δ0-311	adjacent	to	DCP1	
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Δ45-79																																	X	
Nocodazole	
	
	
																																															Merge																																																														Y	
	
	
	
	
DCP1	

	

Fig.	 8.7.2	 Cellular	 stress	 (Nocodazole)	 results	 in	 complete	

colocalisation	of	Δ45-79	structures	with	DCP1�	
Confocal	 analysis	 of	 COS7	 cells	 expressing	 GFP-tagged	 Δ45-79	
(representing	group	3	mutants)	and	mCherry-tagged	DCP1	after	arsenate	
treatment	as	described	before.	

Merged	 images	 including	 vertical	 and	 side	 views	 (X	 and	 Y	 coordinates)	
shown	on	 the	 right	 indicated	 that	 large	 structures	of	Δ45-79	completely	
overlapped	with	DCP1.	
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R407P-M410P	 Phalloidin	

Merg
e	

	

Fig.	8.8.1	Disruption	of	the	coiled	coil	domain	of	R407P-M410P	did	not	

results	in	colocalisation	with	F-actin	

GFP	tagged	R407P-M410P	(green)	represents	the	proline	mutants	that	were	
diffused	 in	 cytoplasm	 and	 did	 not	 colocalise	 with	 F-actin	 stained	 with	
phalloidin	(red).	
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I428P-L431P	 Phalloidin	 Merge		

Fig.	 8.8.2	 Disruption	 of	 the	 coiled	 coil	 domain	 of	 I428P-L431P	 did	 not	

results	in	colocalisation	with	F-actin	

GFP	 tagged	 I428P-L431P	 (green)	 represents	 the	 proline	 mutants	 that	 were	
diffused	 in	 cytoplasm	 and	 did	 not	 colocalise	 with	 F-actin	 stained	 with	
phalloidin	(red).	
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K491P-L494P	 Phalloidin	

Merge	

	

Fig.	 8.8.3	 Disruption	 of	 the	 coiled	 coil	 domain	 of	 K491P-L494P	 did	 not	

results	in	colocalisation	with	F-actin	

GFP	 tagged	 K491P-L494P	 (green)	 represents	 the	 proline	 mutants	 that	 were	
diffused	 in	 cytoplasm	 and	 did	 not	 colocalise	 with	 F-actin	 stained	 with	
phalloidin	(red).	
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L463P-E466P	 Phalloidi
n	

Merge	

	

Fig.	8.8.4	Disruption	of	 the	coiled	coil	domain	of	L463P-E466P	results	 in	

conformational	change	and	colocalisation	with	F-actin 

L463P-E466P	 colocalise	 with	 F-actin	 labelling	 lamellipodia,	 filopodia	 and	
invadosome.	Merged	 images	 on	 the	 right	 show	 overlapping	 of	 green	 and	 red	
(yellow)	indicating	colocalisation.	Images	of	COS7	cells	were	taken	24	hrs	after	
transfection.	Scale	bar	20	μm	as	indicated. 
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L470P-L473P	 Phalloidin	

Merge	

	

Fig.	8.8.5	Disruption	of	 the	coiled	coil	domain	of	L470P-E473P	results	 in	
conformational	change	and	colocalisation	with	F-actin	
L470P-E473P	 colocalise	 with	 F-actin	 labelling	 lamellipodia,	 filopodia	 and	
invadosome.	Merged	 images	 on	 the	 right	 show	 overlapping	 of	 green	 and	 red	
(yellow)	indicating	colocalisation.	Images	of	COS7	cells	were	taken	24	hrs	after	
transfection.	Scale	bar	20	μm	as	indicated. 
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L505P-A508P	

	

Phalloidin	

Merge	

	

	

Fig.	8.8.6	Disruption	of	the	coiled	coil	domain	of	L505P-A508P	results	 in	
conformational	change	and	colocalisation	with	F-actin	
L505P-E508P	 colocalise	 with	 F-actin	 labelling	 lamellipodia,	 filopodia	 and	
invadosome.	Merged	 images	 on	 the	 right	 show	overlapping	 of	 green	 and	 red	
(yellow)	indicating	colocalisation.	Images	of	COS7	cells	were	taken	24	hrs	after	
transfection.	Scale	bar	20	μm	as	indicated. 
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L512P-V515P	 Phalloidin	

Merge	

	

Fig.	8.8.7	Disruption	of	 the	coiled	coil	domain	of	L512P-V515P	results	 in	
conformational	change	and	colocalisation	with	F-actin	
L512P-E515P	 colocalise	 with	 F-actin	 labelling	 lamellipodia,	 filopodia	 and	
invadosome.	Merged	 images	 on	 the	 right	 show	 overlapping	 of	 green	 and	 red	
(yellow)	indicating	colocalisation.	Images	of	COS7	cells	were	taken	24	hrs	after	
transfection.	Scale	bar	20	μm	as	indicated. 
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Q371P-A374P-L505P-A508P	 Phalloidin	

Merge	

	

Fig.	 8.8.8	Disruption	 of	 the	 coiled	 coil	 domain	 of	 Q371P-A374P-L505P-
A508P	results	in	conformational	change	and	colocalisation	with	F-actin	
Q371P-A374P-L505P-A508P	 colocalise	 with	 F-actin	 labelling	 lamellipodia,	
filopodia	 and	 invadosome.	 Merged	 images	 on	 the	 right	 show	 overlapping	 of	
green	 and	 red	 (yellow)	 indicating	 colocalisation.	 Images	 of	 COS7	 cells	 were	
taken	24	hrs	after	transfection.	Scale	bar	20	μm	as	indicated. 
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Fig.	8.9.0	Δ0-104	formed	aggregations	in	less	than	2%	transfected	Jurkat	

T	cells	
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Fig.	 8.10.0	 Formation	of	 large	 aggregates	 of	 DEF6	 is	 abolished	 through	

proline	mutations	in	the	coiled	coil	domain		

Upper	panel:	Schematic	representation	of	GFP-tagged	Δ0-104	and	Δ0-104-All-
10	DEF6	mutants.	
Lower	panel:	24	h	after	transfection	of	COS7	cells,	GFP-tagged	Δ0-104	mutant	
formed	 aggregates	 that	 seemed	 to	 interact	 with	 each	 other	 forming	 large	
structures.	Aggregation	and	large	structure	formation	was	abolished	when	the	
coiled	coil	domain	was	disrupted	through	prolines	at	all	10	a/d	positions.		
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Fig.	8.11.0	Cellular	stress	did	not	alter	 localisation	of	the	105-312aa	or	
Δ0-104-All-10	mutants	

GFP-tagged	DEF6	mutant	105-312aa	that	only	contains	amino	acids	from	105	
to	312	was	diffuse	in	cytoplasm	and	nucleus	(left	panel).	
Arsenate	(middle	panel)	or	nocodazole	(right	panel)	 treatment	of	COS7	cells	
transfected	with	GFP-tagged	DEF6	105-312aa	or	Δ0-104-All-10	mutants	did	
not	result	in	formation	of	aggregates.		
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Table	8:	DEF6/Mutants	in	COS7	cells	

DEF6/Mutants	 Treatments	 Phenotypes	in	COS7	cells	 Figure	

Diffused	 Aggregates	 P-bodies	

colocalisation	

F-actin	

labelling	

In	nucleus	

GFP	 /	 ✔	 ✗	 ✗	 ✗	 ✔	 3.3.0	

Arsenate	 ✔	 ✗	 ✗	 ✗	 ✔	 3.4.0	

H2O2	 ✔	 ✗	 ✗	 ✗	 ✔	 4.8.1	

WT	DEF6	 /	 ✔ ✗ ✗ /	 ✗ 3.3.0	

Arsenate	 ✔	 ✔	 ✔	 ✗	 ✗	 3.4.0	

Nocodazole	 ✔	 ✔	 ✔	 ✗	 ✗	 3.9.0	

H2O2	 ✗	 ✔	 /	 ✔ ✗	 4.8.1	

Q371P-A374P	 /	 ✔	 ✔	 ✗	 ✔	 ✗	 3.3.0,	3.3.1	

Arsenate	 ✗	 ✗	 ✗	 ✗	 ✗	 3.3.0	

H2O2	 ✗	 ✗	 ✗	 ✔	 ✗	 4.8.3	

R407P-M410P	

I428P-L431P	

L442P-E449P	

/	 ✔	 ✗	 ✗	 ✗	 ✗	 3.3.0	

Arsenate	 ✔	 ✗	 ✗	 ✗	 ✗	 3.4.0	

H2O2	 ?	 ✗	 ✗	 ?	 ✗	 4.8.3	

	 	   	 	  	

8.5	Summary	of	DEF6/Mutants	phenotypes	
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DEF6/Mutants	

	

	

Treatments	

	

	

Phenotypes	in	COS7	cells	 Figure	

Diffused	

	

Aggregates	

	

P-bodies	

colocalisation	

F-actin	

labelling	

In	nucleus	

K491P-L494P	 /	 ✔	 ✗	 ✗	 ✗	 ✗	 3.3.0	

Arsenate	 ✔ ✔ / ✗ ✗ 3.4.0	

H2O2	 ✔ ✔ / ? ✗ 4.8.3	

L463P-E466P	

L470P-L473P	

L505P-A508P	

L512P-V515P	

L533P-A536P	

R407P-M410P-

L505P-A508P	

I428P-L431P-

L505P-A508P	

Q371P-A374P-

L505P-A508P	

All-10	

Δ0-216-All-10	

/	 ✗	 ✗	 ✗	 ✔	 ✗	 3.3.0	

Arsenate	 ✗	 ✗	 ✗	 ✔	 ✗	 3.4.0	
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DEF6/Mutants	 Treatments	 Phenotypes	in	COS7	cells	 Figure	

Diffused Aggregates P-bodies	

colocalisation 

F-actin	

labelling	

In	nucleus	
 

Y210/222E-

Q371P-A374P	

Y210/222E-	

I428P-L431P	

Y210/222E-

L505P-A508P	

Y210/222E-

Q371P-A374P-

L505P-A508P	

Y210/222E-

I428P-L431P-

L505P-A508P	

Y210/222E-All-

10	

/	 ✗ ✔ ✔ /	 ✗ 3.5.0	

3.5.1	

N-30	 /	 ✔	 ✗	 ✗	 ✗	 ✔	 3.6.0	
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DEF6/Mutants	 Treatments	 Phenotypes	in	COS7	cells	 Figure	

Diffused Aggregates P-bodies	

colocalisation 

F-actin	

labelling	

In	nucleus	
 

N-45	

N-79	

/	 ✗	 ✔	 ✔	 ✔	 ?	 3.6.0	

3.6.1	

DH2	 /	 ✔	 ✔ 	(Vesicle-like)	 ✗	(Adjacent)	 ✗	 ✗	 3.7.1,	3.8.0	

Arsenate	 ✔	 ✔ 	(Vesicle-like)	 ✗	(Adjacent)	 ✗	 ✗	 3.10.1	

Nocodazole	 ✔	 ✔ 	(Vesicle-like)	 ✗	(Adjacent)	 ✗	 ✗	 3.10.1	

H2O2	 ✔	 ✔ 	(Vesicle-like)	 ✗	(Adjacent)	 ✗	 ✗	 4.8.1	

Δ0-311	

Δ0-216	

/	 ✔	 ✔ 	 ✗	(Adjacent)	 ✗	 ✗	 3.7.1,	3.8.0	

Arsenate	 ✔	 ✔ 	 ✗	(Adjacent)	 ✗	 ✗	 3.10.2	

Nocodazole	 ✔	 ✔ 	 ✗	(Adjacent)	 ✗	 ✗	 3.10.2	

H2O2	 ✔	 ✔ 	 ✗	(Adjacent)	 ✗	 ✗	 4.8.1	

Δ0-104	

Δ0-79	

Δ0-45	

Δ45-79	

Δ79-108	

Δ45-108	

/	 ✔	 ✔ 	 ✗	(Partially	overlap)	 ✗	 ✗	 3.7.1,	3.8.0	

Arsenate	 ✔	 ✔ 	 ✔	 ✗	 ✗	 3.10.2	

Nocodazole	 ✔	 ✔ 	 ✔	 ✗	 ✗	 3.10.2	

H2O2	 ✔	 ✔ 	 /	 ✔	 ✗	 4.8.1	
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DEF6/Mutants	 Treatments	 Phenotypes	in	COS7	cells	 Figure	

Diffused	 Aggregates	 P-bodies	

colocalisation	

F-actin	

labelling	

In	nucleus	

	

DHL-N /	 ✔	 ✔	 ✗	 ✗	 ✗	 3.7.2b	

DH1 /	 ✗	 ✗	 ✗	 ✔	 ✗	 3.7.2b	

DHL-C /	 ✗	 ✗	 ✗	 ✔ ✔ 3.7.2b	

ITAM 

PH1 

/	 ✔	 ✗	 ✗	 ✗	 ✔	 3.7.2b	

ITAM Nocodazole	 ✔ ✗ ✗ ✗ ✔ 3.10.4	

PH2 /	 ✗	 ✗	 ✗	 ✗	 ✔	 3.7.2b	

Δ0-216-All-10	 /	 ✗	 ✗	 ✗	 ✔	 ✗	 3.7.3	

All-10 Nocodazole	 ✗ ✗ ✗ ✔ ✗ 3.10.4	

Δ0-104-Y210/222E	 /	 ✔	 ✔ 	 ✗	(Partially	overlap)	 ✗	 ✗	 3.11.1,	3.11.2	

Nocodazole	 ✔	 ✔ 	 ✗	(Partially	overlap)	 ✗	 ✗	 3.11.1,	3.11.2	

Δ0-104-Y210/222F	 /	 ✔	 ✔ 	 ✗	(Partially	overlap)	 ✗	 ✗	 3.11.1,	3.11.2	

Nocodazole	 ✔	 ✔ 	 ✗	(Partially	overlap)	 ✗	 ✗	 3.11.1,	3.11.2	

Y133/144F	 H2O2	 / ✔ / ? ✗ 4.8.2	

Y210/222F	 H2O2	 / ✔ / ? ✗ 4.8.2	
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DEF6/Mutants	 Treatments	 Phenotypes	in	COS7	cells Figure	

Diffused Aggregates P-bodies	

colocalisation 

F-actin	

labelling 

In	nucleus	
 

Y133/144D	 /	 ✔ ✔  ✗	(Partially	overlap) ✗ ✗ 3.14.0	

Nocodazole	 ✔ ✔  ✗	(Partially	overlap) ✗ ✗ 3.14.0	

H2O2	 ✔ ✔  ✗	(Partially	overlap) ✗ ✗ 4.8.2	

537-590aa	 /	 ✗ ✗ ✗ ✔ ✔  4.5.0	

537-550aa	 /	 ✔ ✗ ✗ ? ✔ 4.5.0	

551-590aa	 /	 ✔ ✗ ✗ ? ✔ 4.5.0	
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Table	9:	Cellular	localisation	of	wild	type	and	mutant	DEF6	proteins	coexpressed	with	mCherry-NLS-DEF6	

DEF6/Mutants	 Phenotypes	 Molecule	Features	 Figure	

Colocalised	

in	nucleus	

Colocalised	

in	granules	

WT	DEF6	 ✔	 /	 	 	

Contain	N-terminal	

and	full	or	part	of	

coiled	coil	domain	

3.12.0	

DH1	 ✔	 /	 3.12.0	

DH2	 ✔	 ✔	 3.12.0	

N-590	 ✔	 ✔	 	

Contain	N-

terminal	domain	

3.12.0	

Y210/222E	 ✗	 ✔	 3.12.0,	3.12.1	

N-108	 ✗	 ✔	 3.12.1	

DHL-N	 ✗	 /	 	

No	full	coiled	coil	domain	or	coiled	coil	

structure	is	disrupted	

3.13.0	

Q371P-A374P	

L442P-E445P	

All-10	

✗	 /	 3.13.0	
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Table	10:	mCherry-Y133/144D	coexpression	with	DEF6	mutants	

Mutants	 Colocalised	

in	granules	

Figure	

DH2	 ✔	 3.15.0	

Δ0-216	 ✔	 3.15.0	

Δ0-104	 ✔	 3.15.0	

537-590aa	 ✔	 4.6.0	

537-550aa	 ✔	 4.6.0	

551-590aa	 ✗	 4.6.0	
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Table	11:	DEF6/Mutants	in	resting	Jurkat	T	cells	

DEF6/Mutants	 Phenotypes	in	resting	Jurkat	T	cells	 Figure	

Diffused	 Aggregates	 P-bodies	colocalisation	 F-actin	labelling	

GFP	 ✔	 ✗	 ✗	 ✗	 5.2.1	

WT	DEF6	 ✗ ✗ ✗ ✔ 5.2.1	

L533P-A536P	 ✗	 ✗	 ✗	 ✔	 5.2.2	

All-10	 ✗	 ✗	 ✗	 ✔	 5.2.2	

Δ0-216-All-10	 ✗	 ✗	 ✗	 ✔	 5.2.2	

Δ0-104	 ✗	 ✗	 ✗	 ✔	 5.2.3	

Δ0-216	 ✔	 ✗	 ✗	 ✔	 5.2.3	

DH2	 ✔	 ✔	 ✔	 ✔	 5.2.3	

Y133/144D	 ?	 ✔	 ?	 ?	 5.2.4	

Y210/222E	 ✗	 ✔	 ✔	 ✔	 5.2.5	
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Table	12:	DEF6/Mutants	in	conjugated	Jurkat	T	cells	

DEF6/Mutants	 Phenotypes	in	conjugated	Jurkat	T	cells	 Figure	

Diffused	 Aggregates	 F-actin	labelling	 IS		

(cSMAC	or	pSMAC)	

GFP	 ✔	 ✗	 ✗	 ✗	 5.3.1	

WT	DEF6	 ✗	 ✗	 ✔	 ✔cSMAC	 5.3.1	

All-10	 ✗	 ✗	 ✔	 ✔pSMAC	 5.3.2	

Δ0-216-All-10	 ✗	 ✗	 ✔	 ✔pSMAC	 5.3.2	

L533P-A536P	 ✗	 ✗	 ✔	 ✔	cSMAC	and	pSMAC	 5.3.2	

DH2	 ✔	 ✔	 ✔	 ✔	pSMAC	 5.3.3	

Δ0-216	 /	 ✗	 ✔	 ✔	pSMAC	 5.3.3	

	
	
	


