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1 An	introduction	to	the	Roco	protein	family	

	

	

	

	

	

	

	

	

	

	

	

Part	of	this	chapter	in	combination	with	the	fifth	chapter	is	pending	publication	as	an	invited	

review	in	the	special	issue	“Small	GTPases”	of	the	International	Journal	of	Molecular	Sciences.		
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1.1 Guanine	nucleotide	binding	proteins	

A	 wide	 variety	 of	 biological	 processes,	 such	 as	 signal	 transduction,	 cell	 growth	 and	

transmembrane	signalling,	are	regulated	by	proteins	that	bind	and	hydrolyse	GTP	(Bourne	et	

al.,	1990;	Kjeldgaard	et	al.,	1996).	In	1983,	Hughes	suggested	that	these	regulatory	proteins	

have	 common	 features	 and	 form	 a	 separate	 protein	 class,	 called	 the	Guanine	Nucleotide	

Binding	Proteins	 (GNBPs)	 (Hughes,	1983).	GNBPs	are	considered	 to	be	molecular	 switches	

that	cycle	between	a	GTP-bound	active	state,	where	the	protein	can	perform	its	biological	

function,	and	a	GDP-bound	 inactive	state,	where	deactivation	 is	 caused	by	GTP	hydrolysis	

(Kjeldgaard	et	al.,	1996;	Vetter	and	Wittinghofer,	2001;	Wittinghofer	and	Vetter,	2011).	

A	 eukaryotic	 cell	 has	 an	 estimated	 100	 to	 150	 different	GNBPS	 (Vetter	 and	Wittinghofer,	

2001).	Some	of	the	best	known	examples	of	this	protein	family	include	translation	elongation	

factors,	the	Ras	protein	family	and	heterotrimeric	G-proteins	(Bourne	et	al.,	1990).	

1.1.1 The	GTP	binding	motif	

Proteins	from	the	GNBP	superfamily,	also	known	as	G-proteins,	share	a	conserved	structural	

module,	called	the	G-domain.	This	domain	functions	as	the	molecular	switch	of	the	protein	

and	 is	 responsible	 for	 nucleotide	 binding	 and	 hydrolysis.	 The	 minimal	 G-domain	 has	 a	

universal	 structure	 consisting	 of	 a	 central	b-sheet	 surrounded	 by	a-helices	 connected	 by	

hydrophilic	loops	(Kjeldgaard	et	al.,	1996;	Vetter	and	Wittinghofer,	2001)	(figure	1.1).		

Five	consensus	sequence	elements	(G-motifs)	are	located	along	the	nucleotide	binding	site	

(G1-5).	The	first	motif,	G1,	is	located	in	the	loop	connecting	the	first	b-strand	and	a-helix	and	

has	a	glycine-rich,	very	flexible	sequence	motif	GXXXXGK(S/T).	This	loop	was	discovered	by	

Walker	et	al.	and	found	to	be	conserved	in	the	a-	and	b-subunits	of	ATP	synthases	and	other	

ATP-requiring	 enzymes	 (Walker	 et	 al.,	 1982).	 Later	 studies	 then	 showed	 that	 guanine	

nucleotide	binding	proteins	have	this	motif	as	well,	suggesting	that	this	is	a	favourable	design	

for	phosphate	binding.	Hence	the	loop	is	called	the	phosphate-binding	loop	or	P-loop	(Möller	

and	Amons,	1985;	Saraste	et	al.,	1990).	In	this	loop,	several	main	and	side	chain	atoms	of	the	

protein	 form	hydrogen	 bonds	with	 the	a-	 and	b-phosphates	 of	 the	G-nucleotide.	 The	G2	

motif,	consisting	of	the	N-terminus	of	the	second	b-strand	and	the	loop	preceding	it,	has	a	

conserved	threonine	residue,	involved	in	Mg2+	and	g-phosphate	binding	(see	further).	In	the	

loop	connecting	the	second	a-helix	and	the	third	b-strand,	a	DXXG	motif	(G3)	is	found	in	all	
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G-proteins.	The	conserved	glycine	in	this	motif	forms	a	hydrogen	bond	with	g-phosphate	via	

its	amide	group	(see	further),	while	the	conserved	aspartate	binds	the	catalytic	Mg2+	via	an	

intervening	 water	 molecule.	 In	 the	 fourth	 G-motif,	 which	 contains	 the	 (N/T)(K/Q)XD	

sequence,	the	conserved	aspartate	and	threonine	or	asparagine	form	hydrogen	bonds	with	

groups	of	the	guanine	ring	hence	determining	the	specificity	for	guanine	over	adenine.	The	

motif	can	be	found	in	the	fifth	b-strand.	The	last	motif,	G5,	is	located	in	a	loop	between	the	

fifth	a-helix	and	sixth	b-strand	and	binds	the	guanine	base	indirectly,	by	stabilizing	the	fourth	

G-motif	(Bourne	et	al.,	1991;	Dever	et	al.,	1987;	McCormick	et	al.,	1985;	Wittinghofer	and	

Vetter,	2011).	

	

Figure	1.1:	Minimal	G-domain	of	p21	Ras	(pdb:	1CTQ).	Crystal	structure	of	the	GppNHp-bound	G-domain	of	p21	

Ras	 showing	 the	 universal	 G-domain	 structure	 consisting	 of	 a	 central	b-sheet	 surrounded	 by	a-helices.	 The	

conserved	G-motifs	along	the	nucleotide	binding	site	are	coloured	as	depicted	in	the	figure.	The	switch	regions	

containing	 G3	 and	 G2	 are	 coloured	 as	 well.	 These	 switch	 regions	 undergo	 conformational	 changes	 when	

switching	between	a	GDP-	and	GTP-bound	state.	The	GppNHp	molecule	is	shown	in	a	yellow	stick	presentation	

and	the	magnesium	ion	as	a	cyan	sphere	(figure	based	on	Scheidig	et	al.,	1999;	Verstraeten	et	al.,	2011).			

1.1.2 The	nucleotide	binding	switch	

By	comparing	the	structures	of	Ras	protein	bound	to	GDP	or	non-hydrolysable	analogues	of	

GTP,	Milburn	et	al.	discovered	that	the	main	part	of	the	nucleotide	binding	pocket	is	largely	

unaltered	 and	 that	 the	 difference	 between	 the	 active	 and	 inactive	 state	 of	 G-proteins	 is	

marked	by	conformational	changes	in	only	two	segments,	called	the	“switch	regions”	(figure	
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1.2).	In	the	GTP-bound	form,	the	g-phosphate	forms	two	hydrogen	bonds	with	the	G-domain:	

one	with	the	main	chain	amide	group	of	a	conserved	threonine	residue	 located	 in	G2	and	

another	with	a	glycine	residue	from	the	DXXG	motif	in	G3.	These	were	respectively	named	

the	switch	I	and	II	regions.	In	this	way,	the	protein	has	the	conformation	of	a	loaded	spring	

with	the	two	switch	loops	typically	ordered.	When	GTP	is	irreversibly	hydrolysed,	causing	the	

release	of	g-phosphate,	these	hydrogen	bonds	are	broken	and	the	switch	regions	are	changing	

conformations	 often	 becoming	 partially	 disordered.	 The	 threonine	 residue	 then	 points	

towards	the	solvent	and	the	second	a-helix,	which	is	part	of	switch	II,	changes	its	orientation.	

In	this	way,	small	changes	in	just	a	few	residues	can	cause	large	conformational	changes	that	

can	cover	a	span	of	more	than	40	Å.	However,	the	extent	of	the	changes	in	the	switch	regions	

varies	in	all	G-proteins	(Milburn	et	al.,	1990;	Vetter	and	Wittinghofer,	2001;	Wittinghofer	and	

Vetter,	2011).	

	
Figure	1.2:	The	nucleotide	binding	switch.	When	bound	to	GTP,	the	g-phosphate	is	bound	by	two	main-chain	

hydrogen	bonds	with	a	conserved	G2	threonine	and	G3	glycine	residue.	These	G2/G3	regions	are	the	only	regions	

that	undergo	functional	conformational	changes	upon	GTP-GDP	transition.	Therefore,	they	are	called	the	switch	

I	and	 II	 regions,	respectively.	Upon	GTP	hydrolysis,	 these	main-chain	hydrogen	bonds	are	broken,	the	switch	

regions	change	conformations	and	become	partially	disordered	(figure	adapted	from	Vetter	and	Wittinghofer,	

2001;	Wittinghofer	and	Vetter,	2011).	

These	structural	changes	upon	GTP	hydrolysis	ensure	that	high	affinity	interactions	with	and	

activation	of	effector	molecules	can	only	occur	when	the	protein	is	bound	to	GTP	(Gasper	et	

al.,	2009;	Wittinghofer	and	Vetter,	2011).		
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1.1.3 Classification	of	GNBPs/G-proteins	

G-proteins	 can	 be	 divided	 in	 subclasses	 based	 on	 either	 their	 sequence	 and	 structural	

similarities,	or	based	on	their	mode	of	action	or	functionality.		

1.1.3.1 Structural	classification	of	G-proteins	

P-loop	G-proteins	consist	of	recurring	a/b	units,	that	form	a	central	b-sheet	surrounded	by	

a-helices	(the	minimal	G-domain	described	above).	Based	on	their	structural	variety,	they	can	

be	 divided	 into	 two	 families:	 the	 TRAFAC	 and	 the	 SIMIBI	 family.	 The	 TRAFAC	 class,	 after	

translation	factors,	consists	of	a	6	stranded	b-sheet	with	one	antiparallel	strand.	Proteins	from	

this	 family	 are	 involved	 in	 translation	 signal	 transduction,	 intracellular	 transport	 and	 cell	

motility.	 The	best	 studied	G-proteins,	 including	 the	heterotrimeric	G-proteins	and	 the	Ras	

superfamily,	belong	to	this	class	(Gasper	et	al.,	2009;	Leipe	et	al.,	2002;	Verstraeten	et	al.,	

2011).	

The	SIMIBI	class,	named	after	its	three	major	subgroups	(signal	recognition	particle,	MinD	and	

BioD),	has	an	exclusively	parallel	7	stranded	b-sheet.	This	causes	a	different	orientation	of	

their	 switch	 I	 region	 compared	 to	 the	 TRAFAC	proteins.	 Proteins	 of	 the	 SIMIBI	 family	 are	

involved	in	a	variety	of	cellular	processes	such	as	signal	recognition,	protein	localization	and	

chromosome	partitioning	(Gasper	et	al.,	2009;	Leipe	et	al.,	2002;	Verstraeten	et	al.,	2011).	

1.1.3.2 Functional	classification	of	G-proteins	

The	 intrinsic	 biochemical	 properties	 of	 G-proteins	 regulate	 their	 GTP	 hydrolysis	 cycle.	

However,	additional	levels	of	regulation	can	be	provided	by	interactions	of	G-proteins	with	

regulatory	proteins	(GEFs,	GAPs,	GDIs,	see	further),	other	biomolecules	or	ions,	as	well	as	by	

dimerization	of	the	G-domains	(Verstraeten	et	al.,	2011).	Based	on	their	mode	of	action	or	

functionality,	G-proteins	can	be	divided	in	conventional	G-proteins,	G-proteins	activated	by	

nucleotide-dependent	dimerization,	GTP	sensors	and	G-proteins	that	use	GTP	as	a	substrate	

or	to	generate	a	power	stroke.	

1.1.3.2.1 Conventional	G-proteins	

The	catalytic	cycle	of	G-proteins	is	dependent	on	both	the	rate	of	GTP	hydrolysis	itself	and	

the	rate	of	nucleotide	exchange,	i.e.	the	life-time	of	the	nucleotide-free,	GDP-	and	GTP-bound	

states.	 For	 conventional	 G-proteins,	 this	 cycle	 is	 highly	 regulated	 by	 Guanine	 nucleotide	
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Exchange	 Factors	 (GEFs),	 GTPase	 Activating	 Proteins	 (GAPs)	 and	 in	 some	 cases	 Guanine	

nucleotide	 Dissociation	 Inhibitors	 (GDIs).	 These	 regulators	 allow	 G-proteins	 to	 switch	

between	an	active	and	inactive	state	without	unnecessary	consumption	of	GTP	(Bos	et	al.,	

2007;	Bourne	et	al.,	1991;	Milburn	et	al.,	1990;	Vetter	and	Wittinghofer,	2001).		

Conventional	G-proteins	typically	have	very	high	nucleotide	affinities,	 in	 the	nanomolar	 to	

picomolar	range.	This	results	in	a	very	slow	nucleotide	dissociation	(Bourne	et	al.,	1991;	John	

et	al.,	1990;	Klebe	et	al.,	1995).	Since	in	a	cell,	biological	processes	occur	within	minutes	or	

seconds	and	thus	much	faster	than	intrinsic	GTP	dissociation,	these	proteins	have	co-evolved	

with	GEFs.	Binding	of	a	GEF	to	its	corresponding	G-protein,	decreases	the	G-protein’s	affinity	

for	 the	 bound	nucleotide	making	 nucleotide	 dissociation	 possible.	GEFs	 thus	 increase	 the	

nucleotide	exchange	rate	(figure	1.3).		

	

Figure	1.3:	G-protein	cycle	of	conventional	G-proteins.	With	the	aid	of	GEFs	and	GAPs	conventional	G-proteins	

cycle	between	an	inactive	GDP-bound	and	an	active	GTP-bound	state.	Conventional	G-proteins	have	very	high	

nucleotide	affinities	resulting	in	a	low	nucleotide	dissociation	rate.	Binding	to	GEFs	decreases	the	affinity	for	the	

bound	nucleotide	allowing	it	to	be	released	from	the	protein.	Due	to	the	higher	cellular	GTP	concentration,	GTP	

then	 binds	 to	 the	 protein	 and	 the	 protein	 switches	 to	 its	 active,	 GTP-bound	 state,	 where	 it	 interacts	 with	

downstream	effectors.	GAPs	can	then	bind	to	the	G-protein,	stabilize	and/or	complement	its	catalytic	machinery	

and	in	this	way,	increase	its	intrinsically	low	GTP	hydrolysis	rate.	The	G-protein	then	switches	to	its	GDP-bound	

inactive	state	(figure	adapted	from	Terheyden	et	al.,	2016).	
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Although	 comparison	of	 several	GEF-G-protein	 complex	 structures	 revealed	 that	GEFs	 are	

structurally	and	functionally	not	conserved,	a	common	general	mode	of	action	is	becoming	

apparent.	When	a	nucleotide	is	bound	to	the	G-protein,	the	interaction	of	the	b-phosphate	

with	 the	 P-loop	 and	 the	 coordination	 of	 the	 magnesium	 ion	 are	 the	 most	 important	

contributors	to	the	high	nucleotide	affinities.	When	the	GEF	binds,	it	forms	extensive	contacts	

with	 the	 switch	 II	 region	 and	 in	 most	 cases,	 pushes	 the	 switch	 I	 region	 away	 from	 the	

nucleotide	 binding	 site.	 Nucleotide	 dissociation	 is	 then	 facilitated	 by	 inserting	 an	 acidic	

residue	close	to	or	in	the	position	of	the	P-loop	or	by	lowering	the	affinity	of	magnesium,	and	

hence	GDP,	via	hydrophobic	repulsion.	This	is	achieved	by	insertion	of	a	hydrophobic	residue	

or	by	shifting	the	switch	II	loop	to	approach	a	conserved	alanine	to	the	magnesium	binding	

site.	The	empty	nucleotide	binding	site	is	then	stabilized	in	most	G-protein/GEF	complexes	by	

the	interaction	of	a	conserved	lysine	in	the	P-loop	with	a	negatively	charged	residue	provided	

in	cis	by	switch	II	or	in	trans	by	the	GEF	(Bos	et	al.,	2007;	Cherfils	and	Zeghouf,	2013;	Renault	

et	al.,	2001).	Since	very	often	the	GTP	and	GDP	affinity	are	in	the	similar	range	(or	the	GTP	

affinity	is	higher)	and	the	GTP	concentration	in	the	cell	is	roughly	ten	times	higher,	the	protein	

will	then	bind	to	GTP.	Alternately,	binding	of	a	nucleotide,	decreases	the	affinity	of	the	G-

protein	for	its	GEF	(Vetter	and	Wittinghofer,	2001).	

Son	of	sevenless	(Sos),	is	a	first	example	of	a	GEF	increasing	the	nucleotide	exchange	rate.	Ras	

proteins	 are	 highly	 conserved	 G-proteins	 that	 play	 a	 major	 role	 in	 cell	 proliferation	 and	

differentiation	by	coupling	cell-surface	receptors	to	intracellular	signalling	(Boriack-Sjodin	et	

al.,	1998).	The	intrinsic	low	GDP	dissociation	rate	constant	of	Ras	(koff:	8,6.10-5	s-1)	increases	

up	 to	 5	 orders	 of	magnitude	 upon	 binding	 to	 Sos	 (Ford	 et	 al.,	 2006;	 Klebe	 et	 al.,	 1995).	

Comparison	of	the	GDP-bound	Ras	structure	(Milburn	et	al.,	1990)	with	nucleotide-free	Ras-

Sos	(Boriack-Sjodin	et	al.,	1998),	explains	the	working	mechanism	of	Sos.	Sos	 inserts	an	a-

helix	in	the	nucleotide	binding	site,	pushing	away	the	switch	I	loop.	Furthermore,	it	remodels	

switch	II	such	that	an	alanine	residue	(A59)	is	positioned	close	to	the	magnesium	binding	site,	

which	 causes	 hydrophobic	 repulsion	 and	 increases	 the	 nucleotide	 dissociation	 rate.	 The	

empty	nucleotide	binding	site	is	then	stabilized	by	a	salt	bridge	formed	between	the	lysine	

(K16)	of	the	P-loop	and	a	glutamate	(E62)	of	switch	II	(figure	1.4)	(Cherfils	and	Zeghouf,	2013).		
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Figure	1.4:	Sos	functions	as	a	GEF	for	Ras.	(a)	Crystal	structure	of	nucleotide-free	H-Ras	bound	to	Sos.	(b)	Overlay	

of	GDP-bound	Ras	and	nucleotide-free	Ras-Sos.	Zoom	in	on	the	nucleotide	binding	site	with	the	switch	I	and	II	

of	GDP-bound	Ras	(4q21)	coloured	in	orange	and	red,	and	the	switch	I	and	II	of	nucleotide-free	Ras	bound	to	Sos	

(1bkd)	in	yellow	and	purple.	The	protruding	a-helix	of	Sos	is	depicted	in	blue,	and	the	P-loop	of	nucleotide-free	

Ras	in	grey.	The	a-helix	of	Sos	clashes	with	switch	I	of	Ras	and	displaces	it.	Sos	further	remodels	switch	II	such	

that	alanine	59	(A59)	is	positioned	close	to	the	magnesium	binding	site	and	glutamate	62	(E62)	can	form	a	salt	

bridge	with	lysine	16	(K16)	of	the	P-loop	(figure	adapted	from	Cherfils	and	Zeghouf,	2013).	

Unlike	 other	GEFs,	 the	 Regulator	 of	 Chromosome	 Condensation	 1	 (RCC1)	 protein	 doesn’t	

interact	with	the	switch	I	region	of	its	G-protein,	Ras-related	nuclear	protein	(Ran)	(Cherfils	

and	Zeghouf,	2013;	Ohtsubo	et	al.,	1989).	Ran	is	one	of	the	most	abundant	G-proteins	in	the	

cell.	 It	 is	 involved	in	nuclear	transport	and	is	the	only	protein	of	the	Ras	family	that	cycles	

between	 the	 nucleus	 and	 cytoplasm	 (Moore,	 1998).	 The	 intrinsic	 GDP	 dissociation	 rate	

constant	of	this	protein	is	1,2.10-5	s-1	(Klebe	et	al.,	1995).	In	the	presence	of	RCC1,	Ran’s	GDP	

dissociation	rate	constant	increases	500	000	fold,	up	to	5	s-1	(Klebe	et	al.,	1995).	When	bound	

to	the	b-propeller	of	RCC1	(figure	1.5),	Ran	mainly	interacts	with	RCC1	via	the	P-loop,	switch	

II,	 and	a-helices	 3	 and	4.	 RCC1	doesn’t	 insert	 any	destabilizing	 residues	 in	 the	nucleotide	

binding	pocket,	instead,	its	main	interacting	element	is	the	rigid	protruding	b-wedge,	which	

is	stabilized	by	many	side	and	main	chain	interactions.	Upon	binding	to	RCC1,	the	b-wedge	

sits	between	the	P-loop	and	switch	II	of	Ran,	and	pushes	the	P-loop	towards	the	nucleotide	

binding	site.	It	is	however	still	unclear	how	this	increases	nucleotide	exchange	(Cherfils	and	

Zeghouf,	2013;	Renault	et	al.,	2001).		
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Figure	1.5:	RCC1	functions	as	a	GEF	for	Ran	(pdb:	1i2m).	RCC1	interacts	with	Ran	mainly	via	its	protruding	b-

wedge.	The	b-wedge	sits	between	the	P-loop	and	switch	II	of	Ran	and	pushes	the	P-loop	towards	the	nucleotide	

binding	site	(no	nucleotide	is	bound	in	this	structure).	In	this	way	Ran’s	nucleotide	affinity	decreases	leading	to	

an	increase	of	the	intrinsically	slow	nucleotide	dissociation	rate.	In	contrast	to	many	small	G-proteins,	the	switch	

I	region	of	Ran	is	not	involved	in	GEF	binding.	The	sulfate	ion	is	depicted	in	pink	(figure	adapted	from	Renault	et	

al.,	2001).	

Another	level	of	regulation	is	added	to	the	GTP	hydrolysis	cycle	of	conventional	G-proteins	by	

GAPs.	 Although	 conventional	 G-proteins	 are	 GTP	 hydrolysing	 enzymes,	 their	 actual	 GTP	

hydrolysis	rate	is	intrinsically	very	low.	In	general,	GAPs	increase	the	rate	of	GTP	hydrolysis	by	

orienting	 a	 nucleophilic	 water	 molecule	 in	 an	 appropriate	 position	 for	 attack	 on	 the	 g-

phosphate	of	GTP	and	by	stabilizing	the	negative	charges	of	the	transition	state	(Bos	et	al.,	

2007;	Cherfils	and	Zeghouf,	2013).		

Many	 GAPs	 stabilize	 these	 negative	 charges	 by	 providing	 an	 arginine,	 called	 the	 arginine	

finger,	in	the	nucleotide	binding	site.	Moreover,	many	conventional	small	G-proteins	have	a	

glutamine	residue	in	their	switch	II	region.	Upon	interaction	with	their	GAP,	this	glutamine	is	

positioned	in	such	a	way	that	it	can	activate	a	water	molecule	for	an	in-line	nucleophilic	attack	

of	 the	 g-phosphate	 of	 GTP	 (Bos	 et	 al.,	 2007;	 Cherfils	 and	 Zeghouf,	 2013).	 This	 classical	

activation	mechanism	 is	 seen	 in	 the	Ras-GDP-AlF3-RasGAP	 structure	 (figure	1.6).	GDP-AlF3	

mimicks	the	g-phosphate	in	the	transition	state.	RasGAP	supplies	an	arginine	finger	(R789)	in	
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trans	 to	 stabilize	 the	 negative	 charges	 of	 the	 transition	 state	 and	 reorients	 the	 switch	 II	

glutamine	(Q61)	to	bring	a	water	in	place	for	a	nucleophilic	attack	(Cherfils	and	Zeghouf,	2013;	

Scheffzek	et	 al.,	 1997).	 Like	 this,	 the	GTPase	 reaction	 of	 Ras	 is	 stimulated	 by	 5	 orders	 of	

magnitude,	resulting	in	a	kcat	of	19	s-1	(Gideon	et	al.,	1992).	

	

Figure	1.6:	RasGAP	activates	Ras	by	providing	an	arginine	finger.	(a)	Crystal	structure	of	H-Ras	bound	to	RasGAP	

in	the	presence	of	the	transition	state	mimick	GDP-AlF3	(pdb:	1wq1).	(b)	Zoom	in	on	the	nucleotide	binding	site	

of	Ras	with	GDP-AlF3	bound	(grey	and	orange	stick	representation).	RasGAP	provides	an	arginine	residue	(R789)	

to	stabilize	the	negative	charges	of	the	transition	state.	The	glutamine	residue	of	switch	II	(Q61)	is	reoriented	to	

bring	a	water	molecule	(red	sphere)	in	place	for	a	nucleophilic	attack	(figure	adapted	from	(Cherfils	and	Zeghouf,	

2013).	

However,	every	GAP	is	unique	for	a	certain	G-protein	and	so	variations	in	their	mode	of	action	

exist.	For	example,	in	some	cases	the	protein	possesses	all	the	necessary	catalytic	residues,	

but	requires	a	GAP	only	for	stabilization	of	the	machinery.	This	is	true	for	Ran	(Bos	et	al.,	2007;	

Seewald	et	al.,	2002).	In	1993,	Bischoff	et	al.	discovered	RanGAP	as	a	GAP	for	Ran	(Bischoff	et	

al.,	1994).	Whereas	the	intrinsic	GTP	hydrolysis	rate	constant	of	Ran	is	1,8.10-5	s-1,	RanGAP	

accelerates	the	reaction	resulting	in	a	GTP	hydrolysis	rate	constant	of	2,1	s-1,	well	within	the	

range	of	other	GAP	catalysed	G-proteins	(Klebe	et	al.,	1995).	It	is	however	important	to	notice	

that	RanGAP	requires	Ran	to	be	bound	to	Ran-binding	protein	1	 (RanBP1)	 for	 full	activity,	

although	no	explanation	for	this	coactivation	has	been	found	so	far	 (Cherfils	and	Zeghouf,	

2013).	

	The	crystal	structure	of	RanGAP-Ran-RanBP1	revealed	that	RanGAP	has	no	arginine	finger	

(figure	1.7).	The	interaction	of	RanGAP	with	Ran	occurs	via	RanGAP’s	Leucine-Rich	Repeats	

(LRRs),	with	stabilization	of	the	switch	II	region	of	Ran	by	LRR3.	Although	Arg170	of	RanGAP	
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could	theoretically	function	as	an	arginine	finger,	its	side	chain	is	pointing	away	from	the	g-

phosphate	in	the	crystal	structure.	Instead,	a	tyrosine	residue	(Y39)	occupies	the	location	of	

the	possible	arginine	finger	and	stabilizes	the	conserved	glutamine	in	switch	II	(Q69)	of	Ran	

by	a	hydrogen	bond.	This	glutamine	residue	is	further	stabilized	by	a	hydrogen	bond	with	an	

asparagine	(N131)	of	RanGAP.	Ran	thus	has	the	necessary	GAP	machinery	itself,	but	requires	

RanGAP	for	the	stabilization	of	its	switch	II	region	(Seewald	et	al.,	2002).	

	

Figure	1.7:	RanGAP	functions	as	a	GAP	for	Ran	GTP	hydrolysis	without	the	insertion	of	an	arginine	finger	(pdb:	

1K5D).	(a)	Ran	can	hydrolyse	GTP	with	the	aid	of	RanGAP	and	RanBP1.	RanGAP	interacts	with	Ran	via	its	LRRs.	

(b)	The	conserved	Q69	of	Ran	is	stabilized	by	two	hydrogen	bonds	(yellow)	with	Y39	of	Ran	and	N131	of	RanGAP	

respectively.	It	can	in	this	way	interact	with	the	nucleophilic	water	residue.	Only	one	putative	arginine	finger	is	

present	on	the	surface	of	RanGAP	(R170),	but	this	residue	points	away	from	the	nucleotide	binding	site.	The	

magnesium	 ion	 is	 depicted	 as	 a	 pink	 sphere,	 GppNHp	 as	 an	 orange-grey	 stick	model	 (figure	 adapted	 from	

Seewald	et	al.,	2002).	

A	 third	 type	 of	 regulator	 is	 found	 in	 conventional	 G-proteins	 with	 a	 prenylated	 COOH-

terminus,	such	as	the	Ras,	Rho	and	Rab	subfamilies.	Posttranslational	prenylation	is	suggested	

to	facilitate	membrane	attachment	of	the	protein	and	thus	interaction	with	GAPs	and	GEFs.	

Upon	 binding	 of	 a	 Guanine	 nucleotide	 Dissociation	 Inhibitor	 (GDI)	 to	 a	 G-protein,	 the	 G-

protein	 is	extracted	 from	the	membrane.	The	GDI	shields	 the	G-protein’s	hydrophobic	 tail	

from	the	aqueous	environment	and	keeps	it	in	a	soluble	inactive	complex	hence	influencing	

the	GTP	hydrolysis	cycle	(Cherfils	and	Zeghouf,	2013;	Vetter	and	Wittinghofer,	2001).		
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1.1.3.2.2 G-proteins	activated	by	nucleotide-dependent	dimerization	

A	second	group	of	G-proteins	forms	dimers	in	their	active	state.	They	are	called	GADs,	after	

G-proteins	Activated	by	nucleotide-dependent	Dimerization.	In	contrast	to	conventional	G-

proteins,	GADs	have	 low	nucleotide	affinities,	 in	the	micromolar	range.	As	a	consequence,	

these	 proteins	 have	 very	 high	 nucleotide	 dissociation	 rates,	 making	 GEFs	 obsolete.	

Furthermore,	when	 bound	 to	GTP,	 the	G-domains	 of	 the	GADs	 dimerize	 and	 in	 this	way,	

complement	each	other’s	active	site.	Each	protomer	thus	provides	residues	for	the	active	site	

of	the	adjacent	protomer	or	has	an	important	stabilizing	role	for	its	active	site.	These	residues	

can	stabilize	the	flexible	active	site,	or	can	be	directly	involved	in	catalysis.	Either	way,	GADs	

have	 all	 the	 necessary	 components	 for	 GTP	 hydrolysis	 and	 do	 not	 require	 GAPs	 for	 GTP	

hydrolysis	(Gasper	et	al.,	2009)	(figure	1.8).	

	

Figure	1.8:	GADs	form	dimers	in	their	active	site.	GADs	have	micromolar	nucleotide	affinities,	leading	to	high	

nucleotide	dissociation	rates.	Therefore,	they	do	not	require	GEFs	to	cycle	from	their	inactive	GDP-	to	their	active	

GTP-bound	 state.	 Following	 GTP	 binding,	 the	 G-domains	 of	 GADs	 dimerize.	 In	 this	 way	 both	 monomers	

complement	each	other’s	active	site	and	are	able	to	hydrolyse	GTP.	The	GADs	then	cycle	back	to	their	inactive,	

GDP-bound	state.	In	conclusion,	GADs	possess	all	the	necessary	components	for	GTP-binding	and	hydrolysis	and	

can	cycle	between	an	active	and	inactive	state	without	the	aid	of	GEFs	and	GAPs	(figure	adapted	from	Gasper	et	

al.,	2009).	

Three	types	of	dimer	formation	within	the	GAD	functional	family	can	be	distinguished.	A	first	

possibility	is	that	two	different	G-proteins	from	the	same	protein	family	with	nearly	identical	

active	 site	 residues	 interact.	 This	 is	 called	 pseudo-transhomodimerization.	 In	 the	 case	 of	
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trans-homodimerization,	 two	 monomers	 of	 the	 same	 G-protein	 interact.	 Finally,	 cis-

dimerization	 occurs	 when	 two	 identical	 G-proteins	 form	 constitutive	 dimers	 via	 an	 extra	

domain,	whereby	their	G-domains	exhibit	a	nucleotide-dependent	interaction.	These	three	

types	of	dimerization	are	explained	using	the	following	examples.	

Septins	–	an	example	of	pseudo-transhomodimerization	

Septins	form	a	family	of	GTP-binding	proteins,	discovered	in	Saccharomyces	cerevisiae	in	1971	

(Hartwell,	1971).	There	are	13	human	septins	known,	organized	in	heteromeric	complexes	

that	form	non-polar	filaments,	bundles	or	rings.	Members	of	the	family	are	ubiquitously	or	

tissue-specific	 expressed	 (Montagna	 et	 al.,	 2015;	Mostowy	 and	 Cossart,	 2012).	 This	 huge	

variety	in	septin	expression	and	structure	formation,	makes	the	function	of	the	protein	family	

very	diverse,	 including	key	roles	 in	cell	division,	cytoskeletal	dynamics,	ciliogenesis,	vesicle	

trafficking	 and	 phagocytosis	 (Kartmann	 and	 Roth,	 2001;	 Mostowy	 and	 Cossart,	 2012).	

Mutations	in	several	septin	genes	have	been	implicated	in	the	pathogenesis	of	a	variety	of	

diseases	 including	 neoplasia,	 hereditary	 neuralgic	 amyotrophy,	 tumorigenesis	 and	

neurodegenerative	conditions	(Hall	and	Russell,	2004;	Montagna	et	al.,	2015;	Sirajuddin	et	

al.,	2007).		

Crystallization	of	the	human	SEPT2	G-domain	revealed	that	the	protein	has	four	additional	

structural	 elements	 compared	 to	 the	 minimal	 Ras	 G-domain:	 an	 a-helix	 and	 b-hairpin,	

inserted	in	the	G-protein	core,	and	two	extra	helices,	a0	and	a6,	at	the	N-terminus	and	C-

terminus	of	the	protein	respectively.	The	sequences	of	these	inserted	structural	elements	are	

highly	 conserved	 between	 septins.	 Having	 a	 closer	 look	 at	 the	 SEPT2	 dimers,	 the	 protein	

seems	to	be	able	to	dimerize	via	two	interfaces	(figure	1.9a).	At	the	G-dimer	interface,	the	

SEPT2	 dimerizes	 across	 the	 nucleotide-binding	 site,	 with	 the	 b-hairpin	 insertion	 of	 both	

monomers	as	a	major	contributor.	The	second	dimer	interface,	called	the	NC-dimer	site,	uses	

the	additional	N-	and	C-terminal	a-helices	(Sirajuddin	et	al.,	2007).	Comparison	of	a	SEPT2	

GDP-	 and	 GppNHp-bound	 structure,	 revealed	 that	 the	 nature	 of	 the	 nucleotide	 bound,	

influences	the	stability	of	both	the	G-dimer	(which	is	stabilized	upon	GppNHp-binding)	and	

NC-dimer	 interface	 (destabilized	 upon	 GppNHp-binding).	 In	 this	 way	 septin-septin	

interactions	can	be	stabilized	or	prevented	upon	nucleotide	binding	(Sirajuddin	et	al.,	2009).	
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Figure	1.9:	Septin	oligomers	have	two	dimer	interfaces	(pdb:	2qa5	and	2qag).	(a)	Septins	have	four	expansion	

elements:	a	b-hairpin	and	a-helix	inserted	in	the	G-domain	core,	and	an	extra	N-terminal	and	C-terminal	a-helix.	

The	SEPT2	dimer	has	two	types	of	dimer	interfaces:	a	NC-dimer	interface,	where	dimerization	is	mediated	by	

the	 additional	 N-	 and	 C-terminal	 helices,	 and	 a	 G-dimer	 interface,	 where	 the	 septin	 dimerizes	 across	 the	

nucleotide	 binding	 site.	 Here	 the	b-hairpin	 insertion	 plays	 a	major	 role.	 (b)	 Human	 septin	 forms	 non-polar	

filaments.	 These	 filaments	 are	 built-up	 from	 SEPT7-6-2-2-6-7	 hexamers,	 wherein	 the	 SEPT2-2	 and	 SEPT6-7	

interfaces	are	NC-interfaces,	and	the	SEPT2-6	interface	is	a	G-dimer	interface.	SEPT2	and	7	have	GDP	bound	in	

this	hexameric	structure,	while	SEPT6	is	bound	to	GTP	(figure	adapted	from	Weirich	et	al.,	2008).	

To	date,	the	most	characterized	human	septin	hexamer	consists	of	full	length	SETP2-SEPT6-

SEPT7	(Montagna	et	al.,	2015).	Crystallization	of	this	core	complex	revealed	a	SEPT7-6-2-2-6-

7	hexamer	 formation	with	SEPT6	and	7	 interacting	via	 the	NC-dimer	 interface,	 just	as	 the	

SEPT2	subunits	(figure	1.9b).	On	the	other	hand,	the	SEPT6-SEPT2	interaction	occurs	via	the	

G-dimer	interface.	Peculiar	is	that	in	this	structure	SEPT6	has	GTP	bound,	while	SEPT2	and	7	

are	 bound	 to	 GDP	 (Sirajuddin	 et	 al.,	 2007).	 Later,	 sequence	 comparison	 revealed	 that	

members	of	the	SEPT6	subgroup	lack	a	threonine	residue	necessary	for	GTP	hydrolysis.	It	thus	

seems	 that	 not	 all	 septins	 can	 hydrolyse	 GTP.	 In	 this	 way,	 septins	 form	mixed	 GDP-GTP	

interfaces	that	are	favourable	for	stability	of	the	dimer	interfaces.	Therefore,	septins	form	a	

unique	protein	family	that	requires	GTP	hydrolysis	for	proper	functioning,	but	only	of	some	

of	the	members	(Sirajuddin	et	al.,	2009).		
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Dynamins	–	trans-homodimerizing	proteins	

Dynamins	form	a	very	diverse	family	of	G-proteins,	including	classical	dynamins,	dynamin-like	

proteins,	Mx-like	proteins	 and	OPA1	proteins	 (Obar	et	 al.,	 1990;	 Praefcke	 and	McMahon,	

2004).	They	are	involved	in	a	variety	of	cellular	processes	such	as	vesicle	scission,	cytokinesis,	

organelle	division	and	membrane	fusion.	The	superfamily	distinguishes	itself	by	having	a	large	

G-domain	(minimal	300	amino	acids,	compared	to	170	in	Ras),	and	two	additional	domains:	a	

middle	 domain	 and	 a	 GTPase	 effector	 domain	 (GED),	 involved	 in	 oligomerization	 and	

regulation	of	the	GTPase	activity.	Depending	on	the	subfamily,	extra	domains	can	be	present	

such	as	pleckstrin-homology	domains	 (PH),	proline-rich	domains	 (PRD)	or	 variants	 thereof	

(Daumke	and	Praefcke,	2016;	Praefcke	and	McMahon,	2004).		

The	 dynamin	 superfamily	 is	 further	 characterized	 by	 low	 nucleotide	 affinities,	 with	

dissociation	constants	ranging	from	10	to	100	µM,	and	a	moderate	intrinsic	GTPase	activity	

(Daumke	and	Praefcke,	2016;	Shpetner	and	Vallee,	1992;	Song	and	Schmid,	2003).	The	GTPase	

activity	 is	 stimulated	 by	 self-assembly	 into	 regular	 oligomers	 upon	 interaction	 with	

appropriate	templates	(Daumke	and	Praefcke,	2016;	Song	and	Schmid,	2003).	For	example,	

for	 dynamin	 itself,	 the	 intrinsic	 GTPase	 activity	 of	 0.2	 s-1	 increases	 up	 to	 3.1	 s-1	 upon	

interaction	with	microtubules	(Shpetner	and	Vallee,	1992).	

The	Bacterial	Dynamin-Like	Protein	 (BDLP)	 from	Nostoc	punctiforme	was	crystallized	 in	 its	

nucleotide-free	and	GDP-bound	state	(Low	and	Löwe,	2006).	The	protein	is	in	both	cases	quite	

compact	and	comprises	a	G-domain,	a	neck	and	trunk	bundle	each	of	4	a-helices,	and	a	tip	

domain	(figure	1.10a).	Unlike	most	dynamin-like	proteins,	the	middle	and	GED	domains	are	

strictly	speaking	no	real	domains,	but	instead	run	parallel	and	contribute	both	to	the	neck	and	

trunk	bundle.	The	helical	tip	region	comprises	two	helix	layers:	a	lower	mobile	paddle	and	an	

upper	flexible	layer.	Binding	to	GDP	initiates	the	formation	of	a	crystallographic	dimer	(figure	

1.10b).	 This	 dimerization	 occurs	 between	 the	 G-domains,	 and	 occludes	 the	 nucleotide-

binding	site.	 In	this	way,	the	glutamate	located	at	the	C-terminal	tip	of	a-helix	9	from	one	

monomer	can	form	a	hydrogen	bond	with	the	trans	nucleotide	base	and	vice	versa,	stabilizing	

the	nucleotide	binding	site	(Low	and	Löwe,	2006).	The	two	helical	domains	are	in	a	closed	

conformation,	with	a	sharp	kink	in	between	the	domains.	Upon	binding	to	GMPPNP	(a	non-

hydrolysable	GTP-analogue)	and	in	the	presence	of	liposomes,	the	protein	oligomerizes	and	
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binds	 into	 the	 lipid	bilayer.	 This	 goes	with	 a	 large	 conformational	 change,	where	 the	 two	

helical	 domains	 open	 and	 become	oriented	 in	 a	 parallel	way.	 The	 paddle	 domain	 is	 then	

inserted	 in	 the	 membrane	 bilayer	 (figure	 1.10c).	 The	 GMPPNP-bound	 structured	 was	

obtained	by	modelling	the	GDP-bound	BDLP	structure	onto	a	cryo-EM	structure	of	GMPPNP-

bound	 BDLP	 oligomerized	 around	 a	 tubular	 membrane	 template	 (Daumke	 and	 Praefcke,	

2016;	Low	et	al.,	2009).		

	

Figure	1.10:	BDLP	dimerizes	upon	nucleotide	binding	(pdb:	2j68,	2j69	and	2w6d).	(a)	Crystallization	of	Nostoc	

punctiforme	BDLP	shows	that	unlike	other	dynamins,	the	GED	domain	(red)	and	middle	domain	(pink)	form	no	

strict	domains,	but	are	 intertwined	and	both	contribute	to	the	neck	and	trunk	region	of	the	protein.	The	tip	

region	consists	of	a	mobile	paddle	(cyan)	and	an	upper	flexible	layer	(blue).	The	GED	domain	doesn’t	interact	

with	the	G-domain	(yellow).	(b)	Upon	binding	to	GDP,	the	protein	dimerizes	to	stabilize	the	nucleotide	binding	

site.	(c)	In	the	presence	of	GMPPNP	and	liposomes,	BDLP	oligomerizes	and	the	two	helical	domains	are	ordered	

in	a	parallel	way.	The	protein	interacts	with	the	lipid	bilayer	via	the	paddle	domain.	This	structure	was	obtained	

by	modelling	the	GDP-bound	BDLP	structure	onto	the	cryo-EM	reconstruction	of	oligomerized	BDLP	around	a	

tubular	membrane	template	(figures	adapted	from	Low	and	Löwe,	2006;	Low	et	al.,	2009).	

This	 dimerization	 is	 also	 seen	 in	 another	 member	 of	 the	 dynamin	 superfamily,	 human	

guanylate	binding	protein	(hGBP1).	This	interferon-g	induced	guanylate	binding	protein	family	

offers	protection	against	virus	invasion	(Anderson	et	al.,	1999;	Praefcke	and	McMahon,	2004).	

Crystal	structures	of	the	hGBP1	protein	in	the	nucleotide-free	state	revealed	a	two-domain	

structure	consisting	of	a	N-terminal	large	G-domain	(LG)	and	a	C-terminal	a-helical	elongated	
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domain	 (figure	 1.11a).	 Just	 like	 for	 other	GAD	proteins,	 its	 intrinsic	 lower	GTPase	 activity	

increases	upon	dimerization	(Prakash	et	al.,	2000).	A	unique	feature	of	this	protein	family,	is	

its	ability	 to	bind	GMP,	as	well	 as	GDP	and	GTP,	and	 to	hydrolyse	GTP	 to	GMP	using	 two	

sequential	cleavage	steps	(Schwemmle	and	Staeheli,	1994).		

Ghosh	et	al.	crystallized	the	LG-domain	of	hGBP1	bound	to	GppNHp,	GDP-AlF3-,	GDP-AlF4-	and	

GMP,	in	this	way	trapping	the	protein	during	several	steps	of	the	GTP	hydrolysis	cycle	and	

resolving	the	nucleotide-induced	dimerization	and	GTPase	reaction.	All	constructs	crystallized	

as	dimers,	except	when	bound	to	GMP	or	in	the	absence	of	nucleotide.	When	dimerized,	a	

large	interface	of	3,900	Å2	is	buried	involving	the	nucleotides	and	making	the	switch	I	and	II	

regions	inaccessible	(Ghosh	et	al.,	2006).		

	

Figure	1.11:	hGBP1	dimerizes	upon	nucleotide	binding.	(a)	hGBP1	has	a	two-domain	structure	consisting	of	a	

LG-domain	 (cyan/light	 green)	 and	 a	a-helical	 elongated	 domain	 (pink/beige).	 Upon	 nucleotide	 binding	 the	

protein	dimerizes	and	the	nucleotide-binding	sites	are	buried.	Switch	I	(yellow)	and	switch	II	(red)	undergo	large	

conformational	 changes	 and	 become	 inaccessible.	 (b)	 Two	 residues	 are	 very	 important	 for	 GTP	 hydrolysis:	

arginine	48	 (R48),	 located	 in	 the	P-loop	 (blue),	 switches	 into	 its	nucleotide	binding	pocket	 in	 cis	 for	optimal	

hydrolysis,	and	serine	73	(S73),	in	the	switch	I	region,	coordinates	a	nucleophilic	water	molecule.	This	figure	is	a	

combined	model	of	dimeric,	GppNHp-bound	LG-domains	(pdb:	2bc9)	and	monomeric	nucleotide-free	full	length	

hGBP1	(pdb:	1dg3)	(figure	adapted	from	Ghosh	et	al.,	2006;	Prakash	et	al.,	2000;	Tripathi	et	al.,	2017).	
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Upon	dimerization	after	nucleotide	binding,	the	switch	regions	undergo	large	conformational	

changes.	 Two	 residues	 are	 crucial	 for	 dimerization-induced	 catalysis	 (figure	 1.11b).	 The	

hydroxyl	 group	 of	 a	 serine	 residue	 (S73)	 is	 reoriented	 to	 coordinate	 a	 nucleophilic	water	

molecule.	 Moreover,	 an	 arginine	 residue	 (R48),	 located	 in	 the	 P-loop,	 switches	 into	 its	

nucleotide	binding	pocket	in	cis	for	optimal	nucleotide	catalysis	(Ghosh	et	al.,	2006;	Tripathi	

et	al.,	2017).	This	 is	 in	strong	contrast	 to	conventional	G-proteins,	 such	as	Ras,	where	 the	

arginine	is	delivered	by	the	GAP	protein	in	trans.	

MnmE-	a	cis-dimerizing	protein	

Cis-dimerizing	 proteins	 form	 constitutive	 dimers	 via	 an	 extra	 domain	 other	 than	 the	 G-

domain.	The	G-domains	exhibit	a	nucleotide-dependent	interaction,	forming	a	transient	extra	

dimer	 interface	 (Gasper	 et	 al.,	 2009).	 MnmE	 is	 such	 a	 cis-dimerizing	 protein.	 MnmE,	

conserved	in	bacteria	and	eukaryotes,	forms	a	transient	complex	with	MnmG	(Fislage	et	al.,	

2016;	Meyer	et	al.,	2008;	Yim	et	al.,	2006).	This	protein	complex	plays	a	crucial	role	in	tRNA	

modification.		

During	protein	 translation,	 ribosomes	have	 to	 select	 the	 right	 tRNA	and	 reject	many	near	

cognate	tRNAs	(Agris,	2004).	For	this,	tRNA	modification	at	the	wobble	position	(position	34)	

is	very	important,	and	especially	prevalent	and	diverse	in	the	case	of	a	wobble	uridine	(U34).	

One	of	these	U34	modifications,	making	the	recognition	of	codons	ending	with	an	adenine	or	

guanine	possible,	 is	 the	 (c)mnm5(s2)	 (5-(carboxy)methylaminomethyl-(2-thio))	modification	

(Yokoyama	et	al.,	1985).	This	modification	reaction	is	very	complex	and	involves	the	action	of	

several	 proteins,	 whereby	MnmEG	 ensures	 the	 first	 step	 of	 the	 C5-modification	 process.	

Depending	on	 the	 substrate	of	MnmEG	an	unmodified	uridine	 is	 converted	 either	 into	 5-

carboxymethylaminomethyluridine	 using	 glycine	 as	 a	 substrate	 or	 5-aminomethyluridine	

using	ammonium	as	a	substrate	(Fislage	et	al.,	2016;	Moukadiri	et	al.,	2009).		

The	human	homologs	of	MnmE	and	MnmG,	called	GTPBP3	and	MTO1,	are	nuclear-encoded	

proteins	that	are	targeted	to	the	mitochondria	where	they	play	a	role	in	the	efficiency	of	the	

mitochondrial	translation	process	by	modifying	mitochondrial	tRNA’s.	Mutations	in	the	genes	

coding	for	these	proteins,	have	been	linked	to	hypertrophic	cardiomyopathy,	lactic	acidosis	

and	 encephalopathy	 (Baruffini	 et	 al.,	 2013;	 Ghezzi	 et	 al.,	 2012;	 Kopajtich	 et	 al.,	 2014).	

Furthermore,	 recently	MnmE	 and	MnmG	have	 been	 identified	 as	 important	 regulators	 of	
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bacterial	virulence	(Cho	and	Caparon,	2008;	Fislage	et	al.,	2016;	Gupta	et	al.,	2009;	Sha	et	al.,	

2004;	Shippy	et	al.,	2011,	2013).	

Crystal	structures	of	MnmE	from	Chlorobium	tepidum	(Ct),	Thermotoga	maritima	(Tm)	and	

Nostoc	 confirmed	 the	 dimeric	 state	 of	 the	 protein,	with	 each	 subunit	 consisting	 of	 three	

domains:	 a	 N-terminal	 dimerization	 domain,	 an	a-helical	 domain	 and	 a	 G-domain	 (figure	

1.12a)	(Meyer	et	al.,	2009a;	Scrima	et	al.,	2005).	The	N-terminal	domains	consist	of	a	five-

stranded	mixed	b-sheet	with	 three	a-helices	 that	 are	 responsible	 for	 the	 constant	 dimer	

formation	 (Scrima	et	al.,	2005).	The	G-domain	of	MnmE	closely	 resembles	 the	minimal	G-

domain	of	Ras,	with	4	out	of	5	conserved	sequence	motifs	present:	the	GxxxxGK(S/T)	motif	in	

the	P-loop,	the	conserved	Threonine	 in	switch	 I,	 the	DxxG	motif	 in	switch	 II	and	the	NKxD	

motif.	The	G-domain	is	highly	flexible	and	only	loosely	attached	to	the	rest	of	the	protein.	The	

domain	alone	has	a	similar	GTPase	activity	as	 the	 full	 length	protein	 (Cabedo	et	al.,	1999;	

Scrima	et	al.,	2005).	Like	other	GADs,	MnmE	displays	a	rather	low	affinity	for	nucleotides,	with	

an	affinity	for	GDP	and	GppNHp	of	0.62	µM	and	5.8	µM,	respectively	(EcMnmE)	(Scrima	et	

al.,	 2005).	Moreover,	 its	 intrinsic	GTP	hydrolysis	 rate	 is	 rather	high	 (kcat:	 0,33	min-1	 in	 the	

presence	of	Na+)	and	significantly	increased	in	the	presence	of	potassium	(kcat:	7,8	min-1)	and	

its	 interaction	partner	MnmG	 (kcat:	 1,7	min-1	 and	9,3	min-1	 in	 the	presence	of	Na+	and	K+,	

respectively)	(Meyer	et	al.,	2009b).		

Crystallization	efforts	of	MnmE	in	the	presence	of	GDP-AlFx	failed	to	show	the	AlFx	bound	to	

the	protein.	This	was	however	possible	with	the	isolated	MnmE	G-domains.	Crystallization	of	

the	G-domain	 in	 the	presence	of	K+	and	GDP-AlFx	 revealed	dimerization	of	 the	G-domains	

(figure	1.12b).	A	comparison	of	the	nucleotide-free	G-domain	of	the	full	length	protein	and	

the	isolated	GDP-AlFx-bound	G-domain	reveals	large	conformational	changes,	structuring	the	

switch	 regions	 into	 a	 closed	 conformation.	Unique	 for	MnmE,	 is	 that	 part	 of	 the	 switch	 I	

region,	dubbed	the	K-loop,	is	responsible	for	potassium	binding.	This	ion	provides	a	positive	

charge	in	the	active	site	of	MnmE,	at	a	position	similar	to	the	arginine	finger	in	conventional	

G-proteins.	 Like	 this,	 a	 glutamate	 residue	 is	 reoriented	 to	 activate	 a	 nucleophilic	 water	

molecule,	explaining	the	potassium-induced	increased	GTPase	activity	(Fislage	et	al.,	2016;	

Scrima	and	Wittinghofer,	2006).	
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Figure	1.12:	MnmE,	a	cis-dimerizing	protein.	(pdb:	2gj8	and	3gee)	(a)	crystal	structure	of	CtMnmE	bound	to	GDP	

(green).	MnmE	is	a	dimeric	protein,	with	three	protein	domains:	a	N-terminal	dimerization	domain	(blue)	that	

binds	the	tetrahydrofolate	cofactor	(orange)	and	is	responsible	for	the	constant	dimer	formation,	an	a-helical	

domain	(grey)	and	a	G-domain	(pink).	The	G-domain	is	very	flexible	and	only	loosely	attached	to	the	rest	of	the	

protein.	(b)	EcMnmE	G-domain	structure,	bound	to	GDP-AlF4.	In	the	presence	of	the	GTP	analogue	GDP-AlF4	the	

G-domains	of	the	protein	undergo	large	conformational	changes	whereby	the	switch	regions	(yellow	and	cyan)	

are	structured	in	a	closed	conformation.	Part	of	the	switch	I	region,	the	K-loop	(red),	is	responsible	for	potassium	

binding	 (purple	 sphere).	 The	magnesium	 ion	 is	 shown	as	a	 green	 sphere	 (figure	adapted	 from	Meyer	et	al.,	

2009a;	Scrima	and	Wittinghofer,	2006).	

This	 open-close	 cycle	 was	 confirmed	 for	 full	 length	 MnmE	 using	 pulse	 double	 electron	

electron	resonance	(DEER)	spectroscopy.	Spin	labelling	of	residues	in	the	G-domain	showed	

that	the	G-domains	of	MnmE	are	in	an	open	conformation	in	the	nucleotide-free	and	GDP-

bound	 state,	 whilst	 in	 the	 GDP-AlFx-bound	 state	 large	 domain	 movements	 are	 observed	

bringing	the	G-domains	in	close	proximity	to	each	other.	Like	this,	the	switch	regions	become	

ordered	with	the	switch	I	and	II	of	one	subunit	interacting	with	the	switch	II	and	I	of	the	other	

subunit	 to	 stabilize	 the	 catalytic	machinery.	 Binding	 to	GppNHp,	 a	 non-hydrolysable	GTP-

analogue,	shows	a	mixed	population	with	30%	in	a	closed	conformation	(Fislage	et	al.,	2016;	

Meyer	et	al.,	2009a).	Using	small-angle	x-ray	scattering	experiments	(SAXS),	this	open-close	

transition	was	confirmed	(Fislage	et	al.,	2014).	Furthermore,	it	was	suggested	that	the	closing	

of	the	G-domains	is	coupled	to	an	upward	movement	of	the	a-helical	domain	(Fislage	et	al.,	

2014,	2016).		
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1.1.3.2.3 GTP	as	a	substrate	or	energy	source	

Some	G-proteins	bind	GTP	and	use	it	as	an	energy	source	or	substrate	to	drive	a	chemical	

reaction.	 These	 proteins	 do	 not	 function	 as	 molecular	 switches,	 but	 still	 show	 some	

similarities	to	the	G-proteins	described	above.		

Adenylosuccinate	 synthetase	 is	 involved	 in	 the	 de	 novo	 synthesis	 of	 adenosine	

monophosphate	(AMP).	The	enzyme	uses	IMP	and	L-aspartate	to	form	adenylosuccinate	by	

coupling	it	to	the	energetically	favorable	hydrolysis	of	GTP	(Lieberman,	1956).	This	reaction	

occurs	in	a	two-step	process.	First	a	6-phosphoryl	intermediate	is	formed	by	transferring	the	

g-phosphate	 of	 GTP	 to	 IMP.	 Then	 the	 6-phosphate	 group	 is	 nucleophilically	 displaced	 by	

aspartate,	which	results	in	the	formation	of	adenylosuccinate	(Poland	et	al.,	1996).	Sequence	

analysis	of	adenylosuccinate	synthetase	revealed	that	both	the	consensus	sequence	elements	

for	 base	 and	 phosphate	 binding	 of	 GTP	 are	 present	 in	 the	 protein.	 Moreover,	 directed	

mutations	in	these	binding	regions	significantly	decrease	the	enzyme’s	catalytic	activity	(Kang	

and	 Fromm,	 1994).	 Despite	 this	 similarity,	 the	 folding	 topology	 of	 this	 synthetase	 is	

completely	different	from	other	GNBPs.	However,	comparison	of	the	GTP-binding	region	of	

adenylosuccinate	synthetase	with	the	GTP	binding	pocket	of	p21ras	protein	shows	structural	

similarity	 in	the	vicinity	of	the	phosphate	binding	 loop.	Moreover,	the	residues	 interacting	

with	 GTP	 in	 both	 proteins	 are	 identical	 or	 chemically	 similar	 (Poland	 et	 al.,	 1993).	 These	

structural	similarities	compared	to	a	very	different	overall	fold	of	the	proteins,	could	indicate	

a	case	of	convergent	evolution.	

1.1.3.2.4 GTP	hydrolysis	used	to	generate	a	power	stroke	

A	power	stroke	is	a	large	structural	change	in	a	protein	that	is	converted	to	mechanical	work.	

The	size	of	the	change	is	of	the	order	of	the	dimension	of	the	protein	itself,	much	larger	than	

local	conformational	changes.	Often	this	power	stroke	mechanism	is	coupled	to	nucleotide	

hydrolysis	(Howard,	2006).		

Elongation	factor	G	(EF-G)	is	an	example	of	a	G-protein	that	converts	the	biochemical	energy	

of	 GTP	 hydrolysis	 and	 product	 release	 to	mechanical	 work	 using	 a	 power	 stroke.	 During	

bacterial	protein	synthesis,	mRNA	binds	in	the	cleft	of	the	ribosomal	30S	subunit,	where	it	

interacts	with	the	anticodons	of	tRNA.	The	tRNA	has	three	binding	sites	on	the	ribosome:	an	

A-site,	where	a	new	aminoacyl-tRNA	binds,	a	P-site,	where	peptidyl-tRNA	is	attached	to	the	
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growing	 polypeptide	 chain,	 and	 an	 E-site	 whereto	 the	 deacylated	 tRNA	 is	 moved	 before	

release	 from	 the	 ribosome.	 Upon	 peptide-bond	 formation,	 the	 growing	 peptide	 chain	 is	

transferred	to	the	A-site	tRNA	and	deacylated	tRNA	remains	at	the	P-site.	To	be	able	to	add	

the	next	amino	acid	to	the	polypeptide	chain,	the	bound	tRNA’s	need	to	shift	to	the	adjacent	

site	(deacylated	tRNA	to	the	E-site	and	peptidyl-tRNA	tot	the	P-site).	This	is	mediated	by	EF-

G.	Upon	ribosome	binding,	EF-G	hydrolyses	GTP	which	initiates	a	power	stroke	that	drives	the	

tRNA	translocation	by	directly	moving	the	mRNA	and	tRNA	or	by	unlocking	the	ribosome	to	

enable	RNA	movement	(Chen	et	al.,	2016;	Rodnina	et	al.,	1997;	Schmeing	and	Ramakrishnan,	

2009).	

1.1.3.2.5 G-proteins	as	a	GTP	sensor	

The	last	group	of	GTP-binding	proteins	discussed	here,	are	the	G-proteins	functioning	as	GTP	

sensors.	GTP	and	ATP	are	conserved	metabolites	used	to	drive	chemical	reactions	in	the	cell	

(see	 above).	 However,	 the	 cellular	 status	 strongly	 influences	 the	 concentration	 of	 these	

metabolites.	Some	proteins	can	actively	detect	the	metabolite	concentration	and	convert	it	

into	signalling.	Hence	these	proteins	are	directly	influenced	by	the	metabolites	present	in	the	

cell.	To	do	this,	the	protein	needs	to	be	able	to	bind	the	metabolite,	convert	this	binding	into	

a	 signal	 influencing	 the	 cellular	 function	 and	 have	 a	 KM	 value	 in	 the	 physiological	

concentration	 range	 of	 the	 metabolite,	 such	 that	 changes	 in	 metabolite	 concentration	

influence	the	protein’s	activity	(Sumita	et	al.,	2016).	This	is	not	the	case	for	many	G-proteins,	

since	their	KM	value	is	in	the	picomolar	to	nanomolar	range,	whilst	the	GTP	concentration	in	

the	cell	varies	between	0.1	and	1	mM	(Sumita	et	al.,	2016;	Traut,	1994).	The	first	described	

exception	to	this	feature	in	higher	eukaryotes	is	phosphatidylinositol	5-phosphate	4-kinase	b	

(PI5P4Kb).	 This	 protein	 phosphorylates	 phosphatidylinositol	 5-phosphate	 (PI(5)P)	 for	 lipid	

second	 messenger	 signalling	 (Rameh	 et	 al.,	 1997).	 This	 protein	 kinase	 is	 GTP-dependent	

rather	 than	ATP-dependent	 and	 has	 a	 KM	 value	 of	 88	µM,	 close	 to	 the	 physiological	 GTP	

concentration	 range.	Moreover,	mutational	 studies	and	 cell	 treatment	with	mycophenolic	

acid	 (MPA),	 showed	 that	 the	 PI5P4Kb	 activity	 is	 directly	 influenced	 by	 the	 cellular	 GTP	

concentration.	 In	 this	 way	 the	 protein	 uses	 GTP	 to	 transfer	 biological	 signals	 to	 the	

metabolism	of	the	cell	via	PI(5)P	phosphorylation	(Sumita	et	al.,	2016).	
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1.2 	Roco	proteins	

In	2003,	Bosgraaf	and	Van	Haastert	discovered	a	novel	group	belonging	to	the	Ras/GTPase	

superfamily,	termed	the	Roco	proteins.	Since	several	members	of	this	protein	family	form	the	

topic	of	this	PhD	thesis,	they	are	described	thoroughly	in	this	chapter.		

1.2.1 Roco	proteins:	a	diverse	protein	family	characterized	by	a	RocCOR	domain	tandem	

In	 2002,	 Goldberg	 et	 al.	 identified	 4	 cGMP-binding	 proteins	 (GbpA-D)	 in	 the	 amoeba	

Dictyostelium	 discoideum.	 Remarkably,	 no	 homologs	 in	 higher	 eukaryotes	 were	 found.	

Sequence	analysis	of	GbpC,	the	largest	protein,	revealed	that	the	protein	has	a	unique	domain	

architecture	including	LRRs,	a	Ras-like	domain	and	a	kinase	domain	(Goldberg	et	al.,	2002).	

Subsequently,	 in	2003,	Bosgraaf	and	Van	Haastert	 identified	several	other	proteins	with	a	

similar	 domain	 architecture.	 The	 Ras	 domains	 of	 these	 proteins	 clearly	 differ	 from	 other	

members	of	 the	Ras	 superfamily	and	 since	 they	occur	 in	proteins	with	a	 complex	domain	

arrangement,	 they	 were	 named	 Roc,	 after	 Ras	 of	 complex	 proteins.	 Furthermore,	 in	 all	

proteins	this	Roc	domain	was	coupled	to	a	COR	domain	(C-terminus	of	Roc).	In	this	way,	the	

Roco	protein	family	was	born,	characterized	by	a	RocCOR	domain	tandem	(Bosgraaf	and	Van	

Haastert,	2003;	Marín	et	al.,	2008).	

The	Roco	protein	 family	has	a	very	wide	evolutionary	 range	and	Roco	proteins	have	been	

identified	 in	 prokaryotes,	metazoa	 and	 plants	 after	 their	 initial	 discovery	 in	Dictyostelium	

discoideum.	However,	at	present	no	Roco	proteins	are	found	in	Plasmodium,	yeast	or	E.	coli.	

Despite	their	distinctive	RocCOR	domain	tandem,	based	on	full	domain	topology,	the	protein	

family	 falls	apart	 in	 three	groups	 (figure	1.13).	Every	group	has	at	 least	one	human	family	

member,	often	 linked	 to	human	diseases	 (Bosgraaf	 and	Van	Haastert,	 2003;	Gilsbach	and	

Kortholt,	2014).		
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Figure	1.13:	Classification	of	Roco	proteins	based	on	domain	topology.	Roco	proteins	are	characterized	by	the	

presence	of	a	Roc	domain	(red)	and	a	COR	domain	(blue).	Based	on	their	domain	topology,	Roco	proteins	can	

be	divided	in	three	groups.	Here	some	representatives	of	each	group	are	shown.	The	first	group	has	only	an	

additional	N-terminal	LRR	domain	(yellow).	Representatives	of	this	group	are	found	in	metazoa,	plants,	archaea	

and	bacteria.	The	second	group	contains	in	addition	to	this	LRR-Roc-COR	domain	topology	a	C-terminal	kinase	

domain	 (green).	Moreover,	members	of	 this	 group	have	 several	 protein-protein	 interaction	domains	 like	 an	

Ankyrin	repeat	(ANK,	pink),	armadillo	repeats	(ARM,	light	blue),	a	N-terminal	motif	of	RasGEF	(N-GEF,	light	blue),	

a	cyclic	nucleotide	binding	domain	 (cNB,	 light	grey),	a	Rab-like	GTPase	activators	and	myotubularins	domain	

(GRAM,	 blue),	 a	 Ras	 Guanine	 Exchange	 Factor	 domain	 (RasGEF,	 beige),	 a	 N-terminal	 myotubularin-related	

domain	(myotub,	orange),	a	protein	tyrosine	phosphatase	domain	(PTP,	light	green)	and	a	Dishevelled	domain,	

an	Egl-10	domain	and	Pleckstrin	domain	 (DEP,	grey).	The	 last	group	has	one	human	family	member,	DAPK1.	

DAPK1	lacks	a	LRR	domain	and	is	characterized	by	its	C-terminal	Death-associated	protein	kinase	domain	(DD,	

brown)	(figure	adapted	from	Gilsbach	and	Kortholt,	2014).	

The	first	group	can	be	found	in	metazoa,	plants,	archaea	and	bacteria.	They	are	characterized	

by	 an	 N-terminal	 LRR	 domain	 preceding	 the	 RocCOR	 domain	 tandem	 (Bosgraaf	 and	 Van	

Haastert,	 2003).	 LRRs,	 discovered	 for	 the	 first	 time	 in	 leucine-rich	 alpha	 2-glycoprotein,	

consist	of	repeats	of	building	blocks	of	20	to	29	residues	and	are	involved	in	protein-protein	
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interactions	(Kobe	and	Kajava,	2001;	Takahashi	et	al.,	1985).	So	far	all	identified	prokaryotic	

Roco	proteins	belong	to	this	group.	Due	to	their	tractability,	these	prokaryotic	Roco	proteins	

are	often	used	as	model	systems	for	the	biochemical	and	structural	study	of	the	functioning	

of	the	RocCOR	tandem	of	the	Roco	protein	family	(Gotthardt	et	al.,	2008;	Terheyden	et	al.,	

2015).	Only	 very	 little	 is	 known	however	 about	 the	 physiological	 function	of	 the	 proteins	

originating	from	this	group.	MFHAS1,	the	only	human	protein	from	this	subgroup,	thanks	its	

name	to	 its	enhanced	expression	 in	malignant	 fibrous	histiocytomas	 (Sakabe	et	al.,	1999).	

Furthermore,	the	gene	coding	for	MFHAS1	was	found	to	be	a	potential	oncogene	for	gastric,	

oesophageal	 and	 gastroesophageal	 cancers	 (Moskaluk	et	 al.,	 1998;	 Sakakura	et	 al.,	 1999;	

Tagawa	et	al.,	2004).	Despite	its	oncogenic	properties,	MFHAS1	is	only	poorly	characterized.	

A	first	biochemical	study	in	2014	has	demonstrated	that	it	is	a	GTP	binding	protein	with	very	

low	endogenous	GTPase	activity	and	that	the	oligomeric	state	of	the	protein	is	influenced	by	

nucleotide	binding.	The	precise	nature	of	the	oligomeric	complexes	however	remains	to	be	

determined	(Dihanich	et	al.,	2014).		

The	second	group,	present	 in	metazoa	and	Dictyostelium	discoideum,	has	an	additional	C-

terminal	 kinase	 domain	 on	 top	 of	 the	 LRR-RocCOR	 topology	 (Bosgraaf	 and	 Van	 Haastert,	

2003).	 11	 different	 Roco	 proteins	 have	 been	 found	 in	 Dictyostelium	 discoideum,	 mostly	

involved	 in	chemotaxis	and	cytokinesis	(Lewis,	2009;	Marín	et	al.,	2008).	Apart	from	these	

characteristic	LRR,	Roc,	COR	and	kinase	domains,	members	of	the	second	group	possess	a	

wide	variety	of	other	domains	such	as	Ankyrin	repeats,	WD40	repeats,	RasGEF	and	RhoGAP	

domains.	 This	 subgroup	 has	 two	 human	 representatives:	 Leucine-Rich	 Repeat	 Kinase	 1	

(LRRK1)	and	Leucine-Rich	Repeat	Kinase	2	(LRRK2).	Both	proteins	seem	to	be	homodimeric	

and	 share	 a	 similar	 domain	 topology	 (Civiero	 et	 al.,	 2012).	 LRRK2	 possesses	 only	 one	

additional	 domain,	 an	 armadillo	 repeat	 (ARM),	 compared	 to	 LRRK1	 (Bosgraaf	 and	 Van	

Haastert,	 2003;	 Gilsbach	 and	 Kortholt,	 2014).	 Despite	 their	 similar	 domain	 topology	 and	

expression	 in	 brain	 tissue,	 both	 proteins	 clearly	 exhibit	 different	 functions	 (Civiero	 and	

Bubacco,	2012;	Civiero	et	al.,	2012;	Marín	et	al.,	2008;	Sejwal	et	al.,	2017).		

LRRK1	 is	required	for	B-cell	 receptor	mediated	B-cell	proliferation	and	survival,	and	 in	this	

way,	plays	a	crucial	role	in	humoral	immunity	(Morimoto	et	al.,	2016;	Tomkins	et	al.,	2018).	

The	protein	also	has	a	regulatory	function	in	mitotic	spindle	orientation.	Polo-like	kinase	1	

phosphorylates	 LRRK1	 on	 position	 Ser1790.	 This	 activated	 LRRK1	 subsequently	
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phosphorylates	 the	 CDK5	 regulatory	 subunit	 associated	 protein	 2	 (CDK5RAP2),	 which	 is	

responsible	for	centrosome	maturation	(Hanafusa	et	al.,	2015;	Tomkins	et	al.,	2018).	LRRK1	

has	also	been	shown	to	play	a	crucial	role	in	epidermal	growth	factor	receptor	(EGFR)	sorting	

and	 transport	 (Civiero	 and	 Bubacco,	 2012;	 Hanafusa	 et	 al.,	 2011;	 Ishikawa	 et	 al.,	 2012;	

Tomkins	 et	 al.,	 2018).	 The	 endosomal	 trafficking	 of	 EGFR	 regulates	 the	 amplitude	 and	

duration	of	EGFR	signalling	(Hanafusa	et	al.,	2011;	Ishikawa	et	al.,	2012).	Dysregulation	of	this	

signalling	has	been	linked	to	several	types	of	human	cancers	(Ishikawa	et	al.,	2012;	Sharma	et	

al.,	2007).	Activated	EGFR	is	internalized	via	endocytosis.	This	leads	to	the	activation	of	LRRK1	

via	phosphorylation	which	in	its	turn,	regulates	the	motility	of	the	EGF-containing	endosome.	

Non-phosphorylated	 LRRK1	 mutants	 display	 an	 increased	 endosome	 motility	 and	

accumulation	of	EGRF	in	mixed	endosomes	(Civiero	and	Bubacco,	2012;	Ishikawa	et	al.,	2012).	

On	 the	other	hand,	 LRRK1	plays	a	 role	 in	 the	endosomal	 sorting	process	by	binding	EGFR	

through	its	adaptor	protein	Growth	factor	receptor	bound	protein	2	(Grb2)	and	associating	it	

with	the	ESCRT-0	sorting	complex	(Civiero	and	Bubacco,	2012;	Hanafusa	et	al.,	2011).	Finally,	

recent	research	revealed	a	link	between	LRRK1	knock	out	mice	and	osteopetrosis,	indicating	

an	 important	 negative	 regulatory	 role	 of	 LRRK1	 for	 bone	 mass	 (Morimoto	 et	 al.,	 2016;	

Tomkins	et	al.,	2018).	

Since	mutations	 in	the	gene	coding	for	the	other	human	family	member	LRRK2	have	been	

linked	to	PD,	LRRK2	has	become	the	most	intensively	investigated	Roco	protein	(Civiero	et	al.,	

2012).	LRRK2	localizes	both	in	the	cytosol	and	in	specific	membrane	domains,	where	it	has	

been	linked	to	numerous	cellular	and	molecular	pathways	and	functions	(see	further).		

The	last	group	of	the	Roco	protein	family	is	found	exclusively	in	metazoa	and	is	characterized	

by	an	additional	death-associated	protein	kinase	domain	(DAPk).	Remarkably,	this	is	the	only	

group	of	proteins	that	does	not	possess	a	LRR	domain	(Bosgraaf	and	Van	Haastert,	2003).	The	

human	protein	of	this	group,	DAPK1,	is	a	calmodulin-dependent	serine/threonine	kinase	that	

binds	 to	 the	 cytoskeleton.	DAPK1	 is	 an	 essential	 regulator	 of	 various	 cell	 death	 signalling	

pathways	and	is	important	for	the	activation	of	autophagy	(Bialik	and	Kimchi,	2006;	Cohen	et	

al.,	1997;	Deiss	et	al.,	1995;	Marín	et	al.,	2008).	The	protein	also	plays	an	important	role	in	

several	neuronal	pathologies.	In	this	context,	it	has	been	linked	to	Alzheimer’s	Disease	and	

ischemia-induced	 neuronal	 cell	 death	 (Shiloh	 et	 al.,	 2014).	 Finally,	 DAPK1	 was	 found	 to	

function	 as	 a	 tumor	 suppressor,	 suppressing	 the	 cellular	 transformation	 during	 the	 early	
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stages	of	tumor	development	(Bialik	and	Kimchi,	2006;	Marín	et	al.,	2008;	Raveh	et	al.,	2001;	

Singh	et	al.,	2016).	It	was	shown	that	deletion	or	downregulation	of	DAPK1	causes	chronic	

lymphocytic	 leukemia	 (Marín	 et	 al.,	 2008;	 Raval	 et	 al.,	 2007).	 The	 protein	 forms	 a	 dimer	

through	its	Roc	domain	and	its	calmodulin	(CaM)-dependent	kinase	domain	(Carlessi	et	al.,	

2011;	Jebelli	et	al.,	2012;	Klein	et	al.,	2009).	Binding	of	GTP	to	the	Roc	domain	has	an	inhibitory	

effect	on	the	kinase	activity	of	DAPK1	(Carlessi	et	al.,	2011;	Jebelli	et	al.,	2012).	Upon	binding	

of	 GTP,	 the	 kinase	 domain	 undergoes	 a	 conformational	 change	 that	 leads	 to	

autophosphorylation	 of	 a	 serine	 residue	 in	 its	 CaM-regulatory	 domain.	 This	

autophosphorylation	decreases	the	protein’s	catalytic	activity.	Upon	GTP	hydrolysis,	DAPK1	

kinase	activity	is	reactivated	(Carlessi	et	al.,	2011;	Shiloh	et	al.,	2014;	Singh	et	al.,	2016).	

Although	 the	 Roco	 protein	 family	was	 originally	 described	 in	 2003,	 the	 family	 first	 raised	

general	interest	after	mutations	in	the	gene	coding	for	the	Roco	protein	LRRK2	were	linked	

to	PD	(Marín	et	al.,	2008;	Zimprich	et	al.,	2004)(see	further).		

1.2.2 Structure	of	the	RocCOR	module	

Sequence	comparison	showed	that	the	Roc	domain	of	Roco	proteins	has	some	characteristics	

that	distinguish	 it	 from	other	G-proteins	 (Bosgraaf	and	Van	Haastert,	2003).	From	the	five	

conserved	 G-motifs	 of	 the	 minimal	 Ras	 G-domain,	 the	 first	 three	 are	 conserved	 in	 Roco	

proteins	(Bosgraaf	and	Van	Haastert,	2003;	Bourne	et	al.,	1991;	Dever	et	al.,	1987;	McCormick	

et	al.,	1985).	The	 fourth	 loop	 (G4)	and	 fifth	 loop	 (G5)	are	only	weakly	and	not	conserved,	

respectively.	The	most	important	amino	acid	substitution	in	this	fourth	loop	is	the	switch	from	

a	lysine	in	conventional	G-proteins	to	a	histidine	in	the	Roc	domain	of	eukaryotic	proteins.	

Since	 this	 lysine	 provides	 a	 hydrophobic	 surface	 that	 lies	 over	 the	 purine	 ring	 of	 the	

nucleotide,	this	substitution	leads	to	the	assumption	that	Roco	proteins	interact	with	GTP	in	

a	 different	 manner	 (Bosgraaf	 and	 Van	 Haastert,	 2003;	 Sprang,	 1997).	 Two	 other	 major	

distinguishing	characteristics	of	Roco	proteins	are	an	insertion	between	the	P-loop	and	switch	

I	region	and	an	N-terminal	17	amino	acid	extension.	This	extension	was	predicted	to	form	a	

helical	structure,	called	a0.	The	300-400	amino	acid	long	COR	domain	showed	no	sequence	

homology	to	other	proteins	(Bosgraaf	and	Van	Haastert,	2003).	

In	2008,	Gotthardt	et	al.	 crystallized	 the	COR	and	RocCOR	domain	constructs	of	 the	Roco	

protein	from	the	bacterium	Chlorobium	tepidum	(CtRoco).	The	crystal	structure	of	the	COR	
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domain	showed	that	the	domain	consists	of	two	subdomains	connected	by	a	flexible	linker.	

The	N-terminal	half	of	 the	COR	 region	 is	 an	a-helical	domain	with	a	 short	 three-stranded	

antiparallel	b-sheet.	The	C-terminal	half	is	formed	by	an	antiparallel	b-sheet	flanked	by	four	

a-helices	and	a	b-hairpin	motif.	The	structure	shows	that	the	COR	domains	form	dimers	with	

the	C-terminal	half	of	COR	being	responsible	for	dimerization	(figure	1.14a)	(Gotthardt	et	al.,	

2008).		

	

Figure	 1.14:	 CtRocCOR	 dimerizes	 via	 the	 C-terminal	 half	 of	 the	 COR	 domain	 (pdb:	 3DPU	 and	 3DPT).	 (a)	

Crystallization	of	the	COR	domain	construct	from	the	Roco	protein	of	Chlorobium	tepidum	revealed	that	the	COR	

domain	contains	two	subdomains:	a	N-terminal,	mainly	a-helical	domain	with	a	short	antiparallel	b-sheet,	and	

a	 C-terminal	b-sheet	 surrounded	 by	 a	b-hairpin	 and	a-helices.	 The	 C-terminal	 subdomain	 is	 responsible	 for	

dimerization	of	the	COR	domain.	(b)	The	crystal	structure	of	the	CtRocCOR	protein	also	shows	dimer	formation	

via	the	C-terminal	COR	domain.	Only	one	Roc	domain	could	be	modelled.	The	putative	site	of	the	second	Roc	

domain	is	indicated	with	a	dotted	line	(figure	adapted	from	Gotthardt	et	al.,	2008).	

The	crystal	 structure	of	 the	nucleotide-free	CtRocCOR	domain	construct	 showed	 two	COR	

domains,	but	only	one	Roc	domain	was	resolved	(figure	1.14b).	The	second	Roc	domain	was	
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thought	 to	 be	 present,	 but	 presumably	 the	 electron	 density	 was	 very	 weak	 due	 to	 high	

mobility.	The	Roc	domain	has	a	typical	canonical	G-domain	fold	with	an	extra	N-terminal	helix	

a0	which	in	the	full	 length	protein	would	make	the	link	with	the	LRR	domain.	The	switch	I	

loop	is	not	visible	in	the	structure.	Moreover,	sequence	alignment	of	several	Roco	proteins	

demonstrated	a	large	variability	in	length	and	amino	acid	composition	of	this	motif.	This	is	in	

strong	contrast	with	the	sequence	element	around	the	switch	II	DXXG	motif,	which	is	the	most	

highly	conserved	region	of	Roco	proteins	together	with	the	residues	on	the	interface	between	

the	Roc	and	COR	domain.	The	switch	II	 loop	of	Roc	is	resolved	in	the	structure	and	makes	

contact	with	 the	most	highly	 conserved	patch	of	 the	COR	domain	of	 the	 same	protomer.	

Additionally,	 the	a0	helix	makes	contact	with	the	N-terminal	subdomain	of	 the	same	COR	

domain	within	the	same	protomer.	The	Roc	domain	of	one	protomer	also	interacts	with	the	

C-terminal	COR	 subdomain	of	 the	other	protomer.	Also	 in	 this	CtRocCOR	 structure	 the	C-

terminal	 half	 of	 the	 COR	 domain	 forms	 the	 dimer	 interface.	 Consistently,	 analytical	 gel	

filtration	showed	that	the	RocCOR	construct	elutes	at	a	volume	corresponding	to	a	dimer,	

while	 the	 RocCORDC	 protein,	 where	 the	 C-terminal	 half	 of	 COR	was	 deleted,	 elutes	 at	 a	

volume	corresponding	to	a	monomer	(Gotthardt	et	al.,	2008).		

In	 2015,	 Terheyden	et	 al.	 solved	 the	 crystal	 structure	 of	 GDP-bound	 RocCORDC	 from	 the	

Methanosarcina	barkeri	(Mb)	Roco2	protein.	Comparison	of	this	structure	with	nucleotide-

free	CtRocCOR	revealed	a	major	rearrangement	of	the	switch	II	region	causing	a	shift	of	the	

N-terminal	 COR	 domain.	 Since	 it	 is	 proposed	 that	G-proteins	 are	molecular	 switches	 that	

switch	 between	 a	 GTP-	 and	 GDP-bound	 state,	 and	 couple	 this	 effect	 to	 a	 downstream	

effector,	 it	 might	 be	 that	 the	 switch	 II	 region	 of	 the	 Roc	 domain	 is	 responsible	 for	 this	

intramolecular	signalling	(Terheyden	et	al.,	2015).		

Modelling	the	second	Roc	domain	in	the	CtRocCOR	structure	results	in	a	model	where	the	

two	Roc	domains	face	each	other	with	their	nucleotide-binding	site	in	a	head-to-tail	fashion.	

Using	the	Ras-GppNHp	structure,	GppNHp	can	subsequently	be	modelled	into	the	nucleotide	

binding	site.	The	ribose	of	one	nucleotide	then	faces	the	g-phosphate	of	the	other	and	vice	

versa.	A	 further	 zoom	 in	 on	 the	nucleotide	binding	 site	 revealed	 that	 an	 arginine	 residue	

(R543)	in	the	Roc	domain	of	one	protomer,	could	protrude	the	nucleotide	binding	site	of	the	

other	 protomer	 and	 vice	 versa	 (figure	 1.15).	 Mutation	 of	 this	 arginine	 residue	 (R543A)	

resulted	in	loss	of	GTPase	activity	(Gotthardt	et	al.,	2008).	This	was	also	seen	in	MbRocCOR,	
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where	mutations	of	the	arginine	residues	(R404	and	R405)	at	a	position	similar	to	R543	from	

CtRocCOR	 had	 the	 same	 effect	 (Terheyden	et	 al.,	 2015).	 If	 these	 arginine	 residues	would	

complement	 each	 other’s	 active	 site,	 dimerization	would	 be	 required	 for	 activity.	GTPase	

assays	with	CtRocCORDC	showed	that	the	GTPase	activity	is	indeed	abolished	suggesting	that	

dimerization	is	necessary	for	GTPase	activity	(Gotthardt	et	al.,	2008).	Taken	together,	these	

findings	 led	 to	 the	 interpretation	 that	 Roco	 proteins	 would	 need	 an	 arginine	 finger	 to	

complement	each	other’s	active	site	for	GTP	hydrolysis,	just	like	the	arginine	finger	provided	

by	 RasGAP	 in	 the	 Ras-RasGAP	 complex	 (Rittinger	 et	 al.,	 1997;	 Scheffzek	 et	 al.,	 1997;	

Terheyden	et	al.,	2015).	

	

Figure	1.15:	Roc-Roc	model	from	the	RocCOR	crystal	structure	of	Chlorobium	tepidum	Roco	protein.	Modelling	

of	 a	 second	 Roc	 domain	 in	 the	CtRocCOR	 dimeric	 structure	 results	 in	 a	model	where	 the	 Roc	 domains	 are	

oriented	in	a	head-to-tail	fashion.	GppNHp	was	modelled	in	the	structure	by	superposition	on	the	structure	of	

GppNHp-bound	Ras	(pdb:	5p21).	The	positions	of	the	arginine	543	residues	are	highlighted	in	yellow.	Their	side	

chains	are	not	visible	in	the	electron	density.	The	P-loop	and	switch	II	region	are	highlighted	in	green	and	red,	

respectively.	The	switch	I	region	is	not	visible	in	the	nucleotide-free	structure	(yellow	dotted	line)	(figure	adapted	

from	Gotthardt	et	al.,	2008).	

All	 these	 structural	 observations	 together	with	 the	 low	 nucleotide	 affinities	 (discussed	 in	

detail	 in	 chapter	 4)	 led	 to	 the	 classification	 of	 Roco	 proteins	 to	 the	 group	 of	 G-proteins	

activated	by	dimerization	(GADs)	(Gasper	et	al.,	2009).	

1.2.3 LRRK2	–	the	most	studied	protein	of	the	Roco	protein	family	

LRRK2	is	a	very	large	and	complex	multidomain	protein	of	2527	amino	acids.	The	protein	was	

initially	 discovered	 to	 be	 a	 member	 of	 the	 Roco	 protein	 family	 using	 sequence	 analysis	
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(Bosgraaf	and	Van	Haastert,	2003).	Apart	from	its	central	RocCOR	domain	tandem,	LRRK2	also	

possesses	a	serine/threonine	kinase	domain.	 Its	RocCOR-kinase	catalytic	core	is	flanked	by	

several	 putative	 protein-protein	 interaction	 domains:	 armadillo	 repeats	 (ARM),	 ankyrin	

repeats	(ANK)	and	leucine-rich	repeats	(LRR)	at	the	N-terminus,	and	a	WD40	repeat	at	the	C-

terminus	(Mata	et	al.,	2006;	Mills	et	al.,	2014).	LRRK2	is	an	unusual	protein	harbouring	two	

different	enzymes:	a	GTPase	and	a	kinase	activity.	Moreover,	the	presence	of	several	protein-

protein	interaction	domains	suggests	that	the	protein	could	also	serve	as	a	scaffold	for	the	

assembly	of	a	multiprotein	complex	(Mata	et	al.,	2006).	

1.2.3.1 	The	LRRK2	RocCOR	tandem	is	responsible	for	dimerization	

Similar	to	prokaryotic	Roco	proteins	(see	chapter	3),	LRRK2	has	low	nucleotide	affinities	in	the	

micromolar	range.	Liao	et	al.	reported	an	affinity	of	the	Roc	domain	for	GTP	and	GDP	of	7.85	

and	 0.47	µM,	 respectively	 (Liao	 et	 al.,	 2014).	 This	 micromolar	 affinity	 was	 confirmed	 by	

Civiero	et	al.	via	an	isotopic	labelling	assay	using	the	full	length	LRRK2	protein	(apparent	KD,GTP:	

0.36	µM)	(Civiero	et	al.,	2012).	This	 suggests	 that	LRRK2	does	not	need	GEFs	 to	exchange	

nucleotides.	

In	2008,	Deng	et	al.	published	the	first	human	LRRK2	Roc	structure	in	complex	with	GDP,	at	2	

Å		resolution.	The	structure	revealed	the	formation	of	a	homodimer	through	extensive	domain	

swapping	 (figure	 1.16).	 In	 this	 domain	 swapped	dimer,	 the	N-terminal	 part	 (G1-3)	 of	 one	

subunit	interacts	with	the	C-terminal	part	(G4-5)	of	the	other	and	vice	versa,	forming	a	unique	

dimer	(Deng	et	al.,	2008).		

	

Figure	1.16:	LRRK2	Roc	swapped	dimer	structure	(pdb:	2zej).	Domain	swapped	dimer	structure	of	GDP-bound	

Roc.	The	G-domains	are	shown	in	orange	and	pink	respectively.	For	one	active	site	the	P-loop	or	G1	motif	(cyan),	

the	switch	I	or	G2	motif	(light	pink),	the	switch	II	or	G3	motif	(yellow),	the	G4	motif	(red)	and	G5	motif	(blue)	are	
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highlighted.	Each	active	site	is	composed	of	the	G1-3	motif	of	one	monomer	and	the	G4-5	motif	of	the	other	

monomer.	GDP	is	depicted	as	a	green	stick	model	and	Mg2+	as	a	yellow	sphere	(figure	adapted	from	Deng	et	al.,	

2008).	

A	later	study	of	the	Roc	domain	by	Liao	et	al.	however	claimed	this	domain	swapping	to	be	

an	artefact	of	crystallization.	Purification	of	an	N-terminally	and	C-terminally	extended	Roc	

domain,	yielded	two	peaks	in	size-exclusion	chromatography.	Using	mass-spectrometry	(MS),	

reduced	 SDS-Page	 and	 multi-angle	 light	 scattering	 coupled	 with	 size-exclusion	

chromatography	 (SEC-MALS),	 it	was	proven	 that	 these	peaks	corresponded	 to	monomeric	

and	dimeric	LRRK2	Roc	in	solution.	Moreover,	alignment	of	the	domain	swapped	Roc	dimer	

with	 the	 bacterial	 CtRocCOR	 structure	 (that	 shows	 no	 domain	 swapping)	 showed	 severe	

clashes	of	the	Roc	domain	with	the	highly	conserved	N-terminal	COR,	suggesting	that	the	Roc	

domain	doesn’t	form	a	domain	swapped	constitutive	dimer	(Gilsbach	and	Kortholt,	2014;	Liao	

et	 al.,	 2014).	 This	 was	 later	 confirmed	 after	 purification	 of	 the	 Roc	 construct	 used	 for	

crystallization	 showed	 a	 mixture	 of	 monomeric	 and	 dimeric	 Roc	 in	 solution.	 Moreover,	

dimerization	of	the	Roc	domain	was	shown	to	enhance	upon	phosphorylation	(Civiero	et	al.,	

2017;	Liu	et	al.,	2016).		

Since	in	Roco	proteins	the	Roc	domain	always	occurs	in	tandem	with	a	COR,	studies	using	the	

RocCOR	construct	could	be	more	useful	to	unravel	the	working	mechanism	of	LRRK2.	Similar	

to	 bacterial	 Roco	 proteins,	 the	 LRRK2	 COR	 domain	 is	 mainly	 responsible	 for	 LRRK2	

dimerization.	 Co-immunoprecipitation	 experiments	 revealed	 that	 LRRK2	 RocCOR	

homodimerizes.	Moreover,	the	RocCOR	domain	interacts	with	an	isolated	COR	construct,	but	

not	with	Roc,	indicating	that	dimerization	occurs	via	the	COR	domain	(Terheyden	et	al.,	2015).		

This	RocCOR	homodimerization	was	 also	 seen	by	Klein	et	al.,	 as	well	 as	 full	 length	 LRRK2	

homodimerization.	However,	dimerization	was	also	observed	in	full	length	constructs	lacking	

the	 RocCOR	 domains	 indicating	 that	 the	 RocCOR	 domain	 is	 mainly	 but	 not	 exclusively	

responsible	 for	 protein	 dimerization.	 Other	 protein-protein	 interaction	 domains	 can	

contribute	as	well	(Civiero	et	al.,	2017;	Klein	et	al.,	2009).	Furthermore,	it	was	shown	that	the	

GTPase	activity	of	 LRRK2	RocCORkinase	 (kcat	 =	0.8	min-1;	KM	=	343	µM)	 is	40	 times	higher	

compared	to	LRRK2	Roc	alone	(kcat	=	0.02	min-1;	KM	=	553	µM),	suggesting	that	dimerization	

of	the	protein	increases	the	GTPase	activity	(Liao	et	al.,	2014;	Rudi	et	al.,	2015).		



	
	
34	

The	exact	GTPase	mechanism	of	LRRK2	still	forms	the	subject	of	debate,	due	to	the	lack	of	

structural	 information	on	the	active	GTP-bound	conformation.	Two	competing	models	are	

put	 forward.	 On	 the	 one	 hand,	 the	 low	 nucleotide-affinity	 and	 dimerization	 dependent	

GTPase	activity,	in	combination	with	the	dimeric	nature	of	several	prokaryotic	Roco	proteins,	

suggests	that	LRRK2	can	be	part	of	the	GAD	family	(Gasper	et	al.,	2009;	Nixon-Abell	et	al.,	

2016a).	On	the	other	hand,	in	support	of	the	conventional	G-protein	theory,	some	possible	

GEFs	 and	 GAPs	 have	 been	 reported	 for	 LRRK2	 (Nixon-Abell	 et	 al.,	 2016a).	 Rho	 guanine	

nucleotide	 exchange	 factor	ARHGEF7	was	 shown	 to	 interact	 and	 partially	 co-localize	with	

LRRK2	in	vitro	and	in	vivo.	It	enhances	the	exchange	of	GDP	for	GTP	and	in	this	way,	might	

function	as	a	GEF	 for	 the	GTPase	activity	of	 LRRK2.	 Strikingly,	ARHGEF7	 is	 also	an	 in	 vitro	

substrate	 of	 LRRK2.	 Two	 threonine	 residues	 at	 the	 N-terminus	 of	 ARHGEF7	 are	

phosphorylated	by	LRRK2	(Haebig	et	al.,	2010;	Nguyen	and	Moore,	2017).		

Two	potential	LRRK2	GAPs	were	identified	as	well:	ArfGAP1	and	RGS2	(Stafa	et	al.,	2012;	Xiong	

et	al.,	2012a).	The	ArfGAP1-LRRK2	interaction	has	been	demonstrated	both	in	vitro	and	in	vivo	

in	brain	tissue	(Stafa	et	al.,	2012).	Binding	of	ArfGAP1	has	no	effect	on	LRRK2’s	GTP	binding	

capacity,	 but	mediates	 LRRK2	 toxicity	 by	 increasing	 the	 GTP	 hydrolysis	 rate	 (Xiong	 et	 al.,	

2012a).	However,	ArfGAP1	binds	LRRK2	primarily	via	the	WD40	and	kinase	domain	(Xiong	et	

al.,	 2012a).	 In	 accordance,	 LRRK2	 has	 been	 shown	 to	 phosphorylate	 ArfGAP1.	 Studies	

concerning	the	effect	of	ArfGAP1	on	LRRK2	kinase	activity	and	the	other	way	around,	have	

however	given	controversial	results.	In	different	conflicting	studies,	ArfGAP1	has	been	shown	

to	either	reduce	or	induce	LRRK2	kinase	activity.	Also,	the	role	of	phosphorylation	of	ArfGAP1	

is	unclear	(Stafa	et	al.,	2012;	Xiong	et	al.,	2012a).	

In	2014,	Dusonchet	et	al.	identified	a	second	possible	LRRK2	GAP,	named	RGS2.	RGS	proteins	

were	originally	identified	as	regulators	of	GPCR-mediated	signalling.	However,	using	in	silico	

screening,	RGS2	was	also	found	to	regulate	LRRK2	functioning	via	its	catalytic	GAP	domain.	It	

increases	the	GTPase	activity	of	LRRK2	in	vitro.	Surprisingly,	independent	of	its	influence	on	

the	GTPase	activity,	RGS2	was	shown	to	have	an	inhibitory	effect	on	LRRK2	kinase	activity	and	

in	this	way	controls	neurite	length.	Finally,	RGS2	is	also	a	substrate	for	phosphorylation	by	

LRRK2	in	vitro.	Future	studies	are	needed	to	investigate	whether	RGS2	is	also	a	substrate	of	

LRRK2	 in	 vivo	 and	whether	RGS2	 is	 a	physiological	GAP	 for	 LRRK2	 in	 vivo,	 or	mediates	 its	

function	via	another	mechanism	(Dusonchet	et	al.,	2014;	Nguyen	and	Moore,	2017).	In	fact,	



	
	

35	

for	all	GEFs	and	GAPs	reported,	their	direct	interaction	with	the	LRRK2	Roc	domain	is	still	not	

proven.	Hence,	ARHGEF7,	RGS2	and	ArfGAP1	could	modulate	the	GTPase	activity	of	LRRK2,	

but	most	likely	function	in	a	manner	distinct	from	classical	GEFs	and	GAPs	(Nixon-Abell	et	al.,	

2016a).	

1.2.3.2 The	LRRK2	kinase	domain	is	a	Ser/	Thr	kinase	

1.2.3.2.1 The	Roco4	kinase	domain	structure	 	

The	LRRK2	kinase	domain,	 just	 like	other	kinase	domains	 from	the	group	2	Roco	proteins,	

belongs	to	the	group	of	serine/threonine	specific	kinases.	So	far,	the	structure	of	LRRK2	kinase	

couldn’t	 be	 solved.	 However,	 the	 kinase	 domain	 of	 the	 Roco4	 protein	 of	 Dictyostelium	

discoideum	 is	 biochemically	 more	 tractable	 and	 has	 a	 25%	 amino	 acid	 identity	 and	 47%	

similarity	 to	 LRRK2.	 Moreover,	 the	 LRRK2	 and	 Roco4	 kinase	 domains	 are	 very	 similar	

demonstrated	by	the	fact	that	the	developmental	defect	of	roco4-null	cells	in	Dictyostelium	

discoideum	(unable	to	form	stable	stalks	in	fruiting	bodies)	can	be	rescued	by	a	chimeric	roco4	

construct	in	which	the	roco4	kinase	domain	is	replaced	by	LRRK2	kinase	(van	Egmond	and	van	

Haastert,	 2010;	 Gilsbach	 et	 al.,	 2012).	 Vice	 versa,	 Roco4	 kinase	 is	 able	 to	 phosphorylate	

LRRKtide,	a	LRRK2	substrate.	Therefore,	the	Roco4	kinase	domain	is	a	good	model	system	for	

LRRK2	kinase	(Gilsbach	et	al.,	2012).	

The	active,	phosphorylated	Roco4	kinase	domain	was	crystallized	in	the	presence	of	the	non-

hydrolysable	ATP-analogue	AppCH2p	(figure	1.17a).	It	has	a	canonical,	two-lobed	kinase	fold.	

The	N-terminal	lobe	is	mainly	composed	of	an	antiparallel	b-sheet	and	a	conserved	aC-helix.	

The	large	C-terminal	lobe	is	mainly	a-helical	and	possesses	an	activation	loop	and	DFG	motif,	

important	for	catalysis	(Gilsbach	and	Kortholt,	2014;	Gilsbach	et	al.,	2012).		

Many	 kinases	 have	 a	 flexible,	 disordered	 activation	 loop	 in	 their	 inactive	 state.	 Upon	

phosphorylation,	 this	 loop	 is	 reoriented	 and	 adapts	 an	 ordered,	 activated	 conformation.	

Overlay	 of	 the	 inactive,	 nucleotide-free	 and	 active,	 AppCH2p-bound	Roco4	 kinase	 domain	

shows	 that	 the	 flexible,	 disordered	 activation	 loop	 (not	 visible	 in	 the	 inactive	 structure)	

indeed	becomes	ordered	upon	phosphorylation	(figure	1.17b).	The	Roco4	kinase	activation	

loop	contains	 four	putative	autophosphorylation	sites:	S1181,	S1184,	S1187	and	S1189,	of	

which	autophosphorylation	of	two	sites	(S1187	and	S1189)	is	essential	for	activation	of	the	

kinase	(Gilsbach	et	al.,	2012).		
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Figure	1.17:	Roco4	kinase	as	a	model	system	for	the	LRRK2	kinase	domain	(pdb:	4F0F	and	4F0G).	(a)	Crystal	

structure	 of	 active,	 phosphorylated	 Roco4	 kinase	 in	 the	 presence	 of	 AppCH2p	 (orange	 and	 purple	 stick	

representation).	The	conserved	regulatory aC-helix	is	shown	in	blue,	the	N-terminal	lobe	in	yellow	and	the	C-

terminal	lobe	in	cyan.	The	phosphorylated	activation	loop	is	shown	in	pink,	with	the	autophosphorylation	sites	

in	green.	(b)	Overlay	of	inactive	nucleotide-free	(green)	and	activated	AppCH2p-bound	(cyan)	Roco4	kinase.	In	

the	 inactive	 protein	 conformation	 the	 activation	 loop	 is	 not	 visible	 due	 to	 its	 high	 flexibility	 (dotted	 line	 in	

magenta)	(figure	adapted	from	Gilsbach	et	al.,	2012).	

1.2.3.2.2 Autophosphorylation	of	the	LRRK2	kinase	domain	

Using	sequence	homology	to	other	kinases,	three	putative	autophosphorylation	sites	within	

the	activation	loop	of	LRRK2	were	identified	(T2031,	S2032	and	T2035)	and	confirmed	to	be	

phosphorylated	by	LRRK2	using	phosphospecific	antibodies.	Like	in	Roco4,	only	two	residues	

(S2032	and	T2035)	are	required	to	be	phosphorylated	for	LRRK2	kinase	activity	(Greggio	et	

al.,	2008;	Li	et	al.,	2010).		

Using	in	vitro	assays,	several	other	autophosphorylation	sites	throughout	the	LRRK2	protein	

have	been	discovered,	with	most	of	them	located	around	the	central	Roc	domain	(Gloeckner	

et	al.,	2010;	Greggio	et	al.,	2009;	Kamikawaji	et	al.,	2009,	2013;	Pungaliya	et	al.,	2010;	Sheng	

et	 al.,	 2012;	 Webber	 et	 al.,	 2011).	 Indeed,	 all	 these	 reported	 autophosphorylation	 sites	

include	serine	or	threonine	residues,	indicating	that	LRRK2	is	a	true	serine/threonine	kinase	

(Gloeckner	 et	 al.,	 2010).	 However,	 it	 is	 important	 to	 notice	 that	 up	 to	 date,	 only	 three	
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autophosphorylation	sites	have	been	confirmed	in	a	cellular	context	or	in	vivo:	S1292,	T1410	

and	T1503	(figure	1.18)	(De	Wit	et	al.,	2018;	Pungaliya	et	al.,	2010;	Sheng	et	al.,	2012).		

	

figure	1.18:	LRRK2	(auto)phosphorylation	sites	and	reported	regulators.	Autophosphorylation	sites	within	the	

activation	 loop	of	the	kinase	domain	are	shown	in	orange.	Many	other	autophosphorylation	sites	have	been	

reported	for	LRRK2.	Only	the	ones	that	are	confirmed	in	a	cellular	context	or	in	vivo	are	shown	here	(green).	In	

blue,	constitutive	phosphorylation	sites	are	shown.	Three	upstream	kinases	are	reported	for	LRRK2	so	far:	CK1a,	

PKA	 and	 IKK	 (blue).	 The	 upstream	 phosphatase	 PP1	 is	 coloured	 in	 yellow.	 Rab29	 functions	 as	 an	 upstream	

GTPase	of	LRRK2:	it	recruits	LRRK2	to	the	trans-Golgi	network	and	in	this	way,	increases	LRRK2’s	kinase	activity.	

Moreover,	interaction	with	Rab29	seems	necessary	for	constitutive	phosphorylation	of	some	serine	residues.	

The	regulators	of	these	upstream	kinases,	GTPase	and	phosphatase	are	still	unknown	(figure	adapted	from	De	

Wit	et	al.,	2018).	

1.2.3.2.3 LRRK2	phosphorylation	regulated	by	upstream	kinases,	phosphatases	and	

GTPases	

Apart	from	its	autophosphorylation	sites,	LRRK2	also	possesses	a	cluster	of	phosphorylated	

serines	located	between	its	ankyrin	and	LRR	domain	(Gloeckner	et	al.,	2010;	Li	et	al.,	2011;	

Nichols	et	al.,	2010;	West	et	al.,	2007).	Since	they	are	phosphorylated	in	both	kinase-dead	

and	wild	type	LRRK2,	these	are	regular	phosphorylation	sites	(Gloeckner	et	al.,	2010).		

14-3-3	 proteins	 are	 known	 to	 interact	 with	 specifically	 phosphorylated	 residues	 of	 their	

binding	 partners.	 It	 was	 demonstrated	 that	 14-3-3	 proteins	 indeed	 interact	 with	

phosphorylated	 LRRK2.	 Dephosphorylation	 by	 phosphatases,	 as	 well	 as	mutation	 of	 S910	

and/or	S935,	inhibits	the	interaction,	demonstrating	the	importance	of	these	two	residues	(Li	

et	al.,	2011;	Nichols	et	al.,	2010).	 Interaction	with	14-3-3	proteins	 is	of	 importance	for	the	

cellular	 localization	 of	 LRRK2.	 Wild-type	 LRRK2	 is	 uniformly	 distributed	 throughout	 the	

cytosol.	 S910A/S935A	 mutant	 LRRK2,	 deficient	 in	 14-3-3	 binding,	 shows	 accumulation	 of	
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LRRK2	in	cytosolic	pools	that	resemble	inclusion	bodies	(Nichols	et	al.,	2010).	Since	changes	

in	the	phosphorylation	status	of	LRRK2	are	seen	 in	PD-mutated	proteins	 (see	further),	 the	

regulation	of	this	phosphorylation	was	of	great	interest.		

In	this	context,	several	regulators	have	been	suggested	(De	Wit	et	al.,	2018).	In	2014,	Chia	et	

al.	discovered	using	a	kinome-wide	siRNA	screen	that	casein	kinase	1a	(CK1a)	functions	as	an	

upstream	kinase	responsible	for	LRRK2	phosphorylation	at	S908,	S910,	S935,	S955,	S973	and	

S976	both	ex	vivo	in	the	striatum	as	in	cell	cultures	(figure	1.18)	(Chia	et	al.,	2014).	Moreover,	

Dzamko	et	al.	have	shown	that	upon	toll-like	receptor	pathway	stimulation	in	bone-marrow	

derived	macrophages,	IkB	kinase	(IKK)	phosphorylates	S910	and	S935	(Dzamko	et	al.,	2012).	

The	last	confirmed	phosphorylation	candidate	for	LRRK2	so	far	is	cAMP-dependent	protein	

kinase	A	(PKA).	PKA	functions	as	a	direct	upstream	kinase	for	LRRK2	both	in	vitro	and	in	cell	

cultures	(Li	et	al.,	2011).	Moreover,	S1444	was	identified	as	a	PKA-dependent	14-3-3	binding	

site	(De	Wit	et	al.,	2018;	Muda	et	al.,	2013).	

So	far,	one	upstream	phosphatase	for	LRRK2	has	been	identified.	Protein	phosphatase	1	(PP1)	

specifically	 dephosphorylates	 LRRK2	 at	 S910,	 S935,	 S955	 and	 S973	 (De	Wit	 et	 al.,	 2018;	

Lobbestael	et	al.,	2013).		

Only	very	recently,	a	first	GTPase	has	been	identified	as	a	LRRK2	regulator.	Rab29,	also	known	

as	Rab7L1,	is	a	known	substrate	for	LRRK2	(see	further).	However,	Purlyte	et	al.	discovered	

that	upon	GTP	binding,	Rab29	binds	the	ankyrin	domain	of	LRRK2	and	recruits	LRRK2	to	the	

trans-Golgi	network	and	in	this	way,	stimulates	the	kinase	activity	of	LRRK2.	Strikingly,	this	

Rab29	interaction	also	seems	necessary	for	phosphorylation	of	S910,	S935,	S955	and	S973	

(Purlyte	et	al.,	2017).	

1.2.3.2.4 Cellular	functions	and	substrates	of	LRRK2	

LRRK2	localizes	both	in	the	cytosol	and	in	specific	membrane	domains,	where	it	interacts	with	

a	wide	variety	of	proteins.	Over	the	last	few	years,	the	protein	has	been	linked	to	numerous	

cellular	and	molecular	pathways	and	functions,	including	autophagy,	cytoskeletal	regulation,	

mitochondrial	function,	protein	translation	and	degradation,	neurite	outgrowth	and	vesicular	

trafficking.	Moreover,	accumulating	evidence	suggests	that	LRRK2	plays	an	important	role	in	

both	innate	and	adaptive	immunity	(Cookson,	2016;	Dzamko,	2017).	
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A	first	LRRK2	substrate,	involved	in	synaptic	vesicle	endocytosis,	is	EndophilinA	(EndoA).	The	

BAR	 domain	 of	 EndoA	 induces	 membrane	 deformation	 upon	 membrane	 insertion.	 This	

membrane	tubulation	and	association	is	dependent	on	phosphorylation	of	the	S75	residue	in	

the	BAR	domain	by	LRRK2.	Both	the	overactivation	and	knock-out	of	LRRK2	kinase	activity	

impede	 synaptic	 endocytosis	 by	 EndoA	 membrane	 release.	 Only	 the	 correct	 balance	 in		

phosphorylation-dephosphorylation	 ensures	 proper	 endocytosis	 (Matta	 et	 al.,	 2012).	 In	 a	

more	recent	study,	EndoA	phosphorylation	by	LRRK2	was	also	linked	to	macro-autophagy	at	

synapses	(Soukup	et	al.,	2016).	Another	study	found	LRRK2	to	localize	to	autophagic	vacuoles	

(AVs)	 and	 multivesicular	 bodies	 (MVBs)	 (Alegre-Abarrategui	 et	 al.,	 2009).	 Moreover,	

expression	of	PD-mutated	LRRK2	in	human	derived	cell	lines	leads	to	an	accumulation	of	AVs	

and	MVBs	(Alegre-Abarrategui	et	al.,	2009).	This	LRRK2-mediated	autophagy	is	suggested	to	

be	 regulated	 by	 the	 MAPK-ERK	 signalling	 pathway	 and	 by	 the	 calcium-dependent	 AMPK	

pathway	via	LRRK2	activation	of	NAADP	receptors	that	are	involved	in	the	calcium	efflux	of	

endosomes	(Bravo-San	Pedro	et	al.,	2013;	Gómez-Suaga	et	al.,	2012).	

Another	well-characterized	 LRRK2	 substrate	 is	 the	 ribosomal	 protein	 s15	which	 is	 directly	

phosphorylated	by	LRRK2	both	 in	vivo	 and	 in	vitro.	The	G2019S	and	 I2020T	PD-associated	

LRRK2	 mutations	 increase	 s15	 phosphorylation	 and	 in	 this	 way,	 induce	 neurotoxicity	 by	

stimulation	of	mRNA	translation.	Introduction	of	the	phosphodeficient	T136A	mutation	in	s15	

reduces	 neurite	 loss	 and	 cell	 death	 in	 human	neurons	 caused	 by	 the	G2019S	 and	 I2020T	

mutations.	 The	 fact	 that	R1441C	LRRK2	doesn’t	 show	 the	 same	phenotype,	 indicates	 that	

different	PD	mutations	might	induce	PD	through	different	pathogenic	effects	(Martin	et	al.,	

2014).	

LRRK2	has	also	been	reported	to	maintain	the	neuronal	development	process	(MacLeod	et	

al.,	 2006).	 Transfection	 of	 cortical	 cultures	 with	 PD-mutated	 LRRK2,	 dramatically	 reduces	

neurite	 length	and	branching	(MacLeod	et	al.,	2006;	Parisiadou	et	al.,	2009;	Plowey	et	al.,	

2008).	 Inversely,	 cells	 transfected	 with	 kinase-deficient	 LRRK2,	 show	 extended	 structures	

(MacLeod	 et	 al.,	 2006).	 LRRK2	 regulates	 neuronal	 development	 by	 phosphorylating	 ERM	

proteins	(ezrin,	radixin	and	moesin),	that	subsequently	regulate	axonal	growth,	cytoskeletal	

organization	and	microtubule	assembly.		

Both	 endogenous	 and	 exogenously	 expressed	 LRRK2	 is	 also	 reported	 to	 localize	 to	 the	

mitochondrial	outer	membrane	(Biskup	et	al.,	2006).	Initial	studies	showed	that	patients	with	
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PD-mutated	LRRK2	have	a	decreased	mitochondrial	membrane	potential	and	reduced	cellular	

ATP	 levels.	 Their	 mitochondria	 are	 elongated	 and	 have	 an	 increased	 interconnectivity,	

suggesting	 an	 involvement	of	 LRRK2	 in	mitochondrial	 fusion	and	 fission	 (Mortiboys	et	al.,	

2010).	Research	by	Wang	et	al.	later	proved	that	LRRK2	directly	interacts	with	mitochondrial	

dynamin-like	protein	(DLP1),	a	reported	membrane	fission	protein.	Expression	of	PD-mutated	

LRRK2	causes	an	 increase	 in	DLP1	recruitment/phosphorylation	and	 induces	mitochondrial	

fragmentation.	Since	silencing	of	DLP1	blocks	this	fragmentation,	it	was	suggested	that	LRRK2	

regulates	mitochondrial	dynamics	using	a	DLP-mediated	pathway	(Rosenbusch	and	Kortholt,	

2016;	Wang	et	al.,	2012).		

Furthermore,	it	has	been	shown	that	LRRK2	localizes	to	endosomes	where	it	plays	a	role	in	

vesicular	 membrane	 trafficking	 (Gómez-Suaga	 et	 al.,	 2014).	 Only	 recently,	 Steger	 et	 al.	

convincingly	identified	a	subset	of	Rab	GTPases	as	the	first	in	vivo	LRRK2	substrates	(Steger	et	

al.,	2016,	2017).	The	family	of	Rab	GTPases	has	more	than	70	family	members	 in	humans,	

involved	in	intracellular	vesicular	trafficking.		

Phosphorylation	 by	 endogenous	 LRRK2	 has	 been	 confirmed	 for	 10	 Rab	 GTPases:	

Rab3A/B/C/D,	Rab5A/B/C,	Rab8A/B,	Rab10,	Rab12,	Rab29,	Rab35	and	Rab43	(Pfeffer,	2005;	

Steger	et	al.,	2016).	Surprisingly,	looking	at	the	Rab	phylogenetic	tree,	these	Rab	GTPases	are	

actually	widely	dispersed.	Thus,	it	might	be	that	the	Rabs	that	are	phosphorylated	by	LRRK2,	

co-localize	with	LRRK2	and	that	this	co-localization	is	the	actual	phosphorylation	determinant	

(Steger	et	al.,	2017).	Phosphorylation	by	LRRK2	influences	the	cycling	of	these	Rab	GTPases	

between	the	cytosol	and	membrane.	 Inactive,	GDP-bound	Rabs	are	bound	by	GDIs	 locking	

them	in	the	cytosol.	Upon	prenylation	by	Rab	GGTases,	Rab	proteins	dissociate	from	their	GDI	

and	 insert	 in	 the	membrane,	where	 GDP	 is	 exchanged	 for	 GTP	 and	 the	 highly	 conserved	

threonine	residue	located	in	the	switch	II	loop	of	Rab	GTPases	is	phosphorylated.	After	GTP	

hydrolysis	and	dephosphorylation,	the	GDP-bound	Rabs	again	bind	GDIs	and	dissociate	from	

the	 membrane.	 Overactivation	 of	 LRRK2	 by	 PD-mutations	 leads	 to	 an	 accumulation	 of	

inactive,	membrane-bound	Rab	GTPases	(Berger	et	al.,	2010;	Liu	et	al.,	2018;	Purlyte	et	al.,	

2017;	Steger	et	al.,	2016).	In	this	respect,	PD-mutated	LRRK2	was	found	to	cause	a	delay	in	

late	endosomal	trafficking	and	epidermal	growth	factor	receptor	degradation	by	a	decrease	

in	Rab7	activity	(Gómez-Suaga	et	al.,	2014).	Moreover,	Maekawa	et	al.	discovered	that	LRRK2	

also	has	an	inhibitory	effect	on	a-synuclein	clearance	by	microglia	possibly	by	decreasing	the	
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number	of	Rab5-positive	early	endosomes	(Maekawa	et	al.,	2016).	Bae	et	al.	recently	found	

that	 LRRK2	 promotes	a-synuclein	 propagation	 via	 Rab35	 phosphorylation	 (Bae,	 EJ	 et	 al.,	

2018).	Finally,	 it	was	shown	for	Rab8a,	Rab10	and	Rab12	that	upon	phosphorylation	these	

Rabs	 bind	 Rab	 interacting	 lysosomal	 protein	 like	 1	 and	 2	 (RILPL1	 and	 2),	 key	 proteins	 for	

ciliogenesis	(Steger	et	al.,	2017).		

The	phosphorylation	of	numerous	Rab	proteins	by	 LRRK2,	 in	 combination	with	 their	 large	

variety	 in	 subcellular	 localization	 and	 the	 capacity	 of	 Rab	 proteins	 to	 insert	 in	 subcellular	

membranes	via	their	lipid	group,	has	led	to	the	emerging	theme	that	LRRK2	recruitment	to	

various	membrane	structures	in	cells,	is	controlled	by	Rab	GTPases	(Cookson,	2016).	In	this	

respect,	LRRK2	recruitment	to	the	trans-Golgi	network	by	Rab29	was	demonstrated	(Purlyte	

et	 al.,	 2017).	 However,	 several	 aspects	 of	 these	 Rab-mediated	mechanisms	 remain	 to	 be	

clarified	(Cookson,	2016).	

A	final	important	role	of	LRRK2	is	reserved	for	the	immune	system.	LRRK2	was	shown	to	be	

important	 for	neuroinflammation	via	 its	 expression	 in	 glial	 cells.	 LRRK2	 is	 expressed	upon	

activation	of	microglia	(Dzamko,	2017;	Lee	et	al.,	2017;	Moehle	et	al.,	2012).	Knock	down	of	

the	 protein	 results	 in	 an	 attenuated	microglial-induced	 inflammatory	 cytokine	 production	

whereas	PD	patients	show	higher	 levels	of	activated	microglia	which	result	 in	an	elevated	

cytokine	production	(Dzamko,	2017;	Kim	et	al.,	2012;	Lee	et	al.,	2017;	Moehle	et	al.,	2012).	

LRRK2	is	also	expressed	in	different	cell	types	of	the	peripheral	immune	system	and	plays	a	

regulatory	role	in	both	innate	and	adaptive	immunity	(Dzamko,	2017;	Dzamko	and	Halliday,	

2012).	 As	 such,	 an	 increased	 expression	 of	 LRRK2	 was	 detected	 in	 monocytes	 and	

macrophages	upon	stimulation	with	interferon	gamma	(Dzamko,	2017;	Dzamko	and	Halliday,	

2012;	Gardet	et	al.,	2010;	Hakimi	et	al.,	2011;	Thévenet	et	al.,	2011).	In	dendritic	cells	LRRK2	

plays	a	regulatory	role	in	calcium	signalling,	which	is	important	for	the	immune	function	of	

these	cells	(Dzamko,	2017;	Thévenet	et	al.,	2011;	Yan	et	al.,	2015).	Furthermore,	the	protein	

is	responsible	for	the	development	and	maintenance	of	the	B-cell	population	(Dzamko,	2017;	

Hakimi	et	al.,	2011;	Kubo	et	al.,	2010).	Up	to	date,	two	major	inflammatory	pathways	have	

been	 linked	 to	 LRRK2:	 the	 toll-like	 receptor	 mediated	 and	 dectin-1	 mediated	 pathways	

(Dzamko,	2017;	Dzamko	et	al.,	2012).	These	pathways	are	responsible	for	the	host	immune	

response	against	both	pathogen-associated	as	danger-associated	self-originating	molecules.	
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In	 these	 pathways,	 LRRK2	 regulates	 the	 production	 of	 inflammatory	 cytokines.	 Details	

concerning	the	exact	working	mechanism	remain	to	be	elucidated	(Dzamko,	2017).	

1.2.3.3 Interplay	between	the	kinase	and	GTPase	domain	of	LRRK2	

LRRK2	is	a	protein	harbouring	both	GTPase	and	kinase	activity.	Several	studies	have	provided	

more	 insights	 in	 this	 dual	 enzymatic	 activity	 and	 have	 shown	 a	 strong	 interconnectivity	

between	the	RocCOR	and	kinase	domains.	

Since	the	discovery	of	several	autophosphorylation	sites	in	the	Roc	domain	of	LRRK2,	a	strong	

physical	and	functional	link	between	the	kinase	and	G-domain	was	suggested,	with	the	kinase	

domain	potentially	regulating	the	Roc	G-domain	(Gloeckner	et	al.,	2010).	Inversely,	several	

research	groups	reported	the	requirement	of	nucleotide	binding	for	kinase	activity	suggesting	

also	a	signalling	from	the	Roc	domain	to	the	kinase	domain.	Guo	et	al.	showed	that	the	Roc	

domain	 of	 LRRK2	 is	 a	 functional	 G-domain	 responsible	 for	 GTP	 binding	 and	 hydrolysis.	

Moreover,	binding	of	the	Roc	domain	to	GTP	stimulates	the	kinase	activity	of	the	protein	(Guo	

et	 al.,	 2007).	 This	 requirement	 of	 binding	 GTP	 for	 normal	 kinase	 activity	 was	 also	

demonstrated	by	other	groups	(Biosa	et	al.,	2013;	Ito	et	al.,	2007;	West	et	al.,	2007).	Taymans	

et	al.	however	claimed	that	nucleotide	binding	capacity	is	responsible	for	kinase	activity,	but	

that	the	actual	nucleotide	bound	to	the	Roc	domain	has	no	influence	on	the	kinase	activity.	

In	other	words,	only	an	intact	Roc	domain	would	in	this	scenario	be	required	for	kinase	activity	

(Taymans	et	al.,	2011).	More	recently,	Biosa	et	al.	claimed	that	not	only	GTP-binding,	but	also	

GTP	hydrolysis	is	important	for	kinase	functioning,	albeit	to	a	lesser	extent	than	GTP	binding.	

This	suggests	that	LRRK2	needs	to	cycle	between	a	GDP-	and	GTP-bound	state	 in	order	to	

have	 a	 functional	 kinase	 (Biosa	 et	 al.,	 2013).	 Finally,	 it	 seems	 that	 GTPase	 activity	 also	

influences	LRRK2	phosphorylation	by	upstream	kinases	(Ito	et	al.,	2007;	Taymans	et	al.,	2011).	

On	the	other	hand,	autophosphorylation	of	the	Roc	domain	points	toward	a	kinase	dependent	

GTPase	activity	(Gloeckner	et	al.,	2010;	Greggio	et	al.,	2009;	Kamikawaji	et	al.,	2009;	Webber	

et	al.,	 2011).	 Liu	et	al.	 proved	 that	autophosphorylation	of	 the	LRRK2	Roc	domain	 indeed	

increases	 its	 GTPase	 activity	 (Liu	 et	 al.,	 2016).	 Inversely,	 introduction	 of	 an	

unphosphorylatable	mutation	 in	 the	 Roc	 domain,	 reduces	 the	 kinase	 activity	 significantly	

(Webber	 et	 al.,	 2011).	 It	 was	 therefore	 suggested	 that	 LRRK2	 autophosphorylation	

structurally	changes	the	Roc	domain	to	promote	LRRK2	kinase	activity	(Xiong	et	al.,	2012b).	
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All	 these	 results	 together	 clearly	 indicate	 a	 strong	 interplay	 between	 the	 LRRK2	 Roc	 and	

kinase	domains.	The	exact	mechanism	by	which	the	Roc	domain	regulates	the	kinase	domain	

and	vice	versa,	will	have	to	be	investigated	further	to	elucidate	current	conflicting	results.	

1.2.3.4 Oligomeric	status	of	LRRK2	in	the	cell	

The	dual	 enzyme	 specificity,	 homodimerization	and	 (auto)phosphorylation	 in	 combination	

with	a	wide	variety	of	cellular	functions	make	it	a	huge	challenge	to	study	LRRK2.	As	an	extra	

complexity,	several	studies	show	that	LRRK2	oligomerization	varies	throughout	the	cell.	

As	 expected	 from	 research	with	 bacterial	 Roco	proteins,	 a	wide	 variety	 of	 assays	 such	 as	

tandem	affinity	purifications,	yeast	two-hybrid	assays,	pull	downs,	co-immunoprecipitation,	

size-exclusion	 chromatography,	 single-particle	 transmission	 electron	 microscopy	 and	

immunogold	 labelling	using	 cell	 extracts	or	purified	 LRRK2	 revealed	 the	dimeric	nature	of	

LRRK2	under	many	circumstances	(Civiero	et	al.,	2012;	Gloeckner	et	al.,	2006;	Greggio	et	al.,	

2008;	Klein	et	al.,	2009).	This	was	also	confirmed	via	gel	filtration	and	blue	native	gels	using	

cell	lysates.	These	lysates	showed	that	the	majority	of	the	protein	was	dimeric,	with	a	small	

fraction	being	monomeric	or	forming	higher	oligomers	(Berger	et	al.,	2010;	Sen	et	al.,	2009).	

One	study	however	contradicts	these	findings.	Since	most	of	the	above-mentioned	research	

uses	 methods	 that	 depend	 on	 the	 hydrodynamic	 radius	 of	 the	 proteins,	 there	 is	 still	 a	

possibility	 that	 the	dimeric	portion	of	 the	protein	 in	 fact	 represents	a	pool	of	monomeric	

protein.	According	to	Ito	and	Iwatsubo,	this	is	true	for	LRRK2	(Ito	and	Iwatsubo,	2012).	

Despite	 these	 pieces	 of	 evidence	 that	 purified	 Roco	 proteins	 are	 mainly	 dimeric,	 cell	

fractionation	experiments	using	endogenous	or	exogenous	expressed	LRRK2,	revealed	that	

the	majority	of	LRRK2	in	cells	is	cytosolic	and	monomeric,	while	only	a	small	portion	of	dimeric	

LRRK2	is	localized	at	the	membrane.	The	membrane-associated	dimeric	LRRK2	also	shows	a	

higher	 kinase	 activity,	 increased	 GTP-binding	 capacity	 and	 a	 decrease	 in	 phosphorylation	

(Berger	et	al.,	2010;	Sen	et	al.,	2009).	Moreover,	the	first	study	in	living	cells,	using	confocal	

and	 total	 internal	 reflection	 microscopy	 coupled	 to	 number	 and	 brightness	 analysis,	

confirmed	 the	 monomeric	 nature	 of	 LRRK2	 in	 the	 cytosol	 and	 the	 formation	 of	 higher	

oligomers	in	the	plasma	membrane	(Civiero	et	al.,	2017;	James	et	al.,	2012).		
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1.2.3.5 The	role	of	LRRK2	in	Parkinson’s	Disease	

1.2.3.5.1 Parkinson’s	Disease	

PD	is	the	second	most	common	neurological	disorder	after	Alzheimer’s	disease.	0.3%	of	the	

population	worldwide	suffers	from	the	disease,	with	an	increasing	incidence	with	age.	The	

mean	age	of	onset	of	the	disease	is	55	(Dauer	and	Przedborski,	2003).		

PD	 pathogenesis	 is	 characterized	 by	 the	 progressive	 loss	 of	 dopaminergic	 neurons	 in	 the	

substantia	nigra	pars	compacta	combined	with	the	formation	of	Lewy	bodies	(fibrillar	protein	

aggregates	 rich	 in	a-synuclein)	 (Dauer	and	Przedborski,	2003;	Parkinson,	1817).	So	 far,	no	

diagnostic	test	is	available	for	the	detection	of	PD,	and	diagnosis	is	primarily	based	on	clinical	

symptoms.	These	symptoms	include	bradykinesia	or	slowness	of	movement,	resting	tremor,	

rigidity	 of	 the	 muscles	 and	 postural	 imbalance	 (de	 Lau	 and	 Breteler,	 2006).	 The	 disease	

progresses	 gradually,	 and	 initial	motor	 symptoms	are	often	missed	or	 attributed	 to	other	

diseases.	 Today	 PD	 still	 can’t	 be	 cured,	 only	 symptom	 improvement	 can	 be	 provided	 by	

medication.	All	available	medication	focuses	on	the	substitution	or	increase	of	dopamine	in	

the	brain,	with	levodopa,	a	dopamine	precursor,	being	the	most	effective	(Lees	et	al.,	2009).	

In	90%	of	the	cases,	PD	is	sporadic	or	idiopathic	(Bellou	et	al.,	2015;	Lesage	and	Brice,	2012;	

Singleton	 et	 al.,	 2017).	 Several	 environmental	 factors,	 such	 as	 pesticide	 and	 herbicide	

exposure,	 have	 been	 positively	 identified	 as	 risk	 factors	 for	 the	 disease	 (Ascherio	 and	

Schwarzschild,	2016;	Bellou	et	al.,	2015;	Lai	et	al.,	2002;	de	Lau	and	Breteler,	2006).	On	the	

other	 hand,	 tobacco	 and	 caffeine	 consumption	 were	 shown	 to	 decrease	 the	 risk	 for	 PD	

(Ascherio	and	Schwarzschild,	2016;	Bellou	et	al.,	2015;	Grandinetti	et	al.,	1994;	Hernán	et	al.,	

2002).	A	possible	link	with	a	variety	of	other	causative	agents	like	dietary	habits,	oestrogens	

and	iron	exposure,	is	still	unresolved	(Bellou	et	al.,	2015;	de	Lau	and	Breteler,	2006).	

The	less	common	familial	form	of	PD	is	caused	by	autosomal	dominant	and	recessive	gene	

mutations	(Lesage	and	Brice,	2012).	To	date,	23	genes	or	loci	have	been	identified	associated	

with	familial	PD	of	which	mutations	in	the	gene	coding	for	LRRK2	are	the	most	frequent	cause	

(Karimi-Moghadam	et	al.,	2018;	Paisán-Ruíz	et	al.,	2004;	Zimprich	et	al.,	2004).	Mutations	in	

the	gene	coding	for	LRRK2	are	the	most	frequent	cause	of	familial	PD	(Paisán-Ruíz	et	al.,	2004;	

Zimprich	et	al.,	 2004).	Moreover,	 some	mutations	 in	 LRRK2	have	been	 identified	as	a	 risk	

factor	 for	 sporadic	 PD	 (Lesage	 and	 Brice,	 2012).	 Therefore,	 unravelling	 the	 working	
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mechanism	 of	 LRRK2	 can	 provide	 significant	 insights	 in	 the	 pathways	 leading	 to	

neurodegeneration	in	this	disease.		

1.2.3.5.2 Pathogenic	LRRK2	mutations	

So	far,	more	than	50	genetic	variations	in	LRRK2	were	found	to	be	linked	to	both	familial	and	

sporadic	 PD.	 Six	 mutations	 are	 currently	 validated	 as	 being	 definitely	 pathogenic:	

R1441G/C/H,	located	in	the	Roc	domain,	Y1699C	in	the	COR,	and	G2019S	and	I2020T	in	the	

kinase	domain	(figure	1.19)	(Mata	et	al.,	2005;	Monfrini	and	Di	Fonzo,	2017).		

	

Figure	1.19:	PD	mutations	in	LRRK2.	So	far,	six	mutations	in	LRRK2	have	been	definitely	linked	to	PD.	All	these	

mutations	cluster	 in	 the	RocCOR-kinase	central	core.	The	different	protein	domains	are	coloured	as	 follows:	

Armadillo	 repeat	 (ARM)	 in	 grey,	 ankyrin	 repeat	 (ANK)	 in	 pink,	 Leucine-Rich	 Repeat	 (LRR)	 in	 yellow,	 Ras	 of	

complex	proteins	(Roc)	domain	in	red,	C-terminus	of	Roc	(COR)	in	blue,	kinase	domain	in	green,	WD40	repeats	

(WD40)	in	purple.	

G2019S	is	the	most	prevalent	PD	mutation	and	is	located	in	the	kinase	domain	(Monfrini	and	

Di	Fonzo,	2017).	For	this	mutation	a	consistent	augmented	kinase	activity	compared	to	the	

wild-type	protein	is	observed	(Nichols	et	al.,	2010;	West	et	al.,	2005).	Gilsbach	et	al.	explained	

this	gain-of-function	using	Roco4	kinase	as	a	model	system.	Comparison	of	the	wild-type	and	

G1179S	(G2019S	in	LRRK2)	structure,	revealed	a	change	in	the	DFG	activation	loop,	which	is	

responsible	for	catalysis.	The	S1179	residue	forms	an	additional	hydrogen	bond	with	R1077	

from	the	regulatory	aC-helix,	and	in	this	way,	stabilizes	the	kinase	active	state	of	the	protein.	

The	high	similarity	between	Roco4	kinase	and	LRRK2	kinase	in	combination	with	the	observed	

canonical	kinase	fold	make	it	safe	to	assume	that	a	similar	structural	change	could	occur	in	

LRRK2	G2019S	(Gilsbach	et	al.,	2012).		

Research	on	the	other	PD-related	kinase	mutant,	I2020T,	shows	some	contradictory	results.	

Depending	on	the	substrates	used,	some	studies	show	an	abolished	kinase	activity	(Jaleel	et	

al.,	2007;	Nichols	et	al.,	2010),	whilst	others	show	an	augmented	activity	(Gloeckner	et	al.,	

2006;	 Ray	 et	 al.,	 2014;	 West	 et	 al.,	 2007).	 All	 these	 studies	 however	 use	 in	 vitro	
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phosphorylation	of	generic	substrates	or	autophosphorylation	as	a	readout,	possibly	limiting	

their	validity.	

The	 RocCOR	 mutations	 (Y1699C	 and	 R1441C/G/H)	 persistently	 show	 a	 reduced	 GTPase	

activity,	potentially	leading	to	a	gain-of-function	of	the	protein	(i.e.	more	protein	in	the	GTP-

bound	state)	(Daniëls	et	al.,	2011;	Guo	et	al.,	2007;	Lewis	et	al.,	2007;	Liao	et	al.,	2014;	Rudi	

et	al.,	2015).	Structural	 comparison	 to	bacterial	Roco	proteins	 showed	 that	 these	RocCOR	

mutations	 are	 in	 close	 proximity	 to	 the	 hydrophobic	 surface	 between	 the	 Roc	 and	 COR	

domain	and	 strengthen	 the	 intramolecular	Roc-COR	 interaction,	 thus	 causing	a	weakened	

intermolecular	RocCOR	dimerization	(Daniëls	et	al.,	2011;	Gotthardt	et	al.,	2008;	Rudi	et	al.,	

2015;	Terheyden	et	al.,	2015,	2016).	For	these	mutations	as	well,	the	mutagenic	effect	on	the	

kinase	activity	is	unclear.	Again,	only	modest	increases/decreases	are	observed.	It	is	however	

important	to	realize	that	these	kinase	assays	also	depend	on	in	vitro	autophosphorylation	or	

phosphorylation	of	generic	substrates,	possibly	causing	less	conclusive	results.		

All	 confirmed	 pathogenic	 PD-mutations,	 with	 the	 exception	 of	 G2019S,	 show	 a	 severe	

reduction	or	complete	loss	of	S910/S935	phosphorylation	and	14-3-3	binding	(Li	et	al.,	2011;	

Nichols	 et	 al.,	 2010).	 Moreover,	 introduction	 of	 the	 R1441C/G/H	 mutation,	 causes	 a	

decreased	phosphorylation	of	S1444	by	PKA,	followed	by	a	decreased	14-3-3	binding	(Muda	

et	al.,	2013).			

One	common	feature	for	all	pathogenic	PD-mutants	was	discovered	by	Steger	et	al.	who	very	

recently	 published	 a	 paper	 showing	 that	 all	 these	 above-mentioned	 mutants	 cause	 an	

increased	 in	 vivo	 phosphorylation	 of	 Rabs.	 However,	 only	 for	 the	 G2019S	 mutation	 an	

increased	kinase	activity	toward	the	Rab	proteins	was	also	seen	in	in	vitro	assays.	Although	

for	the	other	mutations	accessory	proteins	are	probably	involved,	this	is	a	first	indication	for	

a	 shared	 pathogenic	 pathway	 (Steger	 et	 al.,	 2016).	 Also,	 very	 recently,	 a	 first	 protective	

mutation	was	discovered.	The	R1398H	mutation	showed	an	 increased	GTPase	activity	and	

increased	dimerization.	Moreover,	the	mutant	seems	to	have	a	lower	affinity	for	GTP,	causing	

a	decreased	fraction	of	GTP-bound,	active	LRRK2.	This	mutant	was	also	reported	to	increase	

the	intermolecular	interaction	of	the	RocCOR	tandem	using	a	quantitative	yeast	two-hybrid	

assay	(Nixon-Abell	et	al.,	2016).		
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1.3 Aim	of	the	thesis	

The	 Roco	 proteins	 constitute	 a	 family	 of	G-proteins	with	 a	 very	wide	 evolutionary	 range,	

characterized	by	a	central	RocCOR	domain	(Bosgraaf	and	Van	Haastert,	2003).	The	family	first	

raised	 general	 interest	 when	 mutations	 in	 the	 gene	 coding	 for	 the	 human	 Roco	 protein	

Leucine-Rich	Repeat	Kinase	2	were	 linked	 to	Parkinson’s	Disease	 (Paisán-Ruíz	et	al.,	2004;	

Zimprich	et	al.,	2004).	During	 the	past	years,	 the	 functioning	of	Roco	proteins	 formed	the	

subject	 of	 intense	 research.	 Two	 possible	 working	 mechanisms	 for	 the	 central	 RocCOR	

module	 have	 been	put	 forward	 (Nixon-Abell	et	 al.,	 2016a).	 Some	 studies	 claim	 that	 Roco	

proteins	function	as	conventional	G-proteins,	switching	between	a	GDP-bound	inactive	and	a	

GTP-bound	 active	 state	with	 the	 aid	 of	 Guanine	 Nucleotide	 Exchange	 Factors	 (GEFs)	 and	

GTPase-activating	 Proteins	 (GAPs),	 while	 other	 research	 groups	 propose	 that	 the	 Roco	

protein	family	belongs	to	the	family	of	G-proteins	Activated	by	Dimerization	(GADs).	These	

proteins	 use	 a	 dimerization-induced	 activation	mechanism	 for	GTP	hydrolysis.	 In	 this	 PhD	

thesis,	 we	 aimed	 to	 obtain	 further	 insights	 in	 the	working	mechanism,	 GTPase	 cycle	 and	

conformational	changes	of	the	Roco	protein	family.				

In	 chapter	 2,	we	 show	 that	 the	Chlorobium	 tepidum	 Roco	protein	 is	mainly	 dimeric	 in	 its	

nucleotide-free	and	GDP-bound	state,	while	 it	 is	monomeric	when	bound	 to	GTP.	Further	

research	revealed	that	the	protein	actively	cycles	between	a	monomeric	and	dimeric	state	

during	 GTP	 hydrolysis	 and	 that	 this	 monomerization	 is	 an	 intrinsic	 feature	 of	 the	 GTP	

hydrolysis	 cycle.	 In	 chapter	 3	 we	 biochemically	 characterized	 several	 prokaryotic	 Roco	

proteins	to	further	unravel	the	GTP	hydrolysis	mechanism	of	Roco	proteins.	We	demonstrate	

that,	 unlike	 conventional	G-proteins,	 Roco	proteins	 do	not	 function	 as	 classical	molecular	

switches	 and	 likely	 do	 not	 require	 GEFs	 for	 nucleotide	 exchange	 but	 instead	 have	 a	 low	

nucleotide	affinity.	In	the	GTP	hydrolysis	cycle,	GTP	hydrolysis	itself	or	related	conformational	

changes	are	rate-limiting.	Binding	to	cofactors,	dimerization	or	a	change	in	cellular	localization	

might	 further	 trigger	 the	 moderate	 GTP	 hydrolysis	 activity	 of	 these	 proteins.	 In	 the	 4th	

chapter,	 we	 attempted	 to	 generate	 Nanobodies	 that	 can	 function	 as	 crystallization	

chaperones	for	Roco	proteins	or	aid	in	their	in	vivo	localization.	Finally,	in	chapter	5,	we	give	

an	overview	of	what	is	currently	known	about	the	functioning	of	Roco	proteins,	and	combine	

this	with	our	recent	results	to	propose	a	new	working	model	for	Roco	proteins	in	general,	and	

LRRK2	in	particular.	
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2 The	oligomeric	cycle	of	the	Chlorobium	tepidum	Roco	protein	
during	GTP	hydrolysis	
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2.1 Abstract	

Mutations	 in	 Leucine-Rich	 Repeat	 Kinase	 2	 (LRRK2)	 are	 a	 common	 cause	 of	 genetic	

Parkinson’s	 Disease	 (PD).	 LRRK2	 is	 a	 multi-domain	 Roco	 protein,	 harbouring	 kinase	 and	

GTPase	 activity.	 In	 analogy	with	 a	 bacterial	 homologue,	 LRRK2	was	 proposed	 to	 act	 as	 a	

GTPase	Activated	by	Dimerization	(GAD),	while	recent	reports	suggest	LRRK2	to	exist	under	a	

monomeric	and	dimeric	form	 in	vivo.	It	is	however	unknown	how	LRRK2	oligomerization	is	

regulated.	 In	 this	 chapter,	we	 show	 that	 oligomerization	 of	 a	 homologous	 bacterial	 Roco	

protein	depends	on	the	nucleotide	load.	The	protein	is	mainly	dimeric	in	the	nucleotide-free	

and	GDP-bound	states,	while	it	forms	monomers	upon	GTP	binding,	leading	to	a	monomer-

dimer	cycle	during	GTP	hydrolysis.	An	analogue	of	a	PD-associated	mutation	stabilizes	 the	

dimer	 and	 decreases	 the	 GTPase	 activity.	 This	 work	 thus	 provides	 insights	 into	 the	

conformational	 cycle	 of	 Roco	 proteins	 and	 suggests	 a	 link	 between	 oligomerization	 and	

disease-associated	mutations	in	LRRK2.	
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2.2 Introduction	

Mutations	in	the	gene	encoding	LRRK2	are	the	most	common	genetic	cause	of	PD	(Paisán-

Ruíz	et	al.,	2004;	Zimprich	et	al.,	2004).	LRRK2	mutations	account	 for	5-6	%	of	 familial	PD	

cases,	and	are	identified	as	a	risk	factor	for	sporadic	forms	of	the	disease	(Bosgraaf	and	Van	

Haastert,	2003;	Marín	et	al.,	2008).	LRRK2	is	a	large	multi-domain	protein,	belonging	to	the	

Roco	protein	family.	This	protein	family	is	characterized	by	the	presence	of	a	G-domain,	called	

Roc	(Ras	of	complex	proteins),	fused	to	a	COR	domain	(C-terminal	of	Roc)	(Gilks	et	al.,	2005).	

In	many	cases	this	RocCOR	module	is	preceded	by	a	Leucine-Rich	Repeat	(LRR)	domain	and	

followed	 by	 a	 protein	 kinase	 domain.	 In	 LRRK2	 a	 number	 of	 additional	 protein-protein	

interaction	 domains	 are	 present	 (Cookson,	 2010;	 Gilsbach	 and	 Kortholt,	 2014).	 The	

pathogenic	LRRK2	mutations	mainly	cluster	in	the	catalytic	RocCOR	and	kinase	domains,	and	

the	most	prevalent	mutations	result	 in	decreased	GTPase	activity	and/or	enhanced	kinase	

activity	(Gloeckner	et	al.,	2006;	Greggio	et	al.,	2006;	Guo	et	al.,	2007;	Lewis	et	al.,	2007;	Steger	

et	al.,	2016;	West	et	al.,	2005).	This	coupled	phenotype	may	point	towards	an	intramolecular	

regulatory	mechanism	between	the	Roc	and	kinase	domains,	thus	underscoring	the	central	

role	of	the	Roc	GTPase	cycle	in	PD	pathology.		

Significant	 progress	 in	 our	 understanding	of	 the	 structure	 and	mechanism	of	 the	RocCOR	

module	of	LRRK2	comes	from	studies	with	related	Roco	proteins	from	prokaryotes	and	lower	

eukaryotes	 (Gilsbach	 and	 Kortholt,	 2014;	 Gilsbach	 et	 al.,	 2012;	 Gotthardt	 et	 al.,	 2008;	

Terheyden	et	 al.,	 2015).	Most	 importantly,	 the	model	 that	 LRRK2	 functions	 as	 a	GAD	 (G-

protein	Activated	by	nucleotide-dependent	Dimerization)	is	heavily	based	on	the	nucleotide-

free	crystal	structure	of	the	dimeric	RocCOR	module	of	the	Roco	protein	from	Chlorobium	

tepidum	(Gasper	et	al.,	2009;	Gotthardt	et	al.,	2008;	Nixon-Abell	et	al.,	2016a).	This	model	

implies	that	the	COR	domain	acts	as	a	permanent	dimerization	device	and	that	the	stimulation	

of	GTPase	activity	depends	on	reciprocal	complementation	of	two	Roc	active	sites	(Gasper	et	

al.,	2009;	Gilsbach	and	Kortholt,	2014;	Gotthardt	et	al.,	2008;	Rudi	et	al.,	2015;	Terheyden	et	

al.,	2015).	Similar	to	the	prokaryotic	Roco	proteins,	various	studies	report	that	LRRK2	can	also	

form	dimers	through	its	RocCOR	domain	in	vitro	(Greggio	et	al.,	2008;	Klein	et	al.,	2009;	Nixon-

Abell	et	al.,	2016b;	Terheyden	et	al.,	2015),	although	some	other	studies	suggest	 that	 the	

protein	is	mainly	monomeric	(Ito	and	Iwatsubo,	2012).	A	number	of	recent	results	indicate	

that	 in	 vivo	 functional	 LRRK2	 cycles	 between	 a	 predominantly	monomeric	 kinase-inactive	
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form	in	the	cytosol	and	a	dimeric	kinase-active	form	at	the	plasma	membrane	(Berger	et	al.,	

2010;	James	et	al.,	2012).	However,	so	far	the	mechanisms	regulating	these	changes	in	LRRK2	

translocation	 and	 oligomerization,	 as	 well	 as	 their	 function	 and	 necessity	 are	 poorly	

understood.		

In	this	chapter,	 it	 is	shown	that	the	Chlorobium	tepidum	Roco	protein	(CtRoco),	which	has	

served	in	the	past	as	a	model	system	for	both	Roco	proteins	in	general	as	well	as	for	LRRK2,	

cycles	between	a	monomeric	and	dimeric	form	during	GTP	turnover.	Using	small	angle	X-ray	

scattering,	 multi-angle	 light	 scattering,	 native	 mass	 spectrometry,	 analytical	

ultracentrifugation	and	electron	microscopy,	we	demonstrate	that	CtRoco	is	mainly	dimeric	

in	the	nucleotide-free	and	GDP-bound	states,	while	it	is	mainly	monomeric	when	bound	to	

GTP.	 Moreover,	 using	 time-resolved	 Förster	 resonance	 energy	 transfer	 and	 electron	

microscopy	we	show	that	the	GTP-induced	monomerization	occurs	on	a	catalytically	relevant	

time	 scale	 and	 that	 the	 monomer-dimer	 cycle	 occurs	 concomitant	 with	 GTP	 turnover.	 A	

mutation	linked	to	PD	decreases	the	GTPase	activity	by	interfering	with	the	monomer-dimer	

equilibrium.	Together	these	results	shed	new	light	on	a	 long-standing	discussion	regarding	

the	oligomeric	state	of	Roco	proteins.		
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2.3 Results	

2.3.1 GppNHp	binding	induces	monomerization	of	the	RocCOR	module	

Like	most	prokaryotic	Roco	proteins,	 the	Roco	protein	 from	Chlorobium	 tepidum	 (CtRoco)	

consists	of	an	N-terminal	LRR	domain	(aa	1–411),	a	central	RocCOR	module	(aa	412–946)	and	

a	C-terminal	region	of	unknown	structure	and	function	(aa	947-1102)	(figure	2.1)	(Bosgraaf	

and	Van	Haastert,	2003;	Gotthardt	et	al.,	2008;	Terheyden	et	al.,	2015).		

	

Figure	2.1:	Domain	organization	of	the	Chlorobium	tepidum	Roco	protein.	The	CtRoco	protein	has	a	N-terminal	

LRR	domain	(aa	1-411),	a	central	RocCOR	tandem	(aa	412-946)	and	a	C-terminus	(aa	947-1102)	of	which	both	

the	structure	and	function	are	unknown.	

A	 crystal	 structure	 of	 the	 RocCOR	domain	 construct	 of	CtRoco	 (CtRocCOR)	was	 solved	 by	

Gotthardt	et	al.,	with	the	Roc	G-domain	in	a	nucleotide-free	state	(Gotthardt	et	al.,	2008).	

While	only	one	Roc	domain	was	resolved,	this	structure	shows	the	protein	as	a	homodimer,	

for	which	most	of	the	contacts	between	the	subunits	are	mediated	via	COR	domain	residues.	

To	investigate	the	influence	of	nucleotide	binding	on	the	conformation	of	CtRocCOR	we	set	

out	to	perform	small	angle	X-ray	scattering	coupled	to	size-exclusion	chromatography	(SEC-

SAXS)	experiments	with	the	protein	in	either	the	nucleotide-free	state	or	saturated	with	GDP	

or	 the	 GTP	mimic	 5'-guanylyl	 imidodiphosphate	 (GppNHp)	 (supplementary	 figure	 2.1	 and	

table	2.1).	The	scattering	profile	of	the	nucleotide-free	protein	is	in	excellent	agreement	with	

the	symmetrical	CtRocCOR	dimer	of	the	crystal	structure	in	which	the	second	Roc	domain	was	

placed	 via	 dimer	 symmetry	 (pdb	 3DPU,	 Gotthardt	 et	 al.,	 2008),	 and	 a	 comparison	 of	 the	

experimental	 and	 theoretical	 scattering	 profiles	 yields	 a	 χ²-value	 of	 0.9	 (figure	 2.2a).	

Moreover,	a	good	agreement	is	found	between	the	ab	initio	molecular	envelope	based	on	

the	SAXS	profile	and	the	CtRocCOR	crystal	structure	(figure	2.2b).	However,	when	CtRocCOR	

is	 saturated	with	 either	GDP	or	GppNHp	 conformational	 changes	 are	 taking	 place,	 as	 the	

experimental	scattering	curves	yield	a	worse	fit	with	the	theoretical	scattering	curve	based	

on	 the	nucleotide-free	 crystal	 structure	 (translated	 in	a	 χ²	=	1.6	and	χ²=	6.0	 for	GDP-	and	
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GppNHp-bound	 protein	 respectively).	 To	 obtain	 further	 insights	 in	 the	 nature	 of	 these	

conformational	changes	we	calculated	the	estimated	molecular	masses	based	on	the	Porod	

volumes.	For	both	the	nucleotide-free	and	the	GDP-bound	form,	a	molecular	mass	around	

120	kDa	is	found,	which	is	in	good	agreement	with	the	expected	molecular	mass	of	the	dimer	

(theoretical	 MMdimer	 =	 130	 kDa)	 (figure	 2.2c).	 In	 the	 GppNHp-bound	 state	 an	 average	

molecular	mass	of	90	kDa	 is	 found	 in	between	 the	values	expected	 for	a	monomer	and	a	

dimer.	 This	 indicates	 a	 monomer/dimer	 equilibrium	 with	 overlapping	 peaks	 in	 the	

chromatogram	at	the	concentration	used	in	SEC-SAXS	(50	µl	of	an	8	mg	ml-1	protein	solution	

injected	on	the	column).		

	

Figure	 2.2:	 SEC-SAXS	 experiments	 indicate	 that	 binding	 to	 the	 non-hydrolysable	 GTP	 analogue	 GppNHp	

induces	monomerization	 of	 the	CtRocCOR	domain	 construct.	 (a)	 Pairwise-comparison	 using	 CRYSOL	 of	 the	

theoretical	scattering	curve	derived	from	the	crystallographic	dimer	model	of	CtRocCOR	(pdb	3dpu,	grey	line)	

with	the	experimental	scattering	curves	of	CtRocCOR	in	the	absence	of	nucleotide	(black	dots)	or	in	the	presence	

of	GDP	(green	dots)	or	GppNhp	(red	dots).	(b)	Superposition	of	the	crystallographic	CtRocCOR	dimer	model	(Roc	

in	 red	 and	 COR	 in	 blue)	 in	 the	 ab	 initio	 SAXS	 envelope,	 constructed	 starting	 from	 the	 scattering	 curve	 of	

CtRocCOR	 in	the	absence	of	nucleotides.	 (c)	Overview	of	 the	molecular	masses	obtained	via	SAXS	(based	on	

Porod	volume/1.7)	for	CtRocCOR	in	different	nucleotide-bound	states	(NF	=	nucleotide-free).	The	theoretical	

molecular	mass	of	the	monomer	is	given	in	between	brackets.	
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Such	a	shift	 in	oligomerization	is	also	translated	in	the	pair-distance	distribution	functions,	

where	 an	 overlay	 shows	 that	 the	 curves	 overlap	 for	 the	 nucleotide-free	 and	GDP	 loaded	

protein,	while	a	shift	toward	on	average	smaller	distances	is	found	for	the	GppNHp-bound	

protein	(supplementary	figure	2.1d).		

Next,	we	performed	multi-angle	 light	scattering	coupled	to	size-exclusion	chromatography	

(SEC-MALS)	and	sedimentation	velocity	analytical	ultracentrifugation	(SV-AUC)	experiments	

to	determine	the	molecular	mass	of	CtRocCOR	in	different	nucleotide	states	(figure	2.3).	For	

the	SEC-MALS	experiments,	10	µl	of	8	mg	ml-1	protein	solutions	were	 injected	on	the	SEC	

column.	For	the	nucleotide-free	and	GDP-bound	forms	a	molecular	mass	of	120	kDa	and	125	

kDa	is	obtained	respectively,	again	corresponding	to	a	dimer.	For	the	GppNHp-loaded	protein	

SEC-MALS	yielded	a	molecular	mass	of	78	kDa,	 just	slightly	above	the	expected	value	of	a	

monomer.	The	SV-AUC	experiments	were	performed	at	an	even	lower	protein	concentration	

(0.3	mg	ml-1,	4.6	µM)	(figure	2.3b	and	supplementary	figure	2.2).	Again,	for	nucleotide-free	

and	 GDP-loaded	 CtRocCOR	 molecular	 masses	 of	 121	 and	 115	 kDa	 are	 obtained	

(sedimentation	coefficients	of	4.7S	and	4.8S,	respectively).	 In	the	presence	of	GppNHp	the	

monomer-dimer	equilibrium	is	almost	completely	shifted	to	the	monomer,	clearly	seen	as	a	

shift	in	sedimentation	coefficient	from	around	4.8S	(dimer)	to	3.6S	(monomer),	corresponding	

to	a	molecular	mass	of	69	kDa.		

	

Figure	2.3:	SEC-MALS	and	SV-AUC	confirm	the	monomeric	molecular	mass	of	CtRocCOR	upon	GppNHp	binding.	

(a)	SEC-MALS	data	for	CtRocCOR	in	the	absence	(black)	or	presence	of	nucleotides	GDP	(green)	and	GppNHp	

(red).	 (b)	 Overview	 of	 the	molecular	masses	 obtained	 via	 SEC-MALS	 and	 SV-AUC	 for	CtRocCOR	 in	 different	

nucleotide-bound	 states	 (NF	 =	nucleotide-free).	 The	 theoretical	molecular	mass	of	 the	monomer	 is	 given	 in	

between	brackets.	
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Finally,	to	resolve	monomeric	and	dimeric	species	we	performed	native	mass	spectrometry	

(MS)	 experiments	 (figure	 2.4).	 The	 mass	 spectrum	 of	 nucleotide-free	 CtRocCOR	 shows	

exclusive	dimeric	 species	 (MMexp	=	130	kDa).	Also	 in	 the	presence	of	GDP	dimeric	 species	

dominate,	while	a	very	small	amount	of	monomers	appears	(MMexp	=	65	kDa).	However,	in	

agreement	with	our	previous	data,	we	observe	a	clear	shift	toward	the	monomeric	species	in	

the	presence	of	GppNHp,	resulting	in	an	approximately	50:50	monomer/dimer	ratio	under	

the	conditions	used	in	this	experiment.		

	

Figure	 2.4:	 Native-MS	 as	well	 shows	 a	 shift	 of	 CtRocCOR	 towards	monomeric	 species	 in	 the	 presence	 of	

GppNHp.	Native	mass	spectra	of	CtRocCOR	for	the	three	different	nucleotide	states:	nucleotide-free	(NF),	GDP-

bound	and	GppNHp-bound.	Peaks	corresponding	to	dimeric	and	monomeric	species	are	labelled	with	two	circles	

and	one	circle,	respectively.	

In	 conclusion,	 all	 these	 experiments	 show	 that	 while	 CtRocCOR	 is	 mainly	 a	 dimer	 in	 the	

nucleotide-free	and	GDP-bound	form,	the	GTP	mimic	GppNHp	induces	monomerization	in	a	

concentration	dependent	manner.		

2.3.2 Binding	of	GppNHp	shifts	the	monomer/dimer	equilibrium	of	full	length	CtRoco		

Considering	the	GppNHp-induced	monomerization	observed	in	the	CtRocCOR	construct,	we	

next	 collected	 SAXS	 data	 for	 the	 full	 length	 CtRoco	 protein,	 either	 in	 the	 absence	 of	

nucleotides	or	bound	to	GDP	or	GppNHp	(supplementary	figure	2.3	and	table	2.2).	As	there	

is,	thus	far,	no	crystal	structure	available	of	full	length	CtRoco	protein	(nor	of	any	other	Roco	

protein),	no	 fitting	of	 the	SAXS	data	on	a	theoretical	curve	could	be	performed.	However,	

visual	 inspection	of	 the	 scaled	 scattering	 curves	 and	normalized	pair-distance	distribution	

functions	clearly	shows	that	conformational	changes	occur	in	both	the	CtRoco	GppNHp-	and	

GDP-bound	states	compared	to	the	nucleotide-free	state	(figure	2.5a-b	and	supplementary	

figure	2.3d).	Docking	of	the	CtRocCOR	crystal	structure	into	the	ab	initio	envelope	generated	

from	the	SAXS	data	of	the	nucleotide-free	CtRoco	protein	shows	additional	features	at	the	N-	
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and	C-terminus	of	CtRocCOR	presumably	corresponding	to	the	LRR	and	C-terminal	domains	

(figure	2.5c).		

	

Figure	2.5:	SAXS	analysis	of	CtRoco	shows	that	binding	to	the	non-hydrolysable	GTP	analogue	GppNHp	induces	

conformational	changes.	(a)	Scattering	curves	of	CtRoco	in	the	absence	(black	dots),	or	presence	of	nucleotides	

GDP	(green	dots)	or	GppNHp	(red	dots).	(b)	Normalized	pair-distance	distribution	functions	(P(r))	of	CtRoco	in	

the	 nucleotide-free	 state	 (black)	 or	 bound	 to	 GDP	 (green)	 or	 GppNHp	 (red).	 (c)	 Superposition	 of	 the	

crystallographic	 CtRocCOR	 dimer	 model	 (Roc	 in	 red	 and	 COR	 in	 blue)	 onto	 the	 ab	 initio	 SAXS	 envelope,	

constructed	starting	from	the	scattering	curve	of	CtRoco	 in	the	absence	of	nucleotides.	The	envelope	shows	

clear	additional	features	corresponding	to	the	N-terminal	LRR	domain	and	the	C-terminal	domain,	which	are	not	

present	in	the	CtRocCOR	crystal	structure.		

Molecular	mass	calculation	from	the	Porod	analysis	of	the	SAXS	curves,	from	SEC-MALS	and	

from	SV-AUC	(figure	2.6a-b	and	supplementary	figure	2.4),	yields	values	between	240	and	290	

kDa	for	the	nucleotide-free	and	GDP-bound	forms,	close	to	the	theoretical	value	expected	for	

a	dimer	(theoretical	MMdimer	=	254.2	kDa).	In	the	presence	of	GppNHp,	SEC-SAXS	(50	µl	of	an	

8	mg	ml-1	protein	solution	injected	on	a	column)	gives	a	molecular	mass	of	209	kDa	and	SEC-

MALS	(10	µl	of	an	8	mg	ml-1	protein	solution	injected	on	a	column)	a	molecular	mass	of	173	

kDa,	 while	 SV-AUC	 (protein	 at	 0.6	 mg	 ml-1,	 4.5	 µM)	 gives	 a	 broader	 distribution	 with	 a	

molecular	mass	at	the	peak	of	158	kDa	(sedimentation	coefficient	of	4.9S).	As	for	CtRocCOR	

this	 indicates	 that	 GppNHp	 induces	 monomerization,	 with	 the	 protein	 existing	 in	 a	
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concentration	dependent	monomer/dimer	equilibrium.	Finally,	native-MS	spectra	of	CtRoco	

show	mainly	 dimeric	 species	 (MMexp	 =	 256	 kDa)	with	 a	 very	 small	 amount	 of	monomers	

(MMexp	=	128	kDa)	 for	nucleotide-free	and	GDP-loaded	protein	and	an	approximate	50:50	

monomer-dimer	ratio	for	the	GppNHp	loaded	protein	(figure	2.6c).	

	

Figure	 2.6:	 SAXS,	 SV-AUC,	 SEC-MALS	 and	 native	 MS	 show	 the	 nucleotide-dependent	 shift	 of	 the	 CtRoco	

equilibrium	towards	the	monomeric	form.	(a)	Overview	of	the	molecular	masses	obtained	via	SAXS	(based	on	

Porod	 volume/1.7),	 SEC-MALS	 and	 SV-AUC	 for	CtRoco	 in	 different	 nucleotide-bound	 states.	 The	 theoretical	

molecular	mass	of	 the	monomer	 is	 given	 in	between	brackets.	 (NF=	nucleotide-free)	 (b)	 SEC-MALS	data	 for	

CtRoco	in	the	absence	(black)	or	presence	of	nucleotides	GDP	(green)	or	GppNHp	(red).	(c)	Native	mass	spectra	

of	CtRoco	for	the	three	different	nucleotide	states:	nucleotide-free	(NF),	GDP-bound	and	GppNHp-bound.	Peaks	

corresponding	to	dimeric	and	monomeric	species	are	labelled	with	two	circles	and	one	circle,	respectively.	

It	might	 seem	 remarkable	 at	 first	 sight	 that	 despite	 the	 difference	 in	molecular	mass	 the	

nucleotide-free,	GppNHp-	and	GDP-bound	CtRoco	proteins	elute	at	approximately	the	same	

volume	in	SEC	(figure	2.6b).	Correspondingly,	Guinier	analysis	of	the	SAXS	data	shows	that	the	

radius	of	gyration	 (Rg)	even	 increases	upon	going	 from	the	nucleotide-free	state,	over	 the	

GDP-bound	 state	 to	 the	 GppNHp-bound	 state	 (supplementary	 figure	 2.3).	 This	 could	 be	

explained	by	a	conformational	change	occurring	in	the	CtRoco	subunits	upon	monomerization	

or	upon	nucleotide	binding.	Indeed,	as	is	the	case	for	the	CtRocCOR	construct,	the	SAXS	pair-

distance	 distribution	 function	 of	CtRoco	 shows	 a	 shift	 toward	 shorter	 average	 inter-atom	

distances	in	the	presence	of	GppNHp	compared	to	GDP	or	nucleotide-free	states,	indicative	

of	monomerization	(figure	2.5b).	However,	the	curve	of	the	GppNHp-bound	CtRoco	protein	

also	shows	a	tailing	toward	longer	maximal	distances.	This	strongly	suggests	the	occurrence	
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of	a	GppNHp-bound	monomer	that	is	more	elongated	than	the	corresponding	subunits	in	the	

nucleotide-free	dimer.	Also	in	the	GDP-bound	state	tailing	of	the	pair-distance	distribution	

function	 is	 observed	 indicating	 that	 already	 some	 conformational	 changes	 occur	 in	 the	

dimeric	 nucleotide-bound	 protein.	 These	 conformational	 changes	 also	 explain	 why	 the	

observed	monomer-dimer	equilibrium	would	probably	be	missed	when	assessed	only	with	

size-exclusion	chromatography.			

Since	 we	 observe	 a	 monomer-dimer	 equilibrium	 in	 nucleotide-bound	 CtRoco,	 we	 next	

determined	 the	 dissociation	 constant	 of	 this	 equilibrium	 under	 the	 different	 nucleotide	

conditions,	 using	 sedimentation	 equilibrium	 AUC	 (SE-AUC)	 experiments	 (supplementary	

figure	2.5).	Global	analysis	of	the	data	using	a	single	species	model	indicated	predominantly	

dimeric	 species	 for	 the	 nucleotide-free	 (239	 kDa)	 and	 the	 GDP-bound	 CtRoco	 (225	 kDa),	

whereas	 a	 clear	 shift	 to	 the	 monomeric	 state	 for	 GppNHp-bound	 CtRoco	 (177	 kDa)	 is	

observed.	 Fitting	 the	 data	 for	 GDP-	 and	 GppNHp-bound	 CtRoco	 using	 a	 monomer-dimer	

model	results	in	an	approximate	KD	of	2	µM	for	GDP-bound	CtRoco	and	30	µM	for	GppNHp-

bound	 CtRoco	 (exclusively	 dimers	 are	 found	 for	 nucleotide-free	 CtRoco).	 Since	 protein	

concentrations	used	for	the	SEC-SAXS,	SEC-MALS,	SV-AUC	and	native	MS	experiments	range	

between	approximately	4.5	and	16	µM,	these	dissociation	constants	generally	agree	with	the	

predominantly	 dimeric	 form	 observed	 for	 CtRoco	 bound	 to	 GDP	 and	 the	 shift	 to	 the	

monomeric	form	upon	GppNHp	binding.		

2.3.3 EM	visualizes	the	equilibrium	shift	of	CtRoco	in	the	presence	of	GppNHp	

Finally,	to	further	characterize	the	observed	nucleotide-induced	changes	in	oligomerization	

we	turned	to	negative	stain	electron	microscopy	(EM).	Thereto,	CtRoco	was	applied	on	grids	

at	a	concentration	of	0.01	mg	ml-1	(0.08	µM)	either	in	a	nucleotide-free	state	or	pre-incubated	

with	1mM	GDP	or	GppNHp	(figure	2.7	and	supplementary	figures	2.6-8).	In	the	nucleotide-

free	 state	 a	 rather	 uniform	 population	 of	 “X-shaped”	 particles	 is	 observed,	 displaying	

seemingly	a	two-fold	symmetry.	We	 interpret	these	particles	as	being	the	dimeric	 form	of	

CtRoco.	 In	 contrast,	 in	 the	 presence	 of	GppNHp	 a	 uniform	population	 of	more	 elongated	

“worm-like”	particles	is	observed	lacking	the	two-fold	symmetry.	We	interpret	these	particles	

to	correspond	to	 the	monomeric	 form	of	CtRoco,	 in	agreement	with	 the	SAXS,	SEC-MALS,	

native	 MS	 and	 AUC	 experiments.	 For	 the	 GDP-bound	 state	 a	 mixture	 of	 particles	

corresponding	to	dimers	and	monomers	is	observed.		
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Figure	 2.7:	 EM	 images	 of	 CtRoco	 in	 the	 different	 nucleotide-bound	 states.	 Top	 panels:	 negative-stain	 EM	

images	(scale	bar:	50	nm)	of	CtRoco	in	the	nucleotide-free	state	(black	border),	bound	to	GDP	(green	border)	or	

bound	to	GppNHp	(red	border).	Bottom	panels:	4x	enlargements	of	the	boxed	particles	in	the	top	panels	(from	

left	to	right).	

For	each	nucleotide	state,	micrographs	were	collected	and	on	average	10	000	particles	were	

boxed	using	e2boxer.	Further	classification	using	SPARX	resulted	in	2D	class	averages	for	all	

three	conditions	 (figure	2.8).	These	class	averages	 indeed	confirm	 the	observations	 in	 the	

original	micrographs.	To	further	emphasize	the	mixed	state	of	CtRoco	in	the	presence	of	GDP,	

class	averages	that	are	encountered	in	the	nucleotide-free	set	are	marked	with	black	squares	

and	 those	 encountered	 in	 the	GppNHp-bound	 set	with	 red	 squares.	 Some	 class	 averages	

within	 the	 set	 of	 GDP-bound	 CtRoco	 cannot	 be	 attributed	 to	 either	 nucleotide-free	 or	

GppNHp-bound	 CtRoco	 in	 a	 straightforward	 way.	 These	 classes	 might	 represent	

conformations	that	are	unique	for	the	GDP-bound	state	of	CtRoco.	
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Figure	2.8:	2D	class	averages	of	CtRoco.	Complete	set	of	negative	stain	EM	2D	class	averages	of	(a)	nucleotide-

free	CtRoco	(using	11	571	particles),	(b)	GDP-bound	CtRoco	(using	9	620	particles)	and	(c)	GppNHp-bound	CtRoco	

(using	11	164	particles)	(box	size:	18.2	x	18.2	nm).	Within	the	set	of	GDP	class	averages	(b),	classes	that	are	also	

encountered	 in	 the	 nucleotide-free	 set	 (a)	 are	 labelled	with	 a	 black	 square	 and	 classes	 encountered	 in	 the	

GppNHp	set	(c)	with	a	red	square.	Some	classes	seem	to	be	unique	for	GDP-bound	CtRoco.	
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To	ensure	that	changes	in	conformation	after	the	addition	of	nucleotides	are	not	the	result	

of	protein	degradation	or	unfolding,	the	protein	was	incubated	overnight	in	the	presence	of	

1	mM	GppNHp,	1	mM	GDP	or	without	adding	nucleotides.	After	incubation,	an	SDS-PAGE	was	

run	showing	no	degradation	of	the	protein	after	the	addition	of	nucleotide	(figure	2.9a).	The	

effect	of	nucleotides	on	the	stability	of	CtRoco	was	further	confirmed	using	a	Thermal	Shift	

Assay	 either	 with	 or	 without	 nucleotides.	 As	 can	 be	 seen	 in	 figure	 2.9b,	 the	 melting	

temperature	is	very	similar	for	nucleotide-free	and	GDP-bound	protein	and	even	increases	in	

the	presence	of	GppNHp.	As	such	the	addition	of	nucleotides	clearly	does	not	affect	protein	

stability.	

	

Figure	2.9:	Stability	of	CtRoco	full	length	protein.	(a)	SDS-PAGE	of	CtRoco	after	overnight	incubation	with	1	mM	

nucleotides	or	in	the	absence	of	nucleotides	(NF:	nucleotide-free).	(b)	Thermal	shift	assay	performed	on	CtRoco	

in	the	absence	or	presence	of	1	mM	nucleotides.	The	temperature	was	gradually	increased.	After	fitting	on	a	

Boltzmann	 sigmoidal	 curve,	 the	 melting	 temperature	 was	 determined.	 Each	 data	 point	 is	 an	 average	 of	 3	

independent	measurements.		

Finally,	gold-labelling	experiments	using	Ni-NTA	nanogold	directed	against	the	His-tag	were	

performed	to	confirm	the	dimeric	and	monomeric	form	of	CtRoco	in	its	nucleotide-free	and	

GppNHp-bound	form	respectively.	Hereto,	we	mixed	protein	and	5	nm	Ni-NTA	nanogold	in	

an	equimolar	ratio	prior	to	binding	to	the	EM	grids.	On	the	grids,	we	observed	a	distribution	

of	 protein	 particles	 that	 have	 no	 nanogold	 bound,	 unbound	 nanogold	 particles	 and	

nanoparticles	bound	to	the	proteins.	Such	a	distribution	is	expected	considering:	(i)	the	low	
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protein	concentration	and	short	incubation	times	that	were	used	since	the	high	multivalency	

of	 the	 gold	 particles	 (many	Ni-NTA	 groups	 per	 particle)	 leads	 to	 aggregation	 upon	 longer	

incubation	times	and	higher	protein	concentrations;	(ii)	the	relatively	low	affinity	of	Ni-NTA	

Nanogold	 for	 His-tagged	 proteins	 combined	with	 these	 low	 concentrations;	 (iii)	 a	 certain	

degree	of	non-specific	binding	of	the	nanogold	particles	to	the	grid	and	to	each	other.		

Despite	 the	 fact	 that	 the	 gold-labelling	 under	 conditions	 compatible	 with	 EM	 is	 non-

stoichiometric	and	allows	only	qualitative	analysis,	these	experiments	confirm	the	monomer-

dimer	transition	seen	in	the	other	experiments.	After	optimization	of	the	protein-gold	ratios,	

the	 number	 of	 washing	 steps,	 the	 incubation	 time	 of	 gold	 particles	 and	 the	 protein	

concentration	used,	we	 see	 for	nucleotide-free	CtRoco	 that	 some	protein	particles	 clearly	

have	two	gold	particles	bound,	a	clear	indication	for	dimer	formation	(figure	2.10a	and	c).	In	

the	presence	of	GppNHp	we	only	find	clear	protein	particles	with	maximum	one	gold	particle	

bound,	indicating	that	only	monomeric	protein	is	present	(figure	2.10b	and	d).	

In	 conclusion,	 we	 show	 that	 nucleotide	 binding	 induces	 monomerization	 of	 CtRoco	 in	 a	

concentration	 dependent	 manner,	 with	 the	 GTP	mimic	 GppNHp	 having	 a	 much	 stronger	

effect	than	GDP.	
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Figure	2.10:	Ni-NTA	Nanogold	labelling	of	CtRoco.	(a)	Micrograph	of	Nanogold-labelled	nucleotide-free	CtRoco.	

The	protein	particles	have	two,	one	or	no	gold	particles	bound.	(b)	Micrograph	of	Nanogold-labelled	GppNHp-

bound	CtRoco.	The	particles	have	one	or	no	Ni-NTA	Nanogold	bound.	(c)	Selection	of	double	gold-labelled	dimers	

collected	 from	multiple	micrographs.	 (d)	 Selection	of	 single	gold-labelled	monomers	collected	 from	multiple	

micrographs.	

2.3.4 Monomerization	occurs	on	a	relevant	time	scale	

In	 order	 to	 be	 relevant	 for	 the	 CtRoco-catalysed	 GTP	 hydrolysis	 reaction,	 the	 observed	

monomerization	should	occur	within	a	time	frame	that	is	consistent	with	the	time	of	a	full	

GTP	 turnover	cycle.	The	kcat	value	 for	GTP	hydrolysis	of	CtRoco	and	CtRocCOR	 is	0.1	min-1	

(figure	 2.11a),	 meaning	 that	 it	 takes	 a	 protein	 molecule,	 on	 average,	 approximately	 10	

minutes	to	travel	through	an	entire	GTPase	cycle	under	conditions	of	substrate	saturation.	
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For	 the	 CtRocCOR	 construct	 the	 rate	 of	 monomerization	 could	 be	measured	 using	 time-

resolved	FRET	experiments	making	use	of	a	site-specific	single	cysteine	mutant	of	this	protein	

construct	 (Rudi	 et	 al.,	 2015).	 A	 CtRocCOR	 variant	 containing	 a	 single	 cysteine	 residue	 at	

position	928	in	the	COR	domain	(S928C)	was	randomly	labelled	with	a	Cy3/Cy5	FRET	pair	using	

maleimide-chemistry	 (figure	 2.11b).	 Statistical	 incorporation	 should	 result	 in	 50%	

incorporation	with	the	donor/acceptor	pair.	Subsequently,	this	nucleotide-free	protein	was	

rapidly	mixed	in	a	stopped-flow	apparatus	with	either	buffer	or	50	µM	GDP,	GppNHp	or	GTP,	

and	 the	 decrease	 in	 FRET	 signal	 linked	 to	 monomerization	 was	 followed	 (figure	 2.11c).	

Compared	to	the	buffer	control,	a	very	small	and	slow	decrease	in	FRET	signal	 is	observed	

with	GDP.	In	contrast,	a	fast	decrease	in	FRET	signal	is	observed	upon	mixing	the	protein	with	

an	excess	of	either	GppNHp	or	GTP.	The	decrease	in	signal	and	thus	the	monomerization	is	

significantly	 faster	 upon	 mixing	 with	 GTP	 compared	 to	 the	 GTP	 mimic	 GppNHp.	 While	

monomerization	reaches	a	steady	state	within	less	than	25	seconds	with	GTP,	equilibrium	is	

only	 reached	 after	 more	 than	 100	 seconds	 with	 GppNHp.	 Such	 differences	 between	

physiologically	 relevant	 nucleotides	 and	 nucleotide	 analogues	 were	 described	 before	

(Partridge	et	al.,	2014).	 In	any	case,	 the	observed	time	for	monomerization	 is	 significantly	

faster	 than	 the	 GTP	 turnover	 time	 of	 about	 10	 minutes	 meaning	 that	 monomerization	

happens	on	a	catalytically	relevant	time	scale.		
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Figure	2.11:	GppNHp-	and	GTP-induced	monomerization	of	CtRoco	protein	occurs	in	a	time	scale	relevant	for	

GTP	turnover.	(a)	Multiple	turnover	steady-state	kinetics	of	CtRoco	(red)	and	CtRocCOR	(black)	at	saturating	

substrate	conditions.	Fitting	on	the	Michaelis-Menten	equation	gives	the	turnover	number	(kcat)	±	s.e.	Note	that	

the	KM	value	is	too	low	to	allow	accurate	determination.	Each	data	point	is	the	average	(±	s.d.)	of	3	independent	

measurements.	(b)	Two	different	views	of	the	dimeric	CtRocCOR	crystal	structure	with	amino	acid	928	colored	

green	and	yellow	for	protomer	A	and	B,	respectively.	Within	the	dimeric	protein	these	residues	are	separated	

by	a	distance	of	20	Å	allowing	them	to	be	used	for	Cy3/Cy5	FRET	experiments.	The	Roc	and	COR	domains	are	

colored	red	and	blue	(dark	for	protomer	A	and	light	for	protomer	B),	respectively.	(c)	Stopped-flow	FRET	traces	

of	labelled	CtRocCOR	upon	mixing	with	different	nucleotides	to	follow	monomerization	in	time.	The	FRET	signal	

of	Cy3/Cy5-labelled	CtRocCOR	(S928C)	over	time	is	shown	after	rapid	mixing	with	buffer	(black),	50	µM	GDP	

(green),	GppNHp	(red)	or	GTP	(blue).		

Since	cysteine-free	full	length	CtRoco	could	not	be	obtained,	we	turned	to	time-resolved	EM	

measurements	 to	estimate	the	time	frame	of	monomerization.	Hereto,	CtRoco	was	mixed	

with	 an	 excess	 of	 GppNHp	 or	 GTP	 and	 samples	 were	 taken	 every	 two	 minutes	 and	

immediately	spotted	on	grids.	In	agreement	with	the	FRET	experiments	nearly	full	conversion	

of	CtRoco	from	the	“X-shaped”	dimers	to	the	“worm-shaped”	monomers	is	observed	at	the	2	

minutes	 time	point	 (figure	 2.12),	while	 a	 significant	 amount	 of	monomerization	 has	 even	

taken	place	within	 the	dead	 time	 (2	minutes)	of	 the	experiment.	 These	experiments	 thus	

confirm	that	GTP-induced	monomerization	of	CtRoco	is	fast	and	occurs	within	the	time	frame	

of	a	catalytic	cycle	of	GTP	turnover.	



	
	
68	

	

Figure	2.12:	Monomerization	of	CtRoco	followed	via	time-resolved	negative	stain	EM.	CtRoco	was	mixed	with	

1	mM	of	GppNHp	or	GTP	and	samples	were	taken	every	2	minutes.	Representative	EM	images	of	the	samples	

just	before	adding	nucleotide	and	for	each	time	point	are	shown	(scale	bar:	50	nm).	

2.3.5 CtRoco	completes	a	monomer-dimer	cycle	during	GTP	turnover	

Considering	that	GTP-induced	formation	of	CtRoco	/	CtRocCOR	monomers	is	fast	compared	

to	 a	 complete	GTP	 turnover,	we	 subsequently	 assessed	whether	 the	protein	undergoes	 a	

monomer-dimer	 cycle	 coupled	 to	GTP	 turnover.	We	 therefore	 resorted	 to	 single	 turnover	

kinetic	measurements	(1	µM	protein	+	1	µM	GTP),	such	that	a	complete	single	GTPase	cycle	

can	be	monitored.	Reverse-phase	HPLC	measurements	show	that,	under	the	experimental	
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(non-saturating)	conditions,	it	takes	about	6000	seconds	for	1	µM	CtRocCOR	to	completely	

convert	1	µM	GTP	to	GDP	(figure	2.13a).	In	turn,	stopped-flow	measurements	where	1	µM	of	

fluorescent	 2'-(or-3')-O-(N-methylanthraniloyl)-GTP	 (mant-GTP)	 is	 mixed	 with	 1	 µM	 of	

CtRocCOR	 show	 a	 fast	 increase	 in	 fluorescence,	 coupled	 to	 mant-GTP	 binding	 and	 the	

associated	conformational	changes,	that	occurs	in	a	time	frame	of	about	250	seconds	(figure	

2.13a).	 This	 fast	 binding	phase	 is	 followed	by	 a	 slow	decrease	 in	 fluorescence	 coupled	 to	

mant-GTP	 hydrolysis	 and	 return	 to	 the	 initial	 conformation.	 In	 agreement	 with	 the	 data	

obtained	 from	 the	 reverse-phase	 HPLC	measurements,	 the	 total	 GTPase	 cycle	 is	 finished	

within	about	6000	seconds.		

	

Figure	2.13:	CtRocCOR	undergoes	a	monomer-dimer	cycle	during	GTP	turnover.	(a)	Single	turnover	(mant-)GTP	

hydrolysis	by	CtRocCOR	(S928C)	followed	by	stopped-flow	fluorescence	(black	curve)	and	reverse-phase	HPLC	

(red	data	points;	each	data	point	is	the	average	(±	s.d.)	of	3	independent	measurements).	Rapid	mixing	of	1	µM	

mant-GTP	 and	 1	 µM	 unlabelled	 CtRocCOR	 (S928C)	 in	 a	 stopped-flow	 apparatus	 yields	 a	 rapid	 increase	 in	

fluorescence	 (time	 frame	 1	 –	 250	 seconds),	 followed	 by	 a	 slow	 decrease	 in	 a	 time	 frame	 of	 6000	 seconds.	

Following	production	of	GDP	from	GTP	in	time	via	reverse-phase	HPLC	shows	that	the	increase	in	fluorescence	

occurs	prior	to	GDP	production	while	all	GTP	is	converted	in	the	time	frame	of	6000	seconds.	A	split	time	axis	is	

used	to	highlight	the	two	phases:	fast	fluorescence	increase	associated	with	GTP	binding	and	slow	fluorescence	

decrease	concomitant	with	GTP	hydrolysis.	(b)	Stopped-flow	FRET	signal	obtained	by	mixing	1	µM	of	Cy3/Cy5-	

labelled	CtRocCOR	(S928C)	with	1	µM	GTP.	The	traces	show	relatively	fast	monomerization	(first	phase	from	1	–	

250	seconds)	followed	by	a	slow	return	to	the	dimeric	state	after	GTP	hydrolysis.			

Subsequently	 we	 followed	 the	 monomerization	 of	 CtRocCOR	 during	 single	 GTP-turnover	

using	our	time-resolved	FRET	approach.	1	µM	Cy3/Cy5-labelled	CtRocCOR	(S928C)	was	rapidly	

mixed	with	1	µM	GTP	and	the	FRET	signal	was	followed	over	time	(figure	2.13b).	These	traces	

show	a	fast	decrease	in	the	FRET	signal	associated	with	monomerization,	followed	by	a	slow	

increase	 in	 signal	 associated	 with	 dimerization.	 This	 shows	 that	 the	 GTP-induced	
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monomerization	is	reversible	and	re-dimerization	occurs	upon	GTP	hydrolysis.	The	FRET	signal	

reaches	 a	 minimum	 at	 about	 250	 seconds.	 This	 time	 point	 of	 maximal	 monomerization	

corresponds	to	the	time	point	of	maximal	GTP	binding	as	determined	from	the	fluorescence	

stopped-flow	experiments	with	mant-GTP.	After	this	point	the	FRET	signal	increases	in	a	time	

frame	 that	 corresponds	 to	 GTP	 hydrolysis	 and	 probably	 also	 GDP	 release	 (note	 that	 for	

CtRocCOR	KD(GDP)	=	30.2	µM	and	KD(GppNHp)	=	0.33	µM,	while	a	concentration	of	1	µM	is	

used	here	(Gotthardt	et	al.,	2008)).		

Finally,	we	also	assessed	the	oligomeric	state	of	full	length	CtRoco	during	single	turnover	GTP	

hydrolysis	using	time-resolved	negative	stain	EM	measurements.	Hereto,	1	µM	of	CtRoco	was	

mixed	with	1	µM	GTP	and	samples	were	taken	at	different	time	points	(0,	120,	240,	360,	1500,	

3000	and	4500	seconds)	(figure	2.14).	Under	these	single	turnover	conditions	a	large	fraction	

of	CtRoco	molecules	are	converted	from	a	dimeric	into	a	monomeric	form	after	240	seconds.	

This	is	expected	for	a	single	turnover	experiment	where	a	mixture	of	unbound,	GTP-bound	

and	post-hydrolysis	GDP-bound	CtRoco	molecules	co-exist.	After	that	time	point	the	fraction	

of	dimeric	protein	is	again	increasing	due	to	GTP	hydrolysis,	and	after	4500	seconds,	when	all	

GTP	is	hydrolysed,	a	dimeric	population	reforms.			

Thus,	 together	 these	 experiments	 clearly	 show	 that	 during	 the	 GTPase	 cycle,	 CtRoco	

undergoes	 monomerization	 concomitant	 with	 GTP	 binding	 and	 subsequent	 dimerization	

coupled	to	GTP	hydrolysis	and	GDP	release.	
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Figure	2.14:	monomer-dimer	cycle	of	full	length	CtRoco	during	GTP	hydrolysis	confirmed	in	EM.	Two	repeats	

of	a	single	turnover	experiment	with	CtRoco	followed	by	time	resolved	EM.	1	µM	CtRoco	was	mixed	with	1	µM	

GTP,	samples	were	taken	at	the	indicated	time	points	and	applied	on	a	glow	discharged	carbon-coated	copper	

grid.	Two	representative	images	for	each	repeat	(Experiment	1	and	2)	at	all	time	points	are	shown	(scale	bar:	50	

nm).	
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2.3.6 A	PD-analogous	mutation	stabilizes	the	CtRoco	dimer	

PD-associated	mutations	 in	 LRRK2	are	mainly	 located	 in	 the	 kinase	 and	RocCOR	domains.	

Mapping	 of	 the	 RocCOR	 mutations	 (LRRK2	 I1371V/R1441C/Y1699C)	 onto	 the	 CtRocCOR	

crystal	 structure	 showed	 that	 the	 bacterial	 analogues	 of	 these	 mutations	

(L487A/Y558A/Y804C)	are	all	 located	in	the	conserved	interface	between	the	Roc	and	COR	

subdomains	(Gotthardt	et	al.,	2008).	Since,	in	our	hands,	the	Y558A	and	Y804C	mutants	show	

significant	aggregation	when	analysed	on	size-exclusion	chromatography,	we	focused	on	the	

L487A	mutant	and	analysed	its	effect	on	the	oligomeric	state	of	the	CtRoco	and	CtRocCOR	

proteins	using	SEC-MALS.	Residue	L487	corresponds	to	I1371	in	LRRK2	and	is	located	in	the	

Roc	domain,	in	the	C-terminus	of	Switch	1,	at	the	interface	of	the	Roc	and	COR	domains.		

In	their	nucleotide-free	and	GDP-bound	states,	both	the	CtRoco	and	CtRocCOR	proteins	that	

contain	 the	 L487A	 mutation	 are	 entirely	 dimeric,	 as	 was	 also	 observed	 in	 the	 wild-type	

counterparts	 (figure	 2.15a-b).	 However,	while	 in	 the	GppNHp-bound	 form	 the	monomer-

dimer	 equilibrium	 of	 the	 wild-type	 CtRocCOR	 and	 CtRoco	 is	 clearly	 shifted	 toward	 the	

monomeric	form,	the	corresponding	proteins	harbouring	the	L487A	mutation	remain	nearly	

completely	dimeric	(figure	2.15	a-b).	Thus,	we	find	that	the	PD-associated	L487A	mutation	

stabilizes	the	dimeric	form	of	the	CtRoco	protein.	The	same	behaviour	is	observed	when	we	

compare	the	SAXS	curves	of	wild-type	and	L487A	CtRoco	in	different	nucleotide	states	(figure	

2.15c-e	 and	 supplementary	 figure	 2.9	 and	 table	 2.3).	 While	 the	 scattering	 curves,	 the	

normalized	Kratky	plots	(Durand	et	al.,	2010)	and	the	pair-distance	distribution	function	of	

the	wild-type	and	L487A	proteins	nearly	overlap	in	the	nucleotide-free	and	GDP	states,	the	

curves	of	both	protein	variants	clearly	differ	in	the	GppNHp-bound	forms.	This	again	indicates	

that,	while	the	L487A	mutation	does	not	cause	any	large-scale	conformational	changes	in	the	

nucleotide-free	and	GDP-bound	dimers,	it	does	stabilize	the	dimeric	form	of	the	protein	in	

the	GppNHp-bound	state.		
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Figure	2.15:	Effect	of	a	PD-analogous	mutation	on	the	CtRoco	and	CtRocCOR	monomer-dimer	equilibrium.	(a)	

SEC-MALS	data	for	the	CtRocCOR	L487A	mutant	(left	panel)	and	the	CtRoco	L487A	mutant	(right	panel)	in	the	

absence	(black)	or	presence	of	the	nucleotides	GDP	(green)	or	GppNHp	(red).	(b)	Overview	of	molecular	masses	

determined	by	SEC-MALS	for	CtRocCOR	WT,	CtRocCOR	L487A,	CtRoco	WT	and	CtRoco	L487A	in	the	absence	and	

presence	of	GDP	or	GppNHp.	The	theoretical	molecular	masses	of	the	monomers	are	given	in	between	brackets.	

(NF	=	nucleotide-free).	(c-e)	Comparison	of	SAXS	data	of	CtRoco	wild-type	and	the	CtRoco	L487A	mutant	in	the	

nucleotide-free	 (NF)	 state	 or	 bound	 to	 GDP	 or	 GppNHp.	 (c)	 Scattering	 curves.	 (d)	 Normalized	 distance	

distribution	functions	(P(r)).	(e)	Dimensionless	Kratky	plots.	

Subsequently,	 we	 measured	 the	 GTPase	 activity	 of	 the	 wild-type	 and	 L487A	 CtRocCOR	

proteins	under	single-turnover	conditions	and	found	that	the	L487A	mutation	causes	a	4-fold	

decrease	in	the	single-turnover	rate	constant	(figure	2.16).	This	is	in	agreement	with	previous	

reports	 that	 show	 that	 the	PD	mutations	 in	 the	RocCOR	domain	of	 LRRK2,	 as	well	 as	 the	

counterparts	in	CtRoco,	decrease	the	GTPase	activity	(Daniëls	et	al.,	2011;	Guo	et	al.,	2007;	



	
	
74	

Lewis	 et	 al.,	 2007;	 Liao	 et	 al.,	 2014;	 Xiong	 et	 al.,	 2010).	 We	 thus	 speculate	 that	

monomerization	of	the	Roco	protein,	which	we	showed	to	be	an	integral	part	of	the	GTPase	

cycle,	is	hindered	by	this	PD-analogous	mutation,	thereby	causing	the	pathological	decrease	

in	GTPase	activity.		

	

Figure	2.16:	Single	turnover	GTP	hydrolysis	of	CtRocCOR	wild-type	(black)	and	CtRocCOR	L487A	(orange)	using	

1	µM	protein	and	1	µM	GTP.	GDP	formation	is	followed	using	reverse-phase	HPLC.	The	observed	rate	constants	

(kobs)	 ±	 s.e.	 for	 wild-type	 and	mutant	 CtRocCOR	 are	 indicated.	 Each	 data	 point	 is	 the	 average	 (±	 s.d.)	 of	 3	

independent	measurements.	

This	was	also	visualized	using	multiple	and	single	turnover	time-resolved	EM.	A	qualitative	

comparison	 of	 micrographs	 of	 wild-type	 and	 mutant	 CtRoco	 shows	 that	 mutant	 CtRoco	

monomerizes	to	a	lesser	extent	than	wild-type	CtRoco	(figure	2.17	and	18).	Although	this	is	

especially	clear	in	the	single	turnover	experiment,	care	should	be	taken	that	due	to	the	lower	

affinity	of	 the	mutant	 for	 the	nucleotide	 (see	chapter	3)	more	particles	can	 remain	 in	 the	

nucleotide-free	state	when	working	with	1	µM	GTP.	In	conclusion,	our	data	presents	a	link	

between	the	Roco	monomer-dimer	transition,	the	rate	of	GTP	turnover	and	disease.		
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Figure	2.17:	multiple	turnover	time-resolved	EM:	comparison	of	wild-type	and	L487A	CtRoco	protein.	CtRoco	

was	mixed	with	1	mM	of	GTP	and	samples	were	taken	at	several	time	points.	Representative	EM	images	of	the	

samples	just	before	adding	nucleotide	and	for	each	time	point	are	shown	(scale	bar:	70	nm).	
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Figure	2.18	(part	1):	single	turnover	time-resolved	EM:	comparison	of	wild-type	and	L487A	CtRoco	protein.	1	

µM	CtRoco	was	mixed	with	1	µM	GTP,	samples	were	taken	at	the	indicated	time	points	and	applied	on	a	glow	

discharged	carbon-coated	copper	grid.	Representative	images	at	all	time	points	are	shown	(scale	bar:	70	nm).	
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Figure	2.18	(part	2):	single	turnover	time-resolved	EM:	comparison	of	wild-type	and	L487A	CtRoco	protein.	1	

µM	CtRoco	was	mixed	with	1	µM	GTP,	samples	were	taken	at	the	indicated	time	points	and	applied	on	a	glow	

discharged	carbon-coated	copper	grid.	Representative	images	at	all	time	points	are	shown.	
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2.4 Discussion	

In	 the	 current	 study,	 we	 show	 that	 the	 oligomerization	 of	 the	Chlorobium	 tepidum	Roco	

protein	depends	on	its	nucleotide	state.	In	contrast	to	previous	suggestions,	we	find	that	the	

protein	is	mainly	monomeric	when	bound	to	GTP	and	dimeric	in	the	nucleotide-free	state,	

while	an	intermediate	situation	is	observed	in	the	GDP	state.	Moreover,	we	show	that	the	

CtRoco	protein	cycles	through	the	dimeric	and	monomeric	conformations	during	a	round	of	

GTP	hydrolysis,	meaning	that	these	changes	in	oligomerization	are	an	integral	feature	of	the	

GTPase	 catalytic	 cycle.	 Consequently,	 although	 many	 details	 still	 need	 to	 be	 resolved,	 a	

mechanism	as	outlined	in	figure	2.18	can	be	proposed	based	on	our	results.		

	

Figure	2.18:	Proposed	monomer-dimer	transitions	during	the	GTP	hydrolysis	cycle	of	CtRoco.	In	its	nucleotide-

free	state	the	protein	is	dimeric.	GTP	binding	induces	conformational	changes	that	lead	to	fast	monomerization.	

In	the	monomeric	state	the	protein	hydrolyses	GTP	to	GDP.	Depending	on	the	protein	concentration,	protein	

dimerization	could	take	place	either	after	or	before	release	of	GDP.	After	GDP	is	released,	the	cycle	can	restart.	

In	the	cartoon	of	CtRoco,	the	LRR	domain	is	coloured	yellow,	the	COR	domain	blue,	the	Roc	domain	dependent	

on	the	nucleotide	state	grey	(nucleotide-free),	green	(GDP-bound)	or	red	(GTP-bound).	

The	 reaction	 cycle	 starts	 with	 the	 rapid	 binding	 of	 a	 GTP	molecule	 to	 the	 Roc	 domains,	

followed	by	monomerization	of	the	protein	as	observed	in	SEC-MALS,	SEC-SAXS,	native	MS,	

AUC	and	EM	(figures	2.2-2.12,	supplementary	figures	2.1-2.8).	Inter-domain	and	inter-subunit	

conformational	 changes	 leading	 to	 monomerization	 are	 likely	 triggered	 via	 changes	 in	

conformation	of	the	switch	regions.	The	crystal	structure	of	CtRocCOR	shows	that	especially	
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switch	II	is	ideally	positioned	to	transfer	GTP-induced	conformational	changes	from	the	Roc	

domain	to	the	COR	domain	within	the	same	protomer	as	well	as	to	the	adjacent	COR	domain	

(Gotthardt	 et	 al.,	 2008).	 The	 monomerization	 step	 is	 followed	 by	 slow	 GTP	 hydrolysis	

concomitant	with	protein	dimerization	 (figure	2.13).	Considering	 that	 single	 turnover	GDP	

production,	 as	 monitored	 via	 reverse-phase	 HPLC,	 occurs	 on	 the	 same	 time	 scale	 as	

dimerization	 (figure	 2.13),	 we	 assume	 GTP	 hydrolysis	 to	 be	 the	 rate-limiting	 step	 in	 this	

process,	although	further	biochemical	characterization	is	needed	(next	chapter).	Finally,	GDP	

is	released,	which	may	occur	either	after	or	concomitant	with	protein	dimerization	since	we	

find	CtRoco	to	be	in	equilibrium	between	a	monomeric	and	dimeric	state	in	the	presence	of	

GDP.	

Our	observation	that	GTP	hydrolysis	occurs	after	monomerization	contrasts	with	the	current	

model	 that	assumes	 that	Roco	proteins,	 including	LRRK2,	 function	as	GADs	 (Gasper	et	al.,	

2009;	Nixon-Abell	et	al.,	2016a;	Terheyden	et	al.,	2016).	This	latter	model	is	based	largely	on	

the	crystal	structure	of	the	nucleotide-free	RocCOR	module	of	the	C.	tepidum	Roco	protein,	

being	the	only	available	structure	of	a	full	RocCOR	tandem	domain	(Gotthardt	et	al.,	2008).	

This	 structure	 shows	 a	 RocCOR	 dimer	 where	 the	 dimer	 contacts	 are	 formed	 by	 the	 COR	

domain	and	with	the	GTP	binding	sites	of	the	Roc	domains	juxtaposed.	This	observation	has	

led	to	 the	hypothesis	 that	GTP	binding	 induces	dimerization	of	 the	Roc	domains,	with	the	

reciprocal	complementation	of	the	active	sites	finally	leading	to	catalysis	of	GTP	hydrolysis.	

We	show	here,	using	the	exact	same	protein,	that	GTP	binding	induces	monomerization	and	

that	GTP	hydrolysis	occurs	after	the	monomerization	step.	So	far,	it	remains	unclear	whether	

Roco	monomerization	 is	a	strict	 requirement	 for	GTP	hydrolysis	 to	occur	or	whether	GTP-

induced	monomerization	and	GTP	hydrolysis	are	two	uncoupled	phenomena.	However,	both	

EM	and	SAXS	indicate	the	occurrence	of	secondary	inter-domain	conformational	changes	in	

the	 CtRoco	 monomers	 compared	 to	 the	 dimers,	 with	 the	 protomers	 in	 the	 monomeric	

arrangement	being	more	elongated	compared	to	the	dimers	(figure	2.5,	2.7	and	2.8).	High	

resolution	 structural	 information	of	 the	monomeric	 states	 could	 shed	 further	 light	on	 the	

mechanism	of	GTP	hydrolysis.	A	second	question	that	is	triggered	by	our	findings	concerns	

the	 role	 of	 dimerization	 within	 the	 reaction	 cycle.	 A	 potential	 scenario	 would	 be	 that	

dimerization	of	the	Roco	subunits	leads	to	a	decrease	in	the	affinity	for	GDP,	thus	enhancing	

the	rate	of	GDP	release.	
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Since	the	presence	of	the	RocCOR	module	is	highly	conserved	throughout	all	Roco	proteins,	

our	 current	 findings	 also	 shed	 new	 light	 on	 LRRK2	 functioning.	 However,	 apart	 from	 the	

RocCOR	and	LRR	domain,	 LRRK2	also	contains	a	kinase	domain	and	a	number	of	domains	

typically	 involved	 in	protein-protein	 interactions,	which	potentially	 can	have	an	additional	

influence	 on	 oligomerization	 (Greggio	 et	 al.,	 2008;	 Jorgensen	 et	 al.,	 2009).	 Detailed	 and	

quantitative	biophysical	studies	with	LRRK2	to	determine	its	oligomeric	state	remain	highly	

challenging	since	purification	yields	are	low,	and	purified	LRRK2	is	very	heterogeneous	and	

prone	to	degradation.	However,	using	yeast	two-hybrid	assays	and	co-immunoprecipitation,	

it	has	been	shown	that	LRRK2	can	form	dimers	via	its	RocCOR	domain	(Greggio	et	al.,	2008;	

Klein	 et	 al.,	 2009;	 Nixon-Abell	 et	 al.,	 2016b;	 Terheyden	 et	 al.,	 2015),	 while	 other	 studies	

indicate	that	LRRK2	can	also	exist	as	a	monomer	(Ito	and	Iwatsubo,	2012;	Nixon-Abell	et	al.,	

2016a,	2016b).	Both	observations	can	be	reconciled	with	our	model.	Interestingly,	recent	data	

suggest	that	LRRK2	can	exist	as	either	a	monomer	or	a	dimer	in	the	cell,	where	the	monomeric	

form	 prevails	 in	 the	 cytosol	 and	 the	 dimeric	 form	 is	 more	 prominently	 present	 at	 the	

membrane	(Berger	et	al.,	2010;	Greggio	et	al.,	2008;	James	et	al.,	2012;	Sen	et	al.,	2009).	A	

higher	prevalence	of	a	monomeric	GTP-bound	form	under	multiple	GTP	turnover	conditions	

such	as	present	 in	 the	cytosol	 (GTP	concentrations	 in	 the	cell	 are	 in	a	 range	of	0.1-1	mM	

(Sumita	et	al.,	2016;	Traut,	1994))	corresponds	to	our	in	vitro	observation	in	EM	(figure	2.12).	

Following	 the	 same	 argument,	 LRRK2	 would	 exist	 in	 a	 more	 GDP-bound	 form	 at	 the	

membrane.	Apart	from	these	considerations	it	is	likely	that	additional	regulatory	factors,	such	

as	 phosphorylation	 or	 interaction	 with	 other	 proteins,	 influence	 the	 monomer-dimer	

equilibrium	of	LRRK2	in	vivo	(Liu	et	al.,	2016).		

A	number	of	point	mutations	in	the	Roc	(R1441C/G/H)	and	COR	(Y1699C)	domains	of	LRRK2	

are	directly	linked	to	PD	(Mata	et	al.,	2005a,	2005b;	Zimprich	et	al.,	2004).	These	mutations	

have	been	related	to	a	reduced	GTPase	activity	(Daniëls	et	al.,	2011;	Guo	et	al.,	2007;	Lewis	

et	al.,	2007;	Liao	et	al.,	2014;	Xiong	et	al.,	2010),	but	so	far	no	widely-accepted	consensus	on	

the	effect	of	PD	mutations	on	homodimerization	exists	(Daniëls	et	al.,	2011;	Deng	et	al.,	2008;	

Klein	et	al.,	2009;	Sen	et	al.,	2009).	According	to	our	model,	whereby	the	CtRoco	protein	needs	

to	cycle	through	a	monomeric	and	dimeric	state,	stabilization	of	either	could	lead	to	a	reduced	

GTPase	activity.	We	show	that	 the	L487A	mutation	 in	 the	RocCOR	 interface	 (analogous	to	

I1371V	in	LRRK2)	decreases	the	GTPase	activity	by	stabilizing	the	dimer	interface	(figure	2.15-
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16).	 Our	 results	 thus	 provide	 a	 direct	 link	 between	 oligomerization,	 GTPase	 activity	 and	

disease	phenotype.		

Since	the	kinase	activity	of	LRRK2	is	directly	responsible	for	neuronal	toxicity	(Greggio	et	al.,	

2006;	 Smith	 et	 al.,	 2006),	 most	 efforts	 for	 therapeutic	 intervention	 are	 focussed	 on	 the	

development	of	kinase-inhibitors	(Estrada	et	al.,	2012;	Fell	et	al.,	2015).	However,	long-term	

inhibition	of	LRRK2	by	many	of	these	inhibitors	increases	the	risk	for	morphological	changes	

in	lungs,	similar	to	what	has	been	observed	in	LRRK2	knock-out	models	(Baptista	et	al.,	2013;	

Fuji	et	al.,	2015;	Herzig	et	al.,	2011).	Our	findings	now	show	that	either	increased	dimerization	

or	 increased	monomerization	could	 lead	 to	changes	 in	GTPase	activity	and	might	 form	an	

appealing	target	for	future	drug	development.	
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2.5 Material	and	methods	

2.5.1 Protein	expression	and	purification	

The	DNA	fragments	of	CtRoco	(aa	1-1102)	and	CtRocCOR	(aa	412-946)	were	cloned	 in	 the	

pProEX	 plasmid	 with	 N-terminal	 His-tags	 (Gotthardt	 et	 al.,	 2008).	 The	 plasmids	 were	

transformed	in	E.	coli	BL21	(DE3)	cells.	Cells	were	grown	at	37°C	in	Terrific	Broth	media	with	

100	µg	ml-1	ampicillin.	Once	an	optical	density	at	600	nm	(OD600)	of	0.7	was	reached,	0.1	mM	

b-D-1-thiogalactopyranoside	 (IPTG)	was	added	and	the	 temperature	was	 lowered	to	28°C.	

The	cells	were	harvested	by	centrifugation	and	resuspended	in	buffer	A	(20	mM	Hepes	pH	

7.5,	150	mM	NaCl,	5	mM	MgCl2,	5%	glycerol,	1	mM	DTT)	with	50	µg	ml-1	DNAse,	0.1	mg	ml-1	

AEBSF,	1	µg	ml-1	leupeptin,	and	200	µM	GDP.	Afterwards	the	cells	were	disrupted	using	a	cell	

disruptor	(Constant	systems)	and	the	soluble	fraction	was	separated	from	the	cell	debris	via	

centrifugation.	 As	 a	 first	 purification	 step,	 an	 immobilized	metal	 affinity	 chromatography	

(IMAC)	step	was	performed.	The	supernatant	containing	the	soluble	protein	was	loaded	on	

Ni2+-NTA	sepharose	resin.	The	resin	was	extensively	washed	with	buffer	A	and	subsequently	

the	protein	was	eluted	using	buffer	A	including	300	mM	imidazole.	The	obtained	protein	was	

afterwards	 dialysed	 against	 20	mM	Hepes	 pH	7.5,	 150	mM	NaCl,	 5%	 glycerol,	 1	mM	DTT	

(buffer	B).	Before	the	final	size-exclusion	chromatography	purification	step,	1	mM	EDTA	was	

added	to	the	sample	and	the	mixture	was	incubated	for	1h	at	4°C.	Finally,	the	sample	was	

loaded	 on	 a	 Superdex	 S200	 26/60	 column	 (GE	 Healthcare)	 equilibrated	 with	 buffer	 B.	

Fractions	containing	the	protein	were	supplemented	with	5	mM	MgCl2	and	the	nucleotide-

load	was	determined	using	reversed-phase	chromatography	coupled	to	HPLC	(see	further).	

2.5.2 SAXS	and	MALS	data	collection	and	analysis	

SAXS	experiments	were	performed	on	the	BM29	beamline	at	the	ESRF	(Grenoble,	France)	and	

the	SWING	beamline	at	SOLEIL	(Paris,	France),	always	with	an	inline	HPLC	set-up.	50	µl	of	an	

8	mg	ml-1	protein	sample	was	 injected	on	a	Bio	SEC-3	HPLC	column	(Agilent,	3	µm	300	Å)	

equilibrated	with	20	mM	Hepes	pH	7.5,	150	mM	NaCl,	5	mM	MgCl2,	5%	glycerol	and	1	mM	

DTT	(buffer	A).	For	data	collection	in	the	presence	of	nucleotides,	the	nucleotide-free	proteins	

were	 pre-incubated	 with	 1	 mM	 of	 the	 nucleotide,	 and	 200	 µM	 (=	 molar	 excess)	 of	 the	

nucleotide	was	 added	 to	 buffer	 A.	 Initial	 processing	 of	 the	 data	was	 done	with	 DATASW	

(Shkumatov	and	Strelkov,	2015).	PRIMUS	was	used	to	determine	the	radius	of	gyration	(Rg)	
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using	the	Guinier	approximation	(Konarev	et	al.,	2003),	and	GNOM	for	the	calculation	of	the	

pair-distance	 distribution	 function	 P(r)	 (Svergun,	 1992).	Modelling	 of	missing	 loops	 in	 the	

crystallographic	dimer	model	of	the	CtRocCOR	was	done	using	ModLoop	(Fiser	and	Sali,	2003)	

and	the	missing	N-	and	C-terminus	were	added	with	CORAL	(Petoukhov	et	al.,	2012).	The	final	

dimer	model	was	compared	with	the	experimental	data	using	CRYSOL	(Svergun	et	al.,	1995).	

Ab	initio	envelopes	were	calculated	using	DAMMIN	(average	of	19	runs	for	CtRocCOR	and	20	

runs	for	CtRoco)	(Svergun,	1999)	followed	by	DAMAVER	(Volkov	et	al.,	2003).	The	final	model	

was	 generated	 using	 one	 round	 of	 DAMMIN	 (Svergun,	 1999),	 starting	 from	 the	 damstart	

model	 generated	by	DAMAVER.	Docking	 into	 the	envelope	was	performed	with	 Supcomb	

(Kozin	 and	 Svergun,	 2001).	 For	 docking	 into	 the	 CtRoco	 envelope,	 the	 position	 of	 the	

CtRocCOR	dimer	 structure	was	manually	adjusted.	The	molmap	command	 in	chimera	was	

used	to	convert	the	ab	initio	bead	models	into	20	Å	density	maps	(Pettersen	et	al.,	2004).	An	

overview	of	the	experimental	and	modelling	parameters	is	provided	in	Supplementary	Tables	

1,	2	and	3.	

For	the	SEC-MALS	experiments,	the	samples	were	prepared	and	run	in	the	same	way	as	for	

the	SEC-SAXS	experiments.	10	µl	of	an	8	mg	ml-1	protein	sample	was	injected	on	a	Bio	SEC-3	

HPLC	column	(Agilent,	3	µm	300	Å).	A	Dawn	Heleos	detector	(using	9	angles)	and	Optilab	T-

rEX	detector	(Wyatt	technology)	were	attached	to	a	HPLC	(Shimadzu).	The	molar	masses	were	

calculated	with	the	ASTRA	5.3.4.20	software.	

2.5.3 Native	mass	spectrometry	

Protein	samples	were	exchanged	to	a	buffer	containing	150	mM	Ammonium	Acetate	pH	7.5	

using	micro	 Bio-spin	 columns	 (Bio-gel	 P6,	 Bio-rad).	 For	measurements	 in	 the	 presence	 of	

nucleotide	(GDP	or	GppNHp),	samples	were	pre-incubated	with	500	µM	nucleotide	and	100	

µM	nucleotide	was	added	 to	 the	Ammonium	Acetate	buffer.	 Final	protein	 concentrations	

ranged	between	12.5	µM	and	16	µM.	Samples	were	introduced	into	the	vacuum	of	the	mass	

spectrometer	 using	 nanoelectrospray	 ionization	 with	 in-house-prepared,	 gold-coated	

borosilicate	 glass	 capillaries	with	 a	 spray	 voltage	 of	 +1.4	 kV.	 Spectra	were	 recorded	 on	 a	

quadrupole	TOF	instrument	(Q-TOF2,	Waters)	modified	for	transmission	of	native,	high-m/z	

protein	 assemblies,	 as	 described	 elsewhere	 (Sobott	 et	 al.,	 2002).	 Critical	 voltages	 and	

pressures	throughout	the	instrument	were	120	V	and	25	V	for	the	sampling	cone	and	collision	

voltage	respectively,	with	pressures	of	10	and	2E−2	mbar	for	the	source	and	collision	cell.		
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2.5.4 Analytical	ultracentrifugation	

SV-AUC	experiments	on	CtRoco	and	CtRocCOR	were	carried	out	at	20°C	in	20	mM	HEPES	pH	

7.5,	150	mM	NaCl,	5	mM	MgCl2,	5%	Glycerol	and	100	µM	of	the	respective	nucleotides	on	a	

Beckman	Coulter	ProteomLabTM	XL-I	analytical	ultracentrifuge	using	the	absorbance	at	280	

nm.	Samples	were	prepared	at	a	concentration	of	0.57	mg	ml-1	(4.5	µM)	for	CtRoco	and	0.3	

mg	ml-1	 (4.6	µM)	for	CtRocCOR.	Standard	double	sector	centrepieces	were	used.	The	cells	

were	scanned	every	minute	and	 in	 total	200	scans	were	collected.	The	data	was	analysed	

using	 SEDFIT	 15.01b	 (Schuck,	 2000)	with	 the	 continuous	 c(s)	 distribution	model.	 Solution	

density	ρ,	viscosity	η	and	partial	specific	volumes	

 

n 	were	calculated	using	SEDNTERP	(ρ	=	

1.02061	g	l-1;	η	=	0.01197	kg	s-1	m-1;	 (CtRoco)	=	0.7446;	

 

n (CtRocCOR)	=	0.7398).	The	c(s)	

analysis	was	carried	out	with	an	s	range	of	0	to	15	with	a	resolution	of	200	and	a	confidence	

level	 of	 0.68.	 In	 all	 cases,	 fits	were	 good,	with	 root	mean	 square	 deviation	 (rmsd)	 values	

ranging	 from	 0.005	 to	 0.012.	 Results	 were	 prepared	 for	 publication	 using	 GUSSI	 1.2.1	

(Brautigam,	2015).	

SE-AUC	experiments	on	CtRoco	were	conducted	on	the	same	instrument	and	under	the	same	

buffer	 conditions	 as	 SV-AUC	 experiments	 using	 an	 Epon	 six-channel	 centrepiece	 and	

measurement	 of	 the	 absorbance	 at	 280	 nm.	 Each	 sample	 was	 used	 at	 three	 different	

concentrations	(0.9	mg	ml-1,	7.2	µM	/	0.58	mg	ml-1,	4.5	µM	and	0.35	mg	ml-1,	2.7	µM).	Samples	

were	centrifuged	at	1164,	3407	and	9757	xg	until	sedimentation	equilibrium	was	reached.	

Three	scans	were	 taken	at	280	nm	at	each	point.	The	data	was	analysed	with	a	SEDPHAT	

(Schuck,	2003)	software	using	either	a	monomer-dimer	or	single-species	model.	Figures	were	

generated	using	GUSSI	1.2.1.	(Brautigam,	2015).	

2.5.5 FRET	and	fluorescence	stopped-flow	analysis	

The	S928C	mutant	was	generated	in	a	cysteine-free	variant	of	CtRocCOR	using	quick-change	

mutagenesis,	 as	 described	 earlier	 (Rudi	 et	 al.,	 2015).	 10	mg	 of	 completely	 reduced	 pure	

CtRocCOR	 S928C	 protein	 was	 loaded	 on	 a	 Superdex	 S200	 16/60	 column	 (GE	 Healthcare)	

equilibrated	with	a	degassed	buffer	composed	of	20	mM	Hepes	pH	7,	150	mM	NaCl,	5	mM	

MgCl2	and	5%	glycerol.	Peak	fractions	were	used	to	perform	the	labelling	reaction	with	8	µM	

protein,	36	µM	maleimide-Cy3	(Lumiprobe)	and	36	µM	maleimide-Cy5	(Lumiprobe)	in	a	total	

volume	 of	 5	 ml.	 After	 incubation	 at	 room	 temperature	 for	 2	 hours,	 the	 unreacted	

 

n
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fluorophores	were	separated	from	the	labelled	protein	using	size-exclusion	chromatography	

on	a	S200	16/60	column	equilibrated	with	20	mM	Hepes	pH	7.5,	150	mM	NaCl,	5	mM	MgCl2,	

5%	glycerol	and	1	mM	DTT.	Labelling	stoichiometry	was	spectrophotometrically	determined	

to	be	approximately	30%	for	each	fluorophore.	To	determine	the	monomerization	rate,	0.2	

µM	double	labelled	protein	was	mixed	with	100	µM	nucleotide	in	a	stopped-flow	apparatus	

(Applied	 Photophysics).	 To	 follow	 monomerization	 during	 single	 GTP-turnover,	 2	 µM	

Cy3/Cy5-labelled	 CtRocCOR	was	 rapidly	mixed	 with	 2	 µM	 GTP.	 The	 Cy3	 fluorophore	 was	

excited	at	540	nm	and	the	change	in	Cy5	emission	was	monitored	using	a	cut-off	filter	of	645	

nm.		

Mant-GTP	 binding	 and	 hydrolysis	 was	 followed	 in	 a	 stopped-flow	 apparatus	 (Applied	

Photophysics)	 by	 rapidly	 mixing	 2	 µM	 of	 protein	 with	 2	 µM	 of	 mant-GTP.	 The	 mant-

fluorophore	was	excited	at	360	nm	and	emission	was	followed	through	a	cut-off	filter	of	405	

nm.	All	experiments	were	performed	at	25°C	and	at	least	3	time	traces	were	averaged.	

2.5.6 Negative	stain	Electron	Microscopy	

For	negative	stain	electron	microscopy,	2	µl	of	a	0.01	mg	ml-1	protein	sample	was	applied	on	

a	 glow	discharged	 carbon-coated	 copper	 grid.	After	 three	 short	wash	and	blot	 steps	with	

MilliQ	water,	the	grids	were	stained	with	a	1%	uranyl	formate	solution.	Grids	were	visualized	

with	a	 JEOL	 JEM-1400	electron	microscope	operating	at	120	kV	and	equipped	with	a	LaB6	

cathode.	 Images	were	 recorded	on	 a	 CMOS	TemCam-F416	 camera	 (TVIPS,	Germany)	 at	 a	

nominal	magnification	of	80	000,	a	defocus	of	approximately	2	µm	and	a	corresponding	pixel	

size	of	1.42	Å.	For	imaging	the	different	nucleotide-bound	states,	0.01	mg	ml-1	CtRoco	protein	

solutions	were	pre-incubated	with	1	mM	GDP	or	GppNHp.		

For	 the	calculation	of	 class	averages,	11	571	particles	 for	 the	nucleotide-free	 state,	9	620	

particles	 for	 the	GDP-bound	state	and	11	164	 for	 the	GppNHp-bound	state	were	selected	

using	e2boxer	(Tang	et	al.,	2007).	Further	classification	was	done	with	SPARX	(Hohn	et	al.,	

2007).		

For	the	immunolabelling,	0.08	µM	CtRoco	was	mixed	with	0.1	µM	5	nm	Ni2+-NTA	Nanogold	

(Nanoprobes,	#2082).	After	a	1	min.	incubation,	2	µl	of	the	sample	was	spotted	on	a	carbon-

coated	copper	grid.	The	grids	were	washed	using	three	wash	and	blot	steps	with	MilliQ	water	
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and	 subsequently	 stained	with	 a	 1%	uranyl	 formate	 solution.	 In	 the	GppNHp	 sample,	 the	

protein	is	incubated	for	1h	with	1	mM	GppNHp	prior	to	the	addition	of	Ni2+-NTA	Nanogold.	

In	the	multiple	turnover	time	resolved	EM	experiment,	1	mM	GTP/GppNHp	was	added	to	0.01	

mg	ml-1	CtRoco	protein.	For	the	single	turnover	experiment,	where	turnover	of	1	µM	GTP	by	

1	µM	CtRoco	was	followed,	samples	were	diluted	to	0.01	mg	ml-1	right	before	spotting.	 In	

both	experiments	samples	were	taken	at	the	following	time	points:	0,	2,	4,	6,	25,	50	and	75	

minutes.	The	time-resolved	EM	experiments	were	performed	at	25°C.		

2.5.7 Thermal	shift	assay	

The	influence	of	nucleotides	on	the	stability	of	CtRoco	was	determined	via	a	Thermal	Shift	

assay.	0.5	mg	ml-1	CtRoco	was	mixed	with	30x	Sypro	Orange	dye	(Life	Technologies,	5000x	

stock).	 For	 GDP-	 and	GppNHp-bound	CtRoco,	 the	 protein	was	 first	 incubated	with	 1	mM	

nucleotide	 on	 ice	 for	 30	 min.	 During	 the	 measurement,	 the	 temperature	 was	 gradually	

increased	from	10°C	to	80°C	with	a	30s	-	0.5°C	interval.	Fluorescence	emission	was	monitored	

using	the	CFX	ConnectTM	Real-Time	PCR	Detection	System	from	Biorad.	

2.5.8 GTP	hydrolysis	assays	

GTP	hydrolysis	experiments	were	performed	at	25°C	in	20	mM	Hepes	pH	7.5,	150	mM	NaCl,	

5	mM	MgCl2,	5%	glycerol	and	1mM	DTT.	The	GTP-GDP	mixture	was	separated	using	a	C18-

reversed	phase	 column	 (Phenomenex,	 Jupiter	 5µm	C18	300	Å)	 coupled	 to	 a	HPLC	 system	

(Waters),	using	100	mM	KH2PO4	pH	6.4,	10	mM	Tetra	butyl-Ammonium-Bromide	and	7.5%	

acetonitrile	as	mobile	phase.	Nucleotide	elution	was	followed	using	absorbance	at	254	nm.	

The	area	of	GDP	was	converted	to	concentration	using	a	standard	curve.		

Time	points	for	the	single	turnover	experiments	with	1	µM	protein	and	1	µM	GTP	were	0,	2,	

6,	13,	20,	30,	40,	60,	80	and	100	minutes.	For	the	multiple	turnover	steady-state	experiments	

0.2	µM	protein	was	incubated	with	different	concentrations	of	GTP	(25,	50,	100,	175,	250	µM)	

and	 samples	 were	 taken	 after	 0,	 30,	 60,	 90	 and	 120	 minutes.	 Kinetic	 parameters	 were	

determined	 by	 fitting	 the	 data	 to	 a	 single	 exponential	 (single	 turnover)	 or	 the	Michaelis-

Menten	equation	(multiple	turnover)	using	GraphPad	Prism	6.	All	experiments	were	done	in	

triplicate.		
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2.6 Supplementary	

Supplementary	Figure	2.1:	SAXS	analysis	of	CtRocCOR.	(a-c)	SEC-SAXS	data	of	CtRocCOR	in	its	nucleotide-free	

state	(a,	black),	bound	to	GDP	(b,	green)	and	bound	to	GppNHp	(c,	red).	The	chromatograms	of	the	inline	size-

exclusion	chromatography	together	with	the	forward	scattering	(I(0))	and	radius	of	gyration	(Rg)	obtained	from	

collection	of	SAXS	data	on	each	frame	are	shown	in	the	left	panel.	Frames	within	the	dashed	lines	were	selected	
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for	averaging.	The	corresponding	final	SAXS	curves	are	shown	on	the	right	with	their	Guinier	plots	as	an	inset.	

(d)	 Normalized	 pair-distance	 distribution	 functions	 (P(r))	 of	CtRocCOR	 in	 its	 nucleotide-free	 state	 (black)	 or	

bound	to	GDP	(green)	or	GppNHp	(red).	(e)	Scaled	scattering	curves	of	CtRocCOR	in	 its	nucleotide-free	state	

(black)	or	bound	to	GDP	(green)	or	GppNHp	(red).	

	

	

	

	

	

Supplementary	 Figure	 2.2:	 SV-AUC	 analysis	 of	 CtRocCOR.	 (a)	 Sedimentation	 coefficient	 (c(s))	 distribution	

profiles	 of	 CtRocCOR	 in	 the	 presence	 of	 100µM	GppNHp	 (dashed	 line,	 s	 =	 3.6S,	 estimated	mass	 =	 69	 kDa,	

frictional	ratio	f/f0	=	1.3),	100µM	GDP	(solid	line,	s	=	4.7S,	estimated	mass	=	115	kDa,	frictional	ratio	f/f0	=1.4)	or	

absence	of	nucleotides	(dotted	line,	s	=	4.8S,	estimated	mass	=	121	kDa,	frictional	ratio	f/f0	=1.4).	(b-d)	Fit	of	the	

experimental	data	(dotted	line)	using	the	continuous	c(s)	distribution	model	(solid	line)	(top)	and	the	residuals	

(bottom)	for	(b)	nucleotide-free	CtRocCOR	(rmsd	=	0.0063),	(c)	GDP-bound	CtRocCOR	(rmsd	=	0.011)	and	(d)	

GppNHp-bound	CtRocCOR	(rmsd	=	0.012).			
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Supplementary	Figure	2.3:	SAXS	analysis	of	CtRoco.	(a-c)	SEC-SAXS	data	of	CtRoco	in	the	nucleotide-free	state	

(a,	 black),	 bound	 to	 GDP	 (b,	 green)	 and	 bound	 to	 GppNHp	 (c,	 red).	 The	 chromatograms	 of	 the	 inline	 size-

exclusion	chromatography	together	with	the	forward	scattering	(I(0))	and	radius	of	gyration	(Rg)	obtained	from	

collection	of	SAXS	data	on	each	frame	are	shown	in	the	left	panel.	Frames	within	the	dashed	lines	were	selected	

for	averaging.	The	corresponding	final	SAXS	curves	are	shown	on	the	right	with	their	Guinier	plots	as	an	inset.	



	
	
90	

(d)	 Scattering	 curves	 of	CtRoco	 in	 the	 absence	 (black	 dots)	 or	 presence	 of	 nucleotides	GDP	 (green	 dots)	 or	

GppNHp	(red	dots).	

	

	

	

	

	

Supplementary	Figure	2.4:	SV-AUC	analysis	of	CtRoco.	(a)	Sedimentation	coefficient	(c(s))	distribution	profiles	

of	CtRoco	in	the	presence	of	100µM	GppNHp	(dashed	line,	s	=	4.9S,	estimated	mass	=	158	kDa,	frictional	ratio	

f/f0	=	1.91),	100µM	GDP	(solid	line,	s	=	6.2S,	estimated	mass	=	239	kDa,	frictional	ratio	f/f0	=1.96)	or	absence	of	

nucleotides	 (dotted	 line,	 s	 =	 6.5S,	 estimated	 mass	 =	 241	 kDa,	 frictional	 ratio	 f/f0	 =1.88).	 (b-d)	 Fit	 of	 the	

experimental	data	(dotted	line)	using	the	continuous	c(s)	distribution	model	(solid	line)	(top)	and	the	residuals	

(bottom)	 for	 (b)	 nucleotide-free	 CtRoco	 (rmsd	 =	 0.0051),	 (c)	 GDP-bound	 CtRoco	 (rmsd	 =	 0.0078)	 and	 (d)	

GppNHp-bound	CtRoco	(rmsd	=	0.011).		
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Supplementary	Figure	2.5:	SE-AUC	analysis	of	CtRoco.	SE-AUC	data	measured	at	280	nm	for	one	representative	

concentration	at	three	different	centrifugation	speeds	of	(a)	GppNHp-bound	CtRoco	(data	for	2.7	µM	shown),	

(b)	GDP-bound	CtRoco	(4.5	µM)	and	(c)	nucleotide-free	CtRoco	(2.7	µM)	are	shown.	Top	panels	are	the	results	

from	global	fitting	of	9	datasets	(3	concentrations	at	3	speeds	panel	(a))	and	6	datasets	(2	concentrations	at	3	

speeds,	panel	(b)	and	(c))	using	a	single	species	model,	as	 implemented	in	the	SEDPHAT	software.	The	lower	

panels	(only	for	GppNHp	and	GDP)	are	the	global	fitting	results	using	a	monomer-dimer	model.	Global	reduced	

c²	values	for	data	fitting	are	2.4	(a,	top:	GppNHp,	single	species	model),	3	(a,	bottom:	GppNHp	monomer-dimer	

model),	3.7	(b,	top:	GDP,	single	species	model),	3.8	(b,	bottom:	GDP	monomer-dimer	model),	1.5	(c:	NF,	single	

species	model).	
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Supplementary	figure	2.6:	EM	micrograph	of	nucleotide-free	CtRoco.	0.08	µM	CtRoco	was	spotted	on	carbon-

coated	copper	grids	and	stained	with	a	1%	uranyl	formate	solution.	The	grids	were	visualized	with	a	JEOL	JEM-

1400	 electron	 microscope	 and	 images	 were	 recorded	 on	 a	 CMOS	 TemCam-F416	 camera	 at	 a	 nominal	

magnification	of	80	000	and	a	defocus	of	approximately	2	µm.	Scale	bar:	70	nm.		
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Supplementary	figure	2.7:	EM	micrograph	of	GDP-bound	CtRoco.	0.08	µM	CtRoco	was	incubated	with	1	mM	

GDP	for	1h	before	spotting	on	carbon-coated	copper	grids	and	staining	with	a	1%	uranyl	formate	solution.	The	

grids	were	visualized	with	a	JEOL	JEM-1400	electron	microscope	and	images	were	recorded	on	a	CMOS	TemCam-

F416	camera	at	a	nominal	magnification	of	80	000	and	a	defocus	of	approximately	2	µm.	Scale	bar:	70	nm.		
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Supplementary	figure	2.8:	EM	micrograph	of	GppNHp-bound	CtRoco.	0.08	µM	CtRoco	was	incubated	with	1	

mM	GppNHp	 for	 1h	 before	 spotting	 on	 carbon-coated	 copper	 grids	 and	 staining	with	 a	 1%	 uranyl	 formate	

solution.	The	grids	were	visualized	with	a	JEOL	JEM-1400	electron	microscope	and	images	were	recorded	on	a	

CMOS	TemCam-F416	camera	at	a	nominal	magnification	of	80	000	and	a	defocus	of	approximately	2	µm.	Scale	

bar:	70	nm.		



	
	

95	

	

Supplementary	 Figure	 2.9:	 SAXS	 analysis	 of	 CtRoco	 L487A.	 (a-c)	 SEC-SAXS	 data	 of	 CtRoco	 L487A	 in	 the	

nucleotide-free	state	(a,	black),	bound	to	GDP	(b,	green)	and	bound	to	GppNHp	(c,	red).	The	chromatograms	of	

the	inline	size-exclusion	chromatography	together	with	the	forward	scattering	(I(0))	and	radius	of	gyration	(Rg)	

obtained	from	collection	of	SAXS	data	on	each	frame	are	shown	in	the	left	panel.	Frames	within	the	dashed	lines	

were	selected	for	averaging.	The	corresponding	final	SAXS	curves	are	shown	on	the	right	with	their	Guinier	plots	

as	an	inset.	
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Supplementary	Table	2.1:	Experimental	and	modelling	parameters	of	the	CtRocCOR	SAXS	analysis.	
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Supplementary	Table	2.2:	Experimental	and	modelling	parameters	of	the	CtRoco	SAXS	analysis.		
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Supplementary	Table	2.3:	Experimental	and	modelling	parameters	of	the	CtRoco	L487A	SAXS	analysis.	
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2.7 Appendix:	initial	negative	stain	EM	analysis	of	Roco	proteins	

2.7.1 Results	

The	discovery	that	in	the	cell	LRRK2	exists	both	as	a	monomer	and	as	a	dimer,	cycling	between	

a	predominantly	monomeric	kinase-inactive	form	in	the	cytosol	and	a	dimeric	kinase-active	

form	at	the	plasma	membrane	(Berger	et	al.,	2010;	James	et	al.,	2012),	combined	with	the	in	

vitro	 monomer-dimer	 cycle	 of	 CtRoco	 during	 GTP	 hydrolysis,	 triggered	 us	 to	 attempt	 to	

investigate	 the	 oligomeric	 state	 of	 HsLRRK2	 and	 other	 prokaryotic	 Roco	 proteins	 using	

negative	stain	EM.		

A	first	preliminary	EM	experiment	was	performed	to	investigate	the	oligomeric	state	of	the	

prokaryotic	Roco	proteins	Roco1	and	2	from	Methanosarcina	barkeri,	named	MbRoco1	and	

MbRoco2	respectively.	The	purified	nucleotide-free	proteins	were	diluted	to	0.01	mg	ml-1	and	

spotted	on	carbon-coated	copper	grids	(appendix	figure	2.1,	black).	Despite	the	fact	that	for	

both	MbRoco1	and	MbRoco2	the	shape	of	the	particles	is	less	well	defined	and	more	variable,	

“X-shaped”	particles	are	also	present	 in	the	nucleotide-free	state.	As	previously	described,	

incubation	 of	 0.01	mg	ml-1	 protein	with	 1	mM	GppNHp,	 followed	 by	 spotting	 on	 carbon-

coated	copper	grids,	 leads	 to	 clear	monomerization	 for	CtRoco	 (appendix	 figure	2.1,	 red).	

Although	for	MbRoco1	and	2	as	well,	the	shape	of	the	particles	seems	to	change	upon	binding	

to	GppNHp,	the	transition	to	“worm-shaped”	particles	is	less	clear	here.	It	is	indeed	so	that	

for	some	particles	the	two-fold	symmetry	is	no	longer	present,	but	for	others	it	still	is.	This	

might	be	explained	by	a	higher	affinity	of	both	subunits	for	each	other.	However,	the	higher	

shape	variability	for	MbRoco1	and	2,	both	in	the	nucleotide-free	state	and	upon	binding	to	

GppNHp,	 makes	 it	 very	 difficult	 to	 distinguish	 whether	 this	 heterogeneity	 is	 due	 to	

conformational	 changes	 and/or	 different	 oligomeric	 states.	 Therefore,	 intensive	 data	

collection	and	2D	classification	are	needed,	as	was	done	for	CtRoco.	



	
	
100	

	

Appendix	figure	2.1:	comparison	of	the	oligomeric	state	of	Roco	proteins	in	the	nucleotide-free	and	GppNHp-

bound	state.	CtRoco,	MbRoco1	and	2	were	diluted	to	0.01	mg	ml-1,	spotted	on	carbon-coated	copper	grids	and	

visualized	under	the	microscope	at	a	nominal	magnification	of	80	000.	For	the	GppNHp-bound	state,	the	proteins	

were	pre-incubated	with	1	mM	GppNHp	prior	to	spotting.	Representative	EM	images	are	shown	here	(220	nm	

x	156	nm).	5	selected	particles	are	2.5	times	enlarged	in	the	squares	below.	
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Despite	 the	 fact	 that	 LRRK2	 is	 a	 notoriously	 challenging	 protein	 to	 perform	 detailed	

biophysical	studies,	prone	to	degradation	with	low	purification	yields	and	high	heterogeneity,	

we	tried	to	determine	the	protein’s	oligomeric	state	in	the	presence	of	different	nucleotides.	

Strep/Flag-tagged	 LRRK2	 was	 expressed	 in	 HEK293T	 cells	 and	 purified	 on	 Strep-Tactin	

superflow	resin.	Although	the	protein	looks	pure	on	SDS	Page,	the	protein	yield	is	extremely	

low	and	the	protein	degrades	quickly	after	purification,	as	shown	on	an	anti-LRRK2	western	

blot	1	day	post	purification	(appendix	figure	2.2).	Hence	the	protein	must	be	used	the	day	of	

the	purification.	Moreover,	 the	protein	 is	not	stable	 in	a	nucleotide-free	state	such	 that	a	

homogeneous	loading	with	a	particular	nucleotide	cannot	be	assured.	

	

Appendix	 figure	 2.2:	 Purification	 of	 LRRK2	 from	 HEK	 cells.	 Strep/Flag	 (SF)-tagged	 LRRK2	was	 expressed	 in	

HEK293T	cells	and	purified	on	Strep-Tactin	Superflow	resin.	(a)	Representative	SDS-PAGE	with	lane	1:	Spectra	

Multicolor	High	Range	Protein	 Ladder	and	 lane	2:	 LRRK2	 immediately	 after	purification.	 (b)	Western	blot	of	

LRRK2	one	day	post	purification,	using	anti-LRRK2	antibody	MJFF2	 (c41-2,	Abcam).	 The	Western	blot	 shows	

severe	degradation	of	LRRK2.		

As	a	first	approach,	LRRK2	was	purified	in	the	presence	of	GDP	or	GppNHp	and	directly	after	

purification	 spotted	 on	 carbon-coated	 copper	 grids.	 The	 sample	 is	 very	 heterogeneous	

(appendix	figure	2.3)	despite	the	seemingly	high	purity	on	SDS-PAGE.	This	heterogeneity	can	

be	explained	by	conformational	flexibility,	different	phosphorylation	states	of	the	protein	(see	

(auto)phosphorylation	 sites	 of	 LRRK2	 in	 the	 introduction),	 degradation	 during	 and	 after	

purification,	and	protein	aggregation.	This	heterogeneity,	showing	a	wide	range	of	particle	

sizes,	makes	it	very	difficult	to	distinguish	monomeric	from	dimeric	protein.		
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Appendix	figure	2.3:	Negative	stain	EM	images	of	LRRK2	purified	in	the	presence	of	either	GDP	or	GppNHp.	

LRRK2	was	applied	on	a	carbon-coated	copper	grid	at	a	concentration	of	0.05	mg	ml-1	in	the	presence	of	100	µM	

GDP	(a)	or	GppNHp	(b).	After	washing	and	staining	with	1%	uranyl	formate,	the	grids	were	visualized	under	the	

microscope	at	a	nominal	magnification	of	60	000.	Scale	bar:	100	nm.	For	each	micrograph,	8	 representative	

particles	were	selected	(red	and	green	squares	for	GDP	and	GppNHp	respectively)	and	4x	enlarged.	
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In	 an	 attempt	 to	 reduce	 the	 protein’s	 heterogeneity,	 size-exclusion	 chromatography	 was	

performed	following	the	Strep-tactin	purification.	However,	the	protein	eluted	throughout	

the	 entire	 column	 volume,	 starting	 in	 the	 void	 (due	 to	 aggregation)	 up	 to	 the	 end	of	 the	

column	 (due	 to	 stickiness	of	 the	protein	 to	 the	size-exclusion	chromatography	 resin).	This	

resulted	in	an	almost	complete	loss	of	the	protein.	Moreover,	micrographs	of	the	different	

elution	fractions	showed	that	the	protein’s	heterogeneity	wasn’t	improved.		

2.7.2 Material	and	methods:	negative	stain	electron	microscopy	

2	µl	of	a	0.01	mg	ml-1	protein	sample	(protein	purification,	see	2.5.1.)	was	applied	on	a	glow	

discharged	 carbon-coated	 copper	 grid.	 After	 three	 short	wash	 and	 blot	 steps	with	MilliQ	

water,	the	grids	were	stained	with	a	1%	uranyl	formate	solution.	Grids	were	visualized	with	a	

JEOL	JEM-1400	electron	microscope	operating	at	120	kV	and	equipped	with	a	LaB6	cathode.	

Images	were	recorded	on	a	CMOS	TemCam-F416	camera	(TVIPS,	Germany)	at	a	defocus	of	

approximately	2	µm	and	a	nominal	magnification	of	60	000	 for	LRRK2	and	80	000	 for	 the	

prokaryotic	 Roco	 proteins.	 For	 imaging	 the	 different	 nucleotide-bound	 states,	 HsLRRK2	

protein	was	purified	in	the	presence	of	GDP	or	GppNHp	and	1	mM	nucleotide	was	added	in	

the	dilution	buffer.		

	

	

	

	

	

	

	

	



	
	
104	

	 	



	
	

105	

3 Kinetic	characterization	of	prokaryotic	Roco	proteins		

	

	

	

	

	

	

	

	

	

This	chapter	is	based	on	the	following	publication:	

Biochemical	and	kinetic	properties	of	the	complex	G-protein	cycle	

Biological	Chemistry	2018	Sep	4;	Doi:	10.1515/hsz-2018-0227	

Lina	Wauters*,	 Susanne	 Terheyden*,	 Bernd	 K.	 Gilsbach,	Margaux	 Leemans,	 Panagiotis	 S.	

Athanasopoulos,	Giambattista	Guaitoli,	Alfred	Wittinghofer,	Christian	 Johannes	Gloeckner,	

Wim	Versées,	Arjan	Kortholt	

*	both	authors	contributed	equally.	

L.W.	and	S.T.	performed,	with	assistance	of	M.L.	and	P.A.,	the	biochemical	characterization	of	the	prokaryotic	

Roco	proteins	(L.W.:	NpRoco	and	CtRoco;	S.T.:	MbRoco1	and	2,	SlRoco).	B.K.G.	and	G.G.	purified	and	generated	

the	biochemical	data	for	human	LRRK2.	L.W.,	S.T.,	A.W.,	W.V.	and	A.K.	analyzed	results.	All	authors	designed	

research	and	contributed	to	writing	of	the	manuscript.	
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3.1 Abstract	

Roco	proteins	have	come	into	focus	after	mutations	in	the	gene	coding	for	the	human	Roco	

protein	 Leucine-Rich	 Repeat	 Kinase	 2	 (LRRK2)	 were	 discovered	 to	 be	 the	 most	 common	

genetic	cause	of	late	onset	Parkinson’s	Disease	(PD).	Roco	proteins	are	characterized	by	a	Roc	

domain	responsible	for	GTP	binding	and	hydrolysis,	followed	by	a	COR	dimerization	device.	

The	regulation	and	function	of	this	RocCOR	domain	tandem	is	still	not	completely	understood.	

To	fully	biochemically	characterize	Roco	proteins,	we	performed	a	systematic	survey	of	the	

kinetic	properties	of	several	Roco	protein	family	members,	 including	LRRK2.	Together,	our	

results	show	that	Roco	proteins	have	a	unique	G-protein	cycle.	Our	results	confirm	that	Roco	

proteins	 have	 a	 low	 nucleotide	 affinity	 in	 the	micromolar	 range	 and	 thus	 do	 not	 strictly	

depend	 on	 G-nucleotide	 exchange	 factors.	Measurement	 of	multiple	 and	 single	 turnover	

reactions	shows	that	neither	Pi	nor	GDP	release	are	rate-limiting,	while	this	is	the	case	for	the	

GAP-mediated	GTPase	reaction	of	some	small	G-proteins	 like	Ras	and	for	most	other	high	

affinity	Ras-like	proteins,	respectively.	The	KM	values	of	the	reactions	are	in	the	range	of	the	

physiological	GTP	concentration,	suggesting	that	LRRK2	functioning	might	be	regulated	by	the	

cellular	GTP	level.		
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3.2 Introduction	

Roco	 proteins	were	 originally	 described	 in	 2003,	 as	 a	 novel	 group	 of	 the	 Ras	 superfamily	

(Bosgraaf	and	Van	Haastert,	2003).	They	are	large	multidomain	proteins	characterized	by	a	

tandem	organization	of	a	Ras-like	G-domain	 (Roc,	Ras	of	complex	proteins)	and	a	COR	(C-

terminal	of	Roc)	dimerization	device.	The	Roco	protein	family	came	into	the	focus	of	research	

when	mutations	in	LRRK2,	a	human	Roco	protein,	were	shown	to	segregate	with	PD	(Sundal	

et	al.,	2012;	Zimprich	et	al.,	2004).	PD-related	mutations	and	risk	factors	are	mostly	found	in	

the	catalytic	core	of	the	protein,	formed	by	the	RocCOR	supradomain	followed	by	a	kinase	

domain	(Mills	et	al.,	2014).	So	far,	it	remains	to	be	established	how	exactly	the	RocCOR	and	

kinase	domains	interact	with	each	other	to	determine	the	protein’s		output	signal	(Gandhi	et	

al.,	2008;	Greggio	et	al.,	2006;	Guo	et	al.,	2007).	Nevertheless,	it	is	clear	that	the	RocCOR	and	

kinase	 domains	 are	 both	 essential	 for	 proper	 LRRK2	 functioning	 (Zimprich	 et	 al.,	 2004).	

Disruption	of	nucleotide	binding	was	reported	to	result	in	reduced	kinase	activity	of	LRRK2,	

suggesting	that	the	kinase	activity	of	LRRK2	is	dependent	on	the	Roc	domain	(Ito	et	al.,	2007;	

Smith	et	al.,	2006;	Taymans	et	al.,	2011;	West	et	al.,	2007).	Importantly,	the	most	prevalent	

PD	mutations	result	in	an	increased	LRRK2	kinase	activity	and/or	decreased	GTPase	activity	

(Aasly	et	al.,	2010;	Gloeckner	et	al.,	2006;	Greggio	et	al.,	2006;	Ho	et	al.,	2016;	Jaleel	et	al.,	

2007;	 Luzón-Toro	 et	 al.,	 2007;	 Sheng	 et	 al.,	 2012;	West	 et	 al.,	 2005,	 2007).	 Despite	 the	

important	role	of	the	RocCOR	tandem,	its	regulation	is	still	not	completely	understood.		

The	Roc	domain	shows	high	similarity	 to	the	 family	of	small	G-proteins	 (Bosgraaf	and	Van	

Haastert,	 2003).	 G-proteins	 are	 Guanine	 nucleotide-binding	 proteins	 that	 typically	 switch	

between	 an	 active	 GTP-	 and	 inactive	 GDP-bound	 state	 (Milburn	 et	 al.,	 1990;	 Vetter	 and	

Wittinghofer,	2001).	G-proteins	can	occasionally	also	function	as	genuine	GTPases	that	use	

GTP	hydrolysis	directly	to	energetically	drive	chemical	reactions	or	mechanical	work	in	the	

cell	(Iancu	et	al.,	2002).	In	exceptional	cases,	G-proteins	can	act	as	a	sensor	of	the	GTP	status	

in	the	cell	(Sumita	et	al.,	2016).	Depending	on	their	mode	of	action,	G-proteins	can	be	divided	

into	functionally	different	classes.	Up	to	date,	there	is	still	an	ongoing	debate	whether	the	

Roc	domain	of	Roco	proteins	functions	as	a	conventional	G-protein	or	as	a	GAD	(G-protein	

Activated	 by	 nucleotide-dependent	 Dimerization)	 (Nixon-Abell	 et	 al.,	 2016a).	 Both	

conventional	 G-proteins	 and	GADs	 function	 as	molecular	 switches,	 however	 their	 cycle	 is	

regulated	 in	a	 completely	different	way.	Some	Roco	proteins,	 including	LRRK2,	have	been	
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shown	 to	 exist	 in	 a	 homo-dimeric	 state,	 which	 is	 an	 indication	 for	 a	 GAD-like	 GTPase	

mechanism	(Gotthardt	et	al.,	2008;	Guaitoli	et	al.,	2016a).	However,	our	labs	have	recently	

shown	 that	 the	 Roco	 protein	 from	 Chlorobium	 tepidum	 undergoes	 a	 dimer-monomer	

transition	upon	GTP	binding	and	cycles	between	a	monomeric	and	dimeric	form	during	GTP	

turnover,	thus	pointing	toward	an	even	more	complex	regulatory	mechanism	and	challenging	

a	simple	GAD	model	 (Deyaert	et	al.,	2017).	Also	kinetically,	Roco	proteins	seems	to	divert	

from	classical	Ras-like	small	G-proteins.	A	number	of	studies	from	our	and	other	labs	have	

found	 that	 certain	 Roco	 proteins,	 including	 LRRK2,	 have	 a	 relatively	 low	 affinity	 for	

nucleotides,	as	well	as	a	fast	dissociation	of	nucleotides	(Civiero	et	al.,	2012;	Gotthardt	et	al.,	

2008;	 Ito	 et	 al.,	 2007;	 Liao	 et	 al.,	 2014;	 Terheyden	 et	 al.,	 2015).	 This	 suggests	 that	 Roco	

proteins,	 in	 contrast	 to	 conventional	 small	 G-proteins,	 do	 not	 strictly	 require	 Guanine	

nucleotide	Exchange	Factors	(GEFs)	for	their	activation.		

In	 this	 chapter,	 we	 performed	 a	 systematic	 survey	 of	 the	 kinetic	 properties	 of	 several	

prokaryotic	Roco	proteins	and	LRRK2.	Together,	our	data	 show	that	Roco	proteins	have	a	

unique	G-protein	cycle	and	suggest	that	the	GTPase	reaction	consists	of	multiple	steps	and	

can	be	influenced	by	changes	in	cellular	GTP	levels.	
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3.3 Results	

3.3.1 Roco	proteins	have	G-nucleotide	affinities	in	the	low	micromolar	range		

In	 this	 study,	 the	 biochemical	 properties	 of	 Roco	 proteins	 were	 investigated	 using	 five	

prokaryotic	 Roco	 protein	 family	 members	 from	 Methanosarcina	 barkeri	 (MbRoco1	 and	

MbRoco2),	 Spirosoma	 linguale	 (SlRoco),	 Nostoc	 punctiforme	 (NpRoco),	 and	 Chlorobium	

tepidum	 (CtRoco),	and	 full	 length	human	LRRK2	 (HsLRRK2).	The	prokaryotic	Roco	proteins	

were	 expressed	 in	 E.	 coli,	 while	 the	 HsLRRK2	 protein	 was	 purified	 from	 HEK293T	 cells	

(supplementary	 table	 3.1	 and	 supplementary	 figure	 3.1).	 All	 of	 these	 proteins	 contain	 a	

Leucine-Rich	Repeat	(LRR)	domain,	a	Roc	and	a	COR	domain.	The	Roc	domain,	especially	the	

catalytically	 important	 P-loop,	 switch	 I	 and	 switch	 II	 motif,	 are	 highly	 conserved	 from	

prokaryotic	to	eukaryotic	Roco	proteins	(figure	3.1).		

	

Figure	3.1:	Domain	topology	and	alignment	of	Roco	proteins	used	in	this	study.	Schematic	domain	topology	of	

LRRK2	 and	 prokaryotic	 Roco	 proteins.	 PD-associated	mutations	 and	 risk	 factors	 are	 indicated.	 Lower	 panel:	

sequence	alignment	(clustalW)	of	parts	of	the	Roc	and	COR	domain	highlighting	PD	mutations	and	G-domain	

elements.	
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Conventional	small	G-proteins	like	Ras,	Rab	and	Arf	have	very	high	nucleotide	affinities	which	

results	 in	 very	 low	dissociation	 rates	 (John	et	al.,	 1990).	 Therefore,	 this	 group	of	proteins	

requires	 the	 help	 of	 GEFs	 that	 reduce	 the	 nucleotide	 affinity	 from	 the	 picomolar	 to	 the	

micromolar	range	to	enable	the	protein	to	exchange	the	nucleotide	and	to	switch	from	the	

inactive	GDP	state	to	the	active	GTP	state	(Vetter	and	Wittinghofer,	2001;	Wittinghofer	and	

Vetter,	2011).	In	contrast,	GADs,	including	MnmE,	dynamin	and	septins	(Binns	et	al.,	2000;	

Fislage	et	al.,	2016;	Sirajuddin	et	al.,	2007),	have	low	nucleotide	affinities	and	therefore	do	

not	depend	on	GEFs	 (Gasper	et	al.,	2009).	To	determine	the	binding	affinities	of	 the	Roco	

proteins	for	GDP	and	GTPgS	(a	non-hydrolysable	GTP-analogue	under	the	conditions	used),	

we	 performed	 fluorescence	 anisotropy	 equilibrium	 titration	 experiments.	 The	 nucleotide-

free	 Roco	 proteins	 were	 gradually	 diluted	 in	 a	 constant	 concentration	 of	 mant-labelled	

derivatives	of	GDP	or	GTPgS	and	the	decrease	in	binding	saturation	was	monitored	via	the	

fluorescence	 anisotropy	 signal	 (figure	 3.2).	 Although,	 nucleotide-free	 LRRK2	 still	 has	 basal	

kinase	activity,	it	does	not	rebind	to	G-nucleotides	nor	does	it	have	GTPase	activity	(Guaitoli	

et	al.,	2016b).	Therefore,	we	unfortunately	could	not	determine	the	nucleotide	affinities	for	

LRRK2.		As	previously	described	for	CtRoco	and	domain	constructs	of	MbRoco2	(RocCOR)	and	

HsLRRK2	(Roc)	(Gotthardt	et	al.,	2008;	Liao	et	al.,	2014;	Terheyden	et	al.,	2015),	we	now	show	

that	all	prokaryotic	full	length	Roco	proteins	have	binding	affinities	(KD)	for	GDP	and	GTPgS	in	

the	 low	micromolar	 range	with	 a	 consistently	 higher	 affinity	 for	GTPgS	 compared	 to	GDP	

(table	3.1,	figure	3.2).	For	CtRoco,	this	difference	in	nucleotide	affinities	is	more	extreme.	Just	

like	other	Roco	proteins,	CtRoco	has	a	low	micromolar	affinity	for	GDP,	however	it	has	a	much	

higher	affinity	for	GTPgS.	Indeed,	even	when	using	a	very	low	mant-GTPgS	concentration	(0.2	

μM),	 the	 titration	curve	 is	 clearly	biphasic	 indicating	 that	 the	dissociation	constant	 is	well	

below	 this	 concentration.	 Therefore,	 the	 exact	 value	 for	 the	 binding	 constant	 is	

indeterminable	using	this	technique.	Despite	the	variation	in	the	affinity	for	GTPgS,	all	Roco	

proteins	 have	 an	 affinity	 for	 GDP	 in	 the	 low	 micromolar	 range,	 with	 fast	 nucleotide	

dissociation	rates	(koff,	table	3.1),	thus	establishing	the	non-essentiality	of	GEFs	as	a	general	

feature	of	the	Roco	proteins.	
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Figure	3.2	(part	1):	Equilibrium	binding	titrations	showing	binding	of	Roco	proteins	to	mant-GDP	and	mant-

GTPgS.	The	binding	isotherms	were	obtained	by	following	binding	of	protein	at	decreasing	concentrations	to	a	

fixed	concentration	of	mant-nucleotide	using	the	fluorescence	anisotropy	signal	for	(a)	CtRoco	binding	to	GDP,	

(b)	CtRoco	binding	to	GTPgS,	(c)	NpRoco	binding	to	GDP,	(d)	NpRoco	binding	to	GTPgS,	(e)	MbRoco1	binding	to	

GDP,	(f)	MbRoco1	binding	to	GTPgS.	Each	data	point	is	the	average	(±	s.e.m.)	of	three	independent	anisotropy	

measurements	from	at	least	two	independent	biological	samples.	The	resulting	nucleotide	affinities	(±	s.e.)	are	

given.	
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Figure	3.2	(part	2):	Equilibrium	binding	titrations	showing	binding	of	Roco	proteins	to	mant-GDP	and	mant-

GTPgS.	The	binding	isotherms	were	obtained	by	following	binding	of	protein	at	decreasing	concentrations	to	a	

fixed	 concentration	of	mant-nucleotide	using	 the	 fluorescence	anisotropy	 signal	 for	 (g)	MbRoco2	binding	 to	

GDP,	(h)	MbRoco2	binding	to	GTPgS,	(i)	SlRoco	binding	to	GDP,	(j)	SlRoco	binding	to	GTPgS.	Each	data	point	is	

the	average	(±	s.e.m.)	of	three	independent	anisotropy	measurements	from	at	least	two	independent	biological	

samples.	The	resulting	nucleotide	affinities	(±	s.e.)	are	given.	

3.3.2 Roco	proteins	have	a	low	to	moderate	GTP	hydrolysis	rate	

Although	conventional	small	G-proteins	are	also	called	GTPases,	their	catalytic	machinery	to	

perform	 hydrolysis	 is	 incomplete.	 For	 this	 reason,	 they	 have	 co-evolved	 with	 GTPase-

activating	proteins	(GAPs)	that	complete	the	catalytic	machinery	and	in	this	way,	stimulate	

the	intrinsic	slow	GTP	hydrolysis	rate	(Bos	et	al.,	2007;	Wittinghofer	and	Vetter,	2011).	GADs	

do	not	require	GAPs	for	hydrolysis.	After	binding	of	GTP,	 the	G-domains	of	 these	proteins	

dimerize	 to	 complement	 each	 other’s	 active	 site	 and	 in	 this	 way	 activate	 GTP	 hydrolysis	

(Gasper	et	al.,	2009;	Scrima	and	Wittinghofer,	2006).	We	determined	the	steady	state	kinetics	
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of	the	GTPase	reaction	of	the	Roco	proteins	using	a	reversed	phase	HPLC	assay	where	the	

different	G-nucleotides	are	separated	by	their	retention	time	(figure	3.3,	table	3.1).		

	

Figure	3.3:	Steady	state	(Michaelis-Menten)	kinetics	of	GTP	hydrolysis.	Every	data	point	is	the	average	(±	s.e.m.)	

of	at	 least	 three	 independent	measurements	and	two	biological	samples.	By	 fitting	to	the	Michaelis-Menten	

equation,	the	Michaelis-Menten	constant	(KM)	(±	s.e.)	and	turnover	number	(kcat)	(±	s.e.)	were	determined	for	

CtRoco	(a),	NpRoco	(b),	MbRoco1	(c),	MbRoco2	(d),	SlRoco	(e)	and	HsLRRK2	(f).	For	CtRoco,	the	KM	value	was	

lower	than	the	lowest	GTP	concentration	measured	so	an	upper	limit	of	15	μM	is	given.		

The	 kcat	 values	 for	 all	 Roco	proteins	 are	 situated	within	 a	 relatively	narrow	 range	and	 fall	

between	0.068	min-1	and	0.5	min-1;	in	other	words,	it	takes	one	Roco	protein	between	2	to	17	
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minutes	to	convert	one	GTP	molecule	to	GDP.	This	is	faster	than	the	intrinsic	GTP	hydrolysis	

rate	of	most	classical	small	G-proteins,	but	much	slower	than	GAP-catalyzed	GTP	hydrolysis.	

For	example,	the	intrinsic	hydrolysis	rate	of	Ras	is	0.03	min-1	at	37°C	(Schweins	et	al.,	1995)	

and	the	GAP	stimulated	rate	is	300-600	min-1	at	25°C	(Ahmadian	et	al.,	1997).	Moreover,	the	

GTP	hydrolysis	rate	of	Roco	proteins	is	well	in	line	with	the	intrinsic	hydrolysis	rate	of	GADs	

like	 MnmE.	 The	 basal	 GTP	 hydrolysis	 rate	 of	 MnmE	 is	 0.33	 min-1	 (Meyer	 et	 al.,	 2009b).	

However,	when	bound	to	its	interaction	partner	MnmG	or	upon	stimulation	by	K+-ions,	the	

hydrolysis	 rate	of	 the	protein	 increases	5-fold	 (1.7	min-1)	 to	20-fold	 (7.8	min-1).	This	could	

suggest	that	also	for	Roco	proteins,	the	GTP	hydrolysis	can	be	triggered	by	direct	or	indirect	

interaction	with	small	ligands	or	other	proteins.		

3.3.3 Enzyme	turnover	is	not	limited	by	product	release	

The	overall	kinetics	of	the	GTPase	reaction	can	be	governed	by	the	chemical	conversion	of	

GTP	to	GDP	and	the	associated	conformational	changes,	the	GDP	release,	or	the	Pi	release.	

For	 the	GAP-mediated	GTP	 hydrolysis	 by	 Ras	 and	 Rap,	 it	 has	 been	 shown	 that	 Pi	 release	

together	with	the	associated	conformational	changes	is	the	rate-limiting	step	(Chakrabarti	et	

al.,	 2004;	 Kötting	 et	 al.,	 2008).	 In	 contrast,	 for	 MnmE,	 a	 member	 of	 the	 GAD	 family,	

dissociation	of	the	G-domain	dimer	after	GTP	hydrolysis	has	been	proposed	to	be	rate-limiting	

under	certain	circumstances	(Prado	et	al.,	2013).	Since	this	has	only	been	reported	for	the	

RocCOR	 domain	 construct	 of	MbRoco2	 (Terheyden	 et	 al.,	 2015),	 we	 used	 stopped-flow	

fluorescence	 polarisation	 measurements	 to	 determine	 the	 rate-limiting	 step	 of	 the	 Roco	

GTPase	reaction	for	full	length	Roco	proteins	(figure	3.4,	table	3.1).	In	line	with	the	observed	

low	affinity	for	GDP,	the	GDP	off-rates	of	all	Roco	proteins	are	in	the	range	of	12	min-1	to	230	

min-1.	Since	the	GDP	off	rates	are	much	faster	than	the	kcat	values	(0.066	min-1	to	0.13	min-1	

for	the	respective	proteins),	GDP	dissociation	is	not	rate-limiting	in	the	full	enzymatic	cycle	

(table	3.1).		
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Figure	3.4	(part	1):	Rate	of	GDP	and	GTPgS	dissociation	(koff).	Representative	traces	showing	the	dissociation	of	

mant-GDP	and	mant-GTPgS	from	Roco	proteins	followed	by	stopped-flow	fluorescence	polarisation	upon	mixing	

mant-nucleotide-bound	protein	with	an	excess	of	unlabelled	nucleotides.	The	koff	rates	(±	s.e.)	depicted	result	

from	several	 repetitions	 (see	table	3.1).	 (a)	Dissociation	of	GDP	from	CtRoco,	 (b)	Dissociation	of	GTPgS	 from	

CtRoco,	(c)	Dissociation	of	GDP	from	NpRoco,	(d)	Dissociation	of	GTPgS	from	NpRoco,	(e)	Dissociation	of	GDP	

from	MbRoco1,	(f)	Dissociation	of	GTPgS	from	MbRoco1.	
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Figure	3.4	(part	2):	Rate	of	GDP	and	GTPgS	dissociation	(koff).	Representative	traces	showing	the	dissociation	of	

mant-GDP	and	mant-GTPgS	from	Roco	proteins	followed	by	stopped-flow	fluorescence	polarisation	upon	mixing	

mant-nucleotide-bound	protein	with	an	excess	of	unlabelled	nucleotides.	The	koff	rates	(±	s.e.)	depicted	result	

from	several	repetitions	(see	table	3.1).	(g)	Dissociation	of	GDP	from	MbRoco2,	(h)	Dissociation	of	GTPgS	from	

MbRoco2.	

	

Table	 3.1:	 Summary	 of	 binding	 and	 kinetic	 parameters	 of	 different	 Roco	 proteins.	 This	 table	 reports	 all	

parameters	obtained	by	fluorescence	anisotropy	equilibrium	titrations	(KD),	Michaelis-Menten	kinetics	(kcat,	KM)	

and	 stopped-flow	 fluorescence	 polarisation	 experiments	 (koff	 GDP/GTPgS).	 n	 represents	 the	 number	 of	

independent	repetitions.	For	n=1,	the	value	(±	s.d.)	is	given.	For	n>1,	the	parameter	(±	s.e.)	is	indicated.	a	Value	

of	the	constant	 ligand	concentration	(0.2	µM)	used	in	the	titration	is	higher	than	the	fitted	value	of	KD.	Care	

should	thus	be	taken	since	this	could	give	rise	to	an	overestimation	of	 the	reported	KD.	 In	extreme	cases	an	

upper	limit	of	the	KD	is	given.	
b	KM	is	lower	than	the	lowest	measurable	GTP	concentration.	

	

	 KD	
GDP		
[µM]	

KD	
GTPgs		
[µM]	

KM	
[µM]	

kcat	[min-1]	 koff	GDP	
[min-1]	

koff	GTPgs	
[min-1]	

NpRoco	 23	
±	3	(n=3)	

3.0	
±	0.6	(n=3)	

354	
±	41	(n=3)	

0.109	
±	0.004	(n=3)	

230	
±	6	(n=1)	

14.8	
±	0.1	(n=3)	

CtRoco	 21	
±	3	(n=3)	

<0.5a	
(n=3)	

<15b	
(n=4)	

0.066	
±	0.002	(n=3)	

106	
±	2	(n=3)	

0.479	
±	6.10-4	(n=3)	

MbRoco1	 48	
±	9	(n=3)	

1.7	
±	0.5	(n=3)	

448	
±	134	(n=3)	

0.13	
±	0.01	(n=4)	

14.20	
±	0.02	(n=1)	

2.619	
±	0.003	(n=1)	

MbRoco2		 9	
±	3	(n=3)	

2.9	
±	0.6	(n=3)	

743	
±	74	(n=3)	

0.068	
±	0.002	(n=3)	

12.78	
±	0.07	(n=2)	

8.2	
±	0.02	(n=3)	

SlRoco	 55	
±	14	(n=3)	

51	
±	12	(n=3)	

1097	
±	605	(n=3)	

0.30	
±	0.06	(n=3)	

-	 -	

HsLRRK2	 -	 -	 400	
±	116	(n=4)	

0.517	
±	0.047	(n=4)	

-	 -	
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To	determine	if	the	actual	hydrolysis	step	itself	or	Pi	release	is	rate-limiting,	we	measured	the	

single	turnover	GTP	hydrolysis	rate	(kchem).	While	kcat	values	are	limited	by	the	forward	rate	

constants	 of	 all	 on-enzyme	 steps,	 including	 product	 (Pi	 and	GDP)	 release,	 the	 kchem	 value	

obtained	in	our	HPLC	assay	only	contains	rate	constants	of	steps	leading	to	GDP	production	

and	does	not	contain	 the	 rate	constants	 for	product	 release.	Comparison	of	kcat	and	kchem	

values	can	thus	reveal	whether	product	release	limits	kcat.	Since	these	measurements	require	

a	high	amount	of	protein,	we	performed	these	experiments	only	with	the	highly	expressed	

CtRoco	protein.	The	single	turnover	rate	at	saturating	enzyme	concentration	(kchem)	is	0.06	±	

0.01	min-1,	 (figure	 3.5),	 which	 is	 in	 the	 same	 range	 as	 our	 observed	 kcat	 value.	 This	 thus	

confirms	that	neither	nucleotide	nor	Pi	release	are	rate-limiting	in	the	GTPase	cycle.	

	

Figure	3.5:	Single	turnover	kchem	measurement	for	CtRoco.	First,	single	turnover	GTP	hydrolysis	by	CtRoco	was	

measured	at	various	CtRoco	concentrations	(using	5	µM	GTP),	and	traces	were	fitted	to	a	single	exponential	to	

obtain	 kobs.	 When	 using	 30	 µM	 protein	 or	 more,	 the	 kobs	 value	 became	 quasi-independent	 of	 the	 CtRoco	

concentration	indicating	that	the	rate	of	chemistry	(kchem)	is	reached.	With	this	protein	concentration	(30	µM),	

three	repetitions	were	performed	resulting	in	the	kchem	rate	(±	s.e.)	depicted.	

3.3.4 KM	values	for	the	GTPase	reaction	coincide	with	physiological	GTP	concentrations	

Strikingly,	the	KM	values	for	the	GTPase	reaction	are	much	higher	than	the	KD	values	for	GTPgS	

binding	(table	3.1,	 figure	3.2	and	3.3).	 Interestingly,	except	 for	 the	CtRoco	protein,	 the	KM	

values	of	all	Roco	proteins	are	in	the	high	micromolar	range,	coinciding	with	physiological	GTP	

concentrations	in	the	cell	(Sumita	et	al.,	2016;	Traut,	1994).	Probably	due	to	the	high	affinity	

for	GTP,	the	KM	of	CtRoco	is	in	the	lower	micromolar	range	at	20°C.	However,	it	should	be	

noted	that	the	host	organism,	Chlorobium	tepidum,	is	the	only	thermophile	in	the	group	of	

proteins	described	here	and	known	to	be	able	to	survive	at	very	low	levels	of	ATP	(low	light)	

and	 thus	 at	 presumably	 low	GTP	 levels	 (Okafor,	 2011).	 Since	C.	 tepidum	 has	 an	optimum	
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growth	temperature	of	48-50°C,	we	also	performed	the	multiple	turnover	Michaelis-Menten	

kinetics	experiment	at	higher	temperatures	(figure	3.6).	Whereas	at	20°C,	the	KM	was	too	low	

to	be	determined	(see	above),	at	40°C	a	KM	of	16	±	3	µM	could	be	determined.	This	indeed	

confirms	 an	 increase	 of	 KM	 of	 the	 protein	 at	 higher	 temperatures	 and	 suggests	 that	 at	

physiological	temperatures,	the	KM	might	be	in	a	similar	range	as	the	KM	values	of	the	other	

Roco	proteins,	presented	here.		

	

Figure	 3.6:	 Michaelis-Menten	 kinetics	 of	 the	 CtRoco	 protein	 at	 40°C.	 By	 fitting	 to	 the	 Michaelis-Menten	

equation,	the	Michaelis-Menten	constant	(KM)	(±	s.e.)	and	turnover	number	(kcat)	(±	s.e.)	were	determined.	

Full	 length	LRRK2	(figure	3.3)	has	a	KM	of	400	µM,	which	is	 in	a	similar	range	as	previously	

published	 for	 a	 Roc	 domain	 (553	 µM)	 (Liao	 et	 al.,	 2014)	 and	 a	 RocCORkinase	 fragment	

(343	µM)	(Rudi	et	al.,	2015).	In	addition,	this	value	is	also	similar	to	those	of	the	bacterial	Roco	

proteins,	 determined	 here	 (see	 above).	 When	 the	 KM	 lies	 in	 the	 range	 of	 the	 substrate	

concentration,	the	catalytic	activity	is	directly	and	sensitively	dependent	on	changes	in	the	

substrate	concentration	and	can	be	tuned	according	to	the	needs	of	the	host.	Our	data	might	

thus	suggest	that	the	activity	of	Roco	proteins	can	be	influenced	by	the	cellular	levels	of	GTP	

and	thus	that	Roco	proteins	could	act	as	GTP	sensors.	The	first	reported	example	of	such	a	

sensor	is	a	phosphoinositide	kinase	(Sumita	et	al.,	2016).	PI5P4Kβ	detects	the	GTP	levels	in	

the	cells	and	converts	them	into	lipid	second	messenger	signaling.		

3.3.5 The	CtRoco	L487A	mutant	influences	the	GTPase	cycle		

As	shown	in	this	work,	CtRoco	doesn’t	seem	to	function	as	a	conventional	G-protein	with	GEFs	

and	GAPs,	nor	as	a	classical	GAD,	but	instead	cycles	through	a	monomer-dimer	state	during	

GTP	hydrolysis.	Moreover,	a	first	link	between	the	oligomeric	state	of	Roco	proteins	and	PD-

related	reduced	GTPase	activity	was	discovered	via	the	CtRoco	PD-analogous	mutation	L487A,	
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located	in	the	RocCOR	interface	(Deyaert	et	al.,	2017;	Gotthardt	et	al.,	2008).	Insertion	of	this	

mutation	stabilizes	the	dimer	interface	causing	a	decreased	single	turnover	GTPase	activity.	

Since	 the	mutant	was	only	 characterized	under	 single	 turnover	 conditions	 in	 the	previous	

chapter,	we	investigated	the	effect	of	the	L487A	mutation	on	the	biochemistry	of	the	protein.	

CtRoco	 L487A	 was	 fully	 characterized	 using	 equilibrium	 titrations,	 single	 and	 multiple	

turnover	kinetic	experiments	and	nucleotide	binding	kinetics	(figure	3.7,	table	3.2).		

Figure	3.7:	Biochemical	characterization	of	CtRoco	L487A.	(a-b)	Equilibrium	binding	titrations.	Each	data	point	

is	 the	 average	 (±	 s.e.m.)	 of	 three	 independent	 anisotropy	measurements	 from	 two	 independent	 biological	
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samples.	 The	 resulting	 nucleotide	 affinities	 (±	 s.e.)	 are	 given.	 (c-d)	 Representative	 traces	 showing	 the	

dissociation	 of	 mant-GDP	 and	 mant-GTPgS	 from	 the	 CtRoco	 L487A	 protein	 followed	 by	 stopped-flow	

fluorescence	polarisation.	The	koff	rates	(±	s.e.)	depicted	result	from	3	repetitions.	(e)	Steady	state	(Michaelis-

Menten)	kinetics	of	GTP	hydrolysis.	Every	data	point	is	the	average	(±	s.e.m.)	of	four	independent	measurements	

and	two	biological	replicates.	(f)	single	turnover	kchem	measurement.	Three	repetitions	were	performed	resulting	

in	the	kchem	rate	(±	s.e.)	depicted.	

	

Table	 3.2:	 Comparison	 of	 binding	 and	 kinetic	 parameters	 of	CtRoco	WT	 and	 L487A.	 This	 table	 reports	 all	

parameters	obtained	by	fluorescence	anisotropy	equilibrium	titrations	(KD),	Michaelis-Menten	kinetics	(kcat,	KM),	

single	 turnover	 kinetic	 measurements	 (kchem)	 and	 stopped-flow	 fluorescence	 polarisation	 experiments	 (koff	

GDP/GTPgS).	n	represents	the	number	of	independent	repetitions.	The	parameter	(±	s.e.)	is	indicated.	a	Value	

of	the	constant	 ligand	concentration	(0.2	µM)	used	in	the	titration	is	higher	than	the	fitted	value	of	KD.	Care	

should	thus	be	taken	since	this	could	give	rise	to	an	overestimation	of	 the	reported	KD.	 In	extreme	cases	an	

upper	limit	of	the	KD	is	given.	
b	KM	is	lower	than	the	lowest	measurable	GTP	concentration.	

Just	as	all	Roco	proteins	studied	here,	CtRoco	L487A	has	a	higher	nucleotide	affinity	for	GTPgS	

compared	to	GDP.	Further	comparison	of	nucleotide	affinities	for	wild	type	(WT)	and	mutant	

enzyme,	shows	that	the	mutation	has	only	a	very	small	effect	on	GDP	binding,	also	seen	in	

the	almost	equal	koff	values	of	WT	and	mutant	protein	for	GDP.	However,	CtRoco	L487A	has	

a	decreased	affinity	for	GTPgS	compared	to	WT	CtRoco,	explained	partially	by	a	higher	koff	

value	for	GTPgS.	This	is	also	reflected	in	a	higher	KM	value	for	the	mutant.		

Comparison	of	the	GTPase	activity	of	WT	and	mutant	enzyme	through	the	characteristic	kcat	

and	kchem	values,	shows	that	the	mutation	slows	down	GTP	hydrolysis.		

Our	work	thus	clearly	suggests	that	the	PD-analogous	mutation	works	on	two	levels:	it	lowers	

the	affinity	for	GTP,	and	decreases	the	GTP	hydrolysis	rate	by	slowing	down	the	on-enzyme	

steps	during	hydrolysis,	coupled	to	the	stabilization	of	the	dimer	interface.	
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3.4 Discussion	

This	work	provides	kinetic	insight	into	the	complex	Roco	G-protein	cycle	and	unveils	a	number	

of	general	features	in	the	kinetic	behaviour	of	all	Roco	proteins	(figure	3.8).	Our	equilibrium	

binding	studies	demonstrate	that	all	Roco	proteins	have	in	common	a	low	affinity	for	GDP	

with	 KD	 values	 in	 the	micromolar	 range,	 associated	with	 fast	 GDP	 dissociation	 rates.	 This	

confirms	previous	suggestions	that	Roco	proteins	do	not	require	GEFs	for	the	exchange	of	

nucleotides	(Gotthardt	et	al.,	2008;	Rudi	et	al.,	2015;	Terheyden	et	al.,	2015).	However,	 in	

some	 transient	 responses,	 as	 previously	 shown	 for	Dictyostelium	 Roco1,	 the	 already	 high	

intrinsic	nucleotide	exchange	rate	might	be	further	stimulated	by	GEFs.	Because	of	the	much	

higher	 physiological	 concentration	 of	 GTP	 compared	 to	 GDP	 and	 the	 rather	 slow	 GTP	

hydrolysis,	this	also	implies	that,	within	the	cell	and	in	absence	of	potential	GAP	proteins	or	

co-regulators,	Roco	proteins	are	primarily	 in	 the	GTP-bound	state,	 therefore	not	acting	as	

classical	molecular	switches.	Roco	proteins	have	a	unique	and	complex	hydrolysis	mechanism.	

Michaelis-Menten	 kinetics	 show	 that	 the	 KM	 values	 are	much	 higher	 than	 the	 nucleotide	

affinities,	indicating	that	the	GTPase	mechanism	consists	of	multiple	steps.		

Figure	3.8:	Model	of	 the	kinetic	mechanism	of	Roco	proteins.	GTP	binding	 is	 followed	by	 rate-limiting	GTP	

hydrolysis	and	the	associated	conformational	changes.	Product	(Pi,	GDP)	release	is	not	rate-limiting.	

Comparison	of	single	(kchem;	function	of	k2,	k-2	in	figure	3.8)	and	multiple	(kcat;	function	of	k2,	

k-2,	k3,	k-3,	kon,GDP,	koff,GDP	in	figure	3.8)	turnover	kinetics,	in	combination	with	the	GDP	release	

rates	(koff),	 revealed	for	the	first	time	that	GTP	hydrolysis	 itself	or	conformational	changes	

occurring	 during	 or	 after	 nucleotide	 binding	 (represented	 by	 k2,	 k-2)	 but	 prior	 to	 product	

release,	are	rate-limiting.	Importantly,	we	found	here	that	several	Roco	proteins	have	a	KM	
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value	 in	 the	range	of	 the	physiological	GTP	concentration	within	cells,	 suggesting	 that	 the	

GTPase	activity	and	function	of	Roco	proteins	might	be	directly	and	sensitively	dependent	on	

the	 cellular	 GTP	 concentration.	 Also,	 we	 demonstrate	 that	 Roco	 proteins	 have	moderate	

intrinsic	GTP	hydrolysis	rates,	suggesting	that	the	GTPase	might	require	co-factors.	Indeed,	

for	LRRK2,	it	has	been	reported	that	binding	of	effectors	or	GTPase	co-regulators,	including	

ARHGEF7,	ArfGAP1	and	RGS2	modulates	the	hydrolysis	reaction	(Biosa	et	al.,	2013;	Dusonchet	

et	al.,	2014;	Haebig	et	al.,	2010;	Xiong	et	al.,	2012a).	In	addition,	the	GTPase	activity	might	be	

triggered	by	 localization	 to	 intracellular	membranes	or	 vesicles	 and/or	 by	modulating	 the	

monomer/dimer	equilibrium	in	vivo	(Deyaert	et	al.,	2017;	Liu	et	al.,	2018).	The	occurrence	of	

the	latter	regulatory	mechanism	is	supported	by	recent	findings	suggesting	that	LRRK2	occurs	

as	a	dimer	with	high	kinase	activity	at	the	membrane	compartments,	while	 it	seems	to	be	

mainly	monomeric	 in	 the	cytoplasm	 (Berger	et	al.,	 2010;	 James	et	al.,	 2012).	We	 recently	

showed	that	a	monomer/dimer	cycle	is	also	an	integral	part	of	the	CtRoco	GTPase	reaction	

(Deyaert	et	al.,	2017).	Here,	we	show	that	the	PD-analogous	L487A	mutation	in	CtRoco	lowers	

the	affinity	for	GTP	and	causes	a	decrease	of	the	GTP	hydrolysis	rate	by	slowing	down	the	on-

enzyme	steps	prior	 to	product	release.	This	can	be	coupled	to	a	stabilization	of	 the	dimer	

interface	of	 the	protein	 (Deyaert	et	al.,	2017).	Although	there	 is	a	clear	 link	between	GTP	

binding/hydrolysis	and	monomerization	of	CtRoco,	it	is	still	unclear	whether	these	processes	

just	coincide	or	are	actually	coupled	to	each	other.	Since	we	demonstrate	here	that	many	

kinetic	 features	 are	 shared	 by	 all	 Roco	 proteins,	 future	 research	 on	 the	monomer-dimer	

equilibrium	 of	 other	 Roco	 proteins	 could	 help	 to	 also	 unveil	 common	 themes	 in	 their	

regulatory	mechanisms.	
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3.5 Material	and	methods	

3.5.1 Purification	of	prokaryotic	Roco	proteins	and	LRRK2	

The	purification	of	full	 length	LRRK2	has	been	previously	described	(Guaitoli	et	al.,	2016b).	

Detailed	information	on	expression	vectors,	cells,	temperatures,	as	well	as	purification	steps	

and	 the	 final	 purification	 buffers	 can	 be	 found	 in	 supplementary	 table	 3.1.	 As	 a	 final	

purification	 step,	 size-exclusion	 chromatography	 was	 performed.	 Purified	 proteins	 were	

analysed	by	SDS-PAGE,	and	the	protein	concentration	was	determined	using	the	absorption	

at	 280	 nm	 (Nanodrop	 2000,	 Thermo	 Scientific).	 Before	 starting	 the	 experiments,	 the	

nucleotide	load	of	each	protein	batch	was	determined	via	reversed	phase	chromatography.		

3.5.2 Equilibrium	titrations	

Nucleotide-free	 protein	 was	 used	 in	 an	 equilibrium	 titration	 experiment	 to	 measure	 the	

affinity	 for	 3’-O-N-methylanthraniloyl	 (mant)-labelled	 GDP	 and	 GTPgS	 nucleotides.	 Buffer	

containing	1	µM	mant-nucleotide	was	titrated	stepwise	in	a	cuvette	containing	protein	and	1	

µM	mant-nucleotide	at	20	°C	(for	CtRoco	with	mant-GTPgS:	0.2	µM).	In	this	way,	the	protein	

was	stepwise	diluted,	while	keeping	the	mant-nucleotide	concentration	constant,	until	the	

signal	of	free	mant-nucleotide	was	reached.	Fluorescence	anisotropy	was	measured	using	a	

FluoroMax-4	fluorimeter	(Horiba	Scientific,	excitation:	360	nm,	emission:	450	nm).	The	signal	

was	 recorded	 and	 averaged	 over	 at	 least	 5	min.	 As	 a	 buffer,	 the	 final	 purification	 buffer	

(supplementary	 table	 3.1)	was	 used,	without	 reducing	 agent	 but	 including	 at	 least	 5	mM	

MgCl2.	The	data	was	then	plotted	using	Prism	7	(Graphpad	software).	Each	data	point	is	the	

average	(±	s.e.m.)	of	three	independent	measurements.	The	dissociation	constant	(KD)	(±	s.e.)	

was	then	calculated	by	fitting	a	quadratic	equation	to	the	data	in	Prism	7.	

3.5.3 Steady-state	kinetic	measurements	of	GTP	hydrolysis	

In	order	to	measure	the	Michaelis-Menten	constant	(KM)	and	turnover	number	(kcat)	of	the	

GTP	hydrolysis	reactions,	a	HPLC-based	assay	was	used	as	previously	described	(Eberth	and	

Ahmadian,	 2009).	 Briefly,	 1	 µM	 of	 protein	 (0.1	 µM	 for	 LRRK2)	 was	 incubated	 with	 the	

indicated	GTP	concentrations	at	20°C.	For	CtRoco	and	NpRoco,	50	μl	samples	were	taken	at	

several	time	points	and	boiled	for	5	min	at	95°C	to	stop	the	reaction.	After	centrifugation	(10	

min,	max.	 speed),	 35	μl	 supernatant	was	 added	 to	35	μl	HPLC-buffer	 containing	100	mM	
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KH2PO4	pH	6.4,	10	mM	tetrabutylammonium	bromide	and	7.5%	acetonitrile,	and	finally	50	μl	

of	this	sample	was	injected	on	a	reversed	phase	C18	column	connected	to	an	e2695	HPLC	

system	(Waters)	to	separate	GTP	from	GDP.	The	area	under	the	curve	for	GDP	was	converted	

to	concentration	using	a	standard	curve.	For	the	other	proteins,	the	sample	volume	was	5	μl	

and	samples	were	directly	injected	on	a	reversed	phase	C18	column	using	an	Ultimate	3000	

HPLC	system	(Thermo	Scientific)	in	HPLC-buffer	containing	50	mM	KH2PO4/K2HPO4	pH	6.4,	10	

mM	 tetrabutylammonium	 bromide	 and	 15%	 acetonitrile.	 Subsequently,	 samples	 were	

analysed	using	the	HPLC	integrator	(Chromeleon	7.2,	Thermo	Scientific).	Initial	rates	of	GDP	

production	were	plotted	against	the	GTP	concentration	using	Prism	7	(Graphpad	software).	

Each	data	point	is	the	average	(±	s.e.m.)	of	three	independent	measurements.	The	Michaelis-

Menten	equation	was	fitted	to	determine	KM	(±	s.e)	and	kcat	(±	s.e).	As	reaction	buffer,	the	

final	purification	buffer	(Table	S3.1)	was	used,	without	reducing	agent	but	containing	at	least	

5	mM	MgCl2.		

3.5.4 Nucleotide	binding	kinetics	

For	 the	measurement	of	nucleotide	binding	kinetics,	 the	 stopped-flow	apparatus	SX18MV	

(Applied	photophysics)	equipped	with	a	20	µl	cell	(50	µl	per	shot)	was	used	in	fluorescence	

polarisation	 mode.	 Fluorescence	 polarization	 was	 recorded	 at	 20°C	 using	 an	 excitation	

wavelength	of	360	nm	and	an	emission	filter	of	420	nm.	To	determine	the	dissociation	rate	

(koff),	5	µM	of	mant-nucleotide	bound	to	10	µM	of	protein	was	rapidly	mixed	with	1	mM	of	

unlabelled	nucleotide.	The	koff	(±	s.e)	was	determined	using	a	single	exponential	fit	in	Prism	7	

(Graphpad	software).	As	a	buffer,	the	final	purification	buffer	was	used	(Table	S3.1),	without	

reducing	agent	but	containing	at	least	5	mM	MgCl2.		

3.5.5 Single	turnover	kinetics	of	GTP	hydrolysis	

To	determine	the	single	turnover	reaction	rate	of	GTP	hydrolysis	(kchem),	5	μM	GTP	was	added	

to	increasing	protein	concentrations	(with	protein	concentration	>	GTP	concentration).	As	a	

buffer,	 the	 final	 purification	 buffer	was	 used	 (supplementary	 table	 3.1),	without	 reducing	

agent	but	containing	at	least	5	mM	MgCl2.	At	several	time	points,	samples	were	taken	and	

GTP	was	 separated	 from	GDP	 using	 reversed	 phase	 chromatography	 as	 described	 above.	

Using	a	GDP	standard	curve,	the	area	under	the	curve	of	each	peak	was	used	to	determine	

the	amount	of	GDP	in	the	sample.	The	reaction	rate	at	each	protein	concentration	(kobs)	was	
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determined	by	fitting	the	GDP	concentration	in	function	of	time	on	a	single	exponential	using	

Prism	7	(Graphpad	software).	The	kobs	value	at	a	saturating	protein	concentration	of	30	µM	

(GTP	binding	much	faster	than	GTP	hydrolysis)	corresponds	to	the	single	turnover	kchem.	The	

measurements	were	performed	in	triplicates.		
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3.6 Supplementary	

	
Supplementary	 figure	 3.1:	 SDS-Page	 gels	 showing	 sample	 purity	 of	 protein	 constructs.	 (a)	MbRoco2,	 (b)	

MbRoco1,	(c)	SlRoco,	(d)	CtRoco,	(e)	NpRoco	and	(f)	HsLRRK2.	For	samples	(a)	to	(c)	a	Pierce	Unstained	Protein	

MW	Marker	was	used,	for	samples	(d)	and	(e)	a	Pageruler	Prestained	Protein	MW	Marker	and	for	sample	(f)	a	

Fermentas	Pageruler	Plus	MW	Marker.	The	MW’s	depicted	next	to	the	markers	are	given	in	kDa.	
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Supplementary	table	3.1:	Purification	of	Roco	proteins.	
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4 Generation	of	Nanobodies	targeting	specific	domains	of	Roco	
proteins	from	Dictyostelium	discoideum	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Els	Pardon	and	Alison	Lundqvist	performed	the	immunization	and	generated	the	Nanobody	phage	library.	Lina	

Wauters	purified	protein,	performed	Nanobody	selections	and	screenings.	
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4.1 Abstract	

Mutations	in	the	gene	encoding	Leucine-Rich	Repeat	Kinase	2	(LRRK2)	have	been	found	to	be	

the	most	frequent	cause	of	early	onset	Parkinson’s	Disease	(PD).	Although	LRRK2	has	been	

intensely	studied,	 it	has	been	very	challenging	to	obtain	sufficient	amount	of	recombinant	

LRRK2	protein	for	in	vitro	analysis.	Dictyostelium	discoideum	Roco4	protein	has	been	used	as	

a	model	system	for	LRRK2.	So	far,	only	the	Roco4	kinase	domain	has	been	crystallized	and	

characterized.	 In	this	chapter,	we	attempted	to	generate	Nanobodies	against	the	different	

protein	domains	of	Roco4	which	can	function	as	a	crystallization	chaperone	and	can	be	used	

for	the	in	vivo	localization	of	Roco4.	Also,	these	Nanobodies	can	aid	in	the	protein	purification	

process	 since	 protein	 yields	 proved	 to	 be	 very	 low.	 Despite	 optimization	 efforts	 of	 the	

Nanobody	selection	using	a	direct	competition	strategy,	all	Nanobodies	were	found	to	bind	

to	 the	 GST-tag	 of	 the	 different	 protein	 domains.	 Further	 optimization	 of	 the	 protein	

expression,	purification	and	Nanobody	selection	and	screening	strategy	is	needed.	
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4.2 Introduction	

4.2.1 Dictyostelium	discoideum:	a	model	organism	to	study	Roco	proteins	

4.2.1.1 Dictyostelium	discoideum	cell	cycle		

Dictyostelium	discoideum	 (D.	 discoideum)	 is	 a	 unicellular	 eukaryote	 that	 in	 the	 vegetative	

phase	 of	 its	 cell	 cycle	 divides	 by	 mitosis	 and	 engulfs	 bacteria	 as	 a	 nutrient	 source	 by	

phagocytosis.	 However,	 when	 nutrients	 are	 limited,	D.	 discoideum	 is	 capable	 of	 forming	

multicellular	structures,	making	it	a	unique	organism,	often	referred	to	as	a	social	amoeba	

(Gaudet	 et	 al.,	 2008).	 Upon	 starvation,	 the	 amoebae	 secrete	 cyclic	 adenosine	

monophosphate	 (cAMP),	 causing	 nearby	 cells	 to	 form	 aggregates	 by	 chemotaxis.	 The	

amoebae	can	now	enter	a	sexual	or	social	cycle.	 In	the	sexual	cycle,	two	cells	of	opposing	

mating	types	fuse	and	consume	the	other	cAMP-mediated	attracted	cells.	In	the	social	cycle,	

the	amoebae	form	motile	slugs	that	evolve	in	fruiting	bodies.	A	fruiting	body	consists	of	two	

cell	types:	spores	and	stalk	cells,	that	lift	and	protect	the	spores.	The	spores	are	dispersed	and	

under	better	nutrient	conditions,	they	can	then	again	enter	the	vegetative	cycle	(figure	4.1)	

(Brown	and	Strassmann).	

The	 fact	 that	D.	 discoideum	 is	 a	 unicellular	 eukaryote	 that	 can	 also	 form	 a	 multicellular	

structure,	 makes	 it	 a	 very	 attractive	 model	 organism	 to	 study	 cellular	 signalling,	 cell	

differentiation	and	tip	signalling	during	development,	but	also	cytokinesis,	phagocytosis	and	

cell	migration	(Gaudet	et	al.,	2008).	
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Figure	4.1:	Dictyostelium	discoideum	cell	cycle.	(a)	Schematic	representation	of	the	cell	cycle	made	by	D.	Brown	

and	 J.E.	 Strassmann	 (Brown	and	 Strassmann).	 (b)	 Visualization	of	 different	 stages	 in	 the	development	 of	D.	

discoideum	from	aggregated	cells	(left)	to	fruiting	bodies	(right)	(Gaudet	et	al.,	2008).	

4.2.1.2 D.	discoideum	expresses	a	large	variety	of	Roco	proteins	

cGMP-binding	protein	C	 (GbpC)	 from	D.	discoideum	 formed	 the	 seed	of	 the	Roco	protein	

family	upon	its	initial	discovery	by	Goldberg	et	al.	in	2002.	In	2003,	Bosgraaf	et	al.	performed	

BLAST	searches	using	GbpC,	and	found	several	other	proteins	in	prokaryotes,	plants,	metazoa	

and	D.	discoideum	with	a	similar	domain	architecture:	the	Roco	protein	family.	Remarkably,	

11	different	Roco	proteins	were	discovered	in	D.	discoideum	that	all	have	a	central	Roc-COR-

kinase	structure	(figure	4.2)	(Bosgraaf	and	Van	Haastert,	2003).	
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Figure	 4.2:	 Overview	 of	 the	 Roco	 protein	 family	 expressed	 in	 D.	 discoideum.	 The	 11	 Roco	 proteins	 are	

characterized	 by	 a	 conserved	 core	 consisting	 of	 a	 Roc,	 COR	 and	 kinase	 domain.	 Every	 protein	 has	 several	

additional	regulatory	domains:	N-terminal	motif	of	RasGEF	(N-GEF),	Dishevelled,	Egl-10	and	Pleckstrin	domain	

(DEP),	Ras	Guanine	nucleotide	Exchange	Factor	domain	(RasGEF),	cyclic	Nucleotide	Binding	domain	(cNB),	Rab-

like	GTPase	Activators	and	Myotubularins	(GRAM),	WD40	repeats	(WD/WD40),	Protein	Tyrosine	Phosphatase	

domain	 (PTP),	 N-terminal	 myotubularin-related	 domain	 (Myotub),	 Pleckstrin	 Homology	 domain	 (PH),	 Rho	

Guanine	nucleotide	Exchange	Factor	domain	(RhoGEF),	Rho	GTPase	Activating	Protein	domain	(RhoGAP),	Kelch	

motif	(K),	Regulator	of	G-protein	Signalling	domain	(RGS)	and	Leucine-Rich	Repeat	domain	(LRR)	(figure	adapted	

from	van	Egmond	and	van	Haastert,	2010).	

Using	an	axenic	Dictyostelium	mutant	that	grows	free	of	bacteria	(AX2)	(Gaudet	et	al.,	2008),	

the	function	of	these	Roco	proteins	was	investigated.	The	expression	patterns	of	several	Roco	

genes	in	this	organism	are	elevated	during	the	slug	phase	of	the	social	cycle,	indicating	that	

these	proteins	play	an	important	role	during	multicellular	development.	By	disrupting	each	

individual	Roco	gene	and	subsequently	observing	the	development	of	Dictyostelium	during	

starvation,	it	was	shown	that	cells	lacking	these	genes	have	various	developmental	defects.	

Thus	 far,	 four	D.	discoideum	Roco	proteins	have	been	 further	 characterized	 (GbpC,	Pats1,	

QkgA	and	Roco4).	 For	 the	other	Dictyostelium	 Roco	proteins,	disruption	of	 the	 respective	

genes	did	not	result	in	major	defects	in	growth,	development	or	cell	migration	(van	Egmond	

and	van	Haastert,	2010).		

GbpC	plays	an	 important	 role	 in	chemotaxis	and	 thus	cell	aggregation.	Upon	activation	of	

guanylyl	cyclases	by	chemoattractants	(cAMP),	intracellular	cGMP	levels	increase	and	GbpC	
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is	activated	and	translocates	to	the	cell	boundary	(Goldberg	et	al.,	2006;	Kortholt	et	al.,	2012).	

There	 it	 phosphorylates	 Myosin	 Light	 Chain	 Kinase	 A	 (MLCK-A),	 or	 an	 upstream	 kinase	

thereof,	responsible	for	myosin	II	phosphorylation	(Goldberg	et	al.,	2006).	Phosphorylation	of	

the	Myosin	Heavy	Chain	 (MHC)	 leads	 to	 the	 recruitment	of	myosin	 II	 to	 the	cytoskeleton,	

whereas	phosphorylation	of	the	Myosin	Regulatory	Light	Chain	(MRLC)	increases	the	ATPase	

activity	of	myosin	II	(Bosgraaf	et	al.,	2002).	This	results	in	the	location	of	myosin	II	at	the	rear	

of	 polarized	 cells,	 where	 it	 suppresses	 the	 formation	 of	 pseudopodia	 and	 stimulates	 the	

retraction	of	 the	 rear	of	 the	cell	 (Goldberg	et	al.,	2006).	gbpc-null	 cells	have	an	abnormal	

amount	of	 lateral	pseudopodia	and	are	unable	 to	polarize	due	 to	defective	RLC	and	MHC	

phosphorylation	(Bosgraaf	et	al.,	2002,	2005).		

Protein	 associated	with	 the	 transduction	of	 signal	 1	 (Pats1)	 on	 the	other	 hand,	 plays	 an	

important	 role	 in	 the	 recruitment	 of	 myosin	 II	 to	 the	 cleavage	 furrow	 of	 cells	 during	

cytokinesis	(Abysalh	et	al.,	2003;	Lewis,	2009).	In	pats1-null	cells	MHC	is	improperly	localized	

and	cells	are	large	and	multinucleated	and	unable	to	divide	(Abysalh	et	al.,	2003;	van	Egmond	

and	van	Haastert,	2010).	Supporting	the	role	of	Pats1	in	myosin	II	localization,	it	was	found	

that	the	WD40	repeats	of	Pats1	 interact	with	the	actomyosin	cytoskeleton	(Abysalh	et	al.,	

2003).	

Quick	growth	protein	A	(QkgA)	has	a	negative	regulatory	effect	on	cell	proliferation.	qkgA-

null	cells	have	a	faster	cell	proliferation	and	slower	aggregation	(Abe	et	al.,	2003;	van	Egmond	

and	van	Haastert,	2010).	Moreover,	fewer	but	much	larger	aggregates	are	formed	resulting	

in	very	large	slugs	(Abe	et	al.,	2003;	Marín	et	al.,	2008).	On	the	other	hand,	QkgA	plays	an	

important	role	in	proper	pseudopod	formation.	Upon	stimulation	by	chemoattractants,	QkgA	

is	 activated	 and	 assures	 correct	 cell	 polarization	 by	 interaction	 with	 filamin,	 an	 F-actin	

crosslinking	 protein	 that	 controls	 pseudopod	 extension.	 The	 activity	 of	 QkgA	 itself	 is	

controlled	by	interaction	with	Rab1A	(Kicka	et	al.,	2011).		

The	 last,	 well-studied	 protein	 so	 far	 is	 Roco4.	 In	 2010,	 van	 Egmond	 and	 van	 Haastert	

generated	D.	discoideum	roco4-null	cells	and	 investigated	their	phenotype.	Although	wild-

type	and	roco4-null	cells	 initially	show	similar	multicellular	aggregation	(mound	formation)	

upon	 starvation,	 the	 further	 development	 of	 roco4-null	 mounds	 into	 fingers	 and	 slugs	 is	

delayed.	Eventually,	atypical	fruiting	bodies	are	formed	on	the	agar	surface,	with	a	spore	head	

that	is	not	lifted	into	the	air	(figure	4.3).	Further	examination	of	the	stalks	of	roco4-null	cells	
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shows	that	the	stalk	cells	are	much	smaller	and	are	arranged	in	an	unordered	structure,	unlike	

wild-type	 cells.	 Also,	 cellulose	 is	 absent	 in	 the	 stalks	 of	 roco4-null	 cells.	 This	 strong	 link	

between	Roco4	and	stalk	formation,	was	further	confirmed	by	the	observation	that	Roco4	

reaches	 its	maximal	 expression	during	 the	 late	development	phase	 (van	Egmond	and	 van	

Haastert,	2010).		

 
Figure	4.3:	Aberrant	 fruiting	bodies	 formed	 in	 roco4-null	 cells.	Visualization	of	 fruiting	bodies	 formed	upon	

starvation	of	wild	type	AX2	cells	(left)	and	roco4-null	cells	(right)	(van	Egmond	and	van	Haastert,	2010).	

4.2.1.3 Roco4	as	a	model	system	for	LRRK2	

The	11	Roco	proteins	discovered	in	D.	discoideum	show	more	diversity	in	domain	topology	

than	all	the	other	Roco	proteins	found	in	other	organisms.	The	human	Roco	protein	LRRK2,	

of	 which	 mutations	 in	 the	 encoding	 gene	 have	 been	 linked	 to	 PD,	 has	 a	 similar	 domain	

topology	as	Roco4,	except	 for	 the	additional	N-terminal	Ankyrin	and	Armadilllo	 repeats	 in	

LRRK2	 (Bosgraaf	 and	 Van	 Haastert,	 2003).	 Moreover,	 the	 LRR-Roc-COR-kinase-WD40	

sequences	of	Roco4	and	LRRK2	have	a	21%	sequence	identity.	Gilsbach	et	al.	demonstrated	

the	 high	 functional	 similarity	 between	 both	 proteins	 by	 showing	 that	 the	 developmental	

defect	of	roco4-null	cells	can	be	rescued	by	re-expression	of	wild-type	Roco4	or	a	chimeric	

Roco4	protein	in	which	the	Roco4	kinase	domain	is	replaced	by	LRRK2	kinase.	On	top	of	that,	

Roco4	kinase	is	capable	of	phosphorylating	LRRKtide,	an	artificial	specific	substrate	of	LRRK2,	

and	can	be	inhibited	by	LRRK2	inhibitors	(Gilsbach	et	al.,	2012).	Moreover,	it	was	shown	that	

Roco4	 kinase	 can	 phosphorylate	 the	 LRRK2	 Roc	 domain	 with	 almost	 identical	 substrate	

specificity	as	autophosphorylation	by	LRRK2	(Liu	et	al.,	2016).	These	characteristics,	together	

with	the	clear	phenotype	of	roco4-null	cells,	make	D.	discoideum	Roco4	a	promising	model	

system	 to	 study	 the	 challenging,	 difficult	 to	 purify,	 LRRK2	 protein.	 So	 far,	 only	 the	 Roco4	

kinase	domain	has	been	crystallized	and	characterized	(see	chapter	1)	(Gilsbach	et	al.,	2012).	
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4.2.2 Nanobodies	as	a	research	tool	in	structural	biology	

The	family	of	the	Camelidae	contains	two	classes	of	antibodies:	the	classical	immunoglobulin-

g	 (IgG1)	antibodies	 (Ab’s)	and	 the	heavy-chain	antibodies	 (HCAb’s;	 IgG2	and	3).	While	 the	

classical	Ab’s	are	assembled	from	two	identical	heavy	chains	(C)	and	two	identical	light	chains	

(L),	 the	HCAb’s	 are	 devoid	of	 light	 chains	 (figure	 4.4)	 (Hamers-Casterman	et	 al.,	 1993).	 In	

contrast	with	classical	Ab’s,	these	HCAb’s	recognize	their	antigens	via	only	one	single	variable	

domain	(VHH).	This	VHH	is	the	smallest	(15	kDa)	intact	functional	antibody	domain	with	full	

antigen-binding	capacity,	also	known	as	Nanobody	due	to	its	nanometer	range	dimensions	

(Muyldermans,	2013;	Muyldermans	et	al.,	1994).		

	

Figure	4.4:	Schematic	representation	of	antibodies	present	in	the	serum	of	Camelidae:	conventional	antibodies	

(IgG1),	build	up	from	two	heavy	and	two	light	chains,	and	two	types	of	heavy-chain	antibodies	(HCAb’s:	IgG2	

and	 3),	 that	 lack	 light	 chains.	 The	 smallest	 functional	 domain	with	 full	 antigen-binding	 capacity	 is	 the	 VHH	

domain,	also	called	Nanobody	(Nb)	(figure	adapted	from	Muyldermans,	2013).	

Nanobodies	comprise	three	hypervariable	regions,	that	form	loops	clustered	at	one	site	of	

the	domain,	surrounded	by	four	conserved	framework	regions	(figure	4.5).	The	hypervariable	

regions	were	named	Complementarity	Determining	Regions	(CDR)	since	they	are	responsible	

for	binding	an	epitope	by	complementing	its	surface.	The	CDR3	loop	is	the	longest	and	most	

diversified,	responsible	for	the	huge	structural	repertoire	of	these	proteins	(Desmyter	et	al.,	

1996;	Muyldermans,	2001;	Nguyen	et	al.,	2000).	Based	on	their	CDR3	sequence,	Nanobodies	

can	be	divided	in	epitope	binding	families.	Nanobodies	with	equal	CDR3	sequence	length	and	

more	than	80%	CDR3	sequence	similarity	form	a	family	since	they	most	likely	bind	the	same	

epitope	(Pardon	et	al.,	2014).	
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Figure	4.5:	Nanobody	X-ray	structure.	The	Nanobody	framework	consists	of	a	four	stranded	b-sheet	packed	

against	a	five-stranded	b-sheet	(green).	Three	hypervariable	complementarity	determining	loops	(CDR	1,	2	and	

3,	coloured	red,	purple	and	orange	respectively),	located	at	the	N-terminal	site	of	the	protein,	form	the	antigen-

binding	surface	(pdb:	1MEL)	(figure	adapted	from	Desmyter	et	al.,	1996).		

The	 small	 size	 and	 very	 high	 antigen-binding	 specificity	 and	 affinity	 of	 Nanobodies,	

encouraged	the	engineering	of	these	proteins	as	a	research	tool	(Muyldermans,	2013).	

After	immunization	of	a	camelid	with	an	antigen,	Nanobodies	can	be	selected	that	bind	the	

antigen	with	a	high	nanomolar	affinity	using	phage	display.	Like	this,	Nanobodies	have	been	

used	as	a	research	tool	in	both	biotechnology	and	medicine	(Muyldermans,	2001).	A	number	

of	applications	relevant	for	this	work	are	given	here.		

Due	 to	 their	 convex	 contact	 surface,	 Nanobodies	 can	 easily	 penetrate	 the	 active	 site	 of	

enzymes	and	influence	the	enzyme	activity	upon	binding.	Whereas	some	Nanobodies	were	

found	to	function	as	enzyme	activators,	others	were	proven	to	function	as	allosteric	inhibitors	

(Barlow	 et	 al.,	 2009;	 Saerens	 et	 al.,	 2004).	 Moreover,	 Nanobodies	 can	 be	 fluorescently	

labelled	for	imaging	the	subcellular	localization	and	translocation	of	specific	proteins	in	living	

cells	(Rothbauer	et	al.,	2006).	Also,	due	to	their	small	size	and	similarity	to	the	VHIII	family,	

Nanobodies	can	easily	penetrate	tissue	and	are	rapidly	removed	from	the	blood,	making	them	

excellent	tools	for	in	vivo	imaging	and	therapeutic	use	(Massa	et	al.,	2016;	Muyldermans	et	

al.,	1994;	Nguyen	et	al.,	2000).	Finally,	due	to	their	conformational	specificity,	Nanobodies	

can	be	used	to	produce	a	stable,	homogenous	and	highly	concentrated	protein	sample	and	in	

this	way	function	as	crystallization	chaperones	for	challenging	target	proteins	(Pardon	et	al.,	
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2014).	Like	this,	Nanobodies	have	proven	to	be	excellent	chaperones	for	the	crystallization	

and	structure	determination	of	 intrinsically	disordered	proteins	such	as	MazE	 (Loris	et	al.,	

2003),	aggregating	proteins	like	b2-microglobulin	(Domanska	et	al.,	2011),	transient	protein	

complexes	such	as	PINK1	in	complex	with	its	substrate	ubiquitin	(Schubert	et	al.,	2017)	and	

inherent	 unstable	 protein	 conformations	 like	 the	 agonist-bound	 active-state	 b2	

adrenoreceptor		(Rasmussen	et	al.,	2011).	

These	properties	of	Nanobodies	make	them	ideally	suited	for	stabilizing	the	highly	dynamic	

Roco	proteins	and	their	domain	fragments.	In	this	chapter,	we	set	out	to	generate	Nanobodies	

that	specifically	recognize	different	protein	domains	of	the	Roco4	protein	from	Dictyostelium	

discoideum	that	can	then	be	used	for	in	vivo	imaging	and	as	crystallization	chaperones.	The	

different	protein	domains	were	purified	and	subsequently	used	for	immunization	of	a	llama.	

After	 immunization,	 a	Nanobody-expressing	phage	 library	was	generated	and	Nanobodies	

were	selected	using	phage	display.	Final	screening	of	the	Nanobodies	however	revealed	that	

the	 immunization	was	biased	by	GST.	Both	protein	expression	and	purification,	as	well	 as	

Nanobody	selections,	thus	need	further	optimization.		
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4.3 Results	

4.3.1 Roco4	protein	expression	and	purification	

Since	LRRK2	has	proven	to	be	a	very	challenging	protein	 for	detailed	 in	vitro	analysis	 (low	

yields,	 aggregation	 and	degradation	prone),	 Roco	proteins	 from	D.	 discoideum	have	been	

proposed	as	alternative	model	systems	(Gilsbach	et	al.,	2012).	Here,	the	Roco4	protein	from	

D.	discoideum	was	used.	In	order	to	crystallize	the	protein	in	distinct	conformational	states	

and	study	its	in	vivo	localization	and	behaviour,	our	goal	was	to	generate	Nanobodies	against	

the	different	protein	domains	of	Roco4.	Therefore,	DNA	constructs	of	the	different	protein	

domains	 were	 previously	 cloned	 in	 pGex4T-1	 plasmids	 with	 an	 N-terminal	 GST-tag.	 The	

names,	domain	 topology	and	amino	acid	boundaries	of	all	 constructs	generated,	 together	

with	the	full	length	Roco4	domain	topology,	are	shown	in	figure	4.6.				

	
Figure	4.6:	Overview	of	the	available	Roco4	DNA	constructs.	For	each	construct	its	respective	name,	domain	

topology	 and	 amino	 acid	 boundaries	 are	 given.	 The	 domain	 topology	 of	 full	 length	 Roco4	 is	 given	 as	 well,	

although	the	full	length	protein	was	not	purified	here.	

Optimization	of	the	expression	and	purification	protocols	of	the	constructs	was	performed	by	

Bernd	 Gilsbach,	 Susanne	 Terheyden	 and	 Katharina	 Rosenbusch	 (Department	 of	 Cell	

Biochemistry,	 University	 of	 Groningen).	 In	 short,	 after	 transformation	 of	 the	 plasmids	 to	

BL21(DE3)	cells,	the	cells	were	grown	in	TB	medium	at	37°C,	and	after	induction	with	0.1	mM	

IPTG,	 the	 temperature	 was	 lowered	 to	 20°C	 for	 overnight	 induction.	 The	 proteins	 were	

purified	via	affinity	purification	using	a	glutathione	S-transferase	(GST)-tag	followed	by	size-

exclusion	chromatography.	For	each	protein	construct,	the	results	of	the	purification	and	the	

hurdles	encountered	are	given	below.	
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4.3.1.1 Roco4	RocCORkinase	(aa	336/343-1292)	

Despite	 previous	 optimizations	 (personal	 communication,	 Bernd	 Gilsbach),	 initial	

purifications	of	Roco4	RocCORkinase	protein	resulted	 in	no	soluble	protein.	Therefore,	we	

tried	to	optimize	protein	expression	and	purification.	Roco4	RocCORkinase	plasmids	(aa	336-

1292	or	343-1292)	were	transformed	to	different	cell	types,	and	various	growth	and	induction	

temperatures,	as	well	as	induction	times	and	IPTG	concentrations,	were	tested.	Despite	these	

variations,	 protein	 expression	 remained	 very	 low	 and	 after	 cell	 lysis	with	 a	 cell	 disruptor	

almost	all	protein	was	insoluble	(supplementary	figure	4.1).	In	a	last	effort,	various	cell	lysis	

methods	such	as	sonication,	freeze-thaw	cycles	and	combinations	thereof	were	tried,	without	

improvements.	 Therefore,	 it	 was	 decided	 to	 focus	 on	 other	 protein	 domains	 for	

immunization.	

4.3.1.2 Roco4	kinase	(aa	1018-1292)	

Roco4	 kinase	 protein	 was	 expressed	 in	 BL21(DE3)	 cells	 and	 subsequently	 purified	 via	 an	

affinity	purification	using	a	GST-tag,	 followed	by	size-exclusion	chromatography.	To	obtain	

protein	free	of	GST,	the	GST-tag	was	cleaved	using	TEV	protease	and	GST	was	removed	via	

consecutively	a	second	affinity	purification	and	size-exclusion	chromatography.	

	

Figure	4.7:	Protein	purification	of	Roco4	kinase	domain.	 (1)	Roco4	kinase	after	 the	 first	affinity	purification	

using	the	GST-tag;	(2)	after	cleavage	of	the	GST-tag	using	TEV	protease;	(3)	after	a	second	affinity	purification	

using	the	GST-tag;	(4)	after	size-exclusion	chromatography	and	concentration	of	the	protein.	Molecular	weight	

marker:	Pageruler	prestained	marker.	

Protein	expression	was	high	and	the	purification	of	GST-fused	Roco4	kinase	yielded	24	mg	

from	12	l	TB	medium.	Optimization	of	the	GST-tag	cleavage	conditions	using	TEV	protease	

resulted	in	cleavage	of	the	GST-tag	for	the	majority	of	the	protein.	However,	upon	dialysis	
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prior	to	a	second	affinity	purification	the	protein	batch	partially	precipitated.	Moreover,	only	

a	small	amount	of	free	GST	could	be	removed	during	the	second	affinity	purification.	Due	to	

the	small	difference	in	molecular	weight	of	GST-cleaved	Roco4	kinase	(33	kDa)	and	free	GST	

(50	 kDa),	 the	 remaining	 free	 GST	 could	 also	 not	 be	 separated	 from	 the	 protein	 via	 size-

exclusion	chromatography.	This	 resulted	 in	a	 final	on	average	yield	of	2	mg	Roco4	kinase,	

contaminated	with	free	GST	(figure	4.7).		

4.3.1.3 Roco	4	N+LRR	(aa	1-347)	

For	the	Roco4	N+LRR	domain	construct	as	well,	protein	expression	and	purification	needed	

further	optimization.	In	short,	the	protein	was	expressed	in	BL21(DE3)	cells	and	purified	via	

an	affinity	purification	using	a	GST-tag	followed	by	size-exclusion	chromatography.		

Despite	optimization	efforts	using	a	variety	of	host	strains,	IPTG	concentrations,	growth	and	

induction	temperatures,	protein	expression	remained	 low	and	a	high	free	GST	over	Roco4	

N+LRR	ratio	was	observed.	During	protein	purification,	protein	stability	was	increased	upon	

addition	of	1%	Empigen	BB	(Sigma	Aldrich)	to	all	purification	buffers	resulting	in	a	final	yield	

of	1-2	mg	of	protein	from	24	l	TB	media.	

Although	cleavage	of	the	GST-tag	was	successful	in	small-scale	assays	(supplementary	figure	

4.2),	upscaling	resulted	in	a	cleavage	efficiency	of	only	50%	and	precipitation	of	the	majority	

of	the	protein	of	 interest.	For	this	reason,	uncleaved,	GST-fused	Roco4	N+LRR	protein	was	

finally	immunized	(figure	4.8).	

	

Figure	4.8:	Protein	purification	of	Roco4	N+LRR	domain.	(1)	Roco4	N+LRR	after	affinity	purification	using	the	

GST-tag;	(2)	after	size-exclusion	chromatography.	Molecular	weight	marker:	Pageruler	prestained	marker.	
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4.3.1.4 Roco4	WD40	(aa	1293-1726)	

Like	Roco4	N+LRR,	the	Roco4	WD40	domain	construct	was	purified	via	an	affinity	purification	

followed	by	size-exclusion	chromatography.	Due	to	difficulties	in	cleaving	off	and	removing	

GST,	we	 finally	opted	 to	use	uncleaved	GST-fused	Roco4	WD40.	 Just	as	 for	Roco4	N+LRR,	

adding	1%	Empigen	BB	to	all	purification	buffers	improved	protein	stability.	Protein	yield	was	

however	very	low	(a	few	100	µg	from	24	l	TB	media)	(figure	4.9).	

	

Figure	4.9:	Protein	purification	of	Roco4	WD40	domain.	(1)	Roco4	WD40	after	affinity	purification	using	the	

GST-tag;	(2)	after	size-exclusion	chromatography.	Molecular	weight	marker:	Pageruler	prestained	marker.	

4.3.2 Selecting	Nanobodies	that	bind	the	different	Roco4	protein	domains	

Our	goal	was	to	generate	Nanobodies	that	bind	the	different	domains	of	Roco4,	ideally	in	a	

conformation-specific	way.	Since	the	purification	of	stable	protein	in	sufficient	amounts	was	

more	difficult	 than	anticipated,	 such	Nanobodies	could	also	aid	 in	 the	protein	purification	

process	(Huang	et	al.,	2015).	A	llama	was	immunized	simultaneously	with	3	protein	domains:	

Roco4	N+LRR,	Roco4	WD40	and	Roco4	kinase.	The	proteins	were	injected	on	a	weekly	basis	

for	six	weeks	according	to	the	protocol	of	Pardon	et	al.	(Pardon	et	al.,	2014).	Four	days	after	

the	last	immunization,	blood	samples	were	taken.	The	serum	conversion	induced	by	the	three	

injected	 protein	 domain	 constructs	 was	 tested	 via	 an	 IgG	 serum	 titration.	 Each	 protein	

construct	was	coated	in	a	96-well	plate.	A	serial	dilution	of	pre-immune	and	post-immune	

serum	was	made	and	anti-IgG	antibodies	were	added.	Comparison	of	the	pre-immune	and	

post-immune	 IgG	 absorption,	 revealed	 a	 strong	 immune	 response	 against	 the	 different	

immunized	constructs	(figure	4.10).	
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Figure	4.10:	IgG	serum	titration.	Roco4	N+LRR,	WD40,	kinase	and	free	GST	protein	domains	were	coated	in	a	

96-well	plate.	Prei-mmune	(dashed	 line)	and	post-immune	(full	 line)	serum	IgG	absorption	was	compared	to	

determine	the	immune	response	of	the	llama	against	each	protein.	

Next,	 an	 immune	 library	 of	 phages	 displaying	 Nanobodies	 was	 constructed	 (library	 150)	

(Pardon	et	al.,	2014).	This	 library	was	 then	used	 to	 select	 for	domain-specific	Nanobodies	

using	phage	display.	In	general,	a	selection	round	consists	of	the	following	steps.	First,	the	

antigen	 is	 immobilized	 on	 the	 bottom	of	 a	 96-well	 plate.	 Then,	 the	Nanobody	 expressing	

phage	library	is	added	for	incubation.	Next,	the	unbound	phage	particles	are	washed	away.	

In	a	final	step,	the	phage	particles	expressing	Nanobodies	that	bind	to	the	antigen,	are	eluted.	

These	phage	particles	can	then	be	used	for	a	consecutive	selection	round	or	to	screen	for	

antigen-binding	properties	of	their	expressed	Nanobodies.		

As	expected,	the	immunization	of	uncleaved	GST-fused	protein	domain	constructs,	combined	

with	free	GST	as	a	contaminant,	resulted	in	a	strong	immune	response	against	GST	(figure	

4.10).	 Therefore,	 we	 decided	 to	 select	 for	 domain-specific	 Nanobodies	 using	 a	 direct	

competition	 selection	 strategy.	 Prior	 to	 the	 addition	 to	 coated	 antigen,	 the	 Nanobody-

expressing	 phage	 library	 is	 pre-incubated	with	 an	 excess	 of	 GST.	 Since	 the	 GST	 is	 free	 in	

solution	while	the	protein	is	immobilized,	phages	expressing	Nanobodies	that	bind	specifically	

to	the	GST-tag	of	the	protein	are	washed	away.	
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Since	in	vitro	experiments	show	that	the	Roco4	N-terminus	is	crucial	for	protein	activity,	and	

that	 binding	 of	 the	 LRR	 domain	 to	 the	 kinase	 domain	 inhibits	 Roco4	 kinase	 activity	

(unpublished	 results,	 Katharina	 Rosenbusch),	 we	 first	 focused	 on	 optimizing	 the	 direct	

selection	strategy	for	the	selection	of	Nanobodies	that	bind	Roco4	N+LRR	(figure	4.11).	

	

Figure	 4.11:	 Selecting	Nanobodies	 that	 bind	 the	 Roco4	N+LRR	 protein	 domain	 using	 a	 direct	 competition	

strategy.	The	direct	competition	strategy	consists	of	the	following	steps.	(a)	coating	of	the	antigen	in	a	96-well	

plate,	here	GST-tagged	Roco4	N+LRR	protein.	(b)	pre-incubation	of	the	Nanobody-expressing	phage	library	with	

an	excess	of	GST.	(c)	addition	of	the	pre-incubated	Nanobody-expressing	phage	library	to	the	well.	(d)	washing	

away	the	unbound	phages.	(e)	elution	of	the	phages	expressing	Nanobodies	that	bound	to	the	antigen.	

In	 the	 first	 selection	 round,	 the	 Nanobody-expressing	 phages	 were	 pre-incubated	 with	 a	

variety	of	GST	concentrations	ranging	from	0	to	180	µM	resulting	in	a	0	to	7200	molar	excess	

of	GST.	Although	the	number	of	phages	eluted	decreased	with	increasing	GST	concentrations,	

meaning	that	some	GST-binding	Nanobody-expressing	phages	were	washed	away,	this	is	only	

by	a	factor	of	10	when	comparing	pre-incubation	using	180	µM	GST	with	no	pre-incubation.	

Moreover,	this	decrease	was	similar	for	wells	coated	only	with	GST	suggesting	that	not	all	

GST-binding	 Nanobody-expressing	 phages	 were	 washed	 away.	 Since	 there	 was	 also	 no	

enrichment	of	the	eluted	phages	from	wells	coated	with	Roco4	N+LRR	protein	compared	to	

wells	 without	 antigen	 coated,	 we	 performed	 a	 second	 selection	 round	 with	 higher	 GST	

concentrations	(250	µM	up	to	1	mM)	for	direct	competition.		
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In	this	second	selection	round,	the	number	of	phages	eluted	from	wells	coated	with	only	GST	

decreases	to	a	higher	extent	than	from	wells	coated	with	GST-fused	Roco4	N+LRR	protein	

suggesting	that	the	direct	competition	strategy	indeed	eliminates,	at	least	partially,	phages	

expressing	Nanobodies	that	bind	to	GST.	This	decrease	was	the	strongest	when	using	500	µM	

GST.		

Since	 there	was	 again	 no	 significant	 enrichment	of	 phages	 eluted	 from	wells	 coated	with	

Roco4	 N+LRR	 protein	 compared	 to	 wells	 without	 antigen	 coated,	 a	 last	 selection	 round	

without	 direct	 competition	 was	 performed.	 Here,	 two	 different	 protein	 constructs	 were	

coated	for	selection:	the	Roco4	N+LRR	protein	(aa	1-347)	and	the	Roco4	N-terminus	alone	(aa	

1-254).	In	this	last	selection	round,	clear	enrichment	was	seen	in	the	wells	containing	Roco4	

N+LRR	compared	to	wells	with	no	antigen	bound.	Moreover,	more	phages	were	eluted	from	

the	well	coated	with	Roco4	N+LRR	then	from	the	well	coated	with	the	Roco4	N-terminus.	This	

was	expected	since	the	N-terminus	is	predicted	to	be	partially	unfolded	while	Nanobodies	are	

known	to	bind	folded	structural	epitopes.	

4.3.3 Sequencing	and	screening	for	Nanobodies	that	bind	the	Roco4	N+LRR	domain	

The	outputs	from	the	selection	rounds	were	used	to	set	up	a	screening	experiment.	46	clones	

were	picked	from	the	Nanobody-expressing	phage	library	resulting	from	the	well	coated	with	

Roco4	N+LRR	in	the	third	selection	round.	The	Nanobody	clones	were	sequenced	and	divided	

in	families	based	on	their	CDR3	region	(identical	length	and	>80%	sequence	identity).	Mixed	

colonies	were	excluded	for	the	initial	screening	experiment.	22	clones	were	non-mixed	and	

well-sequenced.	Sequence	alignment	of	these	clones	revealed	that	15	different	families	were	

present,	of	which	only	3	families	had	more	than	1	family	member	(supplementary	figure	4.3).	

Extracts	of	E.	coli	cells	expressing	the	different	Nanobodies	from	the	Roco4	N+LRR	selection	

were	finally	used	in	an	ELISA	to	screen	for	binding	to	the	Roco4	N+LRR	domain	and/or	the	

GST-tag	 of	 the	 protein.	 Unfortunately,	 all	 Nanobodies	 that	 showed	 binding	 to	 GST-fused	

Roco4	N+LRR	showed	high	preferential	interaction	with	free	GST	(figure	4.12).	This	suggests	

that	despite	the	high	family	diversity,	all	Nanobodies	interact	with	the	GST-tag	of	GST-fused	

Roco4	N+LRR.		
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Figure	 4.12:	 Extracts	 of	 E.	 coli	 cells	 expressing	 the	 Nanobody	 library	 from	 the	 GST-fused	 Roco4	 N+LRR	

selections	screened	for	binding	to	the	N+LRR	domain.	Single	colonies	were	screened	in	ELISA	for	binding	to	

GST-fused	Roco4	N+LRR	and	GST	alone.	
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4.4 Discussion	

In	 this	 work	 Dictyostelium	 discoideum	 Roco4	 protein	 is	 used	 as	 a	 model	 system	 for	 the	

challenging	protein	LRRK2,	of	which	mutations	in	the	encoding	gene	have	been	linked	to	PD.	

The	similar	domain	topology	and	high	sequence	identity	and	similarity,	make	Roco4	a	suitable	

candidate	 (Gilsbach	 et	 al.,	 2012).	 Our	 goal	 was	 to	 generate	 domain-specific	 Nanobodies	

against	the	protein	that	can	function	as	crystallization	chaperones	or	can	be	used	to	study	the	

in	vivo	localization	and	activation	of	Roco4	protein.	

The	different	available	domain	constructs	(Roco4	RocCORkinase,	kinase,	WD40	and	N+LRR)	

were	expressed	and	purified.	Despite	previous	and	current	optimizations,	protein	expression	

was	 low.	 Since	 for	 the	 RocCORkinase	 domain	 constructs,	 the	 protein	 was	 insoluble,	 this	

protein	wasn’t	used	for	immunization.	The	other	protein	domain	constructs	were	purified	via	

an	affinity	purification	using	the	GST-tag.	A	major	problem	was	the	cleavage	of	the	GST-tag	

after	affinity	purification.	Cleavage	efficiency	was	low	for	Roco4	N+LRR	and	WD40,	and	the	

protein	degraded	after	cleavage.	It	is	possible	that	the	GST-tag	functions	as	a	solubilizer	for	

these	 proteins.	Moreover,	 it	was	 difficult	 for	 all	 proteins	 to	 remove	 the	 cleaved	GST	 in	 a	

second	affinity	purification.	Finally,	it	was	decided	to	immunize	the	Roco4	N+LRR	and	Roco4	

WD40	fused	to	GST,	and	to	only	cleave	the	GST-tag	of	the	well-expressed	Roco4	kinase.		

The	 IgG	 serum	 titration	 after	 immunization	 revealed	 not	 only	 a	 strong	 immune	 response	

against	 the	 immunized	 constructs,	 but	 also	 against	 GST	 alone.	 For	 this	 reason,	 a	 direct	

competition	strategy	using	free	GST	was	developed.	Due	to	the	work	load,	this	method	was	

optimized	based	on	solely	one	protein	domain	construct.	Since	it	was	shown	that	the	Roco4	

N-terminus	is	crucial	for	protein	activity,	and	that	binding	of	the	LRR	domain	to	the	kinase	

domain	 inhibits	 Roco4	 kinase	 activity	 (unpublished	 results,	 Katharina	 Rosenbusch),	 this	

protein	domain	was	used.	

Despite	 the	 pre-incubation	 of	 the	 Nanobody-expressing	 phage	 library	 with	 free	 GST,	 all	

Nanobodies	that	were	screened	after	the	third	selection	round,	bound	to	GST-fused	Roco4	

N+LRR	protein,	but	showed	a	high	preferential	interaction	with	free	GST.	Although	it	can	be	

that	GST	is	coated	more	efficiently	than	GST-fused	Roco4	N+LRR,	one	would	expect	to	find	

some	Nanobodies	that	bind	to	the	N-terminus	or	the	LRR	domain	of	immunized	antigen	and	

not	to	the	GST-tag	of	the	protein.		
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An	alternate	selection	strategy	might	provide	domain-specific	binders.	Instead	of	solid	phase	

coating,	the	antigen	can	be	captured	or	immobilized	in	a	different	way.	This	could	influence	

the	 integrity	 or	 homogeneity	of	 the	 antigen.	 Two	 frequently	 used	 alternate	methods,	 are	

capturing	the	protein	with	an	immobilized	monoclonal	antibody	that	recognizes	the	protein	

tag,	or	biotinylation	of	the	antigen,	allowing	it	to	be	captured	on	a	NeutrAvidin-coated	well	

(Pardon	 et	 al.,	 2014).	 In	 this	 regard,	 biotinylation	 of	 Roco4	 N+LRR	 and	 WD40	 was	

unsuccessful,	so	monoclonal	antibodies	could	be	a	last	immobilization	option.	Also,	alternate	

blocking	agents	such	as	BSA	or	higher	concentrations	of	milk	protein	could	be	helpful	to	avoid	

aspecific	binding	of	the	phages	(seen	by	the	high	background	of	the	negative	control	wells).		

Although	changing	the	Nanobody	selection	strategy	might	prove	useful	in	the	future,	it	looks	

like	the	immunization	is	completely	biased	by	GST.	Therefore,	a	new	immunization	(or	at	least	

selection)	 with	 pure	 protein,	 free	 of	 GST,	 would	 be	 the	 best	 option.	 Since	 the	 protein	

constructs	 only	 expressed	 in	 E.	 coli	 competent	 cells	 with	 the	 DNA	 constructs	 cloned	 in	

pGex4T-1	plasmids	(Richard	Pots,	Department	of	Cell	Biochemistry,	University	of	Groningen),	

it	 might	 be	 worth	 looking	 at	 different	 expression	 systems	 and	 changing	 the	 domain	

boundaries	of	the	constructs.	
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4.5 Material	and	methods	

4.5.1 Protein	expression		

The	 DNA	 fragments	 coding	 for	 the	 domain	 constructs	 of	 DdRoco4	 (N+LRR:	 aa	 1-347;	

RocCORkinase:	aa	336-1292;	RocCORkinase:	aa	343-1292;	kinase:	aa	1018-1292;	WD40:	aa	

1293-1726)	were	cloned	in	pGex4T-1	plasmids	with	an	N-terminal	GST-tag.	The	plasmids	were	

transformed	to	E.	coli	BL21(DE3)	cells.	Cells	were	grown	in	Terrific	Broth	medium	with	100	µg	

ml-1	ampicillin	at	37°C.	When	an	optical	density	at	600	nm	(OD600)	of	0.7	was	reached,	the	

temperature	was	 lowered	 to	 20°C	 and	 cells	 were	 induced	 overnight	with	 0.1	mM	b-D-1-

thiogalactopyranoside	(IPTG).	For	the	RocCORkinase	construct,	the	temperature	was	lowered	

to	18°C	for	a	4h	induction.	The	cells	were	then	harvested	via	centrifugation	(10	min.,	5000	

rpm,	4°C)	and	resuspended	in	lysis	buffer:	30	mM	Tris	pH	7.5,	0.1	mM	AEBSF,	150	mM	NaCl,	

1	µg/ml	 leupeptin,	5	mM	MgCl2,	50	µg/ml	DNase,	3	mM	DTT,	5%	glycerol.	 For	 the	Roco4	

N+LRR	and	WD40	domain	constructs	1%	Empigen	BB	(Sigma	Aldrich)	was	added.		

4.5.2 Protein	purification		

4.5.2.1 Cell	lysis	and	affinity	purification	

Cells	were	 lysed	 in	 lysis	buffer	using	a	cell	disruptor	 (20	kPsi,	4°C).	Following	cell	 lysis,	 the	

soluble	protein-containing	fraction	was	separated	from	the	cell	debris	using	centrifugation	

(45	min.,	18000	rpm,	4°C).	Next,	an	affinity	purification	using	the	GST-tag	was	performed.	The	

supernatant	was	added	to	glutathione	sepharose	resin	equilibrated	with	buffer	A	(30	mM	Tris	

pH	7.5,	150	mM	NaCl,	5	mM	MgCl2,	3	mM	DTT,	5%	glycerol).	The	resin	was	washed	intensively	

using	consecutively	buffer	A,	buffer	B	(buffer	A	supplemented	with	1	mM	ATP	and	350	mM	

KCl)	 and	 again	 buffer	 A.	 Subsequently,	 the	 protein	 was	 eluted	 using	 buffer	 C	 (buffer	 A	

supplemented	with	20	mM	reduced	glutathione,	pH	adjusted	to	7.5).	For	Roco4	N+LRR	and	

WD40	1%	Empigen	BB	(Sigma	Aldrich)	was	added	to	all	purification	buffers.	For	Roco4	kinase,	

the	affinity	purification	was	performed	in	the	presence	of	1	mM	ATP.	

4.5.2.2 Removal	of	the	GST-fusion	tag	

For	 the	Roco4	kinase	domain	 construct,	 the	GST-tag	of	 the	GST-fused	kinase	was	 cleaved	

using	TEV	protease	and	removed	via	a	second	affinity	purification.	Therefore,	the	GST-fused	

kinase	was	 dialysed	 to	 buffer	 A	 after	 the	 first	 affinity	 purification.	 Next,	 the	GST-tag	was	
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cleaved	by	 incubating	1	mg	TEV	protease	per	5	mg	protein	 for	2	hrs,	 followed	by	another	

incubation	of	1	mg	TEV	protease	per	10	mg	protein	overnight.	A	second	affinity	purification	

was	 then	 performed	 (same	 method	 as	 4.5.2.1)	 where	 the	 cleaved	 soluble	 protein	 was	

collected	in	the	wash	fraction.	

4.5.2.3 Size-exclusion	chromatography	

After	 affinity	 purification,	 the	 eluted	 protein	 was	 concentrated	 and	 finally	 loaded	 on	 a	

Superdex75	(Roco4	kinase)	or	200	(Roco4	RocCORkinase/N+LRR/WD40)	column,	equilibrated	

with	30	mM	Tris	pH	7.5,	150	mM	NaCl,	5	mM	MgCl2,	3	mM	DTT,	5%	glycerol.	For	the	Roco4	

N+LRR	and	WD40	domain	constructs	1%	Empigen	BB	was	added.	The	 fractions	containing	

soluble	protein	were	then	concentrated	and	stored	at	-80°C.		

4.5.3 Immunization	

Roco4	N+LRR,	WD40	 and	 kinase	 protein	were	 immunized	 by	 Els	 Pardon	 according	 to	 the	

protocol	of	Pardon	et	al.,	2014.	In	short,	a	llama	was	immunized	simultaneously	with	the	three	

constructs	on	a	weekly	basis	for	six	consecutive	weeks.	In	the	first	week,	200	µg	of	protein	

was	injected,	followed	by	100	µg	injections	the	next	five	weeks.	In	week	one,	three	and	five,	

GERBU	immunostimulating	adjuvant	was	mixed	with	the	protein.	In	week	four	and	six,	this	

adjuvant	was	injected	separately.	Four	days	after	the	final	injection,	a	100	ml	blood	sample	

was	taken.		

4.5.4 IgG	serum	titration	

The	immune	response	of	the	llama	against	Roco4	N+LRR,	Roco4	WD40,	Roco4	kinase	and	free	

GST,	was	measured	via	an	IgG	serum	titration.	100	µl	of	1	µg/ml	antigen	in	coating	buffer	

(8.43	 g/l	 NaHCO3	 pH	 8.2)	 was	 used	 to	 coat	 individual	 wells	 of	 a	 96-well	 Maxisorp	 plate	

overnight	at	4°C.	The	wells,	coated	with	antigen,	were	afterwards	blocked	overnight	at	4°C	

with	4%	milk	protein	in	PBS.	Next,	a	1/4	serial	dilution	of	serum	in	0.4%	milk	PBS	(starting	

from	1/200)	was	made	of	which	100	µl	of	the	diluted	serum	was	added	to	the	wells	for	1h.	

Finally,	 each	well	was	 incubated	 for	 1h	with	 100	µl	 of	 1/1000	diluted	 goat	 anti-llama-IgG	

conjugated	to	horseradish	peroxidase	followed	by	colour	development	using	ABTS	and	H2O2.	

In	between	each	incubation	step,	the	wells	were	washed	five	times	with	0.05%	Tween20	in	

PBS.		
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4.5.5 Nanobody	phage	library	generation	

The	Nanobody	phage	library	was	generated	by	Alison	Lundqvist	according	to	the	protocol	of		

Pardon	et	al.,	2014.	In	short,	peripheral	blood	lymphocytes	were	purified	from	the	collected	

blood	 samples.	 The	 total	 RNA	 was	 isolated	 via	 a	 liquid-liquid	 extraction	 and	 ethanol	

precipitation,	followed	by	cDNA	synthesis	using	dN6	random	primers.	The	variable	domains	

of	 all	 immunoglobulin	 heavy	 chains	 (VH	 and	 VHH)	 were	 PCR	 amplified	 via	 gene-specific	

primers.	The	PCR	products	were	separated	by	gel	electrophoresis	and	the	VHH	PCR	fragments	

were	 gel-purified.	 Using	 a	 nested	 PCR,	 the	 Nanobody-encoding	 sequences	 were	 then	 re-

amplified	and	cloned	in	the	phage	display	vector	pMesy4	via	a	classical	restriction	cloning,	

before	transformation	to	the	TG1	amber	codon	suppressor	strain.	In	this	way,	immune	library	

150	was	generated.		

4.5.6 Nanobody	selections	via	phage	display	

Before	every	selection	round,	the	immune	library	was	transformed	to	fresh	E.	coli	TG1	cells	

and	 VSCM13	 helper	 phages	 were	 added.	 In	 this	 way,	 Nanobody-expressing	 phages	 were	

generated	and	subsequently	purified	using	consecutive	centrifugation	steps	(Pardon	et	al.,	

2014).	This	Nanobody	phage	library	was	then	used	for	selection.		

In	 general,	 every	 selection	 round	 consisted	of	 the	 following	 steps.	 First,	 0.2	µg	GST-fused	

Roco4	N+LRR	was	coated	in	nonadjacent	wells	of	a	96-well	Maxisorp	plate.	After	an	overnight	

incubation	at	4°C	and	5	washing	steps	(with	buffer:	30	mM	Hepes	pH	7.5,	150	mM	NaCl,	5	

mM	MgCl2	and	5%	glycerol),	the	wells	were	then	blocked	using	2%	commercial	milk	powder	

in	buffer.	The	wells	were	incubated	for	2h	at	4°C	and	washed	5	times	with	buffer.	Then	the	

Nanobody-expressing	phage	 library	was	added	 for	a	2h	 incubation	at	4°C.	The	wells	were	

washed	10	times	and	finally	the	bound	phages	were	eluted	using	trypsin	digestion.	The	eluted	

phages	 were	 rescued	 by	 infecting	 TG1	 cells	 and	 an	 output	 titration	 was	 performed	 to	

determine	enrichment.	Glycerol	stocks	were	prepared	of	the	sublibraries.	Specific	details	for	

each	selection	round	are	given	below.	

4.5.6.1 Selection	round	I	

In	the	first	selection	round,	the	phage	library	was	pre-incubated	with	0,	40,	100	or	180	µM	

GST	and	the	pre-incubated	sublibraries	were	added	to	non-adjacent	wells	coated	with	either	
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GST-fused	Roco4	N+LRR	or	GST	alone	(as	a	control).	Finally,	as	a	negative	control,	sublibraries	

containing	phages	pre-incubated	with	180	µM	GST	or	not	pre-incubated,	were	added	to	wells	

without	antigen	coated.		

4.5.6.2 Selection	round	II	

The	Nanobody-expressing	phages	eluted	from	the	well	coated	with	GST-fused	Roco4	N+LRR,	

to	 which	 phages	 were	 added	 pre-incubated	 with	 180	µM	GST,	 were	 used	 in	 the	 second	

selection	round.	Here	as	well,	the	phage	library	was	pre-incubated	with	0,	250	µM,	500	µM	

or	1	mM	GST	and	the	pre-incubated	sublibraries	were	added	to	non-adjacent	wells	coated	

with	either	GST-fused	Roco4	N+LRR	or	GST	alone	(as	a	control).	Finally,	as	a	negative	control,	

sublibraries	 containing	 phages	 pre-incubated	with	 1	mM	GST	 or	 not	 pre-incubated,	were	

added	to	wells	without	antigen	coated.		

4.5.6.3 Selection	round	III	

In	the	third	selection	round,	the	Nanobody-expressing	phages	eluted	from	the	well	coated	

with	GST-fused	Roco4	N+LRR,	to	which	phages	were	added	pre-incubated	with	500	µM	GST,	

were	used	as	input	library.	Non-adjacent	wells	were	coated	with	GST-fused	Roco4	N+LRR	or	

GST-fused	Roco4	N-terminus	(aa	1-254)	and	the	wells	were	blocked	with	4%	commercial	milk	

powder	in	buffer.	As	a	negative	control,	the	input	library	was	added	to	a	well	without	antigen	

coated.	

4.5.7 ELISA	screening	of	Nanobodies		

After	the	third	selection	round,	TG1	cells	were	 infected	with	Nanobody-expressing	phages	

and	individual	clones	were	picked	and	sequenced.	To	produce	crude	extracts	of	each	clone,	

clones	were	then	grown	in	96-well	deepwell	plates,	Nanobody	expression	was	induced	with	

IPTG	and	the	cells	were	broken	using	a	 freeze-thaw	cycle	 (Pardon	et	al.,	2014).	The	crude	

extracts	containing	Nanobodies	were	then	screened	for	binding	to	GST-fused	Roco4	N+LRR	

and	GST	alone.	0.2	µg	antigen	was	coated	in	the	wells	of	a	96-well	Maxisorp	plate.	After	an	

overnight	incubation,	followed	by	5	washing	steps,	the	wells	were	blocked	overnight	with	4%	

milk	protein	in	buffer.	The	wells	were	washed	5	times	and	the	crude	extracts	were	added	for	

a	2h	 incubation.	After	washing	the	wells,	 the	Nanobodies	 that	bound	to	the	antigen	were	

detected	using	mouse	 anti-his	 antibody.	 Colour	 development	was	 obtained	by	 incubation	
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with	 goat	 anti-mouse	 antibody	 coupled	 to	 alkaline	phosphatase.	 4-nitrophenyl	 phosphate	

disodium	salt	hexahydrate	(DNPP)	was	added	as	substrate.	Each	clone	was	also	screened	in	a	

well	with	no	antigen	coated	that	served	as	a	negative	control.		
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4.6 Supplementary	
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Supplementary	figure	4.1:	Expression	test	of	the	Roco4	RocCORkinase	domain	construct	(aa	336-1292)	after	

transformation	to	BL21(DE3)	cells.	Cells	were	grown	in	TB	medium	at	37°C-30°C-25°C	until	an	OD600	of	0.6-1-2	

(overnight)	was	reached.	Cells	were	then	induced	with	50-100	µM	IPTG	for	1-2-4h.	The	cell	debris	was	separated	

from	 the	 soluble	 protein	 by	 centrifugation.	 NO:	 no	 induction;	 SN:	 supernatant;	 P:	 pellet.	Molecular	 weight	

marker:	Pageruler	prestained	marker.	Expected	molecular	weight	of	Roco4	RocCORkinase:	136	kDa.	
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Supplementary	figure	4.2:	Conditions	tested	for	the	cleavage	of	the	GST-tag	of	GST-fused	Roco4	N+LRR	protein	

(small-scale).	 Three	 cleavage	 buffers	 (buffer	 A,	 buffer	 A	 supplemented	 with	 10%	 glycerol	 and	 buffer	 A	

supplemented	with	500	mM	NaCl)	and	two	proteases	(thrombin	and	TEV	protease)	were	tested.	For	thrombin	

cleavage	2.5	mM	CaCl2	was	added	to	the	buffer.	Conditions:	(1)	no	protease	added	to	the	protein:	supernatant	

(SN),	(2)	no	protease	added	to	the	protein:	pellet	(P),	(3)	5	units	thrombin/mg	protein	added:	SN,	(4)	5	units	

thrombin/mg	protein	added:	P,	(5)	1	mg	TEV	protease/10	mg	protein	added:	SN,	(6)	1	mg	TEV	protease/10	mg	

protein	added:	P.		
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Supplementary	figure	4.3:	Nanobody	sequence	alignment.	Protein	sequence	alignment	of	Nanobody	clones	

picked	up	from	selections	using	Roco4	N+LRR	as	antigen.		
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5 Conclusion:	The	unconventional	GTPase	cycle	of	Roco	proteins	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

	

	

	

This	chapter	in	combination	with	part	of	the	introductory	chapter	is	pending	publication	as	

an	 invited	 review	 in	 the	 special	 issue	 “Small	 GTPases”	 of	 the	 International	 Journal	 of	

Molecular	Sciences.		

Lina	Wauters,	Wim	Versées,	Arjan	Kortholt.		

LW,	WV	and	AK	wrote	and	edited	the	manuscript.		
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5.1 Abstract	

Mutations	in	Leucine-Rich	Repeat	Kinase	2	(LRRK2)	were	found	to	be	the	most	frequent	cause	

of	 genetically	 inherited	 Parkinson’s	 Disease	 (PD),	 the	 second	 most	 common	 neurological	

disorder.	LRRK2	is	a	large,	multi-domain	protein	belonging	to	the	Roco	protein	family,	a	family	

of	 GTPases	 characterized	 by	 a	 central	 RocCOR	 domain	 tandem.	 Despite	 the	 progress	 in	

characterizing	 the	 GTPase	 function	 of	 Roco	 proteins,	 there	 is	 still	 an	 ongoing	 debate	

concerning	the	working	mechanism	of	Roco	proteins	in	general,	and	LRRK2	in	particular.	In	

this	concluding	chapter,	we	combine	the	novel	biochemical	data	on	the	GTPase	function	of	

the	central	RocCOR	domain	tandem	of	Roco	proteins	that	is	described	in	this	thesis,	with	the	

recent	 discoveries	 in	 the	 LRRK2	 field.	 We	 discuss	 the	 previously	 proposed	 working	

mechanisms	of	Roco	proteins	and	finally	propose	a	new	working	model	for	Roco	proteins	and	

LRRK2.	 	
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5.2 Introduction	

In	 2002,	 Goldberg	 et	 al.	 identified	 4	 cGMP-binding	 proteins	 (GbpA-D)	 in	 the	 amoeba	

Dictyostelium	 discoideum	 (D.	 discoideum)	 with	 a	 unique	 domain	 architecture	 including	

Leucine-Rich	Repeats	(LRR),	a	Ras-like	domain	and	a	kinase	domain	(Goldberg	et	al.,	2002).	

Subsequently,	 in	2003,	Bosgraaf	and	Van	Haastert	 identified	several	other	proteins	with	a	

similar	 domain	 architecture.	 The	 Ras	 domains	 of	 these	 proteins	 clearly	 differ	 from	 other	

members	 of	 the	 Ras	 superfamily	 and	 were	 named	 Roc,	 after	 Ras	 Of	 Complex	 proteins.	

Furthermore,	in	all	proteins	this	Roc	domain	was	proceeded	by	a	COR	domain.	In	this	way,	

the	Roco	protein	family	of	G-proteins	was	born,	characterized	by	a	RocCOR	domain	tandem	

responsible	for	GTP	binding	and	hydrolysis	(Bosgraaf	and	Van	Haastert,	2003;	Marín	et	al.,	

2008).	The	most	studied	member	of	this	Roco	protein	family	is	human	LRRK2.	LRRK2	is	a	very	

large	multi-domain	protein	harbouring	both	GTPase	and	kinase	activity.	Since	mutations	in	

LRRK2	have	been	linked	to	PD,	the	Roco	protein	family	raised	general	interest.	

In	this	PhD	thesis,	we	focused	on	the	GTPase	function	of	the	central	RocCOR	domain	tandem	

of	 Roco	 proteins.	 In	 this	 concluding	 chapter,	 we	 provide	 detailed	 insights	 in	 the	 ongoing	

debate	concerning	the	working	mechanism	of	the	RocCOR	module	and	finally	propose	a	new	

working	hypothesis	for	Roco	proteins	in	general,	and	LRRK2	in	particular.	For	more	detailed	

information	concerning	the	kinase	structure	and	function	of	Roco	proteins	we	would	like	to	

refer	to	Alessi	and	Sammler,	2018;	Gilsbach	et	al.,	2012,	2018.	
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5.3 Roco	proteins:	conventional	G-proteins	or	G-proteins	activated	by	dimerization?	

The	exact	GTPase	mechanism	of	Roco	proteins	still	forms	the	subject	of	debate	due	to	the	

lack	of	structural	information	on	the	active	GTP-bound	conformation.	So	far,	two	potential	

working	mechanisms	have	been	put	forward.	On	the	one	hand,	Roco	proteins	were	proposed	

to	function	as	conventional	G-proteins,	cycling	between	a	GDP-	and	GTP-bound	state	with	the	

aid	of	Guanine	Nucleotide	Exchange	Factors	(GEFs),	that	lower	the	nucleotide	affinity	making	

nucleotide	dissociation	possible,	and	GTPase	Activating	Proteins	(GAPs),	which	increase	the	

rate	of	GTP	hydrolysis.		

In	support	of	the	conventional	G-protein	theory,	some	possible	GEFs	and	GAPs	have	been	

reported	 for	 LRRK2	 (Nixon-Abell	 et	 al.,	 2016b).	 Rho	 guanine	 nucleotide	 exchange	 factor	

ARHGEF7	was	shown	to	interact	and	partially	co-localize	with	LRRK2	 in	vitro	and	 in	vivo.	 It	

enhances	the	exchange	of	GDP	for	GTP	and	in	this	way,	might	function	as	a	GEF	for	the	GTPase	

activity	of	LRRK2.	It	should	however	be	noted	that	ARHGEF7	does	not	bind	directly	to	the	Roc	

domain	of	LRRK2,	unlike	conventional	GEFs.	Strikingly,	ARHGEF7	is	also	an	in	vitro	substrate	

of	LRRK2	phosphorylation	(Haebig	et	al.,	2010;	Nguyen	and	Moore,	2017).		

Two	potential	LRRK2	GAPs	were	identified	as	well:	ArfGAP1	and	RGS2	(Stafa	et	al.,	2012;	Xiong	

et	al.,	2012b).	The	ArfGAP1-LRRK2	 interaction	has	been	demonstrated	both	 in	vitro	and	 in	

vivo	 in	 brain	 tissue	 (Stafa	et	 al.,	 2012).	 Binding	of	ArfGAP1	has	 no	 effect	 on	 LRRK2’s	GTP	

binding	capacity,	but	mediates	LRRK2	toxicity	by	increasing	the	GTP	hydrolysis	rate.	However,	

ArfGAP1	binds	 LRRK2	 primarily	 via	 the	WD40	 and	 kinase	 domain	 (Xiong	et	 al.,	 2012a).	 In	

accordance,	LRRK2	has	been	shown	to	phosphorylate	ArfGAP1.	Studies	concerning	the	effect	

of	 ArfGAP1	 on	 LRRK2	 kinase	 activity	 and	 the	 other	 way	 around,	 have	 however	 given	

controversial	 results.	Also,	 the	 role	of	phosphorylation	of	ArfGAP1	 is	unclear	 (Stafa	et	al.,	

2012;	Xiong	et	al.,	2012a).	In	2014,	Dusonchet	et	al.	identified	a	second	possible	LRRK2	GAP,	

named	 RGS2.	 RGS	 proteins	 were	 originally	 identified	 as	 regulators	 of	 GPCR-mediated	

signalling.	 However,	 using	 in	 silico	 screening,	 RGS2	 was	 also	 found	 to	 regulate	 LRRK2	

functioning	via	 its	catalytic	GAP	domain.	 It	 increases	the	GTPase	activity	of	LRRK2	 in	vitro.	

Surprisingly,	independent	of	its	influence	on	the	GTPase	activity,	RGS2	was	shown	to	have	an	

inhibitory	effect	on	LRRK2	kinase	activity	and	in	this	way	controls	neurite	length.	RGS2	is	also	

a	substrate	for	phosphorylation	by	LRRK2	in	vitro.	Future	studies	are	needed	to	investigate	

whether	RGS2	is	also	a	substrate	of	LRRK2	in	vivo	and	whether	RGS2	is	a	physiological	GAP	
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for	LRRK2	 in	vivo,	or	mediates	its	function	via	another	mechanism	(Dusonchet	et	al.,	2014;	

Nguyen	 and	 Moore,	 2017).	 In	 fact,	 for	 all	 LRRK2	 GEFs	 and	 GAPs	 reported,	 their	 direct	

interaction	 with	 the	 LRRK2	 Roc	 domain	 is	 still	 not	 proven.	 Hence,	 ARHGEF7,	 RGS2	 and	

ArfGAP1	could	modulate	the	GTPase	activity	of	LRRK2,	but	most	likely	function	in	a	manner	

distinct	from	classical	GEFs	and	GAPs	(Nixon-Abell	et	al.,	2016b).	

On	 the	 other	 hand,	 Roco	 proteins	were	 proposed	 to	 function	 as	 G-proteins	 Activated	 by	

Dimerization	(GADs).	Upon	binding	of	GTP,	the	G-domains	of	GADs	dimerize	and	complement	

each	other’s	 active	 site,	making	 them	not	 strictly	 dependent	 on	GAPs	 for	GTP	hydrolysis.	

Moreover,	GADs	typically	have	low	micromolar	nucleotide	affinities,	making	GEFs	obsolete.	

The	GAD	model	 for	 the	 Roco	 protein	 family	 including	 LRRK2	 is	 supported	 by	 the	 dimeric	

nature	of	several	prokaryotic	Roco	proteins	(Gasper	et	al.,	2009;	Gotthardt	et	al.,	2008;	Nixon-

Abell	et	al.,	2016a;	Terheyden	et	al.,	2015).	Moreover,	we	determined	the	nucleotide	binding	

affinities	of	several	prokaryotic	Roco	proteins	(chapter	3).	As	was	previously	suggested	using	

Roc	and	RocCOR	domain	constructs	(Gotthardt	et	al.,	2008;	Terheyden	et	al.,	2015),	we	have	

now	shown	that	full	length	prokaryotic	Roco	proteins	have	a	low,	micromolar	affinity	for	GDP	

(9	–	55	µM)	associated	with	fast	GDP	dissociation	rates	(12.8	–	230	min-1)	(chapter	3).	This	is	

in	 line	 with	 the	 reported	 affinity	 of	 the	 human	 LRRK2	 Roc	 domain	 for	 GTP	 and	 GDP	 of	

respectively	7.85	and	0.47	µM	(Liao	et	al.,	2014).	Based	on	these	studies	it	can	be	concluded	

that	despite	the	previously	proposed	GEF	ARHGEF7	(Haebig	et	al.,	2010;	Nguyen	and	Moore,	

2017),	GEFs	are	not	strictly	necessary	for	the	functioning	of	Roco	proteins.	

The	in	vitro	GTP	hydrolysis	rate	of	Roco	proteins	(0.06	–	0.5	min-1)	(chapter	3)	lies	well	within	

the	range	of	the	basal	activity	of	GADs,	like	MnmE	(0.33	min-1),	as	well	as	the	intrinsic	GTP	

hydrolysis	activity	of	conventional	G-proteins	such	as	Ras	(0.03	min-1)	(Meyer	et	al.,	2009a;	

Schweins	et	al.,	1995).	Whereas	the	basal	activity	of	Ras	is	stimulated	up	to	300-600	min-1	by	

RasGAP,	the	GTP	hydrolysis	rate	of	MnmE	increases	up	to	9.3	min-1	upon	interaction	with	K+	

ions	 and	 its	 interaction	 partner	MnmG	 (Meyer	 et	 al.,	 2009b).	 It	 is	 thus	 possible	 that	 the	

moderate	GTPase	activity	of	Roco	proteins	is	indeed	triggered	by	interaction	with	cofactors,	

including	RGS2	and	ARFGAP1	(Biosa	et	al.,	2013;	Dusonchet	et	al.,	2014;	Xiong	et	al.,	2012b).		

At	first	sight	it	seems	that	in	absence	of	regulation	by	GEFs	and	GAPs,	GAD	proteins	would	

undergo	a	futile	cycle	and	thus	burn	GTP	in	vain.	Our	recent	data	suggest	that	Roco	proteins	
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might	 act	 as	 GTP	 sensors,	 where	 their	 GTPase	 activity	 and	 protein	 function	 would	 be	

regulated	by	the	cellular	GTP	concentration.	To	act	as	a	GTP	sensor,	proteins	need	to	be	able	

to	bind	and	hydrolyse	GTP,	convert	this	binding	and/or	hydrolysis	into	a	signal	influencing	the	

cellular	 function,	 and	 have	 a	 KM	 value	 in	 the	 physiological	 concentration	 range	 of	 the	

metabolite	allowing	them	to	respond	to	changes	in	GTP	concentration	(Sumita	et	al.,	2016).	

This	is	not	the	case	for	many	G-proteins,	since	both	their	Kd	and	KM	value	is	in	the	picomolar	

to	 nanomolar	 range.	 Since	 the	Michaelis-Menten	 constant	 of	 the	 GTPase	 reaction	 of	 full	

length	 Roco	 proteins	 lies	 in	 the	 micromolar	 range,	 Roco	 proteins	 might	 function	 as	 GTP	

sensors.	However,	future	research	is	clearly	needed	to	further	explore	this	potential	role	of	

Roco	proteins	(Liao	et	al.,	2014;	Rudi	et	al.,	2015).	
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5.4 Proposal	of	a	new	working	mechanism	for	Roco	proteins	

The	kinetic	data,	combined	with	the	dimeric	prokaryotic	RocCOR	protein	crystal	structures,	

argue	against	a	model	where	Roco	proteins	function	as	conventional	G-proteins.	Moreover,	

a	wide	variety	of	assays	such	as	tandem	affinity	purifications,	yeast	two-hybrid	assays,	pull	

downs,	co-immunoprecipitation,	size-exclusion	chromatography,	single-particle	transmission	

electron	microscopy	and	immunogold	labelling	using	cell	extracts	or	purified	LRRK2	confirmed	

a	dimeric	nature	of	LRRK2	under	many	circumstances	(Civiero	et	al.,	2012;	Gloeckner	et	al.,	

2006;	Greggio	et	al.,	2008;	Klein	et	al.,	2009).	Gel	 filtration	and	blue	native	gels	using	cell	

lysates	 showed	 that	 the	majority	 of	 the	 protein	was	 dimeric,	 with	 a	 small	 fraction	 being	

monomeric	or	forming	higher	oligomers	(Berger	et	al.,	2010;	Sen	et	al.,	2009).	Furthermore,	

it	was	shown	that	the	GTPase	activity	of	the	LRRK2	RocCORkinase	domain	construct	(kcat	=	0.8	

min-1;	KM	=	343	µM)	is	40	times	higher	compared	to	Roc	alone	(kcat	=	0.02	min-1;	KM	=	553	µM),	

suggesting	that	dimerization	of	LRRK2	indeed	increases	the	GTPase	activity	(Liao	et	al.,	2014;	

Rudi	et	al.,	2015).		

Despite	 these	 pieces	 of	 evidence	 that	 purified	 Roco	 proteins	 are	 mainly	 dimeric,	 cell	

fractionation	experiments	using	endogenous	or	exogenous	expressed	LRRK2,	revealed	that	

the	majority	of	LRRK2	in	cells	is	cytosolic	and	monomeric,	while	only	a	small	portion	of	dimeric	

LRRK2	is	localized	at	the	membrane.	The	membrane-associated	dimeric	LRRK2	shows	a	higher	

kinase	activity,	increased	GTP-binding	capacity	and	a	decrease	in	phosphorylation	(Berger	et	

al.,	2010;	Sen	et	al.,	2009).	Moreover,	the	first	study	in	living	cells,	using	confocal	and	total	

internal	 reflection	microscopy	 coupled	 to	 number	 and	 brightness	 analysis,	 confirmed	 the	

monomeric	 nature	 of	 LRRK2	 in	 the	 cytosol	 and	 the	 formation	 of	 higher	 oligomers	 in	 the	

plasma	membrane	 (Civiero	et	al.,	 2017;	 James	et	al.,	 2012).	Recent	work	by	our	 research	

groups	 further	 investigated	 the	oligomeric	state	of	Roco	proteins	during	GTP	hydrolysis	 in	

vitro.	By	combining	small-angle	X-ray	scattering,	size-exclusion	chromatography	coupled	to	

multi-angle	light	scattering,	sedimentation	velocity	analytical	ultracentrifugation,	native	mass	

spectrometry	 and	 electron	 microscopy	 it	 was	 shown	 that	 the	 Chlorobium	 tepidum	 Roco	

protein	(CtRoco)	is	mainly	monomeric	when	bound	to	GTP,	dimeric	in	its	nucleotide-free	state	

and	 that	 an	 intermediate	 state	 can	 be	 observed	 upon	 binding	 to	 GDP.	 These	 different	

oligomeric	states	are	also	observed	during	a	round	of	GTP	hydrolysis	and	form	an	integral	part	

of	the	GTP	hydrolysis	cycle	(Deyaert	et	al.,	2017).	In	parallel,	a	kinetic	characterization	of	full	
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length	CtRoco	has	demonstrated	that	neither	nucleotide	dissociation	nor	Pi	release	are	rate-

limiting,	but	that	GTP	hydrolysis	itself,	or	associated	conformational	changes	after	nucleotide	

binding	but	prior	to	product	release,	form	the	rate-limiting	step	in	the	GTP	hydrolysis	cycle	

(chapter	3).		

Based	 on	 these	 recent	 in	 vitro	 and	 in	 vivo	 results,	 a	 new	 working	 hypothesis	 for	 the	

mechanism	of	Roco	proteins	in	general,	and	LRRK2	in	particular,	can	be	proposed	(figure	5.1).	

GTP-bound	monomeric	LRRK2	is	uniformly	distributed	in	the	cytosol.	A	state	that	is	stabilized	

by	 14-3-3	 proteins	which	 bind	 to	 LRRK2	upon	phosphorylation	 of	 its	N-terminally	 located	

serine	residues	and	prevent	LRRK2	aggregation	 in	cytosolic	 inclusion	pools	 (Li	et	al.,	2011;	

Nichols	et	al.,	2010;	Rudenko	and	Cookson,	2010).	 In	 this	 state,	 the	kinase	 is	 inactive/less	

active	(Berger	et	al.,	2010).		

Inactive,	GDP-bound	Rab	proteins	are	bound	by	GDIs	in	the	cytosol.	Interaction	with	a	Rab-

Escort	 Protein	 (REP),	 facilitates	 prenylation	 of	 these	 Rab	 proteins	 by	 Rab	GGTases,	which	

results	in	detachment	of	GDIs	and	membrane-binding	(Berger	et	al.,	2010;	Liu	et	al.,	2018;	

Steger	et	al.,	2016).	Here,	the	aid	of	GEFs	results	in	a	rapid	exchange	of	GDP	for	GTP,	resulting	

in	GTP-bound	 Rab	 proteins	 at	 the	membrane	 in	 their	 active	 state.	 These	GTP-bound	 Rab	

proteins,	recruit	GTP-bound	LRRK2	to	the	membrane,	by	binding	to	the	N-terminus	of	LRRK2.	

This	 recruitment	has	 for	example	been	demonstrated	 for	Rab29,	which	binds	 the	Ankyrin	

domain	 of	 LRRK2	 and	 in	 this	 way,	 recruits	 the	 protein	 to	 the	 Golgi	 apparatus.	 Upon	

membrane-binding,	the	LRRK2	kinase	is	activated	and	phosphorylates	prenylated,	GTP-bound	

Rab	 proteins,	 as	 well	 as	 its	 own	 serine	 1292	 residue.	 This	 Rab	 phosphorylation	 hinders	

interaction	with	RabGAPs,	and	as	such,	slows	down	GTP	hydrolysis	of	Rab	proteins	(Liu	et	al.,	

2018;	Purlyte	et	al.,	2017).		

Meanwhile,	membrane-association	of	LRRK2	also	induces	LRRK2	GTP	hydrolysis,	which	could	

for	example	be	triggered	by	the	release	of	14-3-3	proteins,	conformational	changes	caused	

by	 lipid	binding,	a	 local	higher	protein	concentration	or	by	binding	of	a	membrane-bound	

GAP,	 although	 we	 can	 only	 speculate	 at	 this	 point.	 This	 step	 is	 followed	 by	 protein	

dimerization,	 resulting	 in	 a	 dimeric,	GDP-bound	 conformation	of	 LRRK2	at	 the	membrane	

(Deyaert	et	al.,	2017).	GDP	is	then	released	fast	from	LRRK2.	This	can	happen	concomitant	

with	or	after	protein	dimerization,	since	GDP-bound	CtRoco	was	found	to	be	in	an	equilibrium	

between	a	monomeric	and	dimeric	state.	Due	to	the	higher	cellular	GTP	concentration,	GTP	
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binds	fast	and	triggers	monomerization	combined	with	detachment	from	the	cell	membrane	

and	 return	 to	 the	cytosol	 (Deyaert	et	al.,	 2017).	This	 is	 visualized	 in	CtRoco	by	 the	higher	

prevalence	 of	 monomeric	 protein	 under	 multiple	 turnover	 conditions	 (with	 GTP	

concentrations	similar	to	the	concentrations	in	the	cytosol)	and	in	in	vitro	EM	measurements	

(Civiero	 et	 al.,	 2017;	 Deyaert	 et	 al.,	 2017;	 James	 et	 al.,	 2012).	 Although	 this	 working	

hypothesis	clearly	shows	new	insights,	it	still	contains	many	uncertainties.	Further	research	is	

therefore	needed	to	fill	the	remaining	gaps.	

	

	

Figure	5.1:	a	new	proposed	working	mechanism	for	LRRK2.	Cytosolic	GTP-bound	monomeric	protein	

is	recruited	to	the	cell	membrane	by	binding	to	GTP-bound	Rab	protein,	located	in	the	membrane,	to	

the	 N-terminus	 of	 LRRK2.	 At	 the	 cell	 membrane,	 the	 LRRK2	 kinase	 domain	 is	 activated	 and	 Rab	

proteins	are	phosphorylated.	Meanwhile,	GTP	is	hydrolysed	and	the	protein	dimerizes.	The	low	affinity	

of	LRRK2	for	GDP	then	leads	to	fast	GDP	release.	Due	to	the	higher	GTP	concentration	present	in	the	

cell,	this	results	in	fast	rebinding	of	GTP,	monomerization	of	LRRK2	and	return	to	the	cytosol.	

Mutations	 in	 the	 Roc	 and	 COR	 domain,	 linked	 to	 PD,	 cause	 a	 decreased	 GTPase	 activity	

although	the	effect	on	homodimerization	was	so	far	unclear	(Daniëls	et	al.,	2011;	Deng	et	al.,	

2008;	Guo	et	al.,	2007;	Klein	et	al.,	2009;	Liao	et	al.,	2014;	Mata	et	al.,	2005a,	2005b;	Sen	et	

al.,	 2009;	 Xiong	et	 al.,	 2010;	 Zimprich	et	 al.,	 2004).	We	 recently	 demonstrated	 that	 Roco	

proteins	need	to	cycle	between	a	monomeric	and	dimeric	state	during	GTP	hydrolysis	and	
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coupled	 a	 decrease	 in	 GTPase	 activity	 to	 a	 change	 in	 the	 monomer/dimer	 equilibrium	

(Deyaert	 et	 al.,	 2017).	 Introduction	 of	 a	 PD-related	 analogous	 mutation	 in	 the	 RocCOR	

interface	of	CtRoco	lowers	the	affinity	for	GTP,	stabilizes	the	dimer	interface	and	decreases	

the	GTPase	activity	by	slowing	down	all	on-enzyme	steps	prior	to	product	release.	A	recent	

study	by	Purlyte	et	al.	links	this	decreased	GTPase	activity	in	R1441G/C	and	Y1699C	mutant	

LRRK2	to	an	increased	kinase	activity,	since	mutant	LRRK2	stays	longer	in	 its	kinase	active,	

membrane-bound	conformation	(Purlyte	et	al.,	2017).	In	this	way,	our	research	groups	have	

provided	a	link	between	oligomerization,	GTP	hydrolysis	and	PD	(Deyaert	et	al.,	2017).		
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5.5 Perspectives	

Despite	the	tremendous	progress	of	the	last	decade	in	unravelling	the	functioning	of	Roco	

proteins,	 there	are	 still	 some	outstanding	questions	 that	 complicate	our	understanding	of	

their	 working	 mechanism.	 Although	 it	 has	 been	 shown	 that	 CtRoco	 switches	 between	 a	

monomeric	and	dimeric	state	during	GTP	hydrolysis,	the	function	and	structural	mechanism	

for	this	transition	remains	to	be	determined	(Deyaert	et	al.,	2017).	Moreover,	 it	 is	unclear	

whether	GTP	hydrolysis	and	protein	dimerization	coincide	or	are	actually	 coupled	 to	each	

other.	Furthermore,	further	research	is	necessary	to	confirm	that	a	similar	mechanism	holds	

true	 for	 LRRK2.	 Despite	 these	 uncertainties,	 the	 link	 between	 the	 imbalance	 in	

homodimerization	and	PD	creates	an	appealing	drug	target	(Deyaert	et	al.,	2017).		

Besides	 the	 RocCOR	 domain	 tandem,	 LRRK2	 also	 contains	 a	 kinase	 domain	 and	 several	

protein-protein	interaction	domains	(Greggio	et	al.,	2008).	Both	the	GTPase	and	the	kinase	

function	of	LRRK2	are	essential,	and	depend	on	each	other,	for	proper	functioning	(Greggio	

et	 al.,	 2008;	 Zimprich	et	 al.,	 2004).	 Further	 research	 is	 needed	 to	unravel	 how	 these	 two	

domains	 interact	 and	 how	 additional	 regulatory	 factors	 like	 phosphorylation,	 binding	 to	

effectors	 and	 cellular	 localization	 influence	 the	 protein’s	 functioning	 and	 oligomerization	

(Gandhi	et	al.,	2008;	Greggio	et	al.,	2006;	Guo	et	al.,	2007;	Liu	et	al.,	2016).	
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Summary	

The	Roco	proteins	constitute	a	family	of	G-proteins,	characterized	by	a	central	Roc	(Ras	of	

complex	proteins)	and	COR	(C-terminus	of	Roc)	domain	(Bosgraaf	and	Van	Haastert,	2003).	

Since	mutations	in	the	human	Roco	protein	Leucine-Rich	Repeat	Kinase	2	(LRRK2)	were	found	

to	 be	 the	most	 frequent	 cause	 of	 familial	 Parkinson’s	Disease	 (PD),	 the	 protein	 has	 been	

intensively	 studied	 (Paisán-Ruíz	et	al.,	2004;	Zimprich	et	al.,	2004).	 LRRK2	 is	a	 large	multi-

domain	protein	harbouring	both	GTPase	and	kinase	activity.	Despite	tremendous	research	

efforts,	and	the	discovery	of	several	LRRK2	interaction	partners	and	involved	pathways,	still	

many	 research	 questions	 remain	 unanswered.	 Over	 the	 last	 decade	 (Bosgraaf	 and	 Van	

Haastert,	2003)	the	dual	enzyme	activity	of	LRRK2	has	formed	a	major	research	topic.	PD-

related	mutations	have	been	found	throughout	the	protein	with	the	majority	of	the	mutations	

in	 its	catalytic	Roc-COR-kinase	domains	(Mata	et	al.,	2005a;	Monfrini	and	Di	Fonzo,	2017).	

Moreover,	these	mutations	have	been	found	to	cause	a	decreased	GTPase	and/or	increased	

kinase	activity.	 In	 this	PhD	 thesis,	we	 focus	on	 the	GTPase	activity	of	 the	RocCOR	domain	

tandem	of	Roco	proteins	from	prokaryotic	orthologues.	Via	this	work	we	hope	to	get	a	better	

understanding	of	the	activation	mechanism	of	human	LRRK2.	

The	past	years,	two	possible	working	mechanisms	for	the	Roco	GTPase	cycle	have	been	put	

forward	 (Nixon-Abell	 et	 al.,	 2016b).	 On	 the	 one	 hand,	 Roco	 proteins	 were	 classified	 as	

conventional	G-proteins.	These	proteins	have	high	nucleotide	affinities	and	an	 intrinsically	

slow	GTPase	activity,	which	leads	to	the	requirement	of	Guanine	nucleotide	Exchange	Factors	

(GEFs)	and	GTPase-Activating	Proteins	(GAPs)	to	switch	between	an	inactive	GDP-	and	active	

GTP-bound	state	(Bos	et	al.,	2007;	Bourne	et	al.,	1991).	In	this	respect,	several	GEFs	and	GAPs	

such	as	ARHGEF7,	RGS2	and	ArfGAP1,	have	been	identified	for	LRRK2	(Dusonchet	et	al.,	2014;	

Haebig	et	al.,	2010;	Nguyen	and	Moore,	2017;	Stafa	et	al.,	2012;	Xiong	et	al.,	2012a).	On	the	

other	 hand,	 a	 RocCOR	 crystal	 structure	 of	 the	 prokaryotic	 Roco	 protein	 from	Chlorobium	

tepidum	in	its	nucleotide-free	state,	reveals	a	dimeric	protein	structure	with	the	COR	domain	

functioning	as	a	dimerization	device	(Gotthardt	et	al.,	2008;	Terheyden	et	al.,	2015).	Based	

on	these	structures,	Roco	proteins	were	classified	as	G-proteins	Activated	by	Dimerization	

(GADs).	Unlike	conventional	G-proteins,	GADs	do	not	require	the	aid	of	GEFs	and	GAPs	but	

instead	their	G-domains	dimerize	upon	GTP	binding	and	in	this	way,	trigger	the	GTP	hydrolysis	
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reaction	(Gasper	et	al.,	2009).	The	exact	GTPase	mechanism	of	Roco	proteins	still	forms	the	

subject	 of	 debate	 due	 to	 the	 lack	 of	 structural	 information	 on	 the	 active	 GTP-bound	

conformation	of	Roco	proteins	and	detailed	functional/mechanistic	studies.	

In	this	work,	we	showed	that	Roco	proteins	do	not	function	as	conventional	G-proteins	nor	

as	 GADs,	 and	 proposed	 a	 different	 working	 mechanism.	 In	 chapter	 2,	 we	 showed	 that	

although	the	Roco	protein	from	Chlorobium	tepidum	is	indeed	dimeric	in	its	nucleotide-free	

state,	the	protein	monomerizes	upon	GTP	binding.	When	bound	to	GDP,	a	mix	of	both	states	

is	 observed.	 This	 GTP-induced	 monomerization	 occurs	 on	 a	 time	 scale	 relevant	 for	 GTP	

turnover	 and	 forms	 a	 characteristic	 feature	 of	 the	 GTP	 hydrolysis	 cycle.	 Whether	

monomerization	 and	 GTP	 hydrolysis	 coincide	 or	 are	 two	 uncoupled	 phenomena,	 needs	

further	investigation.		

In	chapter	3,	the	GTP	hydrolysis	mechanism	was	further	unravelled	via	the	biochemical	and	

kinetic	characterization	of	several	prokaryotic	Roco	proteins	and	human	LRRK2.	We	showed	

that	the	rate-limiting	step	in	the	GTP	hydrolysis	cycle	is	the	GTP	hydrolysis	itself	or	related	

conformational	 changes	occurring	during	or	after	nucleotide	binding,	but	prior	 to	product	

release.	Moreover,	we	confirm	that	Roco	proteins	do	not	need	the	aid	of	GEFs	for	nucleotide	

exchange,	due	to	their	low	micromolar	nucleotide	affinities.	Furthermore,	our	data	indicate	

that	Roco	proteins	have	a	moderate	in	vitro	GTP	hydrolysis	rate,	suggesting	that	the	GTPase	

activity	 in	 cells	 might	 need	 regulation	 by	 additional	 factors,	 including	 interaction	 with	

cofactors,	changes	in	cellular	localization	or	dimerization.		

In	chapter	4,	we	attempted	to	generate	Nanobodies	that	bind	the	different	domains	of	the	

Roco4	protein	from	Dictyostelium	discoideum.	These	Nanobodies	can	aid	in	the	crystallization	

process	and	in	vivo	 localization	of	this	model	system.	This	was	however	without	result	and	

needs	further	optimization.		

In	chapter	5	we	review	our	data	in	view	of	the	current	state	of	knowledge	regarding	LRRK2	

and	 Roco	 functioning	 to	 come	 to	 a	 new	working	 hypothesis…	 Phosphorylation	 of	 the	 N-

terminal	 serine	 residues	 of	 LRRK2,	 triggers	 binding	 of	 14-3-3	 proteins,	 keeping	 LRRK2	

uniformly	 distributed	 throughout	 the	 cytosol	 (Doggett	 et	 al.,	 2012;	 Nichols	 et	 al.,	 2010;	

Rudenko	and	Cookson,	2010).	In	this	state,	the	LRRK2	protein	is	presumably	monomeric,	GTP-

bound,	and	its	kinase	is	inactive.	By	binding	of	Rab	proteins	to	the	N-terminus	of	LRRK2,	LRRK2	
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is	recruited	to	the	cell	membrane	where	GTP	is	hydrolysed	(Cookson,	2016).	This	rate-limiting	

step	in	the	process	occurs	concomitant	with	protein	dimerization,	resulting	in	a	dimeric,	GDP-

bound	 conformation	of	 LRRK2	at	 the	membrane.	At	 the	membrane,	 the	 kinase	domain	 is	

activated	 and	 phosphorylates	 the	 Rab	 proteins	 (Berger	 et	 al.,	 2010;	 Steger	 et	 al.,	 2016).	

Meanwhile,	GDP	is	released	fast	from	LRRK2.	Due	to	the	higher	cellular	concentration	of	GTP,	

GTP	binds	and	triggers	monomerization	combined	with	return	to	the	cytosol.	This	monomeric	

state	of	LRRK2	in	the	cytosol	and	the	formation	of	higher	oligomers	in	the	plasma	membrane	

was	 also	 seen	 in	 the	 first	 study	 in	 living	 cells	 using	 confocal	 and	 total	 internal	 reflection	

microscopy	(Civiero	et	al.,	2017;	James	et	al.,	2012).	

In	 conclusion,	 this	work	provides	new	 insights	 in	 the	GTPase	working	mechanism	of	Roco	

proteins.	 It	 also	gives	 rise	 to	new	 research	 topics	 such	as	 the	 identification	of	possible	G-

protein	cycle	regulators	and	the	unravelling	of	the	significance	of	the	monomer/dimer	cycle.	
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Samenvatting	

De	 ziekte	 van	 Parkinson	 is	 de	 tweede	 meest	 voorkomende	 neurodegeneratieve	 ziekte,	

gekenmerkt	door	het	verlies	van	dopaminerge	neuronen	 in	de	hersenen.	Diagnose	van	de	

ziekte	 gebeurt	 voornamelijk	 op	 basis	 van	 klinische	 symptomen,	 met	 als	 meest	 gekende	

stijfheid,	beven,	posturale	instabiliteit	en	vertraagde	beweging.	Tot	op	heden	kan	de	ziekte	

niet	genezen	worden	en	is	enkel	symptoomverlichting	mogelijk.		

In	90%	van	de	gevallen	is	de	oorzaak	van	de	ziekte	van	Parkinson	onbekend,	al	werden	een	

aantal	omgevingsfactoren	zoals	blootstelling	aan	pesticiden	en	herbiciden	als	risicofactoren	

geïdentificeerd.	 In	 de	 andere	 gevallen,	 ligt	Mendeliaanse	 erfelijkheid	 aan	 de	 basis	 van	 de	

ziekte.	Mutaties	in	het	gen	coderend	voor	Leucine-Rich	Repeat	Kinase	2	(LRRK2)	vormen	de	

meest	 frequente	 oorzaak	 van	 de	 familiale	 vorm	 van	 de	 ziekte	 van	 Parkinson.	 Bovendien	

werden	 een	 aantal	 van	 deze	 mutaties	 ook	 geïdentificeerd	 als	 een	 risicofactor	 voor	 de	

sporadische	vorm	van	de	ziekte.	Het	ontrafelen	van	het	werkingsmechanisme	van	LRRK2	kan	

dan	ook	belangrijke	inzichten	bieden	in	het	onderzoek	naar	deze	neurodegeneratieve	ziekte.	

LRRK2	is	een	zeer	groot	eiwit	opgebouwd	uit	verschillende	domeinen,	dat	behoort	tot	de	Roco	

eiwitfamilie.	Deze	familie	is	gekarakteriseerd	door	een	centraal	Roc	en	COR	domein.	Het	Roc	

domein	is	verantwoordelijk	voor	de	binding	van	het	nucleotide	GTP	en	de	hydrolyse	ervan	tot	

GDP,	de	zogenaamde	GTPase	activiteit.	Het	COR	domein	speelt	dan	weer	een	belangrijke	rol	

in	de	dimerizatie	van	het	eiwit.	Ondanks	uitvoerig	onderzoek,	en	het	ontdekken	van	zowel	

verschillende	 LRRK2	 interactiepartners	 als	 betrokken	 pathways,	 blijven	 vele	

onderzoeksvragen	 onbeantwoord.	 Dit	 mede	 doordat	 LRRK2	 een	 moeilijk	 te	 onderzoeken	

eiwit	 is.	Daarom	werd	 in	deze	thesis	gebruik	gemaakt	van	homologe	Roco	eiwitten	om	de	

GTPase	functie	van	Roco	eiwitten	in	het	algemeen,	en	LRRK2	in	het	bijzonder,	te	bestuderen.	

In	het	eerste	hoofdstuk,	geef	ik	een	overzicht	van	de	literatuur	rond	het	onderwerp.		

In	het	tweede	hoofdstuk	hebben	we,	gebruik	makend	van	het	bacterieel	Chlorobium	tepidum	

Roco	 eiwit,	 aangetoond	 dat	 Roco	 eiwitten,	 en	 bijgevolg	 mogelijks	 ook	 LRRK2,	 circuleren	

tussen	een	dimerische	en	monomerische	toestand	bij	de	binding	en	hydrolyse	van	GTP.	Dit	

staat	 in	 contrast	 met	 de	 theorie	 dat	 Roco	 eiwitten	 zouden	 functioneren	 als	 G-eiwitten	

geactiveerd	door	dimerizatie,	die	steeds	een	dimerische	conformatie	aanhouden.	
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In	het	derde	hoofdstuk,	hebben	we	het	GTP	hydrolyse	mechanisme	van	verschillende	leden	

van	 de	 Roco	 eiwitfamilie	 verder	 ontrafeld	 door	 middel	 van	 biochemische	 en	 kinetische	

experimenten.	Zo	konden	we	onder	andere	aantonen	dat	Roco	eiwitten,	in	tegenstelling	tot	

klassieke	G-eiwitten,	nucleotide	affiniteiten	in	de	micromolaire	range	hebben,	en	zodoende	

geen	andere	eiwitten	nodig	hebben	om	nucleotiden	uit	te	wisselen.		

In	 het	 vierde	 hoofdstuk,	 trachtten	 we	 de	 verschillende	 domeinen	 van	 Roco	 eiwitten	 te	

kristalliseren	en	te	lokaliseren	door	middel	van	Nanobodies.	Jammer	genoeg,	leverde	dit	geen	

resultaten	op	en	is	hiervoor	verdere	optimalisatie	nodig.	

In	het	laatste	hoofdstuk,	hebben	we	een	nieuwe	werkingshypothese	voorgesteld	voor	Roco	

eiwitten	 in	het	algemeen	en	LRRK2	 in	het	bijzonder.	Hiertoe	combineerden	we	de	nieuwe	

data,	verkregen	in	deze	thesis,	met	de	huidige	kennis	in	de	literatuur.	Zo	genereert	dit	werk	

nieuwe	 waardevolle	 data	 in	 onze	 zoektocht	 naar	 het	 werkingsmechanisme	 van	 deze	

eiwitfamilie.	Bovendien	geeft	het	ook	aanleiding	tot	een	heleboel	nieuwe	onderzoeksvragen	

zoals	de	identificatie	van	mogelijke	regulators	voor	de	GTPase	cyclus,	alsook	het	nut	van	de	

monomerische	en	dimerische	toestand	van	Roco	eiwitten.	
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