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Activation	of	lipid	kinase	VPS34	by	Rab	GTPases	

Shirley	Tremel	

	

VPS34	is	a	lipid	kinase	that	uses	phosphatidylinositol	(PI)	as	a	substrate	to	produce	

the	signalling	lipid	phosphatidylinositol-3-phosphate	(PI(3)P).	In	the	cell,	VPS34	has	

to	 team	up	with	other	proteins	 in	order	to	 increase	 its	enzymatic	activity.	 It	 forms	

primarily	 two	 hetero-tetrameric	 complexes,	 complexes	 I	 and	 II,	 which	 act	 as	 key	

regulators	of	autophagy	and	endocytic	trafficking,	respectively.	Complex	I	consists	of	

VPS34,	VPS15,	Beclin	1	and	ATG14L,	whereas	complex	II	contains	UVRAG	instead	of	

ATG14L.	 VPS34	 complex	 activity	 is	 regulated	 by	 membrane	 properties	 and	 by	

members	of	the	Rab	family	of	small	G	proteins,	which	are	important	for	orchestrating	

intracellular	 vesicle	 sorting	 and	 transport.	 However,	 their	 detailed	 activation	

mechanisms	have	been	poorly	understood.		

Firstly,	we	found	that	high	curvature,	negative	charge,	lipid	unsaturation	and	

specific	 phosphoinositides	 activate	 both	 VPS34	 complexes.	 While	 the	 autophagic	

complex	I	relies	on	an	amphipathic	helix	in	ATG14L	for	membrane	association,	the	

endocytic	 complex	 II	 uses	mainly	 three	 aromatic	 loops	 in	 the	 Beclin	 1	 subunit	 to	

engage	with	membranes.	I	have	found	that	Rab	GTPases	act	as	specific	regulators	for	

each	 complex.	 While	 Rab5	 is	 a	 strong	 activator	 for	 endocytic	 complex	 II,	 Rab1	

specifically	 activates	 the	 autophagic	 complex	 I.	 To	 gain	 insight	 into	 the	 activation	

mechanism,	I	obtained	a	9.8	Å	resolution	structure	of	complex	II	bound	to	Rab5	on	

membranes,	using	electron	cryo-tomography	and	subtomogram	averaging.	Complex	

II	 is	 dynamic	 on	 membranes	 with	 only	 the	 UVRAG/Beclin	 1	 “adaptor	 arm”	

permanently	 contacting	 the	 outer	 leaflet	 of	 the	 lipid	 bilayer.	 In	 contrast,	 the	

VPS15/VPS34	“catalytic	arm”	hovers	over	the	membrane	and	 is	able	 to	 tilt	up	and	

down.	Rab5	binds	on	the	“adaptor	arm”	of	the	complex	to	a	tripartite	motif	made	of	

VPS34	 C2,	 VPS15	 WD40	 and	 FF	 domain.	 These	 interactions	 increase	 membrane	

recruitment	and	PI(3)P	production	of	complex	II	specifically	on	early	endosomes.		
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1 Introduction	

	

1.1 The	Rab	GTPase	family	
Eukaryotic	 cells	 contain	 a	 wealth	 of	 intracellular	 organelles	 surrounded	 by	

membranes.	 The	 membranes	 provide	 a	 barrier	 to	 create	 compartments	 with	

distinct	 properties	 and	 thereby	 separate	 different	 cellular	 functions.	 However,	

organelles	 still	 need	 to	 exchange	 substrates	 among	 each	 other.	 Thus,	 eukaryotic	

cells	have	evolved	an	intricate	and	tightly	controlled	vesicular	trafficking	system.	

On	the	one	hand,	vesicles	have	to	be	able	to	identify	their	target	membrane	in	order	

to	faithfully	deliver	their	cargo.	On	the	other	hand,	organelles	have	to	maintain	their	

identity	 and	 function,	 despite	 vesicles	 constantly	 budding	 and	 fusing	 in	 this	

network.	The	Rab	family	of	GTPases	are	key	players	in	this	process.	

	

1.1.1 Rab	GTPases	in	the	cell	

The	 superfamily	 of	 small	 GTPases	 encompasses	 the	 Rab,	 Ras,	 Rho,	 Ran	 and	 Arf	

families	(Colicelli,	2004;	Touchot	et	al.,	1987).	With	over	70	members,	Rab	GTPases	

('Ras-related	 in	brain')	 constitute	 the	 largest	of	 these	 families.	All	small	GTPases	

possess	a	conserved	fold	called	the	G-domain,	which	contains	sequence	motifs	for	

GTP	 and	 GDP	 binding	 and	 GTP	 hydrolysis	 (Vetter,	 2014).	 The	 sheer	 number	 of	

different	 Rab	 GTPases	 reflects	 the	 complexity	 of	 membrane	 transport	 among	

organelles.	Rab	GTPases	are	localised	to	distinct	membranes	in	the	cell	and	thereby	

help	 to	 confer	 organelle	 identity	 (Pfeffer,	 2013)	 .Some	 Rabs	 also	 share	 an	
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evolutionary	 ancestor	 and	 have	 overlapping	 functions	 and	 interaction	 partners	

(Klöpper	et	al.,	2012).	Rab	GTPases	are	involved	in	all	stages	of	vesicular	transport	

and	mediate	 vesicle	 budding,	 transport,	 tethering	 and	 fusion	 (Stenmark,	 2009).	

Figure	1–1	depicts	the	localisation	of	some	Rab	GTPase	family	members.		

	

	
Figure	1–1:	Cellular	localisation	of	Rab	GTPases	
Overview	of	Rab	GTPases	in	the	cellular	trafficking	pathways.	Figure	adapted	from	Stenmark,	
2009. 
	

Rab	GTPases	act	out	these	functions	because	of	their	switch-like	nature.	The	first	

crystal	structure	of	a	small	GTPase	was	solved	in	1995,	with	the	G-domain	of	the	

Ras	GTPase	Rap1A	bound	 to	 the	Ras-binding	domain	of	 the	protein	kinase	 c-Raf	

(Nassar	 et	 al.,	 1995).	 Since	 then,	 structures	 of	 other	 small	 GTPases	 have	 been	

determined,	including	a	plethora	of	Rab	GTPase	structures.		
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Figure	1–2:	Rab	GTPases	as	molecular	switches		
Crystal	structures	of	human	Rab5	in	its	“on”/GTP	(PDB:	1N6H)	and	“off”/GDP-bound	forms	
(PDB:	1TU4).	The	conserved	switch	1,	interswitch	and	switch	2	regions	are	shown	in	purple,	
orange	and	green,	respectively.	The	Mg2+	 ion	was	omitted	so	that	 the	nucleotide	 is	clearly	
visible.	The	unstructured	hypervariable	region	is	located	at	the	C-terminus	and	contains	the	
C-X-C	or	C-C	motif,	which	is	prenylated	for	membrane	insertion.	
	

The	 switch-like	 nature	 is	 conveyed	 by	 the	 conformations	 of	 three	 contiguous	

regions	 within	 the	 G-domain:	 the	 switch	 1/interswitch/switch	 2	 interface.	 This	

interface	has	conserved	residues	for	binding	the	guanine	base,	the	γ-phosphate	and	

the	 Mg2+	 ion.	 When	 GTP	 is	 bound,	 switches	 1	 and	 2	 are	 stabilised.	 Upon	 GTP	

hydrolysis	 to	 GDP	 and	 Pi,	 the	 fold	 of	 the	 switch	 regions	 becomes	 increasingly	

unstructured	(Pylypenko	et	al.,	2017).	Thus,	Rabs	are	considered	to	be	“on”	if	they	

are	bound	to	GTP	and	“off”	when	bound	to	GDP.	Figure	1–2	shows	the	GTP-	and	

GDP-bound	 structures	 of	 Rab5a.	 Rab5a	 undergoes	 a	 dramatic	 conformational	

change	upon	GTP	hydrolysis.	The	switch	1	loop	dislocates	by	~20	Å	and	the	switch	

2	helix	becomes	flexible	and	unstructured	(Zhu	et	al.,	2004).	Comparing	the	GDP-	

and	 GTP-bound	 conformations	 of	 several	 Rab	 GTPases,	 different	 degrees	 of	
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conformational	 changes	 are	 apparent.	 However,	 compared	 to	 the	 GTP-bound	

conformations,	 all	 GDP-bound	 structures	 share	 a	 high	 degree	 of	 flexibility	 and	

disorder	 in	 the	 switch	 regions	 (Pylypenko	et	 al.,	 2017).	Thus,	only	 the	 stabilised	

“on”/GTP	form	specifically	recruits	Rab	effector	proteins.	Rab	effectors	can	have	a	

variety	of	 functions	and	can	act	as	 tethers,	motors,	sorting	adaptors,	kinases	and	

phosphatases	(Gillingham	et	al.,	2014).	Rab	GTPases	also	have	an	unstructured	C-

terminus	called	the	hypervariable	domain	(HVD)	that	ends	in	a	C-X-C	or	C-C	motif	

(where	C	denotes	a	cysteine	and	X	denotes	another	amino	acid)	(Figure	1–2).	These	

cysteine	 residues	 are	 both	 geranylgeranylated	 by	 the	 Rab	

geranylgeranyltransferase	II	(RabGGTase	II)	and	the	lipid	acyl	chains	are	then	used	

for	membrane	association	(Shen	and	Seabra,	1996).	

	

1.1.2 Rab	regulators	and	effectors	

Rab	GTPases	do	have	an	 intrinsic	GTPase	activity	but	 it	 is	on	average	 very	 slow	

(Bergbrede	et	al.,	2005).	Instead,	auxiliary	proteins	called	GEFs	(guanine	nucleotide	

exchange	 factor)	 and	 GAPs	 (GTPase-activating	 protein)	 support	 the	 conversion	

between	the	“on”/GTP	and	“off”/GDP	state.	Whereas	GEFs	exchange	GDP	for	GTP	to	

activate	 the	 Rabs,	 GAPs	 stimulate	 the	 intrinsic	 Rab	 GTPase	 activity	 thereby	

generating	the	inactive	GDP	form	(Barr	and	Lambright,	2010).	Both	GEFs	and	GAPs	

are	specific	for	individual	Rab	isoforms	or	subfamilies.	Furthermore,	the	nucleotide	

binding/hydrolysis	cycle	is	highly	dependent	on	the	state	of	membrane	association.		

	

Figure	1–3	shows	how	Rabs	are	thought	 to	cycle	between	membranes	 in	 the	cell	

(Goody	et	 al.,	 2017;	Seixas	et	 al.,	 2013).	After	 ribosomal	 synthesis,	unprenylated	
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Rabs	are	initially	recognised	by	the	Rab	escort	protein	(REP),	which	in	turn	presents	

it	 to	 the	 RabGGTase	 II	 for	 prenylation.	 After	 prenylation,	 the	 prenylated	 Rab	 is	

delivered	 to	 the	membrane	 by	 REP	where	 it	 is	 activated	 to	 its	 GTP	 state	 by	 its	

specific	GEF.	

	

	
Figure	1–3:	Cellular	distribution	of	Rab	GTPases	is	driven	by	the	GTPase	Cycle	
(1)	Rabs	are	prenylated	by	RabGGTase	II	(Rab	geranylgeranyltransferase	II)	and	(2)	delivered	
to	 membranes	 by	 REP	 (Rab	 escort	 protein).	 (3)	 Rabs	 are	 activated	 by	 GEFs	 (guanine	
nucleotide	 exchange	 factor)	 and	 (4)	 subsequently	 attract	 effector	 proteins	 for	 vesicle	
trafficking	 (5).	 (6)	 Rabs	 are	 deactivated	 by	 GAPs	 (GTPase-activating	 protein)	 and	 (7)	
extracted	 from	membranes	by	GDI	 (Rab	guanine-nucleotide	dissociation	 inhibitor).	 Figure	
adapted	from	Goody	et	al.	2017	and	Seixas	et	al.	2013.	
	

Once	Rab	is	activated,	it	can	recruit	effector	proteins	to	the	membrane	to	regulate	

downstream	events	such	as	membrane	tethering.	Finally,	Rab	is	deactivated	by	its	

specific	GAP.	Rab	guanine-nucleotide	dissociation	inhibitor	(GDI)	then	recognises	

the	 GDP	 state	 and	 Rab	 is	 removed	 from	 the	membrane	 and	 kept	 soluble	 in	 the	
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cytosol.	 The	 membrane	 re-insertion	 is	 mediated	 by	 the	 GDI	 dissociation	 factor	

(GDF),	 which	 releases	 Rab	 from	 GDI.	 The	 cycle	 can	 then	 start	 over	 again.	 The	

question	of	how	Rabs	are	targeted	to	specific	membranes	was	initially	thought	to	be	

solved	in	1991	(Chavrier	et	al.,	1991).	Chavrier	at	al.	claimed	that	the	HVD	was	solely	

responsible	 for	 the	 specificity	 of	 membrane	 targeting.	 However,	 several	 studies	

since	 then	 have	 shown	 this	 picture	 is	 much	more	 complex.	Whereas	 Rab7	 and	

Rab35	require	their	C-termini,	Rab1	and	Rab5	can	be	targeted	to	their	membranes	

even	if	they	have	a	polyethylene	glycol	(PEG)	stretch	instead	of	their	HVD	(Li	et	al.,	

2014).	 Current	 thinking	 is	 that	 the	 interplay	 of	 several	 components,	 such	 as	 the	

HVD,	effectors	and	GEFs,	determine	Rab	GTPase	targeting	to	specific	membranes	

(Goody	et	al.,	2017).	

	

1.1.3 Endosome	maturation	orchestrated	by	Rab	GTPases	

The	endocytic	trafficking	network	is	in	charge	of	sorting	the	endocytosed	cargo	to	

their	final	destination.	Typically,	endocytosed	vesicles	are	initially	delivered	to	early	

endosomes	that	are	scattered	in	the	cell	periphery	near	the	plasma	membrane.	Due	

to	their	slightly	acidic	pH	(~pH	6),	ligands	dissociate	from	their	receptors	so	that	

receptors	 can	 be	 directly	 recycled	 back	 to	 the	 plasma	 membrane	 (Cullen	 and	

Steinberg,	2018).	Ligands	and	cargos,	which	are	destined	for	degradation,	are	then	

further	directed	to	the	lysosome	through	the	endocytic	network.	This	happens	by	

the	maturation	of	early	endosomes	into	late	endosomes,	which	then	finally	fuse	with	

lysosomes	 (Huotari	 and	Helenius,	2011).	The	maturation	process	of	 early	 to	 late	

endosomes	 includes	 a	 change	 of	 two	 key	markers	 of	 the	 compartments.	 Firstly,	

Rab5	 is	 specifically	 located	on	 early	 endosomes	 (Bucci	 et	 al.,	 1992).	When	 early	
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endosomes	mature	 into	 late	endosomes,	Rab5	 is	 replaced	with	Rab7	 (Zerial	 and	

McBride,	 2001).	 Secondly,	 early	 endosomes	 have	 a	 high	 concentration	 of	 the	

phosphoinositide	phosphatidylinositol	3-phosphate	(PI(3)P),	which	is	converted	to	

phosphatidylinositol	 3,5-bisphosphate	 (PI(3,5)P2)	 during	 maturation	 (Wallroth	

and	Haucke,	2017).	The	maturation	of	endosomes	is	highly	conserved	throughout	

evolution	and	controls	the	directionality	of	mebrane	trafficking.	Figure	1–4	shows	

key	steps	in	the	maturation	process	and	Rab5-Rab7	conversion.		

	

	
Figure	1–4:	Endosome	maturation	by	Rab5-Rab7	conversion	
(1)	 Rab5	 gets	 activated	 by	 the	 Rabaptin-5/Rabex-5	 complex.	 Activated	 Rab5	 recruits	
phosphatidylinositol	 3-kinase	 (PI3K)	VPS34,	which	 produces	 PI(3)P.	 (2)	 PI(3)P	 and	Rab5	
recruit	endosomal	tethering	factors	EEA1	(early	endosome	autoantigen	1)	and	CORVET	(class	
C	core	vacuole/endosome	tethering).	(3)	Maturation	of	early	to	late	endosomes	goes	along	
with	a	change	in	phosphoinostides	and	Rab	GTPases.	PI(3)P	recruits	phosphatidylinositol	3-
phosphate	5-kinase	PIKFYVE	for	the	production	of	PI(3,5)P2.	The	Rab5-Rab7	conversion	is	
orchestrated	 by	 Mon1/SAND-1	 and	 Mon1/Ccz1.	 (4)	 Finally,	 late	 endosomes	 fuse	 with	
lysosomes	by	the	tethering	complex	HOPS	(homotypic	fusion	and	protein	sorting).	
	

Rab5	 gets	 activated	 in	 a	 feedback	 loop	 by	 the	 effector	 Rabaptin-5	 and	 the	 GEF	

Rabex-5	(Horiuchi	et	al.,	1997;	Zhang	et	al.,	2014).	Rabex-5	and	Rabaptin-5	form	a	

tight	complex	in	which	Rabaptin-5	localises	the	complex	to	membranes	through	the	

interaction	with	Rab5-GTP.	Subsequently,	Rabaptin-5	also	causes	a	conformational	
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change	in	the	autoinhibited	Rabex-5	in	order	to	activate	its	GEF	activity	to	produce	

more	 Rab5-GTP	 (Zhang	 et	 al.,	 2014).	 Rab5-GTP	 in	 turn	 recruits	 more	 Rabex-

5/Rabaptin-5	to	membranes,	which	leads	to	the	production	of	more	activated	Rab5	

(Lippé	 et	 al.,	 2001).	 This	 loop	 generates	 an	 abundance	 of	 Rab5-GTP	 that	 then	

recruits	other	effectors.	Phosphatidylinositol	3-kinase	(PI3K)	VPS34,	which	is	the	

primary	producer	of	endosomal	PI(3)P,	is	recruited	by	Rab5	through	the	interaction	

with	 the	 regulatory	 protein	 VPS15	 (Christoforidis	 et	 al.,	 1999).	 VPS34	 will	 be	

discussed	 in	 detail	 in	 chapter	 1.4.	 The	 endosomal	 tether	 EEA1	 (early	 endosome	

autoantigen	1)	binds	to	both	Rab5	and	PI(3)P	and	leads	to	the	homotypic	fusion	of	

early	 endosomes	 (McBride	 et	 al.,	 1999).	 The	 CORVET	 (class	 C	 core	

vacuole/endosome	 tethering)	 protein	 complex	 also	 acts	 as	 a	 tether	 of	 early	

endosomes	 by	 interacting	 with	 Rab5	 (Balderhaar	 et	 al.,	 2013).	 During	 the	

maturation	process,	PI(3)P	recruits	the	phosphatidylinositol	3-phosphate	5-kinase	

PIKFYVE	for	the	production	of	PI(3,5)P2	(Rutherford	et	al.,	2006).	The	conversion	of	

Rab5	 to	 Rab7	 is	 regulated	 by	 two	 complexes	 Mon1/SAND-1	 and	 Mon1/Ccz1	

(Cabrera	 and	 Ungermann,	 2010).	 Mon1/SAND-1	 replaces	 Rabex-5	 and	 thereby	

disrupts	the	Rab5	feedback	activation	loop	(Poteryaev	et	al.,	2010).	Mon1/Ccz1	is	

recruited	by	PI(3)P	and	Rab5	and	acts	as	a	GEF	for	Rab7	activation	(Cabrera	et	al.,	

2014;	 Kinchen	 et	 al.,	 2008;	 Yasuda	 et	 al.,	 2015).	 Additionally,	 Mon1/SAND-1	

interacts	with	the	tethering	complex	HOPS	(homotypic	fusion	and	protein	sorting)	

(Poteryaev	 et	 al.,	 2010).	 The	 HOPS	 and	 CORVET	 complex	 share	 the	 same	 core	

subunits	(Vps11,	Vps16,	Vps18,	Vps33),	but	have	unique	subunits	to	either	interact	

with	 Rab5	 for	 CORVET	 (Vps3	 and	 Vps8)	 or	 Rab7	 for	 HOPS	 (Vps39	 and	 Vps41)	

(Balderhaar	and	Ungermann,	2013).	As	a	final	step,	the	HOPS	complex	mediates	late	

endosome-lysosome	fusion	by	binding	to	Rab7	(Pols	et	al.,	2012).	



Introduction	
	

	 -	9	-	

	

To	conclude,	a	cascade	of	effectors	and	GEFs	orchestrate	the	conversion	of	Rab5	to	

Rab7	 containing	 endomembranes.	 However,	 “Rab	 cascades”	 are	 a	 general	

mechanism	and	can	also	be	 found	with	other	Rabs	 in	 the	endocytic	network	and	

secretory	pathway	(Mizuno-Yamasaki	et	al.,	2012).		
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1.2 Autophagy	
Autophagy	 (Greek,	 “self-eating”)	describes	all	mechanisms	by	which	parts	of	 the	

cell,	such	as	organelles	or	proteins,	are	delivered	to	the	lysosome	and	degraded.	The	

term	“autophagy”	was	coined	by	Christian	de	Duve	in	1963,	who	was	awarded	the	

Nobel	Prize	for	Physiology	and	Medicine	in	1974	for	the	discovery	of	the	lysosome	

and	 peroxisome	 (Sabatini	 and	 Adesnik,	 2013).	 He	 and	 other	 colleagues	 were	

puzzled	by	the	discovery	of	double	membrane	bound	vesicles	containing	cellular	

fragments	of	mitochondria,	 endoplasmic	 reticulum	(ER)	and	 lysosomal	enzymes.	

Sixty	 years	 later,	we	 have	 come	 closer	 to	unravelling	 the	mystery	 of	 autophagy.	

Autophagy	 is	 a	 highly	 conserved	 pathway	 from	 yeast	 to	 plants	 and	 animals.	

Although	 autophagy	 was	 initially	 discovered	 in	 mammalian	 cells,	 it	 was	 yeast	

genetics,	which	really	shed	light	on	the	broad	spectrum	of	proteins	involved.	These	

screens	were	carried	out	in	the	laboratories	of	Ohsumi	and	Thumm	(Thumm	et	al.,	

1994;	Tsukada	and	Ohsumi,	1993).	To	date,	42	AuTophaGy-related	(Atg)	genes	have	

been	identified,	with	15	“core”	Atg	genes	(Atg	1-10,	12-14,	16	and	18)	(Parzych	et	

al.,	 2018;	 Suzuki	 and	 Ohsumi,	 2007;	 Xie	 and	 Klionsky,	 2007).	 These	 core	 gene	

products	 are	 essential	 for	 autophagosome	 formation	 and	 have	 homologues	 in	

mammals	(Ktistakis	and	Tooze,	2016).	In	general,	there	are	three	different	types	of	

autophagy:	chaperone-mediated	autophagy,	microautophagy	and	macroautophagy	

(Parzych	 and	 Klionsky,	 2013).	 Chaperone-mediated	 autophagy	 is	 the	 direct	

lysosomal	 degradation	 of	 soluble	 cytosolic	 proteins	 through	 chaperones	 into	

lysosomes.	 During	 microautophagy,	 lysosomal	 compartments,	 which	 are	 called	

vacuoles	 in	yeast,	 form	direct	 invaginations	 that	 close	around	cytosolic	 cargo.	 In	

macroautophagy,	 a	 crescent	 double	 membrane	 structure	 is	 formed,	 termed	

phagophore,	which	expands	and	eventually	forms	a	double-membrane	vesicle	–	the	
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autophagosome.	The	autophagosome	subsequently	 fuses	with	 lysosomes	to	 form	

autolysosomes	 and	 the	 engulfed	 content	 is	 degraded.	 Here,	 I	 will	 focus	 on	

macroautophagy	(herafter	called	autophagy).	Autophagy	can	be	separated	into	four	

steps,	 which	 can	 be	 seen	 in	 Figure	 1–5:	 (1)	 Phagophore	 initiation,	 (2)	

autophagosome	 expansion	 and	maturation,	 (3)	 autophagosome-lysosome	 fusion	

and	(4)	degradation.		

	

1.2.1 Autophagy	initiation	

The	initiation	of	autophagy	is	determined	by	the	energy	state	of	the	cell,	which	is	

dependent	on	amino	acid	availability,	glucose	metabolism	and	presence	of	growth	

factors.	 The	 multi	 subunit	 protein	 complex	 mTORC1	 (mechanistic	 target	 of	

rapamycin	 complex	 1)	 is	 known	 to	 be	 the	 master	 regulator	 of	 cell	 growth	 and	

metabolism	(Saxton	and	Sabatini,	2017).	Under	normal	growth	conditions,	mTORC1	

is	active	and	suppresses	autophagy	by	phosphorylating	and	thereby	inactivating	the	

UNC51-like	Ser/Thr	kinase	(ULK1)	complex	(Kim	et	al.,	2011;	Puente	et	al.,	2016).	

The	ULK1	complex	consists	of	ULK1,	FIP200,	ATG13,	and	ATG101.	ULK1	is	the	only	

kinase	 in	 the	 hetero-tetrameric	 complex	 and	 is	 critical	 for	 autophagy	 initiation	

(Chan	 et	 al.,	 2008;	 Hara	 et	 al.,	 2008).	 Once	 mTORC1	 becomes	 inactivated	 by	

starvation,	the	ULK1	complex	is	released	and	localises	to	subdomains	of	the	ER	to	

initiate	the	formation	of	the	omegasome	(Itakura	and	Mizushima,	2010;	Karanasios	

et	al.,	2013).	Although	it	is	still	debated	where	phagophores	are	formed,	the	ER	is	

the	most	frequent	proximal	membrane	to	new	autophagosomes	and	clearly	plays	a	

critical	role	in	autophagy	initiation	(Axe	et	al.,	2008;	Itakura	and	Mizushima,	2010).	

However,	it	has	been	reported	that	autophagosomes	are	formed	at	ER-mitochondria	
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or	ER-plasma	membrane	contact	sites	(Hailey	et	al.,	2010;	Hamasaki	et	al.,	2013;	

Nascimbeni	et	al.,	2017).	The	mechanism	by	which	ULK1	is	recruited	to	these	sites	

is	still	under	investigation	(Mercer	et	al.,	2018;	Zachari	and	Ganley,	2017).	The	only	

transmembrane	 Atg	 protein	 is	 ATG9,	 which	 is	 required	 for	 the	 initiation	 of	

autophagy	(Mari	et	al.,	2010;	Orsi	et	al.,	2012).	ATG9	has	been	located	to	various	

compartments	such	as	the	Golgi	and	endosomes	and	has	been	shown	to	be	proximal	

to	 forming	 phagophores	 but	 not	 stably	 associated	 with	 them	 (Orsi	 et	 al.,	 2012;	

Yamamoto	 et	 al.,	 2012;	 Young	 et	 al.,	 2006).	 Immediately	 downstream,	 the	 PI3K	

VPS34	 complex	 I	 (VPS34,	 VPS15,	 Beclin	 1,	 ATG14L)	 is	 recruited	 to	 the	 ULK1	

assembly	 site	 and	 produces	 PI(3)P,	 which	 is	 essential	 for	 the	 following	 steps	 of	

autophagy	(Axe	et	al.,	2008;	Itakura	and	Mizushima,	2010).	VPS34	complex	I	will	be	

discussed	 in	 detail	 in	 chapter	 1.4.1.	 ULK1	 phosphorylates	 VPS34,	 ATG14L	 and	

Beclin	1	to	increase	the	PI(3)P	production	(Egan	et	al.,	2015;	Park	et	al.,	2018,	2016;	

Russell	 et	 al.,	 2013a;	 Wold	 et	 al.,	 2016).	 The	 production	 of	 PI(3)P	 provides	 a	

platform	 for	DFCP1	 (double	 FYVE	domain-containing	 protein	1)	 and	WIPI	 (WD-

repeat	 domain	 phosphoinositide-interacting	 proteins)	 isoforms	 to	 bind.	 DFCP1	

contains	two	FYVE	domains,	which	bind	to	PI(3)P	(Ridley	et	al.,	2001).	DFCP1	is	not	

essential	for	autophagy	but	has	gained	attention	for	its	ability	to	promptly	localise	

to	the	VPS34	complex	I	derived	PI(3)P	in	the	ER	membrane	and	thereby	function	as	

an	omegasome	marker	(Axe	et	al.,	2008).	There	are	four	members	of	the	WIPI	family	

(WIPI1-4)	and	all	fold	into	a	seven-bladed	β-propeller	that	binds	to	PI(3)P	(Proikas-

Cezanne	et	al.,	2015).	WIPI2B	in	turn	recruits	the	ATG12-5-16L	complex	by	binding	

to	ATG16L	(Dooley	et	al.,	2014).	
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Figure	1–5:	Overview	of	the	autophagy	pathway	
(1)	Autophagosome	biogenesis	was	shown	to	occur	at	 the	ER.	One	of	 the	 first	steps,	 is	 the	
recruitment	of	the	ULK	complex	(ULK1,	FIP200,	ATG13,	and	ATG101),	which	phosphorylates	
and	activates	the	VPS34	complex	(VPS34,	VPS15,	Beclin	1,	ATG14L)	to	produce	PI(3)P.	PI3P	
attracts	DFCP1	and	WIPIs	for	autophagosome	progression.	(2)	WIPI	recruits	the	conjugation	
machinery	to	produce	lipidated	LC3	(LC3-II/	LC3-PE).	LC3	mediates	cargo	recruitment	and	
phagophore	expansion.	ATG2	acts	as	a	vesicle	tether	and	lipid	transporter.	Other	membrane	
sources	 such	 as	 ER-exit	 sites	 (ERES),	 ER-Golgi	 intermediate	 compartment	 (ERGIC),	 ATG9	
positive	vesicles,	Golgi,	recycling	endosomes	and	mitochondria	contribute	to	autophagosome	
formation.	 (3)	 Autophagosomes	 are	 transported	 by	 motor	 proteins	 dynein	 and	 kinesin	
towards	lysosomes.	The	fusion	of	autophagosomes	and	lysosomes	is	mediated	by	the	HOPS	
tethering	 complex	 and	 SNARES.	 Additionally,	 Rab7	 and	 PLEKHM1	 are	 required	 for	 the	
efficient	 fusion.	 (4)	 Acid	 hydrolases	 in	 the	 lumen	 break	 down	 the	 content	 and	 lysosomal	
transporters	export	 the	nutrients	to	the	cytosol	 for	reuse.	Figure	adapted	from	(Dikic	and	
Elazar,	2018).	
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1.2.2 Autophagosome	expansion	and	maturation	

The	 ATG12-5-16L	 complex	 and	 other	 members	 of	 the	 Atg	 family	 act	 in	 an	

autophagy-specific	ubiquitin-like	protein	cascade	to	mediate	the	 lipidation	of	 the	

LC3	 family	 (LC3A,	 LC3B,	 LC3C,	 GABARAP,	 GABARAPL1,	 and	 GABARAPL2).	 LC3	

proteins	 are	 cytosolic	 in	 fed	 conditions	 but	 are	 conjugated	 to	

phosphatidylethanolamine	 (PE)	 (LC3-II/	 LC3-PE)	 upon	 nutrient	 depletion	 and	

recruited	to	the	autophagosomal	membrane	(Ichimura	et	al.,	2000;	Kabeya	et	 al.,	

2000;	 Klionsky	 and	 Schulman,	 2014).	 Membrane	 anchored	 LC3	 and	 autophagy	

cargo	adaptors	like	p62	are	responsible	for	the	selective	degradation	of	substrates.	

p62	simultaneously	binds	to	membrane	bound	LC3	and	ubiquitinated	proteins	and	

organelles	and	thereby	destines	them	for	degradation	(Bjørkøy	et	al.,	2005).	The	Atg	

protein	cascade	and	LC3	family	members	also	contribute	to	the	expansion	of	 the	

phagophore	as	LC3B	and	GABARAPL2	have	been	suggested	to	promote	tethering	

and	membrane	fusion	(Weidberg	et	al.,	2011).	An	unresolved	question	in	the	field	is	

the	source	of	the	membrane	for	the	autophagosome	expansion	and	closure.	ATG9	

positive	 vesicles,	 ER-exit	 sites	 (ERES),	 the	 ER-Golgi	 intermediate	 compartment	

(ERGIC),	 the	 Golgi,	 mitochondria	 and	 (recycling)	 endosomes	 have	 all	 been	

suggested	to	function	as	membrane	sources	(Wei	et	al.,	2018).	Furthermore,	the	ER-

resident	ATG2	has	the	ability	to	tether	liposomes	and	to	transfer	lipids	and	thereby	

mediate	phagophore	expansion	(Li	et	al.,	2020;	Valverde	et	al.,	2019,	Maeda	et	al.,	

2019).	 Recently,	 several	 groups	 have	 used	 electron	 microscopy	 to	 solve	 the	

structure	of	ATG2,	which	forms	a	20	nm	long	rod-shaped	tunnel	and	was	shown	to	

bind	to	WIPI4	on	one	end	(Chowdhury	et	al.,	2018;	Li	et	al.,	2020;	Valverde	et	al.,	

2019;	Zheng	et	al.,	2017,	Maeda	et	al.,	2019).		
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1.2.3 Autophagosome-lysosome	fusion	and	degradation	

Once	the	phagophore	is	closed,	the	double-membraned	autophagosome	is	moved	

along	microtubules	 to	 lysosomes	 for	 fusion	 and	 the	 formation	of	 autolysosomes	

(Nakamura	and	Yoshimori,	2017).	Lysosomes	are	both	in	the	cell	periphery	and	in	

the	 perinuclear	 region	 depending	 on	 their	 pH	 and	 Rab7	 density	 (Johnson	 et	 al.,	

2016).	 Transport	 of	 autophagosomes	 has	 been	 shown	 to	 occur	 via	 kinesin	 and	

dynein.	 On	 the	 one	 hand,	 kinesin	 binds	 through	 FYCO1	 (FYVE	 and	 coiled-coil	

domain-containing	 1)	 to	 Rab7	 and	 LC3	 on	 autophagosomes	 and	 moves	 them	

towards	the	cell	periphery	(Pankiv	et	al.,	2010).	On	the	other	hand,	dynein	mediates	

autophagosome	 transport	 toward	 the	 perinuclear	 region	 through	 an	 interaction	

network	of	Rab7,	the	lysosomal	protein	RILP	and	the	cholesterol-sensing	protein	

ORP1L	 (Johansson	 et	 al.,	 2007;	 Wijdeven	 et	 al.,	 2016).	 The	 fusion	 of	

autophagosomes	with	 lysosomes	 has	 not	 been	 fully	 elucidated	 but	 requires	 the	

collective	 action	 of	 SNARE	 proteins,	 Rab	 GTPases	 and	 tethering	 factors.	 For	

example,	the	HOPS	complex	promotes	autophagosome-lysosome	fusion	through	its	

interaction	with	Rab7	and	the	SNARE	STX17	(Itakura	et	al.,	2012;	Jiang	et	al.,	2014;	

Stroupe	 et	 al.,	 2006).	 Furthermore,	 the	 protein	 PLEKHM1	 (Pleckstrin	 homology	

domain	containing	protein	family	member	1)	interacts	with	Rab7,	HOPS	complex	

and	LC3	(McEwan	et	al.,	2015;	Tabata	et	al.,	2010).	Deletion	of	PLEKHM1	leads	to	

an	increase	in	the	number	of	stalled	autophagosomes	indicating	that	it	is	involved	

in	 autophagosome-lysosome	 fusion	 (McEwan	et	 al.,	 2015).	 After	 fusion,	 the	 acid	

hydrolases	in	the	lysosomal	lumen	break	down	the	autophagosomal	membrane	and	

the	engulfed	content	of	 the	autophagosome.	Specific	 lysosomal	 transporters	 then	

export	 nucleotides,	 amino	 acids,	 lipids,	 sugars	 and	 other	 lysosomal	 degradation	

products	to	the	cytosol	for	the	cell	to	reuse	(Ballabio	and	Bonifacino,	2019).	
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1.3 Membrane	lipids	
Lipids	are	amphipathic	molecules,	which	have	a	polar	end	and	a	hydrophobic	end.	

Their	 amphipathic	 character	 enables	 them	 to	 form	 compartments	 in	 the	 cell	 to	

segregate	 chemical	 reactions	 and	 biological	 processes.	 However,	 lipids	 can	 also	

form	 and	 fuse	 vesicles	 and	 tubules	 in	 order	 to	 enable	 contact	 between	

compartments.	Eukaryotic	organelles	are	composed	of	a	variety	of	different	lipids	

(Meer	et	al.,	2008).	At	one	extreme,	the	ER	contains	an	abundance	of	loosely	packed	

unsaturated	lipids	with	little	negatively	charged	phospholipids,	in	order	to	support	

the	folding	of	nascent	transmembrane	proteins	and	protein	secretion.	At	the	other	

extreme,	 the	plasma	membrane	consists	of	rigid	saturated	 lipids,	cholesterol	and	

negatively	 charged	 phospholipids	 to	 protect	 the	 cell	 and	 serve	 as	 a	 barrier	 that	

reduces	 permeability	 (Vanni	 et	 al.,	 2014).	 The	 composition	 of	 lipids	 critically	

influences	the	function	of	membrane-embedded	and	-associated	proteins	as	many	

essential	signalling	processes	take	place	on	membrane	surfaces	(Bogdanov	et	al.,	

2008).	 The	 most	 common	 lipids	 in	 eukaryotic	 cells	 are	 glycerophospholipids:	

phosphatidylcholine	(PC),	phosphatidylethanolamine	(PE),	phosphatidic	acid,	(PA)	

phosphatidylserine	(PS)	and	phosphatidylinositol	(PI)	(Figure	1–6A	and	B)	(Vance,	

2015).	PC	is	especially	abundant	and	accounts	for	~50%	of	the	total	phospholipids.	

Glycerophospholipids	consist	of	two	hydrophobic	fatty	acids,	which	are	esterified	

to	 a	 glycerol	 backbone	 (Figure	 1–6A).	 Additionally,	 the	 glycerol	 backbone	 is	

esterified	 to	 a	 phosphate	 group,	 which	 serves	 as	 a	 link	 to	 variable	 headgroups	

(Figure	1–6B).	The	headgroups	can	either	be	zwitterionic	or	anionic.	While	PC	and	

PE	are	zwitterionic,	PA,	PS	and	PI	are	anionic.	Furthermore,	the	inositol	ring	of	PI	

can	be	reversibly	phosphorylated	at	the	3rd,	4th	and	5th	position,	generating	a	total	

of	seven	different	phosphoinositide	species	(PIPs)	(Figure	1–6C).	
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Figure	1–6:	Structures	of	glycerophospholipid	species	
(A)	Glycerophospholipids	are	made	of	two	fatty	acid	esters,	a	glycerol	backbone,	a	phosphate	
group	 and	 a	 variable	 headgroup.	 (B)	 Depiction	 of	 the	 headgroups	 of	 the	 most	 common	
glycerophospholipids:	 Phosphatidylcholine	 (PC),	 phosphatidylethanolamine	 (PE),	
phosphatidic	acid,	(PA)	phosphatidylserine	(PS)	and	phosphatidylinositol	(PI).	(C)	PI	can	be	
further	phosphorylated	at	the	3rd,	4th	and	5th	positions,	generating	a	total	of	seven	different	
phosphoinositide	(PIP)	species.	
	

PIPs	adopt	a	unique	role	among	lipids.	Although	these	lipids	comprise	less	than	1%	

of	the	total	cell	lipids,	they	are	crucial	for	fundamental	processes	such	as	membrane	

trafficking,	cytoskeletal	dynamics	and	cell	growth	(Lemmon,	2008).	PIPs	are	also	

not	uniformly	distributed	over	all	membranes,	but	each	organelle	is	enriched	in	one	

or	several	PIPs	that	can	further	be	organised	in	microdomains	(Aoyagi	et	al.,	2005;	

Gillooly	et	al.,	2003;	Yoshida	et	al.,	2017).	The	production	of	PIPs	is	highly	regulated	
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in	time	and	space	by	a	family	of	phosphoinositide	kinases	and	phosphatases	(Sasaki	

et	al.,	2009).	Examples	of	PIPs	on	specific	organelles	are:	PI(4,5)P2	at	 the	plasma	

membrane,	PI(3)P	on	early	endosomes,	PI(3,5)P2	on	late	endosomes	and	PI(4)P	at	

the	Golgi	(Vicinanza	et	al.,	2008).		

	

Membranes	are	ubiquitous	 in	 the	 cell,	which	requires	proteins	 to	be	 selective	 to	

which	membranes	they	bind	to.	Three	physicochemical	parameters	can	be	used	to	

describe	membranes:	lipid	packing,	curvature	and	electrostatic	charge	(Bigay	and	

Antonny,	 2012)	 (Figure	 1–7A).	 Lipid	 packing	 is	 influenced	 by	 the	 amount	 of	

saturated	and	unsaturated	acyl	chains	in	the	membrane	bilayer.	Unsaturated	lipids	

have	one	or	several	double	bonds	in	their	acyl	chains,	which	create	“kinks”	and	lead	

to	geometrical	packing	defects	(Bigay	and	Antonny,	2012).	These	defects	are	gaps	

in	the	membrane	surface	into	which	hydrophobic	amino	acid	chains	of	peripheral	

membrane	 proteins	 can	 insert	 (Vanni	 et	 al.,	 2014).	 The	 extent	 of	 these	 gaps	 is	

dependent	on	the	level	of	saturation	in	the	acyl	chains.	While	polyunsaturated	acyl	

chains	 promote	 the	 formation	 of	 shallow	 defects,	 monounsaturated	 acyl	 chains	

caused	 deep	 defects	 (Pinot	 et	 al.,	 2014).	 The	 formation	 of	 packing	 defects	 by	

curvature	 usually	 goes	 hand	 in	 hand	with	 the	 lipid	 composition.	 Increasing	 the	

membrane	curvature	alters	the	arrangement	of	the	lipids	and	increases	the	space	

between	headgroups	and	thereby	create	packing	defects	(Antonny,	2011;	Vanni	et	

al.,	2014).	Often,	peripheral	proteins	do	not	actually	recognise	the	actual	curvature	

of	 a	 membrane	 but	 the	 increase	 in	 lipid	 packing	 defects	 in	 the	 curved	 region	

(Antonny,	2011).	The	electrostatic	charge	of	a	membrane	can	also	attract	peripheral	

membrane	proteins	by	interaction	with	the	lipid	headgroups	(Bigay	and	Antonny,	

2012).	 PS	 and	 PIPs	 make	 up	 the	 main	 acidic	 phospholipids	 in	 the	 cell.	 The	
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interactions	with	charged	membrane	can	either	be	mediated	by	non-specific	amino	

acid	 residues	or	 by	 specific	 structural	domains,	which	 is	 often	 the	 case	 for	 PIPs	

(Lemmon,	2008).	

	

	
Figure	1–7:	Physicochemical	parameters	for	membrane-protein	interaction	
(A)	 Membranes	 can	 be	 described	 by	 three	 physicochemical	 parameters:	 Lipid	 packing,	
curvature	 and	 electrostatic	 charge.	 Lipid	 packing	 is	 influenced	 by	 acyl	 chain	 saturation.	
Unsaturated	lipids	have	a	looser	packing	than	saturated	lipids	and	have	packing	defects	(left).	
The	electrostatic	charge	of	the	membrane	depends	on	anionic	lipids	like	PS	or	PIPs	(right).	
Figure	adapted	from	Bigay	and	Antonny	2012.	(B)	Peripheral	membrane	protein	bind	to	lipid	
bilayers	transiently	and	only	bind	to	the	outer	leaflet	of	the	lipid	bilayer.	They	can	interact	
with	membranes	via	an	(1)	amphipathic	helix,	(2)	hydrophobic	loop,	(3)	lipid	anchor,	(4)	non-
specific	basic	amino	acids	or	(5)	or	stereo	specific	lipid	binding	domains.	
	

Figure	1–7B	shows	how	some	types	of	peripheral	membrane	proteins	detect	and	

bind	 specific	membranes.	 Peripheral	membrane	 proteins	 bind	 transiently	 to	 the	

outer	leaflet	of	the	lipid	bilayer,	but	otherwise	behave	like	soluble	proteins	(Whited	

and	Johs,	2015).	Bulky	hydrophobic	amino	acids	often	insert	into	packing	defects	

and	 lead	 to	 a	 partitioning	 of	 the	membrane	 (Vanni	 et	 al.,	 2014).	 These	 aromatic	
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residues	can	be	in	an	amphipathic	helix	or	in	a	flexible	loop	(Figure	1–7B,	(1)	and	

(2)).	 Furthermore,	 proteins	 can	 be	 post-translationally	modified	 by	 prenylation,	

myristoylation	or	palmitoylation	with	a	lipid	anchor,	which	facilitate	insertion	into	

the	membrane	(Figure	1–7B,	(3)).	Charged	lipids	like	PS	or	PIPs	can	be	recognised	

by	non-specific	basic	amino	acids	or	by	a	stereospecific	arrangement	of	amino	acids	

in	protein	domains	(Figure	1–7B,	(4)	and	(5)).	
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1.4 VPS34	and	its	complexes	
VPS34	was	discovered	in	the	early	1990’s	by	a	yeast	screen	for	genes	of	the	vacuolar	

protein	 sorting	 (Vps)	 pathway	 (Herman	 and	 Emr,	 1990).	 VPS34	 belongs	 to	 the	

family	of	phosphoinositide	3-kinases	(PI3Ks),	which	phosphorylate	the	3rd	position	

of	the	inositol	headgroup	to	generate	specific	phosphoinositide	species	(Bilanges	et	

al.,	2019).	There	are	three	classes	of	PI3Ks,	which	have	been	classified	by	structural	

features	and	substrate	specificity.	In	general,	all	PI3Ks	share	a	core	structure	with	a	

C2,	 helical	 and	 kinase	 domain	 (Vanhaesebroeck	 et	 al.,	 2010).	 Class	 I	 PI3Ks	 are	

subdivided	into	class	IA	catalytic	subunits	(p110α,	p110β	and	p110δ),	which	bind	

to	 the	 regulatory	 subunit	 p85,	 and	 the	 class	 IB	 catalytic	 subunit	 (p110γ),	which	

binds	to	the	regulatory	subunits	p101	and	p87	(Vadas	et	al.,	2011).	Both	subclasses	

are	recruited	to	the	plasma	membrane	by	different	signalling	pathways.	Whereas	

class	IA	is	recruited	and	activated	by	the	phosphorylated	pYXXM	motif	of	receptor	

tyrosine	kinases,	class	 IB	 is	recruited	and	activated	by	the	Gβγ	subunit	 following	

GPCR	activation	(Engelman	et	al.,	2006).	Once	recruited,	both	classes	IA	and	IB	use	

PI(4,5)P2	 to	 produce	 PI(3,4,5)P3	 or	 PIP3	 at	 the	 plasma	 membrane.	 PIP3	 is	 an	

important	 docking	 site	 for	 protein	 kinases	 like	AKT,	which	 then	 trigger	 a	 broad	

spectrum	of	 signalling	events	 to	promote	 cell	metabolism,	proliferation,	 survival	

and	growth	(Burke	and	Williams,	2015).	Class	II	PI3Ks	only	have	a	catalytic	subunit	

(PI3K-C2α,	PI3K-C2β,	PI3K-C2γ)	and	do	not	associate	with	a	additional	regulatory	

subunit.	Although	the	 functions	of	class	 II	PI3Ks	are	poorly	understood,	 they	are	

involved	 in	 cell	 growth,	 clathrin-mediated	 endocytosis,	 and	 insulin	 signalling	 by	

producing	mainly	PI(3,4)P2	and	to	a	lesser	extent	PI(3)P	(Burke,	2018).	Compared	

to	classes	I	and	II,	which	possess	several	isoforms	of	the	catalytic	subunit,	VPS34	is	

the	only	class	III	PI3K.	VPS34	is	present	in	all	eukaryotes	and	is	the	only	PI3K	in	
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yeast	(Vanhaesebroeck	et	al.,	2010).	VPS34	uses	PI	as	a	substrate	to	produce	PI(3)P	

(Figure	 1–8).	 VPS34	 associates	 with	 the	 regulatory	 subunit	 VPS15.	 VPS15	 is	

homologous	 to	 serine/threonine	 protein	 kinases	 but	 is	 thought	 to	 be	 a	

pseudokinase	as	 it	does	not	have	a	GxGxG	canonical	protein	kinase	motif	and	no	

credible	substrate,	besides	potentially	itself,	has	ever	been	demonstrated	(Ohashi	et	

al.,	 2018;	 Rostislavleva	 et	 al.,	 2015).	 VPS15	 stabilises	 VPS34	 and	 promotes	 its	

recruitment	 to	membranes	 as	well	 as	 its	 activation	 (Stack	 and	 Emr,	 1994).	The	

VPS34-VPS15	heterodimer	can	further	associate	with	additional	subunits	to	form	

two	specific	complexes:	Complex	I	consists	of	VPS34,	VPS15,	Beclin	1	and	ATG14L,	

whereas	complex	II	contains	UVRAG	instead	of	ATG14L	(Backer,	2016).	As	already	

mentioned	in	chapter	1.2.1,	complex	I	is	involved	in	the	initiation	of	autophagy	by	

producing	PI(3)P	at	the	ER	for	omegasome	formation	(Axe	et	al.,	2008;	Itakura	et	

al.,	2008;	Itakura	and	Mizushima,	2010).	The	role	of	complex	II	has	been	less	well	

defined	but	it	has	been	implicated	in	endosome	maturation	and	the	late	stages	of	

autophagy	(Itakura	et	al.,	2008;	Kim	et	al.,	2015).	The	specific	functions	of	complex	

I	and	complex	II	will	be	discussed	further	below.		

	

	
Figure	1–8:	Class	III	PI3-kinase	VPS34	produces	PI(3)P	
VPS34	is	the	only	class	III	PI3K,	which	uses	phosphatidylinositol	(PI)	as	substrate	to	produce	
phosphatidylinositol	3-phosphate	(PI(3)P).	
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Two	crystal	structures	of	VPS34	have	been	solved	by	the	Williams	group.	In	2010,	

the	lab	reported	the	crystal	structure	of	the	catalytic	and	helical	domains	of	Vps34	

from	Drosophila	melanogaster	(Miller	et	al.,	2010).	In	2015,	the	crystal	structure	of	

complex	II	from	Saccharomyces	cerevisiae	(Vps34,	Vps15,	Vps30,	Vps38)	was	solved	

(Rostislavleva	 et	 al.,	 2015)	 (Figure	 1–9B).	 These	 structures	 represented	 a	

breakthrough	 in	 the	 understanding	 of	 VPS34	 function.	 Yeast	 complex	 II	 was	

crystallised	 with	 a	 stabilising	 nanobody	 bound	 to	 the	 Vps34	 kinase	 domain.	

Complex	 II	 adopts	 a	 V-shaped	 organisation	 in	 which	 one	 arm	 of	 the	 V	 conveys	

specificity	 in	 localisation	 and	 the	 other	 arm	possesses	 the	 catalytic	 activity.	 The	

catalytic	 arm	 consists	 of	 the	 helical	 and	 kinase	 domains	 of	 Vps15/VPS15	 and	

Vps34/VPS34.	The	other	arm	is	made	of	a	coiled	coil	heterodimer	of	Vps30/Beclin	

1	 and	 either	Vps38/UVRAG	 for	 complex	 II	 or	Atg14/ATG14L	 for	 complex	 I.	 The	

membrane-binding	 interface	was	mapped	 to	 the	ends	of	both	arms	by	hydrogen	

deuterium	exchange	mass	spectrometry	(HDX-MS)	(Rostislavleva	et	al.,	2015).	The	

coiled-coil	arm	can	be	described	as	the	adaptor	arm,	which	gives	the	complex	its	

unique	 identity	and	 is	responsible	 for	 the	 functional	specificity	of	 the	membrane	

binding.	The	VPS34	C2	domain	is	at	the	heart	of	the	complex	and	makes	extensive	

protein-protein	 interactions	 with	 all	 subunits	 of	 the	 complex.	 (Figure	 1–9B).	

Furthermore,	the	C2	domain	has	two	unusual	helical	insertions.	The	CBR1	and	the	

helical	hairpin	insertion	(C2HH)	were	found	to	be	important	in	yeast,	as	mutants	

demonstrated	 a	 temperature	 sensitive	 growth	 phenotype	 (Rostislavleva	 et	 al.,	

2015).		
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Figure	1–9:	Structural	organisation	of	the	class	III	PI3K	complexes	
(A)	Schematic	representations	of	the	VPS34	complex	subunits.		Complex	I	is	made	of	VPS34,	
VPS15,	Beclin	1	(Vps30	in	yeast)	and	ATG14L	(Atg14	in	yeast)	whereas	complex	II	contains	
UVRAG	(Vps38	in	yeast)	instead	of	ATG14L.	Complex	II	can	associate	with	Rubicon	as	a	fifth	
subunit.	(B)	Structural	models	of	complexes	I,	II	and	complex	II	Rubicon.	(C)	Structure	of	the	
yeast	complex	II	(PDB:	5DFZ)	(Rostislavleva	et	al.,	2015).	Complex	II	adopts	a	V-shape	with	
membrane	 binding	 domains	 at	 the	 end	 of	 each	 arm.	 Complex	 II	 was	 crystallised	 with	 a	
stabilising	nanobody	at	the	kinase	domain.		



Introduction	
	

	 -	25	-	

VPS30/Beclin	1	is	found	in	both	complexes	I	and	II	and	was	found	to	be	essential	for	

membrane	recruitment	in	yeast	complex	II	(Rostislavleva	et	al.,	2015).	The	BARA	

domain	at	 the	C-terminus	of	both	Vps30	and	Beclin	1	was	 found	 to	adopt	a	 fold	

consisting	 of	 three	 β-sheet-α-helix	 repeats,	 which	 contains	 a	 loop	 with	 three	

consecutive	aromatic	amino	acids	(Phe359,	Phe360,	and	Trp361	in	Beclin	1)	(Huang	

et	 al.,	 2012;	 Noda	 et	 al.,	 2012).	 Strikingly,	 the	 activity	 of	 yeast	 complex	 II	 was	

completely	abolished	when	these	three	residues	were	mutated	(Rostislavleva	et	al.,	

2015).	Interestingly,	the	Beclin	1	coiled	coil	has	a	stronger	affinity	for	the	UVRAG	

coiled	coil	than	for	the	ATG14L	coiled	coil	(Li	et	al.,	2012).	This	might	influence	the	

biochemical	equilibrium	of	the	two	complexes	and	shift	the	balance	according	to	the	

relative	abundance	of	ATG14L	and	UVRAG.	

	

ATG14L	 and	 UVRAG	 are	 the	 subunits	 that	 are	 specific	 for	 complexes	 I	 and	 II,	

respectively	 (Figure	 1–9C).	 Their	 original	 functions	 were	 established	 in	 yeast,	

where	complex	I	recruitment	to	the	pre-autophagosomal	structure	was	essential	for	

autophagy	initiation.	In	contrast,	complex	II	was	shown	to	be	important	for	sorting	

of	 the	 vacuolar	 protease	 carboxypeptidase	 Y	 (Kihara	 et	 al.,	 2001).	 Although	 the	

mammalian	complexes	resemble	their	yeast	counterparts,	it	is	still	not	clear	how	

their	division	in	function	arises.		

	

1.4.1 Complex	I	

While	the	composition	of	the	yeast	complexes	I	and	II	was	determined	in	2001,	the	

mammalian	homologues	remained	unknown	for	a	while.	However,	ATG4L	was	then	

identified	by	three	groups	in	2008	and	2009	(Itakura	et	al.,	2008;	Matsunaga	et	al.,	
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2009;	Sun	et	al.,	2008).	ATG14L	consists	of	an	N-terminal	domain,	a	short	α-helix	

(CC1),	 two	 longer	 α-helices	 (CC2	 and	 CC3),	 a	 C-terminal	 domain	 and	 the	 BATS	

domain	(Figure	1–9A).	Human	complex	I	is	involved	in	the	initiation	of	autophagy	

(Itakura	 et	 al.,	 2008;	 Matsunaga	 et	 al.,	 2009;	 Sun	 et	 al.,	 2008).	 ATG14L	 is	 very	

important	 for	 the	 progression	 of	 autophagy,	 and	 knockout	 and	 knockdown	

experiments	with	ATG14L	showed	a	dramatic	decrease	 in	LC3	puncta,	 indicating	

that	ATG14L	is	crucial	for	autophagosome	formation	(Matsunaga	et	al.,	2009;	Sun	

et	al.,	2008).	Fan	et	al.	have	discovered	that	the	80	C-terminal	amino	acids	of	ATG14L	

are	necessary	for	complex	I	to	locate	to	the	ER.	This	domain	was	named	the	BATS	

domain	(Barkor/ATG14L	autophagosome	targeting	sequence)	(Fan	et	al.,	2011).	An	

18	residue	amphiphilic	helix	was	identified	in	the	BATS	domain,	which	has	the	same	

characteristics	as	 the	amphipathic	 lipid	packing	 sensor	 (ALPS)	motif	 (Drin	et	 al.,	

2007;	Nguyen	et	al.,	2017;	Vanni	et	al.,	2013).	ALPS	motifs	have	been	shown	to	be	

unstructured	 in	 solution	 but	 to	 fold	 into	 an	 α-helix	 upon	 incubation	 with	

membranes	(Bigay	et	al.,	2005).	The	ATG14L	ALPS	helix	is	enriched	in	serines	and	

threonines	on	 its	polar	side	but	has	essential	bulky	hydrophobic	residues	on	the	

apolar	 side	 (Figure	 1–9A).	 Truncation	 or	 point	 mutations	 of	 three	 essential	

hydrophobic	residues	to	arginine	is	enough	to	disturb	the	phagosomal	localisation	

of	ATG14L	(Fan	et	al.,	2011).	The	binding	of	 the	ALPS	motifs	 to	membranes	was	

found	 to	 be	 independent	 of	 lipid	 charge	 (Drin	 et	 al.,	 2007).	 Instead,	 they	 only	

recognise	packing	defects	in	the	lipid	bilayer	(Vanni	et	al.,	2013).	
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1.4.2 Complex	II	

In	 contrast	 to	 ATG14L,	 UVRAG	 was	 not	 initially	 identified	 as	 an	 autophagy	 or	

endosome-trafficking	related	protein.	UVRAG	was	first	identified	in	a	genetic	screen	

in	 1997	 in	 which	 it	 was	 shown	 to	 partially	 rescue	 UV	 sensitivity	 in	 xeroderma	

pigmentosum	cells	(Perelman	et	al.,	1997).	Xeroderma	pigmentosum	is	a	genetic	

condition	in	which	UV-light-induced	DNA	damage	repair	is	impaired.	UVRAG	was	

rediscovered	as	a	Beclin	1	binding	protein	in	2006	and	was	determined	to	be	the	

mammalian	homologue	of	Vps38	in	2008	and	2009	(Itakura	et	al.,	2008;	Itakura	and	

Mizushima,	 2009;	 Liang	 et	 al.,	 2006).	 UVRAG	 consists	 of	 six	 distinct	 regions:	 a	

proline-rich	domain,	a	C2	domain,	a	short	α-helix	(CC1),	a	longer	α-helix	(CC2),	a	

BARA2	domain	and	an	unstructured	C-terminal	domain	(Figure	1–9A).	In	general,	

the	roles	of	UVRAG	and	complex	II	are	less	understood	than	the	roles	of	ATG14L	and	

complex	 I.	 It	was	 first	proposed	 that	UVRAG	was	also	 involved	 in	 the	autophagy	

pathway	(Liang	et	al.,	2008,	2006).	However,	several	studies	since	have	not	found	

any	defects	in	autophagy	upon	UVRAG	knockdowns	or	knockouts	(Farre	et	al.,	2010;	

Jiang	et	al.,	2014;	Knævelsrud	et	al.,	2010;	Lőrincz	et	al.,	2014;	Takáts	et	al.,	2014).	

Instead,	it	was	shown	that	UVRAG	was	needed	for	intact	endocytic	trafficking	and	

endolysosomal	 degradation.	 Interestingly,	 UVRAG	 did	 not	 colocalise	 with	 LC3	

puncta,	 but	 was	 instead	 found	 on	 Rab5,	 Rab7	 and	 Rab9	 positive	 membranes	

(Itakura	 et	 al.,	 2008).	 In	 1999,	 it	 was	 suggested	 that	 VPS15	 binds	 to	 Rab5	 and	

thereby	 recruits	 VPS34	 to	 early	 endosomes	 to	 produce	 PI(3)P	 as	 mentioned	 in	

chapter	1.1.3	(Christoforidis	et	al.,	1999).	Stein	et	al	has	also	suggested	that	Rab7	

binds	to	VPS15	 in	pull	down	experiments	(Stein	et	al.,	2003).	As	the	mammalian	

homologues	 of	 Atg14	 and	 VPS38	 were	 not	 known	 then,	 no	 involvements	 or	

dependencies	 of	 other	 subunits	 were	 tested.	 However,	 since	 then	 it	 has	 been	
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suggested	by	several	studies	that	VPS34	interacts	with	Rab5	(Behrends	et	al.,	2010;	

Gillingham	 et	 al.,	 2014;	Murray	 et	 al.,	 2002;	 Ravikumar	 et	 al.,	 2008;	 Stein	 et	 al.,	

2003).	 In	contrast	 to	ATG14L,	no	membrane	binding	motif	has	yet	been	found	 in	

UVRAG.	In	contrast	to	Vps38,	the	mammalian	homologue	UVRAG	has	a	longer	and	

unstructured	 C-terminal	 region	 (residues	 465-699).	 Interestingly,	 there	 are	

numerous	sites	in	this	region	that	are	phosphorylated	by	mTORC1	(Kim	et	al.,	2015;	

Munson	 et	 al.,	 2015;	 Oppermann	 et	 al.,	 2009).	 Since	 the	 C	 terminus	 would	 be	

positioned	at	the	membrane	interface,	it	is	tempting	to	speculate	that	the	additional	

charges	of	the	phosphate	groups	could	alter	membrane	binding	and	VPS34	activity	

(McLaughlin	and	Aderem,	1995).	Munson	et	al.	discovered	that	S550	and	S571	are	

phosphorylated	by	mTORC1	and	that	these	phosphorylations	activate	complex	II	at	

the	lysosome	(Munson	et	al.,	2015).	Mutating	these	residues	leads	to	a	decrease	in	

a	newly	identified	pool	of	PI(3)P	at	the	lysosome	and	to	an	increase	in	lysosomal	

tubules	that	are	needed	for	autophagosome-lysosome	reformation.	In	contrast,	Kim	

et	al.	showed	that	UVRAG	is	phosphorylated	at	S498	by	mTORC1,	which	increases	

the	association	with	the	negative	regulator	Rubicon	(Kim	et	al.,	2015)	(Figure	1–

9A).	Rubicon	has	been	shown	to	 interact	exclusively	with	complex	II	via	Beclin	1	

and	to	negatively	regulate	the	late	stages	of	autophagy	(Kim	et	al.,	2015;	Matsunaga	

et	al.,	2009;	Nakamura	et	al.,	2019;	Zhong	et	al.,	2009).	However,	Rubicon	is	also	

active	 in	 the	 non-canonical	 phagocytosis	 pathway	 termed	 as	 LC3-associated	

phagocytosis	(Martinez	et	al.,	2015).	Paradoxically,	Rubicon	is	necessary	here	for	

the	 activity	 of	 complex	 II	 on	 the	 LC3-associated	 phagosomes.	 It	 remains	 to	 be	

determined	what	effect	Rubicon	has	on	VPS34	activity.	Moreover,	Rubicon	has	also	

been	shown	to	interact	with	Rab7	(Sun	et	al.,	2010;	Tabata	et	al.,	2010).		
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1.5 Hydrogen	deuterium	exchange	mass	spectrometry	
(HDX-MS)	

Hydrogen	 deuterium	 exchange	 mass	 spectrometry	 (HDX-MS)	 is	 a	 technique	 to	

study	protein	structure	dynamics	and	protein	interaction	interfaces.	Hydrogens	on	

the	peptide	backbone	and	side	chains	are	constantly	exchanging	with	the	hydrogen	

atoms	 of	 the	 solvent	 (Englander	 et	 al.,	 1996).	 There	 are	 three	 locations	 where	

hydrogen	 atoms	 can	 be	 exchanged	 on	 the	 protein:	 those	 in	 hydrogen-Cα	 carbon	

bonds,	those	in	amino	acid	side	chains	and	those	in	amide	groups.	However,	only	

the	hydrogens	in	amide	groups	are	capable	of	providing	useful	information	for	HDX	

experiments	carried	out	in	a	time	frame	of	seconds	to	hours.	In	contrast,	hydrogens	

in	 amino	 acid	 side	 chains	 typically	 exchange	 far	 too	 rapidly	 to	 be	 retained	 for	

measurement	and	hydrogens	 in	hydrogen-carbon	bonds	exchange	 far	 too	slowly	

(Hamuro	et	al.,	2003).	The	exchange	of	these	backbone	hydrogens	depends	mainly	

on	 the	 presence	 of	 intramolecular	 interactions	 or	 hydrogen	 bonds,	 but	 also	 on	

solvent	accessibility	(Fioramonte	et	al.,	2017).	On	the	one	hand,	hydrogens	involved	

in	secondary	structure	elements	or	in	the	hydrophobic	protein	core	display	a	slower	

exchange	 rate.	 On	 the	 other	 hand,	 backbone	 amide	 group	 hydrogens	 found	 in	

intrinsically	disordered	regions,	or	to	a	lesser	extent,	amide	groups	on	the	protein	

surface	 will	 exchange	 at	 a	 faster	 rate.	 Additionally,	 pH	 and	 temperature	

substantially	 regulate	 the	 exchange	 kinetics	 (Engen	 and	 Wales,	 2015).	 The	

hydrogen	 exchange	 reaction	 can	 be	 both	 acid-	 and	 base-catalysed	 and	 therefore	

produces	 a	 V-shaped	 curve	 with	 a	 minimum	 exchange	 rate	 between	 pH	 2-3	

(Matthew	 and	 Richards,	 1983).	 The	 exchange	 rate	 has	 also	 been	 shown	 to	 be	

sensitive	to	temperature	as	a	rise	of	10°C	increases	the	exchange	rate	by	a	factor	of	

three	(Englander	et	al.,	1972).	
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Figure	1–10:	Workflow	of	HDX-MS	to	study	protein-protein	interactions	
Deuterated	buffer	 is	added	to	protein	A	+	protein	B	and	protein	A	alone.	The	samples	are	
incubated	for	a	range	of	times	in	which	hydrogens	exchange	with	deuteriums	depending	on	
solvent	accessibility	and	the	presence	of	hydrogen	bonds.	The	exchange	reaction	is	quenched	
by	dropping	the	pH	to	2.5	and	flash-freezing	in	liquid	nitrogen.	The	proteins	are	denatured,	
and	 subsequently	 digested	 and	 then	 analysed	 by	 mass	 spectrometry.	 By	 mapping	 the	
differences	in	exchange	rates	between	the	complex	and	the	free	protein	A	onto	the	structure,	
the	region	of	interaction	of	protein	A	with	protein	B	can	be	visualised.	
	

By	 changing	 the	 surrounding	 solvent	 from	 H2O	 to	 D2O,	 deuterium	 will	 be	

incorporated	into	the	amide	groups	instead	of	hydrogens	(Woodward	et	al.,	1982).	
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With	 the	 help	 of	 mass	 spectrometry,	 the	 change	 of	 mass	 due	 to	 differential	

deuterium	incorporation	between	a	treated	sample	and	an	untreated	control	can	be	

measured	and	compared.	As	HDX-MS	is	a	very	versatile	technique	it	can	be	used	to	

probe	interactions	with	a	variety	of	ligands,	such	as	another	protein	(Ohashi	et	al.,	

2016),	a	lipid	membrane	(Rostislavleva	et	al.,	2015)	or	a	drug	(Masson	et	al.,	2017).	

	

Figure	1–10	shows	the	workflow	of	an	HDX-MS	experiment	to	study	protein-protein	

interactions	(Masson	et	al.,	2019).	Usually,	one	is	interested	where	protein	A	binds	

to	 protein	B	 (or	 vice	 versa).	 In	 order	 to	 conduct	 an	 HDX-MS	 experiment	 of	 this	

nature,	protein	B	has	to	be	added	in	sufficient	amounts	to	ensure	complete	binding	

to	protein	A.	Otherwise,	 a	mixed	population	of	bound	and	unbound	protein	A	 is	

produced,	resulting	in	a	heterogeneous	mixture	of	peptides	with	varying	exchange	

kinetics.	Firstly,	deuterated	buffer	is	either	added	to	protein	A	mixed	with	protein	B	

or	protein	A	alone.	The	samples	are	then	incubated	for	a	range	of	labelling	times	

such	as	3	sec,	30	sec,	5	min	and	50	min	to	capture	a	full	range	of	exchange	rates.	To	

stop	the	exchange	reaction	and	minimize	back-exchange,	samples	are	quenched	by	

changing	the	pH	to	2.5	and	to	temperatures	lower	than	0°C	with	 liquid	nitrogen.	

Furthermore,	urea	or	guanidinium	chloride	is	added	to	unfold	the	protein	chains	to	

enable	subsequent	proteolytic	digestion.	Then,	the	protein	mixture	is	injected	into	

an	immobilised	pepsin	column	for	digestion	and	the	peptides	are	separated	using	

reverse-phase	 chromatography.	 The	 peptides’	 mass	 to	 charge	 (m/z)	 ratio	 is	

measured	 by	 electro-spray	 ionisation	 mass	 spectrometry	 and	 the	 degree	 of	

deuterium	 incorporation	 is	 analysed.	 By	 calculating	 differences	 in	 the	 exchange	

rates	 of	 the	 same	 peptide	 in	 protein	 A,	 both	 in	 a	 bound	 and	 unbound	 state,	

conclusions	about	interactions	and	conformational	changes	upon	protein	B	binding	
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can	 be	 drawn.	 For	 example,	 the	 interaction	 between	 protein	 A	 and	 B	 might	 be	

mediated	by	the	formation	of	new	hydrogen	bonds	and	this	results	in	a	decreased	

HDX	 rate	 in	 the	 particular	 region.	 Furthermore,	 a	 conformational	 change	 in	 the	

protein	 could	 cause	 localised	protein	unfolding,	 exposing	amino	acid	 residues	 to	

solvent	and	thereby	causing	an	 increased	HDX	rate.	The	HDX	exchange	rates	can	

then	be	displayed	on	a	structural	model	in	a	colour	range	from	blue	(decrease	in	

HDX)	to	red	(increase	in	HDX)	(Figure	1–10).	
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1.6 Cryo-electron	tomography	(cryo-ET)	and	
subtomogram	averaging	

The	field	of	cryo-electron	microscopy	(cryo-EM)	image	analysis	has	flourished	since	

the	resolution	revolution	in	the	early	2010s	when	direct-electron	detectors	became	

widely	available	(Kühlbrandt,	2014).	There	are	two	major	techniques	in	the	cryo-

EM	 imaging	 field:	 single	 particle	 analysis	 (SPA)	 and	 cryo-electron	 tomography	

(cryo-ET)	 combined	with	 subtomogram	averaging.	For	both	 techniques,	 samples	

are	 frozen	 in	 a	 thin	 layer	 of	 vitreous	 ice	 and	are	 then	 imaged	 at	 liquid	 nitrogen	

temperatures.	The	vitrification	of	water	leads	to	an	amorphous	and	non-crystalline	

state	 in	 which	 weakly	 scattering	 objects	 like	 proteins	 can	 be	 imaged	 by	 phase	

contrast	in	electron	microscopes	(Dubochet	et	al.,	1988).	In	SPA,	2D	projections	are	

taken	 from	 purified	 proteins	 in	 random	 orientations.	 From	 the	 collected	 2D	

information,	a	3D	reconstruction	can	be	computed	with	image	processing	softwares	

such	 as	Relion	 (Scheres,	 2012).	 In	 contrast,	 in	 cryo-ET	 often	more	 complex	 and	

thicker	 specimens	 such	 as	 cells,	 non-uniform	 virus	 structures	 or	 protein	 coated	

vesicles	are	 studied	 (Schur,	2019).	For	 those,	 SPA	cannot	be	used	due	 to	 sample	

complexity	and	heterogeneity.	The	principle	of	electron	tomography	was	developed	

in	the	1970	by	three	groups	independently	(Hart,	1968;	Hoppe,	1974;	Hoppe	et	al.,	

1968;	Rosier	and	Klug,	1968).	However,	due	to	technical	challenges,	it	would	take	

20	years	before	tomography	could	be	automated	and	therefore	become	accessible	

to	a	wider	audience	(Dierksen	et	al.,	1992;	Koster	et	al.,	1992).	In	tomography,	so-

called	tilt	series	are	collected	where	2D	projections	of	the	same	area	are	taken	at	

tilts	 ranging	 from	 +60°	 to	 -60°	 (Figure	 1–11A)	 (Wan	 and	 Briggs,	 2016).	 Most	

commonly,	the	tilt	series	is	then	reconstructed	into	its	3D	volume	called	tomogram	

with	 the	 weighted	 back-projection	 algorithm	 (Radermacher,	 2006).	 From	 each	
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tomogram,	volumes	can	be	picked	in	3D	and	extracted	as	so	called	subtomograms	

(Figure	1–11A).		

	

	
Figure	1–11:	Workflow	of	cryo-ET	and	subtomogram	averaging	 
(A)	In	cryo-electron	tomography	(cryo-ET)	uses	specimen	vitrified	in	ice.	Projections	are	
taken	from	+60°	to	-60°	to	create	a	tilt	series	(left).	The	tilt-series	can	be	computationally	
reconstructed	into	a	3D	volume	called	tomogram	(middle).	Subtomograms	of	particles	of	
interest	can	be	extracted	from	the	tomogram	for	subtomogram	averaging	(right).	Figure	
adapted	 from	 Galaz-Montoya	 and	 Ludtke	 2017.	 (B)	 Subtomograms	 can	 be	 aligned	 by	
angular	 search.	 A	 reference	 is	 chosen	 and	masked	 and	 rotated	 by	 φ,	 θ,	 ψ	 for	 angular	
sampling.	 A	 wedge	 mask	 is	 additionally	 applied	 and	 a	 cross	 correlation	 (CC)	 function	
against	 a	 low	pass	 filtered	 subtomogram	 in	 x/y/z	 is	 calculated.	 The	 peak	CC	 score	and	
associated	 position	 is	 identified	 and	 the	 subtomogram	 is	 moved.	 An	 average	 of	 the	
improved	subtomogram	orientations	and	positions	is	created	and	used	as	a	reference	for	
the	next	iteration.	Figure	adapted	from	Wan	and	Briggs	2016.	
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When	 multiple	 copies	 of	 the	 same	 protein	 can	 be	 found	 in	 the	 tomogram,	

subtomogram	averaging	can	be	used	to	obtain	a	structure	(Walz	et	al.,	1997).	Figure	

1–11B	describes	the	workflow	of	subtomogram	averaging	by	angular	search	(Wan	

and	Briggs,	2016).	Firstly,	a	reference	structure	is	chosen	as	a	method	for	identifying	

the	target	protein	in	the	subtomograms.	The	reference	structure	is	then	masked	to	

focus	on	a	specific	area	and	rotated	by	the	Euler	angles	φ,	θ,	ψ	to	sample	the	angular	

environment.	With	the	help	of	the	Euler	angles,	any	orientation	of	a	particle	in	3D	

space	 can	 be	 described.	 Specifically,	 θ	 and	 ψ	 describe	 the	 out-of-plane	 rotation	

while	 φ	 denotes	 the	 in-plane	 rotation.	 Lastly,	 a	 wedge	 weight	 is	 applied	 to	 the	

reference	 in	 order	 to	 reach	 similar	 sampling	 in	 Fourier	 space.	 The	 effect	 of	 the	

wedge	will	be	discussed	in	detail	further	below.	Subsequently,	the	subtomogram	is	

low	 pass	 filtered	 to	 increase	 the	 signal-to-noise	 ratio	 (SNR)	 and	 to	 prevent	

overfitting	 to	noise.	The	 low	pass	 filtered	subtomogram	 is	 then	compared	 to	 the	

reference	 by	 a	 cross	 correlation	 (CC)	 function.	 For	 the	 CC	 function,	 a	 cross	

correlation	score	 is	calculated	 for	each	possible	x/y/z	shift	and	Euler	angles	and	

displayed	in	real	space.	A	calculated	high	CC	score	means	that	this	particular	shift	

and	rotation	improved	the	alignment	of	the	subtomogram	against	the	reference.	As	

the	edge	of	subtomograms	can	often	cause	artefacts	in	the	CC	calculation,	a	mask	is	

used	to	restrain	the	range	of	permissible	shifts.	The	highest	CC	score	and	affiliated	

shift	and	rotation	is	identified	and	the	subtomogram	is	oriented	and	positioned	to	

these	 coordinates.	 Lastly,	 an	 average	 of	 all	 subtomograms	 with	 improved	

orientations	and	positions	is	created	and	used	as	a	reference	for	the	next	angular	

search.	This	workflow	is	a	continually	self-improving	process	as	the	alignment	and	

the	 produced	 average	 should	 advance	 during	 each	 iteration.	 Furthermore,	 by	

averaging	numerous	subtomograms,	which	on	their	own	have	low	signal,	the	SNR	
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is	improved	and	higher	resolution	details	can	be	obtained	with	each	iteration.	By	

using	 information	out	of	 a	3D	volume	 instead	of	 a	2D	projection,	 combined	with	

subtomogram	averaging,	structures	can	be	determined	that	otherwise	might	have	

been	obscured	by	other	objects	in	the	electron	beam	path.	

	

Although	the	average	resolution	of	subtomogram	averaging	has	improved	over	the	

years	with	an	average	of	~27	Å,	it	is	still	far	below	the	average	resolution	in	SPA	of	

~5	Å	(Resolution	Trends	in	the	Electron	Microscopy	Data	Bank	EMDB).	There	are	

still	limitations	and	challenges	in	cryo-ET	and	subtomogram	averaging	that	need	to	

be	addressed	in	order	to	improve	sample	acquisition	and	processing.	A	limit	that	

has	been	acknowledged	from	early	on	 is	 the	 limitation	of	 the	total	electron	dose	

(Koster	et	al.,	1997).	In	cryo-EM,	the	contrast	in	the	acquired	projection	stems	from	

electrons	 interacting	 with	 the	 sample.	 However,	 too	 high	 electron	 doses	 cause	

radiation	 damage,	 which	 limits	 the	 achievable	 resolution	 (Glaeser,	 2008;	

Henderson,	1995).	Whereas	in	SPA	only	a	single	image	per	area	is	taken,	in	cryo-ET	

~40-60	images	are	taken	for	one	tilt	series.	Thus,	each	image	of	the	tilt	series	can	

receive	 an	 up	 to	 10	 times	 smaller	 dose	 than	 in	 SPA	 (2.5	 e−/Å2	 vs	 30	 e−/Å2)	

(Kudryashev	et	al.,	2012).	In	contrast,	full	tilt	series	are	often	imaged	with	a	total	

dose	of	up	to	~100-150	e−/Å2.	This	means	that	cryo-ET	images	have	more	electron-

induced	 damage	 and	 have	 a	 much	 lower	 SNR,	 which	 complicates	 particle	

identification	and	subtomogram	alignment.	Another	problem	is	the	ice	thickness	of	

samples.	This	might	not	be	a	problem	for	in	vitro	reactions	of	vesicles	or	viruses,	but	

frozen	cells	can	often	be	much	thicker	than	500	nm.	Yet,	the	mean	free	path	of	an	

electron	accelerated	at	300	kV	is	~300	nm	(Rice	et	al.,	2018).	In	thicker	samples,	

more	 charging,	 blurring,	 and	 inelastic	 scattering	 of	 electrons	 lead	 to	 poor	 image	
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quality.	Even	for	in	vitro	samples,	ice	thickness	can	become	a	problem	at	high	tilts.	

As	the	path	of	the	electron	is	extended	two-fold	at	60°,	three-fold	at	70°	and	almost	

six-fold	 at	 80°,	 even	 thin	 samples	 experience	 deterioration	 in	 image	 quality	

(Nicastro,	2009).	In	order	to	look	at	thick	cells	under	the	electron	beam,	methods	

like	vitreous	sectioning	or	Focused	ion	beam	(FIB)	milling	have	been	used	to	reduce	

the	 thickness	of	 ice	 layers	 to	~100-300	nm	(Marko	et	 al.,	 2007;	McDowall	 et	 al.,	

1983).	On	average,	the	number	of	particles	per	data	set	in	cryo-ET	is	much	smaller	

than	in	SPA.	Whereas	final	SPA	structures	are	often	made	of	100,000	particles	or	

more,	cryo-ET	data	sets	are	of	variable	size,	but	can	contain	anything	from	~20,000	

down	to	less	than	500	particles	(Kovtun	et	al.,	2018;	Weiss	et	al.,	2019).	This	is	due	

to	the	low	abundance	of	some	cryo-ET	targets	and	the	time	consuming	nature	of	

collecting	high-quality	tilt-series	(Nicastro,	2009).	Another	problem	is	the	contrast	

transfer	function	(CTF)	correction	in	cryo-ET.	The	signal	in	electron	micrographs	is	

modulated	 by	 a	 sinusoidal	 function	 of	 spatial	 frequency	 called	 the	 CTF,	 which	

depends	on	microscope	parameters	and	the	acquired	defocus	(Erickson	and	Klug,	

1971).	 Due	 to	 the	 sinusoidal	 nature	 of	 the	 function,	 there	 is	 a	 periodic	 contrast	

inversion	and	signal	loss	at	zero-crossings.	If	the	microscopy	data	is	not	corrected	

for	 the	CTF,	 then	the	attainable	resolution	 is	restricted	to	the	 first	zero-crossing,	

which	might	be	lower	than	30	Å	(Wade,	1992).	As	the	CTF	estimation	is	strongly	

dependent	 on	 an	 accurate	 defocus	determination,	 tomograms	 can	 create	 several	

challenges.	Not	only	is	there	a	defocus	gradient	when	the	sample	is	tilted	but	also	

samples	 have	 a	 defocus	 gradient	 along	 their	 thickness	 (Turoňová	 et	 al.,	 2017).	

Consequently,	accurate	defocus	estimation	and	3D-CTF	correction	should	be	used	

as	errors	of	250	nm	 in	defocus	estimation	have	been	 shown	 to	already	 limit	 the	

resolution	to	no	better	than	10	Å	(Kudryashev,	2017).	Unfortunately,	CTF	correction	
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is	not	yet	a	routine	process	in	cryo-ET	(Kudryashev	et	al.,	2012).	One	of	the	biggest	

problems	in	subtomogram	averaging	is	the	effect	of	the	missing	wedge	(Schmid	and	

Booth,	2007).	Due	to	mechanical	and	conceptual	limitations,	tilt	series	can	only	be	

acquired	 to	 a	maximum	 tilt	 range	 of	 50-70°.	 This	 incomplete	 sampling	 leads	 to	

missing	 information	 in	 Fourier	 space	 in	 the	 reconstructed	 tomograms	

(Radermacher,	1988)	(Figure	1–12A).	

	

	
Figure	1–12:	Missing	wedge	bias	in	Fourier	space	
(A)	 The	 Fourier	 transform	 of	 an	 acquired	 tomogram	 shows	 the	 missing	 information	 in	
Fourier	 space	 called	 the	missing	wedge.	 (B)	 A	 cartoon	 representation	 of	 a	protein	 target	
(left).	 After	 capturing	 the	 target	 proteins	 in	 tomograms,	 the	 subtomogram	 has	 a	missing	
wedge	in	Fourier	space	(middle)	and	wedge	artefacts	like	elongation	and	loss	of	horizontal	
features	in	real	space	(right).	(C)	The	missing	information	in	Fourier	space	due	to	the	wedge	
can	be	“filled	in”	by	subtomogram	averaging.	Particles	with	different	wedge	orientations	can	
be	 added	 in	 Fourier	 space	 for	 averaging	 and	 the	 Fourier	 space	 can	 be	 recovered.	 Figure	
adapted	from	(Galaz-Montoya	and	Ludtke,	2017).	
	

Consequently,	the	extracted	subtomograms	also	display	a	missing	wedge	in	Fourier	

space	and	contain	wedge	artefacts	in	real	space	(Figure	1–12B).	These	real	space	
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artefacts	 cause	 features	 that	 run	 horizontally	 in	 x	 to	 almost	 disappear	 and	

structures	that	run	parallel	to	z	to	become	stretched	and	blurred	(Palmer	and	Löwe,	

2013).	As	 the	CC	 function	between	 reference	 and	subtomograms	 is	 calculated	 in	

Fourier	 space,	 the	missing	wedge	 can	 become	 an	 overpowering	 feature.	 Thus,	 a	

method	to	compensate	is	to	apply	a	binary	wedge	mask	in	the	same	orientation	to	

the	reference	(Figure	1–11B)	(Wan	and	Briggs,	2016).	However,	the	missing	wedge	

can	 also	 be	 “filled	 in”.	 When	 subtomograms	 with	 different	 missing	 wedge	

orientations	are	aligned	to	structural	features	and	summed	in	Fourier	space,	as	a	

part	 of	 the	 averaging	 procedure,	 then	 the	missing	 information	 can	 be	 recovered	

(Galaz-Montoya	and	Ludtke,	2017)	(Figure	1–12C).		
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2 Aims	

The	phosphatidylinositol	kinase	VPS34	and	its	product	PI(3)P	orchestrate	diverse	

processes,	 including	autophagy,	endocytic	sorting,	phagocytosis	and	cell	division.	

The	 lipid	 composition	 of	 the	 organelles	 involved	 in	 these	 processes	 varies	

dramatically	 and	 thereby	 influences	 membrane	 association	 and	 kinase	 activity.	

When	I	started	my	PhD,	most	kinase	activity	studies	of	VPS34	complexes	had	been	

carried	out	with	immunoprecipitated	proteins	and	non-physiological	lipid	mixtures	

that	did	not	reflect	intracellular	conditions.	Thus,	only	limited	conclusions	could	be	

drawn	from	these	experiments.	To	better	understand	the	physiological	function	of	

VPS34,	a	system	in	which	the	activity	of	the	human	VPS34	complexes	I	and	II	could	

be	reconstituted	in	vitro	with	clearly	defined	lipid	compositions,	mimicking	cellular	

membranes,	would	be	very	valuable	 to	 the	 field.	Furthermore,	 the	 small	GTPase	

Rab5a	had	been	suggested	to	interact	with	VPS15	over	20	years	ago.	However,	no	

study	has	followed	up	on	the	specific	interaction	of	Rab5	with	either	complex	I	or	II.	

In	order	to	map	the	Rab5	binding	site	on	complex	II,	a	complementary	approach	of	

hydrogen	 deuterium	 mass	 spectrometry	 (HDX-MS)	 and	 unnatural	 amino	 acid	

crosslinking	was	chosen.	The	second	aim	of	 this	project	was	to	use	cryo-electron	

tomography	 and	 subtomogram	 averaging	 to	 visualise	 human	 VPS34	 complex	 II	

directly	on	membranes.	Several	cryo-EM	structures	of	the	human	VPS34	complexes	

have	been	solved,	but	no	one	has	succeeded	so	far	in	solving	the	membrane	bound	

structure.	 Studying	 the	 interaction	 of	 proteins	 with	 membranes	 has	 been	 very	

challenging	 for	 structural	 techniques,	 however,	 the	 recent	 advances	 in	 cryo-

electron	microscopy	such	as	more	sensitive	direct	electron	detectors	and	advances	
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in	cryo-electron	tomography	image	processing	provided	the	opportunity	to	pursue	

this	challenging	project.		

The	goal	of	my	PhD	was	to	shed	light	on	the	recruitment	and	activation	mechanism	

of	the	VPS34	complexes	in	vitro	and	thereby	infer	why	complex	II	is	recruited	to	the	

endocytic	pathway	whereas	complex	I	is	active	during	the	initiation	of	autophagy.	
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3 Materials	and	methods	

	

3.1 Protein	expression	and	purification	
	

Table	1:	Plasmid	table	
ID	 Construct	 Backbone	 Used	in	

pYO1006	 HsBeclin	1,	untagged	 pCAG	
GUV	assays,	
flotation,	
cryo-ET	

pYO1017	 ZZ-3X-TEV-HsATG14L	 pCAG	 GUV	assays	
pYO1018	 ZZ-3X-TEV-HsUVRAG	 pCAG	 GUV	assays	
pYO1023	 HsBeclin	1	+	ZZ-3XTEV-HsUVRAG	 pCAG	 GUV	assays	

pYO1025	 HsVPS34	+	HsVPS15-3xTEV-ZZ	 pCAG	

HDX-MS,	GUV	
assays,	
flotation,	
cryo-ET	

pYO1031	 HsBeclin	1	+	HsUVRAG,	both	untagged	 pCAG	
HDX-MS,	GUV	

assays,	
flotation	

pYO1051	 HsBeclin	1	AFM1	(FFW/DDD	at	359-361)	
untagged	+	ZZ-3xTEV-HsATG14L	 pCAG	 GUV	assays	

pYO1052	 HsBeclin	1	AFM1	(FFW/DDD	at	359-361),	
untagged	+	ZZ-3xTEV-HsUVRAG	 pCAG	 GUV	assays	

pYO1067	 ZZ-HsRubicon	 pCAG	 GUV	assays,	
flotation	

pYO1077	 ZZ_3xTEV-HsATG14L	delta	ALPS	(1-470)	 pCAG	 GUV	assays	

pYO1101	 HsBeclin	1	+	HsATG14L,	both	untagged	 pCAG	
HDX-MS,	GUV	

assays,	
flotation	

pYO1113	 hsVPS15+hsVPS34	untagged	 pCAG	 GUV	assays,	
flotation	

pYO1118	 HsBeclin	1	AFM2	(Q418D	F419D),	untagged	+	
ZZ-3xTEV-HsATG14L	 pCAG	 GUV	assays	

pYO1120	 HsBeclin	1	AFM2	(Q418D	F419D),	untagged	+	
ZZ-3xTEV-HsUVRAG	 pCAG	 GUV	assays	

pYO1123	 HsUVRAG	fused	to	HsATG14L	BATS	domain	
(413-492),	untagged	 pCAG	 GUV	assays	

pYO1124	 HsUVRAG	delta	Cter	(1-464)	fused	to	HsATG14L	
BATS	domain	(413-492),	untagged	 pCAG	

GUV	assays,	
flotation,	
cryo-ET	

pYO1125	 GST-TEV-ATG-(Cys)-PX	(2-149)	 pOP	 GUV	assays	
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pYO1134	 HsBeclin	1	AFM1(FFW/DDD	at	359-361)	+	HLM	
(L293A	V296A),	untagged	+	ZZ-HsATG14L	 pCAG	 GUV	assays	

pYO1190	 HsBeclin1	HLM	(L293A	V296A)	+	AFM2	(Q418D	
F419D)	 pcDNA4/TO	 GUV	assays	

pYO1262	 His6-TEV-HsRab5A_	Q79L_1-211	 pOP	 HDX-MS	
pSM41	 His6-TEV-hsVPS34	 pOP	 GUV	assays	

pJB78	 GST-TEV-HsRab1a-(1-204)_Q70L_C26S_C126S	 pOP	 GUV	assays,	
flotation	

pOP823	 His6-SUMO-HsRab5A_(1-212)_Q79L_C19S_C63S	 pOPIN-S	
GUV	assays,	
flotation,	
cryo-ET	

STp6	 HsRab5a_Q79L_1-212_C19S_C63S_S84TAG	 pBAD	 UAA	
crosslink	

STp12	 TEMPOH-1_PylT_Mm	(RNA/aminoacyl-tRNA	
synthetase)	 pEVOL	 UAA	

crosslink	
	

3.1.1 Purification	of	human	VPS34	complexes	I	and	II	

Expi293	suspension	cells	(ThermoFisher	A14527)	were	grown	at	37°C,	8%	CO2	in	

Expi293	Expression	Medium	(ThermoFisher	A1435102)	and	at	125	rpm	shaking.	

Cells	were	transfected	with	one	or	several	plasmids	at	a	cell	density	of	~2.0	x	106	

per	 mL.	 The	 plasmid	 concentration	 was	 1.1	 mg/L	 culture,	 using	 3	 mg/L	 of	

polyethylenimine	(PEI)	“MAX”	dissolved	in	PBS	(Polysciences	24765,	1	mg/mL).	2-

4	L	cells	were	grown	for	48	h,	then	harvested	at	3,000	g	for	20	min.	Harvested	cells	

were	frozen	in	liquid	nitrogen	and	stored	at	-80°C.	The	purification	of	complexes	I	

and	II	(+/-	Rubicon)	only	differs	in	the	concentration	of	NaCl	in	all	buffers.	While	for	

complex	 I	 150	mM	 NaCl	was	 used,	 300	mM	NaCl	 was	 used	 for	 complex	 II	 (+/-	

Rubicon).	The	frozen	cell	pellet	was	resuspended	in	70-150	mL	lysis	buffer	(50	mM	

HEPES	pH	8,	150	or	300	mM	NaCl,	1%	Triton	X-100	(Sigma,	X100),	10%	glycerol,	1	

mM	TCEP	(tris(2-carboxyethyl)phosphine),	Soltec	Ventures,	M115),	2	mM	MgCl2,	1x	

EDTA-free	inhibitor	tablet	(Roche,	05056489001))	and	incubated	on	ice	for	30	min.	

The	insoluble	fraction	was	removed	by	centrifugation	at	18,000	g	for	30	min.	The	

supernatant	 fraction	 was	 incubated	 with	 2	 mL	 bed	 volume	 of	 IgG	 beads	 (GE	
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Healthcare,	17096902)	for	3.5	h.	The	bead/supernatant	mixture	were	centrifuged	

at	1,000	g,	and	¾	of	the	supernatant	was	removed	so	that	the	beads	were	left	in	a	

thick	 slurry.	 The	 IgG	 beads	were	 then	 transferred	 to	 a	 gravity	 flow	 column	 and	

washed	with	150	mL	of	wash	buffer	(50	mM	HEPES	pH	8,	150	or	300	mM	NaCl,	0.1	

%	Triton	X-100,	1	mM	TCEP,	5	mM	ATP	(Sigma,	A2383),	50	mM	MgCl2,	5	µg/mL	

RNaseA	(Sigma,	83834))	and	150	mL	of	TEV	buffer	(50	mM	HEPES	pH	8,	150	or	300	

mM	NaCl,	1	mM	TCEP).	TEV	protease	was	added	to	10	mL	of	TEV	buffer	and	the	

solution	was	added	to	the	gravity	column	for	overnight	incubation.	The	next	day,	

the	protein	was	eluted	from	the	beads	in	6	elution	fractions	of	10	mL	and	analysed	

by	 SDS-PAGE	 gel	 electrophoresis.	 The	 elution	 fractions	 were	 combined	 and	

concentrated	 using	 a	 100	 kDa	 molecular	 weight	 cut-off	 (MWCO)	 centrifugal	

concentrator	(Millipore,	UFC910096)	for	gel	filtration.	A	S200	10/30	gel	filtration	

column	was	equilibrated	with	gel	filtration	buffer	(25	mM	HEPES	pH	8,	150	or	300	

mM	NaCl,	1	mM	TCEP).	The	main	peak	 fractions	were	analysed	by	SDS-PAGE	gel	

electrophoresis	and	pooled.	The	fractions	were	then	concentrated	to	10-30	µM.	The	

proteins	were	frozen	in	liquid	nitrogen	and	stored	at	-80°C.		

	

3.1.2 Purification	of	human	VPS34	

E.	 coli	 C41	 (DE3)	 RIPL	 cells	 were	 transformed	 with	 the	 plasmid	 pSM41.	 The	

transformed	bacteria	were	cultured	in	2XTY	medium	with	0.1	mg/mL	ampicillin	at	

37°C	to	OD600	0.8	and	induced	with	0.3	mM	IPTG	at	12°C	for	~15	h.	A	culture	volume	

of	4	L	of	cells	was	pelleted	by	20	min	centrifugation	at	4,000	g	and	resuspended	in	

~100	mL	of	lysis	buffer	(10	mM	Tris-HCl	pH	8,	100	mM	NaCl,	10	ml	imidazole,	1	

Complete	EDTA-free	Protease	Inhibitor	Cocktail	Tablet	(Roche,	11873580001),	0.1	
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mg/ml	DNaseI,	and	50	ml	BugBuster	(Novogen	70584)	and	sonicated	on	ice	3	times	

for	3	min.	The	sonicated	lysates	were	centrifuged	at	100,000	g	for	40	min	at	4°C	and	

the	 supernatant	 was	 subsequently	 filtered	 through	 a	 0.45	 µm	 filter	 (Millipore,	

SE2M230I04).	The	filtered	supernatant	was	loaded	on	two	connected	5	mL	Ni-NTA	

FF	columns	(GE	Healthcare	17-5255-01).	The	columns	were	washed	with	100	mL	

Ni	 A1	 buffer	 (20	 mM	 Tris	 pH	 8,	 300	 mM	 NaCl,	 10	 mM	 imidazole,	 2	 mM	 β-

mercaptoethanol),	100	ml	Ni	A2	buffer	(20	mM	Tris	pH	8,	100	mM	NaCl,	10	mM	

imidazole,	2	mM	β-mercaptoethanol),	and	eluted	in	an	imidazole	gradient	to	about	

Ni	 B1	 buffer	 (20	 mM	 Tris	 pH	 8,	 100	 mM	 NaCl,	 300	 mM	 imidazole,	 2	 mM	 β-

mercaptoethanol).	 The	 eluted	 fractions	 were	 analysed	 by	 SDS-PAGE	 gel	

electrophoresis	 and	 combined.	 The	 N-terminal	 His6	 tag	 was	 cleaved	 with	 TEV	

protease	and	incubated	overnight	with	gentle	rocking	at	4°C.	On	the	next	day,	the	

protein	was	 loaded	on	a	5	mL	Heparin	HP	column	(GE	Healthcare	17040701)	by	

first	washing	with	20	mL	HA	buffer	(20	mM	Tris	pH	8,	100	mM	NaCl,	2	mM	DTT)	

and	then	eluted	with	100	mL	HB	buffer	(20	mM	Tris	pH	8,	2	mM	DTT,	1	M	NaCl).	

The	 peak	 fractions	 were	 pooled	 and	 brought	 to	 100	 mM	 NaNO3	 to	 prevent	

precipitation	during	 concentration	 in	 a	 10	 kDa	MWCO	 centrifugal	 filter	 (Amicon	

Ultra15	concentrator,	Millipore	UFC901024).	The	concentrated	protein	was	loaded	

on	 a	 Superdex	 200	 16/60	 gel	 filtration	 column	 that	 was	 pre-equilibrated	 with	

running	buffer	(20	mM	Tris	HCl	pH	8,	100	mM	NaCl,	2	mM	DTT).	The	peak	fractions	

were	analysed	by	SDS-PAGE	gel	electrophoresis	and	concentrated	to	~50	µM.	The	

proteins	were	frozen	in	liquid	nitrogen	and	stored	at	-80°C.		
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3.1.3 Purification	and	labelling	of	p40-PX	domain	

E.	 coli	 C41	 (DE3)	 RIPL	 cells	were	 transformed	 with	 the	 plasmid	 pYO1125.	 The	

transformed	 bacteria	 were	 cultured	 in	 2xTY	 medium	 containing	 0.1	 mg/ml	

ampicillin	at	37°C	to	an	OD600	0.6	and	induced	with	0.3	mM	IPTG	at	30°C	for	~16	h.	

A	culture	of	2-6	L	of	cells	was	pelleted	by	20	min	centrifugation	at	4,000	g	and	the	

pellets	were	resuspended	 in	~150	mL	lysis	buffer	(20	mM	HEPES	pH	8,	200	mM	

NaCl,	 1	 mM	 TCEP,	 0.05	 µL/mL	 universal	 nuclease	 (ThermoFisher,	 88702),	 0.5	

mg/mL	lysozyme	(MP	Biomedicals,	195303)).	The	cells	were	sonicated	6	min	on	ice	

(10	s	on/10	s	off,	60%	amplitude)	and	the	lysates	were	spun	at	30,000	g	for	45	min	

at	 4°C	 and	 the	 supernatant	 was	 filtered	 through	 a	 0.45	 µm	 filter	 (Millipore,	

SE2M230I04).	An	aliquot	of	2.5	mL	of	washed	Glutathione	Sepharose	beads	was	

added	 (Glutathione	 Sepharose	 4B,	 GE	 Healthcare	 17-0756-05).	 The	 lysate	 was	

incubated	on	the	beads	for~45	min	with	gentle	rolling	at	4°C.	The	beads	were	then	

transferred	to	a	gravity	flow	column	(Bio-Rad,	731-1550)	and	washed	with	100	mL	

lysis	buffer,	100	mL	wash	buffer	(20	mM	HEPES	pH	8,	300	mM	NaCl,	1mM	TCEP)	

and	100	mL	TEV	buffer	(20	mM	HEPES	pH	8,	200	mM	NaCl,	1mM	TCEP).	The	N-

terminal	 GST	 tag	 was	 cleaved	 with	 TEV	 protease	 by	 incubation	 overnight	 with	

gentle	 rocking	 at	 4°C.	 The	 next	 day,	 elution	 fractions	 were	 collected	 and	

concentrated	 in	a	10	kDa	MWCO	centrifugal	 filter	 (Amicon	Ultra15	concentrator	

Millipore,	 UFC901024).	 The	 concentrated	 protein	was	 loaded	 on	 a	 Superdex	 75	

16/60	gel	filtration	column	equilibrated	with	running	buffer	(20	mM	HEPES	pH	8,	

200	 mM	 KCl,	 1mM	 TCEP).	 The	 peak	 fractions	 were	 analysed	 by	 SDS-PAGE	 gel	

electrophoresis	and	concentrated	to	~1.3	mM.	The	proteins	were	frozen	in	liquid	

nitrogen	and	stored	at	-80°C.		

	



Materials	and	methods	
	

	 -	47	-	

For	 the	 labelling	 of	 the	 p40	 PX	 domain,	 1	 mg	 of	 AF647	 C2	 Maleimide	 kit	 (Life	

Technologies,	A20347)	was	dissolved	in	100	µL	DMSO	(ThermoFischer,	Catalog	No.	

BP231-100)	to	a	final	concentration	of	7.7	mM.	Then,	250	µM	p40	PX,	2.5	mM	TCEP,	

385	µM	AF647	dye	was	mixed	in	labelling	buffer	(50	mM	HEPES	pH	7,	200	mM	KCl)	

to	a	total	volume	of	1	mL.	The	reaction	tube	was	wrapped	in	aluminium	foil,	and	was	

left	at	room	temperature	for	2	h	with	gentle	rocking.	After	the	incubation,	DTT	was	

added	 to	 a	 final	 concentration	 of	 1	mM	 and	 the	 protein	was	 loaded	 on	 a	 5	mL	

Heparin	HP	column	(GE	Healthcare	17040701).	The	column	was	first	washed	with	

HA	buffer	(50	mM	HEPES	PH	8,	100	mM	KCl,	1	mM	TCEP)	and	then	p40	PX	was	

eluted	with	HB	buffer	(50	mM	HEPES	PH	8,	1	M	KCl,	1	mM	TCEP).	The	peak	fractions	

were	pooled	and	concentrated	to	~380	µM	with	~20-30%	labelling	efficiency.	The	

proteins	were	frozen	in	liquid	nitrogen	and	stored	at	-80°C.		

	

3.1.4 Purification	of	human	Rab1a		

As	 the	 Rab1a	 construct	 was	 used	 for	 maleimide	 labelling,	 Rab1a	 (1-204)	 was	

mutated	 to	 be	 in	 the	 “active”	 conformation	 (Q70L)	 and	 surface	 cysteines	 were	

mutated	to	serines	(C26S,	C126S).	E.	coli	C41	(DE3)	RIPL	cells	were	transformed	

with	the	plasmid	pJB78.	The	transformed	bacteria	were	cultured	in	2xTY	medium	

containing	0.1	mg/ml	ampicillin	at	37°C	to	an	OD600	0.6	and	induced	with	0.3	mM	

IPTG	at	18°C	for	~16	h.	A	culture	volume	of	2-6	L	of	cells	was	pelleted	by	20	min	

centrifugation	at	4,000	g	and	the	pellets	were	resuspended	in	~150	mL	lysis	buffer	

(20	mM	HEPES	pH	8,	200	mM	NaCl,	1	mM	TCEP,	0.05	µL/mL	universal	nuclease	

(ThermoFisher,	88702),	0.5	mg/mL	lysozyme	(MP	Biomedicals,	195303).	The	cells	

were	sonicated	for	6	min	on	ice	(10	s	on/10	s	off,	60%	amplitude),	and	the	lysates	
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were	spun	at	30,000	g	for	45	min	at	4°C	and	the	supernatant	was	filtered	through	a	

0.45	µm	filter	(Millipore,	SE2M230I04).	An	aliquot	of	2.5	mL	of	washed	Glutathione	

Sepharose	beads	was	added	 (Glutathione	Sepharose	4B,	GE	Healthcare	17-0756-

05).	The	lysate	was	incubated	on	the	beads	for	~45	min	with	gentle	rolling	at	4°C.	

The	beads	were	then	transferred	to	a	gravity	flow	column	(Bio-Rad,	731-1550)	and	

washed	with	100	mL	lysis	buffer,	100	mL	wash	buffer	(20	mM	HEPES	pH	8,	300	mM	

NaCl,	5%	glycerol,	1mM	TCEP)	and	100	mL	TEV	buffer	(20	mM	HEPES	pH	8,	200	

mM	NaCl,	1mM	TCEP).	The	N-terminal	GST	tag	was	cleaved	with	TEV	protease	by	

incubation	overnight	with	gentle	rocking	at	4°C.	Next	day,	elution	 fractions	were	

combined,	and	diluted	¼	in	dilution	buffer	(20	mM	HEPES	8.0	and	1	mM	TCEP).	The	

diluted	protein	solution	was	loaded	on	a	5	mL	Q	column	(GE	Healthcare,	17505301),	

then	 the	 flow	 through	 fraction	 was	 loaded	 on	 a	 5	 mL	 heparin	 column	 (GE	

Healthcare,	 17040601)	 to	 remove	 unbound	GST	 and	TEV	protease,	 respectively.	

The	 heparin	 flowthrough	 fraction	 was	 concentrated	 in	 a	 10	 kDa	 MWCO	MWCO	

centrifugal	 filter	 (Amicon	Ultra15	concentrator	Millipore,	UFC901024)	 to	~1	mL	

and	the	protein	concentration	was	measured.	In	a	total	volume	of	2	mL,	Rab1a	is	

mixed	 with	 11	 molar	 excess	 of	 GTP	 (Jena	 bioscience	 NU-1012)	 or	 GDP	 (Jena	

bioscience	NU-1172),	18	molar	excess	of	EDTA	for	90	min	at	room	temperature.	The	

solution	was	then	brought	to	a	36	molar	excess	of	MgCl2	and	incubated	for	another	

30	min.	The	2	mL	mixture	was	loaded	on	a	Superdex	75	16/6	gel	filtration	column	

that	was	pre-equilibrated	with	running	buffer	(25	mM	HEPES	pH	7,	150	mM	NaCl,	

0.5	mM	TCEP).	The	peak	fractions	were	analysed	by	SDS-PAGE	gel	electrophoresis	

and	concentrated	to	~0.5-1	mM.	The	proteins	were	 frozen	in	liquid	nitrogen	and	

stored	at	-80°C.		
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3.1.5 Purification	of	human	Rab5a	

As	 this	 Rab5a	 construct	 was	 used	 for	 maleimide	 labelling,	 Rab5a	 (1-212)	 was	

mutated	 to	 be	 in	 the	 “active”	 conformation	 (Q79L)	 and	 surface	 cysteines	 were	

mutated	to	serines	(C19S,	C63S).	E.	coli	C41	(DE3)	RIPL	cells	were	transformed	with	

the	plasmid	pOP823.	The	transformed	bacteria	were	cultured	in	2XTY	medium	with	

0.05	mg/ml	kanamycin	at	37°C	to	OD600	0.8	and	induced	with	0.3	mM	IPTG	at	37°C	

for	~3-5	h.	2-6	L	of	 cells	were	pelleted	by	20	min	 centrifugation	at	4,000	g	and	

resuspended	in	~100	mL	of	lysis	buffer	(25	mM	HEPES	pH	8,	200	mM	NaCl,	10	ml	

imidazole,	 0.05	 µL/mL	 universal	 nuclease	 (ThermoFisher,	 88702),	 0.5	 mg/mL	

lysozyme	(MP	Biomedicals,	195303))	and	sonicated	6	min	on	ice	(10	s	on/10	s	off,	

60%	 amplitude)	 The	 lysates	 were	 spun	 at	 30,000	 g	 for	 45	 min	 at	 4°C,	 filtered	

through	a	0.45	µm	filter	(Millipore,	SE2M230I04)	and	loaded	on	two	connected	5	

mL	Ni-NTA	FF	columns	 (GE	Healthcare	17-5255-01).	The	 columns	were	washed	

with	100	mL	wash	buffer	(20	mM	Tris	pH	8,	300	mM	NaCl,	10	mM	imidazole,	2	mM	

β-mercaptoethanol,	5%	glycerol)	and	100	mL	Ni	A	buffer	(20	mM	Tris	pH	8,	100	mM	

NaCl,	10	mM	imidazole,	2	mM	β-mercaptoethanol,	5%	glycerol).	The	protein	was	

eluted	with	an	imidazole	gradient	to	Ni	B	buffer	(20	mM	Tris	pH	8,	100	mM	NaCl,	

200	mM	 imidazole,	2	mM	β-mercaptoethanol,	5%	glycerol).	The	eluted	 fractions	

were	analysed	by	SDS-PAGE	gel	electrophoresis,	combined	and	concentrated	with	

10	 kDa	 MWCO	 centrifugal	 filter	 (Amicon	 Ultra15	 concentrator	 Millipore,	

UFC901024)	 to	 ~7-15	mL.	 The	 concentrated	 fractions	 were	mixed	 with	 SUMO-

protease,	 transferred	 to	 a	 dialysis	 bag	 (Dialysis	 tubing,	 10K	MWCO,	 SnakeSkin™	

Thermo	Fischer)	and	dialysed	against	4	L	of	dialysis	buffer	overnight	at	4°C	(20	mM	

Tris	pH	8,	150	mM	NaCl,	1	mM	TCEP,	5%	glycerol).	The	next	day,	the	protein	was	

loaded	 on	 two	 connected	 5	 mL	 Ni-NTA	 FF	 columns	 and	 washed	 with	 ~50	 mL	
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dialysis	 buffer.	 The	 flow-through	was	 collected,	 concentrated	 to	~1	mL	 and	 the	

protein	concentration	was	measured.	In	a	total	volume	of	2	mL,	Rab5	was	mixed	

with	11	molar	excess	of	GTP	(Jena	bioscience	NU-1012)	or	GDP	(Jena	bioscience	NU-

1172)	and	18	molar	excess	of	EDTA	for	90	min	at	room	temperature.	The	solution	

was	then	brought	to	36	molar	excess	of	MgCl2	and	incubated	for	another	30	min.	

The	2	mL	solution	was	loaded	on	a	Superdex	75	16/6	gel	filtration	column	that	was	

pre-equilibrated	with	running	buffer	(25	mM	HEPES	pH	7,	150	mM	NaCl,	0.5	mM	

TCEP).	 The	 peak	 fractions	 were	 analysed	 by	 SDS-PAGE	 gel	 electrophoresis	 and	

concentrated	to	~0.5-1	mM.	The	proteins	were	frozen	in	liquid	nitrogen	and	stored	

at	-80°C.		

For	 HXD-MS,	 a	 Rab5a	 construct	 was	 designed	 without	 C-terminal	 cysteine	 and	

mutated	 surface	 cysteines.	 This	 construct	 (Q79L,	 1-211,	 plasmid	 pYO1261)	was	

purified	as	above.		

	

3.2 GUV	assay	
	

Table	2:	Lipid	species	

Lipid	species	 Company	 Catalogue	
number	 Additional	comments	

DOPC	 Avanti	Polar	
Lipids,	Inc	 850375C	 Dissolved	in	chloroform	

DOPE	 Avanti	Polar	
Lipids,	Inc	 850725C	 Dissolved	in	chloroform	

DOPS	 Avanti	Polar	
Lipids,	Inc	 840035C	 Dissolved	in	chloroform	

Brain	PC	 Avanti	Polar	
Lipids,	Inc	 840053C	 Dissolved	in	chloroform	

Brain	PE	 Avanti	Polar	
Lipids,	Inc	 840022C	 Dissolved	in	chloroform	

Brain	PS	 Avanti	Polar	
Lipids,	Inc	 840032C	 Dissolved	in	chloroform	

Liver	PI	(mixed	
chain	PI)	

Avanti	Polar	
Lipids,	Inc	 840042C	 Dissolved	in	chloroform	
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DSPE-PEG(2000)	
Biotin	

Avanti	Polar	
Lipids,	Inc	 880129C	 Dissolved	in	chloroform	

DO	Liss	Rhod	PE	 Avanti	Polar	
Lipids,	Inc	 810150P	 Dissolved	in	chloroform	

SOPC	 Avanti	Polar	
Lipids,	Inc	 850467C	 Dissolved	in	chloroform	

SOPE	 Avanti	Polar	
Lipids,	Inc	 850758C	 Dissolved	in	chloroform	

SOPS	 Avanti	Polar	
Lipids,	Inc	 840039C	 Dissolved	in	chloroform	

DSPI	 Avanti	Polar	
Lipids,	Inc	 850143P	 Dissolved	in	

chloroform:methanol:H2O	=20:9:1	

SAPI	 Avanti	Polar	
Lipids,	Inc	 850144P	 Dissolved	in	

chloroform:methanol:H2O	=20:9:1	

DOPI	 Avanti	Polar	
Lipids,	Inc	 850149P	 Dissolved	in	

chloroform:methanol:H2O	=20:9:1	

DO	PI(3)P	 Avanti	Polar	
Lipids,	Inc	 850150P	 Dissolved	in	chloroform	

DO	PI(4)P	 Avanti	Polar	
Lipids,	Inc	 850151P	 Dissolved	in	chloroform	

DO	PI(4,5)P2	 Avanti	Polar	
Lipids,	Inc	 850155P	 Dissolved	in	chloroform	

18:1	PE	MCC	 Avanti	Polar	
Lipids,	Inc	 780201C	 Dissolved	in	chloroform	

	

Table	3:	GUV	lipid	mixtures	

ID	 Composition	(%	in	mg/mL)	 Description	in	
figures	

YOGUV3	/	
STGUV2	

18%	liver	PI,	10%	DOPS,	17%	DOPE,	55%	DOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	

DO	Base,	82%	DO,	
18%	mixed	PI	
chain,	or	10%	PS	

YOGUV5	/	
STGUV1	

18%	liver	PI,	25%	DOPS,	17%	DOPE,	40%	DOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 DO	high	PS	

YOGUV16	 18%	liver	PI,	10%	SOPS,	17%	SOPE,	55%	SOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 82%	SO	

YOGUV18	 18%	liver	PI,	10%	DOPS,	17%	DOPE,	55%	SOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 55%	SO	+	27%	DO	

YOGUV28	/	
STGUV7	

18%	liver	PI,	10%	DOPS,	17%	DOPE,	50%	DOPC,	
5%	DO	PI(4,5)P2,	0.03%	DSPE-PEG-Biotinyl,	

0.017%	Liss-Rhodamine	
DO	PI(4,5)P2	

YOGUV34	
15%	liver	PI,	10%	DOPS,	17%	DOPE,	55%	DOPC,	
3%	DO	PI(3)P,	0.03%	DSPE-PEG-Biotinyl,	0.017%	

Liss-Rhodamine	

DO	base	+	3%	
PI(3)	

YOGUV36	
15%	liver	PI,	10%	SOPS,	17%	SOPE,	55%	SOPC,	3%	
DO	PI(3)P,	0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-

Rhodamine	

SO	base	+	3%	
PI(3)	

STGUV3	
18%	liver	PI,	10%	DOPS,	17%	DOPE,	50%	DOPC,	
5%	PI(4)P,	0.03%	Lisamine	Rhodamine-PE,	0.03%	

DSPE-PEG-Biotinyl	
DO	PI(4)P	

YOGUV29	 18%	DOPI,	10%	DOPS,	17%	DOPE,	55%	DOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 18%	DOPI	

YOGUV30	 18%	SAPI,	10%	DOPS,	17%	DOPE,	55%	DOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 18%	SAPI	
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YOGUV11	 18%	DSPI,	10%	DOPS,	17%	DOPE,	55%	DOPC,	
0.03%	DSPE-PEG-Biotinyl,	0.017%	Liss-Rhodamine	 18%	DSPI	

STGUV11	
18%	liver	PI,	10%	DOPS,	7%	DOPE,	55%	DOPC,	
10%	PE-MCC,	0.03%	Lisamine	Rhodamine-PE,	

0.03%	DSPE-PEG-Biotinyl	

DO	Base	+	10%	
PE-MCC	

	

3.2.1 GUV	generation	and	immobilisation		

A	1	mg/mL	GUV	lipid	mixture	was	assembled	from	the	different	lipid	species.	15	µL	

of	this	mixture	was	pipetted	onto	the	indium-tin-oxide	(ITO)-coated	slides	(Nanion)	

and	then	dried	in	a	desiccator	for	1	h.	A	rubber	ring	was	mounted	on	top	after	drying	

and	 220	 µL	 of	 swelling	 solution	 (0.5	M	 glucose	 or	 sucrose)	was	 added	 into	 the	

rubber	ring.	Then,	 the	second	ITO	slide	was	positioned	on	top	of	 the	O-ring.	The	

Vesicle	Prep	Pro	device	(Nanion)	was	programmed	for:	10	Hz,	60°C,	1	Amp,	3	min	

rise,	68	min	fall.	After	the	GUVs	were	generated,	they	were	immediately	removed	

from	the	ITO	slide	and	transferred	to	a	1.5	mL	tube.	

The	wells	of	an	8	well	glass	bottom	chamber	(Ibidi	80827)	were	treated	with	100	

µL	 of	 avidin	 solution	 (0.1	 mg/mL	 avidin	 egg	 white,	 Life	 Technologies	 A2667	

dissolved	 in	 PBS	 and	 1	mg/mL	 BSA)	 for	 15	min	 and	 then	washed	 3	 times	with	

observation	buffer	(25	mM	HEPES	pH	8,	271.4	mM	NaCl).	84	µL	observation	buffer	

was	added	to	the	wells,	followed	by	48	µL	GUVs.	GUV	immobilization	was	inspected	

on	the	confocal	microscope	(Zeiss	LSM780)	and	then	20	µL	of	10x	buffer	(250	mM	

HEPES	pH	8,	10	mM	EGTA,	20	mM	MnCl2,	10	mM	TCEP,	1	mM	ATP	pH	8)	was	added.		

	

3.2.2 Rab	labelling	of	GUVs	

GUVs	were	made	as	described	above.	The	wells	of	an	8	well	glass	bottom	chamber	

(Ibidi	80827)	were	treated	with	100	µL	of	avidin	solution	(0.1	mg/mL	avidin	egg	

white,	Life	Technologies	A2667	dissolved	in	PBS,	and	1	mg/mL	BSA)	for	15	min	and	
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then	washed	3	times	with	observation	buffer		(25	mM	HEPES	pH	7,	271.4	mM	NaCl).	

64	µL	observation	buffer	was	added	to	the	wells,	followed	by	48	µL	GUVs	and	20	µL	

Rab	solution.	The	Rab	solution	contained	4x	excess	Rab	over	PE-MCC	lipid.	The	well	

chambers	were	incubated	overnight	at	4°C.	On	the	next	day,	the	wells	were	washed	

by	carefully	adding	and	taking	off	360	µL	of	wash	buffer	(31.8	mM	HEPEPS	pH	8,	

172.7	 mM	 NaCl,	 181.8	 mM	 sucrose,	 5	 mM	 β-mercaptoethanol)	 6-8	 times.	 GUV	

immobilization	was	inspected	on	the	confocal	microscope	(Zeiss	LSM780)	and	then	

20	µL	of	10x	buffer	(250	mM	HEPES	pH	8,	10	mM	EGTA,	20	mM	MnCl2,	10	mM	TCEP,	

1	mM	ATP	pH	8)	was	added.		

3.2.3 Time	series	acquisition	by	confocal	microscopy	

GUVs	 were	 observed	 with	 a	 63x	 oil	 immersion	 objective	 (Plan-Apochromat	

63x/1.40	Oil	DIC,	Zeiss)	on	an	inverted	confocal	microscope	(Zeiss	780),	using	ZEN	

software	(Zeiss).	The	observation	chamber	was	immobilized	on	a	microscope	stage	

holder	using	an	adhesive	(Blu-Tack,	Bostik).	In	the	ZEN	software,	Time	Series	and	

Positions	were	selected.	The	Lissamine-rhodamine	channel	for	GUVs	was	observed	

with	a	566-629	nm	band	and	exited	with	a	diode-pumped	solid-state	(DPSS)	561	

nm	laser.	The	AF647	channel	for	the	p40	PX	domain	was	observed	with	a	638-756	

nm	band	and	exited	using	a	HeNe	633	nm	laser.	Six	areas	per	well	were	selected	

randomly	 so	 that	 at	 least	 20	 GUVs	 were	 statistically	 be	 analysed.	 After	 area	

selection,	 an	 aliquot	 of	 48	 µL	 containing	 VPS34	 complex	 (50-100	 nM	 final	

concentration	in	200	µL)	and	AF647-PX	(15.2	µM	final	concentration	in	200	µL)	in	

protein	dilution	buffer	(25	mM	HEPES	pH8.0,	150	mM	NaCl,	1	mM	TCEP,	and	0.5	

mg/mL	BSA)	was	added	to	each	well.	The	final	concentrations	are	described	in	the	

figures	and	their	legends.	The	Zen	software	took	images	every	2	min	for	60-120	min.	
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For	the	Z-stack	analysis,	 the	Z-stack	option	in	the	Zen	software	was	used	and	10	

slices	of	various	thickness	were	acquired	per	stack.	

	

3.2.4 Image	analysis		

Images	were	opened	with	Fiji	software	using	Bio-Formats	importer	plugin.	In	order	

to	analyse	the	collected	time	course,	partial	areas	or	whole	GUVs	from	were	selected	

using	 the	 ROI	 (region	 of	 interest)	 function	 tool	 and	 added	 to	 ROI	 manager.	

Fluorescence	 intensities	 were	 analysed	 using	 a	 macro	 called	 GUV_intensity.ijm.	

which	 was	 written	 by	 Jerome	 Boulanger.	 Background	 noise	 from	 unbound	 PX	

domain	on	the	AF647	channel	was	subtracted	from	all	each	time	frame	by	selecting	

ten	random	areas	per	image	without	GUVs.	Then,	the	average	AF647	values	of	the	

selected	areas	were	obtained	with	the	command:	Image>Stacks>Plot	Z	-axis	Profile.	

The	mean	values	were	subsequently	subtracted	from	the	fluorescence	intensities	of	

the	reacted	GUVs.	For	kinases	with	little	or	no	activities	(e.g.,	for	the	BATS	domain	

mutant	and	for	VPS34	alone),	the	signal	from	the	background	noise	can	be	stronger	

than	the	actual	signal	of	the	GUVs,	which	generates	negative	values.	The	increase	of	

AF647-PX	 was	 plotted	 against	 the	 time	 with	 GraphPad	 Prism7	 (GraphPad	

Software).	

	

In	order	plot	the	correlation	of	GUV	radii	versus	kinase	activity	(Figure	4–12),	whole	

GUVs	were	 selected	with	 the	oval	selection	 tool	 and	added	 to	ROI	manager.	The	

regions	 were	 then	 analysed	 using	 a	 macro	 called	 GUV_intensity1dimension.ijm,	

which	 was	 written	 by	 Jerome	 Boulanger.	 3-5	 random	 areas	 were	 selected	 for	

background	 subtraction	 using	 the	 ROI	 selection	 tool	 and	 the	mean	 values	were	
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subtracted	 from	 the	 AF647	 signal.	 Results	 were	 plotted	 with	 Microsoft	 Excel	

(Microsoft)	 and	 GraphPad	 Prism7	 (GraphPad	 Software).	 The	 initial	 rates	 of	 the	

kinase	 reactions	 were	 analysed	 by	 approximating	 a	 linear	 function	 through	 the	

initial	 increase	 of	 AF647-PX	 of	 at	 least	 20	 GUVs	 areas	 with	 GraphPad	 Prism7	

(GraphPad	Software).	The	mean	value	and	standard	deviation	were	 then	plotted	

with	bar	graphs	and	their	statistical	difference	was	verified	by	t-test.		

	

3.3 Liposome	preparation		
	

Table	4:	SUV/LUV	lipid	mixtures	

ID	 Composition	(%	in	mmol/L)	 Used	in	

STSUV2	 16%	liver	PI,	10%	Brain	PS,	18%	Brain	PE,	56%	Brain	PC,	
0.1%	Liss-Rhodamine	

Flotation	CI	vs	
CII	

STSUV19	 16%	liver	PI,	10%	Brain	PS,	12%	Brain	PE,	56%	Brain	PC,	
5%	DOPE-MCC,	0.1%	Liss-Rhodamine	

Flotation	+/-	Rab	
GTPases	

STSUV32	 16%	liver	PI,	12%	DOPE,	66%	DOPC,	6%	DOPE-MCC	 Cryo-ET	

STSUV22	 17%	liver	PI,	78%	DOPS,	5%	DOPE-MCC	 Cryo-ET	

STSUV21	 16%	liver	PI,	10%	DOPS,	12%	DOPE	57%	DOPC,	5%	DOPE-
MCC	 Cryo-ET	

	

3.3.1 LUV	and	SUV	preparation	

A	lipid	mixture	was	assembled	according	to	Table	4	and	dried	under	a	nitrogen	gas.	

The	tube	was	rotated	so	that	a	thin	film	was	formed	on	the	glas	wall.	The	remaining	

solvent	was	evaporated	by	a	vacuum	treatment	in	desiccator	for	1	h.	The	lipids	were	

dissolved	 in	 lipid	 buffer	 (25	mM	HEPES	 pH	8,	 150	mM	NaCl,	 1	mM	TCEP	 or	 for	

maleimide	reactions	25	mM	Hepes	pH	7,	150	mM	NaCl)	and	vortexed	for	2	min.	The	

solution	was	transferred	to	a	1.5	mL	Eppendorf	Tube	and	sonicated	for	2	min	in	a	
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bath	sonicator.	Then	10	cycles	of	freeze/thaw	in	liquid	nitrogen	and	a	43°C	water	

bath	were	carried	out.	The	lipid	mixture	was	extruded	at	least	20	times	through	a	

100	nm	filter	for	LUVs	(Whatman®	Anotop®	10	syringe	filter	0.1	μm	diameter,	10	

mm	Cat	No	 6809-1112)	 or	 50	 nm	 filter	 for	 SUVs	 (NanoSizerTM	MINI	 Liposome	

Extruder,	Part	Code:	TT-001-0010).	The	lipid	solution	was	then	used	fresh.		

	

3.3.2 Rab	labelling	of	SUVs/LUVs	

The	SUV	were	prepared	as	described	above.	SUV	concentration	was	measured	by	

Lissamine	Rhodamine	emission	(ex	560/	em	583)	by	plate	reader	(PHERAstar	BMG	

LABTECH)	to	have	a	fluorescence	value	proportional	to	the	SUV	concentration.	Rab	

was	added	in	0.3-0.6x	molar	ratio	to	PE-MCC	lipid	in	25	mM	Hepes	pH	7,	150	mM	

NaCl.	The	reaction	was	left	overnight	in	the	fridge.	The	next	day,	the	reaction	was	

spun	5	min	at	5,000	g	and	the	supernatant	was	taken	off	to	separate	any	precipitate.	

Then,	SUVs	were	pelleted	for	30	min	at	60,000g	at	4°C	in	a	TLA	100	rotor	(Beckman	

Coulter).	After	 the	spin,	a	pellet	can	be	seen	and	the	supernatant,	which	has	still	

unreacted	Rab	in	it,	was	taken	off.	SUVs	were	re-dissolved	in	buffer	(25	mM	Hepes	

pH	8,	150	mM	NaCl,	1	mM	TCEP)	and	the	final	SUV	concentration	was	determined	

by	Lissamine	Rhodamine	emission.	

	

3.4 Flotation	assay	
An	aliquot	of	total	20	µL	of	sample	was	prepared	containing:	1.8	mM	or	1.5	mg/mL	

LUVs,	2	µM	VPS34	complex	in	buffer	containing	25	mM	HEPES	pH	8,	150	mM	NaCl	

and	1mM	TCEP.	While	the	LUVs	and	proteins	were	incubated	on	ice	for	30	min,	a	

sucrose	gradient	was	prepared.	For	 the	gradient,	 several	 sucrose	 solutions	were	
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layered	from	the	bottom	to	the	top	in	a	Beckman	centrifuge	tube	(343775	Thickwall	

Polycarbonate	Tube,	Beckman	Coulter):	40	µL	30%	sucrose	 solution,	52	µL	25%	

sucrose	 solution,	 52	 µL	 20%	 sucrose	 solution.	 Then	 16	 µL	 of	 the	 LUV/protein	

sample	was	carefully	pipetted	on	top	of	the	gradient	without	disturbing	the	layers.	

From	the	remaining	LUV/protein	sample,	2.5	µL	were	kept	as	an	input	sample	for	

the	 SDS-PAGE	 gel.	 The	 gradient	was	 then	 centrifuged	 for	 3	 h	 in	 a	 TLS-55	 rotor	

(Beckman	Coulter)	at	55,000	rpm	and	4°C.	Afterwards,	6	fractions	of	26	µL	were	

carefully	collected	 from	the	top	of	 the	gradient.	The	 input	and	gradient	 fractions	

were	then	loaded	on	an	SDS-PAGE	gel.	

	

3.5 Hydrogen	deuterium	mass	spectrometry	(HDX-MS)	
	

3.5.1 Sample	preparation	of	CI	and	CII	incubated	with	liposomes	

Yohei	Ohashi	and	Glenn	Masson	prepared	the	protein	samples,	acquired	the	HDX-

MS	dataset	and	analysed	the	peptides.	

	

A	protein/lipid	stock	solution	consisting	of	7.5	µM	complex	I	or	II	with	2.2	mg/mL	

LUVs	 (55%	DOPC,	 18%	 Liver	 PI,	 17%	DOPE,	 10%	DOPS)	was	 incubated	 for	 10	

minutes	at	room	temperature.	5	µL	of	this	stock	solution	was	either	exposed	to	45	

µL	of	D2O	Buffer+	lipids	(20	mM	HEPES	pH	8,	300	mM	NaCl,	0.5	mM	TCEP,	1	mg/mL	

LUV	in	D2O)	or	D2O	Buffer	only	(20	mM	HEPES	pH	8,	300	mM	NaCl,	0.5	mM	TCEP	in	

D2O).	 The	 final	 D2O	 concentration	 was	 74.6%	 (99.8%	 D2O,	 Acros	 Organics	

351430075).	 The	 reactions	 were	 incubated	 for	 0.3/3/30/300/3000	 s	 at	 room	

temperature	 (besides	0.3	 s,	see	below).	Then	 the	 reaction	was	quickly	quenched	
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with	20	µL	of	ice	cold	5	M	guanidium	chloride	and	8.4%	formic	acid	pH	1	(final	pH	

2.2).	 Each	 sample	 was	 then	 immediately	 flash	 frozen	 in	 liquid	 nitrogen	 and	

subsequently	stored	at	-80°C	until	analysis.	Five	time	points	were	produced,	with	

each	exchange	reaction	executed	in	triplicate.	The	0.3	s	time	point	was	obtained	by	

carrying	out	the	exchange	for	3	s	at	4°C.		

	

3.5.2 Sample	preparation	of	CII	incubated	with	Rab5a	

I	prepared	the	protein	samples,	Sarah	Maslen	and	I	acquired	the	HDX-MS	dataset	

and	Yohei	Ohashi	and	I	analysed	the	peptides.	

	

A	Rab5a/complex	II	stock	solution	consisting	of	5	µM	complex	II	with	30	µM	Rab5a-

GTP	 was	 incubated	 for	 30	minutes	 at	 room	 temperature.	 An	 aliquot	 of	 5	 µL	 of	

complex	II	alone	was	exposed	to	45	µL	of	D2O	Buffer	only	(25	mM	HEPES	pH	8.0,	50	

mM	NaCl,	1	mM	TCEP	and	D2O	at	94.2%	final	concentration	(D2O,	Acros	Organics	

351430075)	for	3/30/300/3000	s	at	room	temperature.	Furthermore,	an	aliquot	of	

5	µL	complex	II	(5	µM)	with	30	µM	Rab5a-Q79L-GTP	exposed	to	45	µL	D2O	Buffer	+	

Rab5	(25	mM	HEPES	pH	8.0,	50	mM	NaCl,	1	mM	TCEP,	30	µM	Rab5a-GTP	and	D2O	

at	94.2%	final	concentration)	for	3/30/300/3000	s	at	room	temperature.	The	final	

D2O	 sample	 concentration	was	 84.8%	 D2O.	 Each	 exchange	 reaction	 executed	 in	

triplicate.	 Then	 the	 reaction	 was	 quickly	 quenched	 with	 20	 µL	 of	 ice	 cold	 5	 M	

guanidium	chloride	and	8.4%	formic	acid	pH	1	(final	pH	2.2).	Each	sample	was	then	

immediately	flash	frozen	in	liquid	nitrogen	and	subsequently	stored	at	-80°C	until	

analysis.	Four	time	points	were	produced,	with	each	exchange	reaction	executed	in	

triplicate.		
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3.5.3 Hydrogen	deuterium	mass	spectrometry	(HDX-MS)	

Samples	were	quickly	thawed	and	manually	injected	in	to	the	M-Class	Acquity	UPLC	

with	HDX	technology	(Waters),	which	was	kept	at	a	constant	temperature	of	0.1	˚C.	

Protein	samples	were	digested	using	an	Enzymate	Pepsin	“Trap”	Column	(Waters)	

at	15	 ˚C	 for	 two	minutes	and	eluted	 from	the	“Trap”	and	onto	an	Acquity	1.7	µm	

particle,	 100	 mm × 1	 mm	 C18	 UPLC	 column	 (Waters),	 which	 had	 already	 been	

equilibrated	with	Pepsin-A	buffer	(0.1	%	formic	acid).	The	digested	peptides	were	

eluted	 using	 a	 5-36	 %	 gradient	 of	 Pepsin-B	 buffer	 (0.1	 %	 formic	 acid,	 99.9	 %	

acetonitrile)	over	20	minutes.	Peptide	Data	were	collected	using	a	Waters	Synapt	

G2	Si	 (Waters)	over	a	50	 to	2000	m/z	 range	using	 the	High-Definition	MSe	data	

acquisition	mode	fitted	with	an	ESI	source.		

	

Peptide	 identification	was	conducted	using	the	ProteinLynx	Global	Server	(PLGS,	

Waters,	U.K.).	Peptides	were	identified	from	three	non-deuterated	samples	for	the	

VPS34	complexes	and	analysed	using	DynamX	3.0	software	(Waters,	U.K.).	Peptide	

inclusion	criteria	were:	minimum	intensity	of	5000,	minimum	sequence	length	of	5	

amino	acids,	minimum	of	0.1	products	per	amino	acid,	maximum	MH+	error	of	5	

ppm,	and	a	positive	identification	meeting	these	criteria	in	at	least	2	of	the	3	non-

deuterated	 files.	An	 initial	 automated	spectral	processing	step	was	conducted	by	

DynamX	 followed	 by	 a	 manual	 inspection	 of	 individual	 peptides	 for	 sufficient	

quality.	The	HDX	analysis	in	this	manuscript	complies	with	the	community	agreed	

guidelines	(Masson	et	al.,	2019).	
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3.6 Unnatural	amino	acid	(UAA)	crosslinking	
BrCO6K	was	synthesized	by	Marie-Kristin	von	Wrisberg	 in	Kathrin	Lang’s	group	

(Cigler	et	al.,	2017).	The	protein	purification	and	crosslinking	were	carried	out	by	

me.	The	crosslinking	analysis	by	mass	spectrometry	was	done	Zhuo	Chen	 in	 Juri	

Rappsilber’s	group.		

	

3.6.1 Purification	of	Rab5a	S84→BrCO6K	

Electromax	DH10B	cells	(Invitrogen	Catalog	number:	18290015)	were	transformed	

with	 two	 plasmids	 (STp6_pBAD_Rab5a_Q79L_1-212_C19S_C63S_S84TAG	 and	

STp12_Kathrin_Lang_pEVOL_TEMPOH-1_PylT_Mm	 tRNA	 +	 aminoacyl	 -	 tRNA	

synthetase)	 and	 plated	 on	 LB	 plates	 (100	 µg/mL	 ampicillin	 and	 50	 µg/mL	

chloramphenicol).	The	transformed	bacteria	were	cultured	in	LB	medium	with	100	

µg/mL	 ampicillin,	 50	 µg/mL	 chloramphenicol	 and	 4	 mM	 nicotinamide	 at	 37°C.	

When	the	OD600	reached	0.2,	BrCO6K	was	added	to	a	final	concentration	of	1.5	mM.	

Cells	were	left	to	grow	until	OD600	0.6	and	then	induced	with	0.02	%	arabinose.	After	

6h	at	37°C,	cells	were	pelleted	by	20	min	centrifugation	at	4,000	g	and	resuspended	

in	~100	mL	of	lysis	buffer	(25	mM	HEPES	pH	8,	200	mM	NaCl,	10	ml	imidazole,	0.05	

µL/mL	 universal	 nuclease	 (ThermoFisher,	 88702),	 0.5	 mg/mL	 lysozyme	 (MP	

Biomedicals,	 195303))	 and	 sonicated	 6	 min	 on	 ice	 (10	 s	 on/10	 s	 off,	 60%	

amplitude).	The	lysates	were	spun	at	30,000	g	for	45	min	at	4°C.	The	supernatant	

was	filtered	through	a	0.45	µm	filter	(Millipore,	SE2M230I04)	and	loaded	on	two	

connected	 5	 mL	 Ni-NTA	 FF	 columns	 (GE	 Healthcare	 17-5255-01).	 The	 columns	

were	washed	with	100	mL	wash	buffer	(20	mM	Tris	pH	8,	300	mM	NaCl,	10	mM	

imidazole,	2	mM	β-mercaptoethanol,	5%	glycerol)	and	100	ml	Ni	A	buffer	(20	mM	
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Tris	pH	8,	100	mM	NaCl,	10	mM	imidazole,	2	mM	β-mercaptoethanol,	5%	glycerol).	

The	protein	was	eluted	with	an	imidazole	gradient	with	~100	mL	of	Ni	B	buffer	(20	

mM	Tris	 pH	8,	 100	mM	NaCl,	 200	mM	 imidazole,	 2	mM	β-mercaptoethanol,	 5%	

glycerol).	The	eluted	fractions	were	analysed	by	SDS-PAGE	gel	electrophoresis	and	

combined,	concentrated	with	10,000	kDa	MWCO	centrifugal	filter	(Amicon	Ultra15	

concentrator	Millipore,	UFC901024)	to	~1	mL	and	the	protein	concentration	was	

measured.	In	a	total	volume	of	2	mL,	Rab5a	was	mixed	with	11	molar	excess	of	GTP	

(Jena	bioscience	NU-1012)	or	GDP	(Jena	bioscience	NU-1172),	18	molar	excess	of	

EDTA	for	90	min	at	room	temperature.	The	solution	was	then	brought	to	36	molar	

excess	of	MgCl2	and	incubated	another	30	min.	The	2	mL	mixture	was	loaded	on	a	

Superdex	 75	 16/6	 gel	 filtration	 column	 that	 was	 pre-equilibrated	 with	 running	

buffer	(25	mM	HEPES	pH	8,	150	mM	NaCl,	0.5	mM	TCEP).	The	peak	fractions	were	

analysed	by	SDS-PAGE	gel	electrophoresis	and	concentrated	to	~0.5-1	mM.	

	

3.6.2 Crosslinking	of	Rab5a	S84→BrCO6K	and	VPS34/	complex	II	

Complex	II	was	mixed	with	50-100	molar	excess	of	Rab5a	S84→BrCO6K	in	5-15	µL	

reaction	 volume.	 VPS34	 was	 mixed	 with	 100-200	 molar	 excess	 of	 Rab5a	

S84→BrCO6K	in	5-15	µL	reaction	volume.	Both	samples	were	incubated	overnight	

at	4°C.	Crosslinks	were	then	analysed	by	SDS-PAGE	gel	electrophoresis.	The	bands	

were	cut	out	and	send	to	our	collaborators	Juri	Rappsilber	and	Zhuo	Chen	for	mass	

spectrometry	analysis.	
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3.7 Cryo-ET	and	subtomogram	averaging	
Dustin	Morado	helped	 in	 the	acquisition	of	 the	 tilt	 series	and	provided	guidance	

during	the	subtomogram	averaging.	

	

3.7.1 Sample	preparation		

SUVs	were	labelled	with	Rab5a-GTP	as	described	above.	For	grid	preparation,	in	a	

final	volume	of	3	µL,	3-10	mmol/L	of	SUVs	were	 incubated	with	at	 least	8	µM	of	

VPS34	complex	and	incubated	on	ice	for	30-45	min.	Then	BSA-coated	gold	fiducials	

(Gold	nanoparticles	10	nm,	BBI	Solutions	EM.GC10)	were	then	added	up	to	the	final	

volume	and	mixed.	The	3	µL	samples	were	applied	immediately	to	multi	hole	grids	

(Multi	A	(various	hole	sizes,	carbon	film),	Grid:	Au,	Mesh:	300,	QUANTIFOIL®)	and	

plunge-frozen	 in	 liquid	 ethane	 cooled	 by	 liquid	 nitrogen	 inside	 a	 Vitrobot	 (FEI,	

ThermoFisher).	Blotting	papers	were	left	at	least	for	30	min	in	100%	humidity	and	

18	°C.	The	Vitrobot	blot	force	was	20,	with	a	blot	time	of	6	s.	The	grids	were	glow	

discharged	for	30	sec	with	the	Quorum	SC7620	glow	discharger	prior	to	use.	

	

3.7.2 BSA	coating	of	gold	fiducial			

A	25	µL	aliquot	of	200	mM	sodium	phosphate	buffer	(pH	5)	was	added	to	975	µL	of	

gold	fiducials	(Gold	nanoparticles	10	nm,	BBI	Solutions	EM.GC10).	Then,	50	µL	of	5	

mg/mL	 BSA	 in	 5	 mM	 sodium	 phosphate	 buffer	 (pH	 5)	 was	 added	 as	 well	 and	

incubated	for	~1-4	h	at	4°C.	The	reaction	was	centrifuged	in	a	table	top	centrifuge	

at	maximum	speed	(~20.000	g)	for	1	h	at	4°C.	Then,	~900	µL	supernatant	was	taken	

off	without	disturbing	the	pellet	and	900	µL	of	buffer	(25	mM	HEPES	pH8,	100	mM	

NaCl,	1mM	TCEP)	was	added	and	mixed.	The	pellet	was	centrifuged	again	and	as	
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much	supernatant	was	taken	off	as	possible	after	the	spin.	The	pellet	was	dissolved	

in	the	desired	volume	of	buffer.	For	four	reactions	(4x	975	µL	of	gold	fiducials),	30-

50	µL	was	used.		

	

3.7.3 Cryo-ET	acquisition	

Tomogram	 acquisition	 for	 complex	 II	 UVRAGDC+BATS	 on	 Rab5a	 decorated	

membranes	was	performed	on	a	FEI	Titan	Krios	operated	at	300	kV	with	a	Gatan	

Quantum	energy	 filter	(slit	width	of	20	eV)	and	a	K3	direct	detector	operated	 in	

counting	mode.	 Serial-EM	 software	was	 used	 to	 acquire	 tilt	 series	using	 a	 dose-

symmetric	scheme	with	a	tilt	range	±	60°/	3°	angular	increment	and	defoci	between	

-2.5	to	-5	μm	(Hagen	et	al.,	2016;	Mastronarde,	2005).	41	tilt	images	were	recorded	

as	10-frame	movies	in	counting	mode	with	a	pixel	size	of	2.133	Å/px	at	dose	rate	

~5.5	 e-/A2/s	 and	 a	 total	 dose	 per	 tomogram	 of	 ~123	 e/A2.	 Data	 collection	

parameters	are	summarized	in	Figure	6–4.	

	

3.7.4 Raw	image	processing	and	tomogram	reconstruction 

The	raw	movies	were	corrected	 for	detector	gain	pixel	defects	and	aligned	using	

“alignframes”	 from	 the	 IMOD	 package	 (Kremer	 et	 al.,	 1996).	 Tilt	 series	 with	

unsatisfactory	error	during	gold	fiducial	alignment	or	contamination	such	as	dirt	or	

ice	were	discarded.	Tilt-series	were	low	pass	filtered	according	to	the	cumulative	

radiation	dose	and	aligned	using	gold	fiducial	markers	in	the	IMOD	package	(Grant	

and	Grigorieff,	2015).	Bin8	(pixel	size	17.064	Å/px)	and	bin4	(pixel	size	8.532	Å/px)	

non-contrast-transfer-function	(CTF)	corrected	tomograms	were	reconstructed	by	

weighted	 back-projection	 in	 IMOD.	 3D	 CTF-correction	 for	 bin2	 (pixel	 size	 4.266	
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Å/px)	and	bin1	(pixel	size	2.133	Å/px)	tomograms	were	performed	using	NovaCTF	

phaseflip	with	defocus	estimation	by	“ctfplotter”	from	the	IMOD	package	(Turoňová	

et	al.,	2017).		

	

3.7.5 Subtomogram	averaging		

Subtomogram	 alignment	 and	 averaging	 was	 done	 using	 a	 processing	 pipeline	

comprised	of	BASH	scripts	that	organise	and	call	a	collection	of	compiled	MATLAB	

functions	 built	 using	 the	TOM	 toolbox	 (Förster	 et	 al.,	 2005).	 These	 scripts	were	

written	and	assembled	by	Dustin	Morado	and	termed	the	subTOM	pipeline.	Each	

script	organises	a	routine	operation,	many	of	which	rely	on	multiple	functions,	in	a	

unified	manner,	 simplifying	 access	 and	modification	 to	 the	 function	 parameters.	

This	additionally	allows	for	functions	to	be	called	in	a	distributed	manner	using	a	

batch-queuing	system	for	parallel	processing.	Scripts	also	improve	the	ease	of	using	

compiled	MATLAB	functions,	allowing	the	pipeline	to	be	run	using	only	the	freely	

available	MATLAB	Compiler	Runtime	as	opposed	to	requiring	a	MATLAB	license.	

Additionally,	 instead	of	 a	 binary	wedge	mask,	 a	modified	wedge	mask	was	used	

(Wan	et	al.,	2017).	The	modified	wedge	mask	was	generated	specifically	for	each	

tomogram	by	averaging	the	amplitude	spectra	of	500	random	positions	in	ice-only	

areas.	Therefore,	the	noise	amplitude	spectrum	in	these	areas	is	only	modulated	by	

CTF	correction,	dose	 filtering	and	weighted	back-projection.	The	modified	wedge	

mask	was	then	rotated	to	the	angular	orientation	(or	Euler	angles	φ,	θ,	ψ)	of	each	

subtomogram	and	an	average	wedge	was	calculated	in	Fourier	space.	The	average	

wedge	 was	 then	 inverted	 (1/average	 wedge)	 and	 multiplied	 with	 the	 Fourier	

transform	of	the	subtomogram	average.	Lastly,	the	product	of	the	multiplication	is	
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inverse	 Fourier	 transformed	 and	 now	 represents	 the	 weighted	 subtomogram	

average.	This	approach	is	called	weighted	averaging	(Walz	et	al.,	1997).	The	average	

wedge	can	then	also	be	used	to	assess	the	amount	of	missing	wedge	in	Fourier	space	

as	done	Figure	6–10.	All	relevant	alignment	runs	and	search	parameters	in	order	to	

yield	the	9.8	Å	map	of	complex	II	UVRAGDC+BATS	are	summarised	in	Table	5.	The	

alignment	 and	 CC	masks	were	 created	with	 the	 subtom_shape.sh	 script	 and	 the	

value	for	each	parameter	in	the	script	was	kept	in	the	name	(e.g.	m28r10h6.em	=	

box	size	28,	radius	10,	height	6).		

	

To	 define	 the	 initial	 subtomogram	 positions,	 a	 plugin	 for	 Chimera,	 which	 was	

written	by	Kun	Qu,	was	used	(Qu	et	al.,	2018).	With	the	help	of	the	plugin,	the	centres	

and	 radii	 of	 vesicles	 were	 manually	 set	 in	 bin8	 tomograms.	 The	 subtomogram	

coordinates	(x/y/z)	and	rotations	(θ	and	ψ	but	random	φ	(in-plane)	rotation)	were	

defined	by	the	sphere	surface	with	a	uniform	sampling	of	8	px	(~136	Å).	As	vesicles	

are	 not	 perfectly	 spherical,	 subtomograms	were	 first	 aligned	 to	 the	 vesicle	 lipid	

bilayer	with	a	reference	containing	a	membrane	bilayer	(Table	5,	run_1).	The	vesicle	

diameters	 were	 determined	 by	 calculating	 the	 vesicle	 centroid	 by	 the	 average	

position	of	the	subtomograms	around	each	vesicle	after	membrane	alignment.	Then	

an	 average	 diameter	 was	 calculated	 by	 measuring	 the	 distance	 of	 each	

subtomogram	 to	 the	 calculated	 centroid	 and	 multiplied	 by	 two.	 The	 distance	

between	 the	 protein	 complex	 and	membrane	 (~6	 nm)	was	 subtracted	 from	 the	

calculated	 diameter.	 Then,	 subtomograms	were	 aligned	 to	 a	 V-shape	 to	 identify	

particles	 (Figure	 6–7,	 Table	 5,	 run_11).	 After	 4	 iterations,	 some	 subtomograms	

converged	 and	 formed	 clusters,	 which	 indicated	 the	 presence	 of	 a	 particle.	 The	

subtomogram	coordinates	were	 cleaned	by	a	minimal	distance	 threshold	 so	 that	
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191,169	particles	remained.	Subtomograms	were	split	into	even/odd	halves	in	bin4	

and	further	aligned	separately	until	the	resolution	did	not	improve	(Table	5,	run_30	

and	 run_31).	 Subsequently,	 principal	 component	 analysis	 (PCA)	 classification	 on	

wedge-masked	difference	maps	was	used	to	classify	the	subtomograms	(Heumann	

et	al.,	2011).	For	the	PCA,	the	same	alignment	mask	was	used	as	in	run_31,	which	

does	not	include	membrane	density.	The	first	5	eigencomponents	were	used	to	sort	

the	data	into	20	classes.	Classes	1-6	were	combined	with	a	total	of	31,307	particles	

and	further	aligned	in	bin4	(Table	5,	run_36).	The	alignment	was	then	continued	in	

bin2,	where	the	subtomograms	were	shifted	to	the	centre	of	the	box,	and	bin1	until	

no	improvement	in	resolution	could	be	achieved.	The	final	resolution	was	9.8Å	(FSC	

0.143	cutoff).	The	 final	maps	were	 sharpened	with	 local	 low-pass	 filtering	using	

relion_postprocess	from	the	Relion	3.0	package	(Zivanov	et	al.,	2018).	Additionally,	

the	LAFTER	algorithm	was	used	for	local	de-noising	(Ramlaul	et	al.,	2018).		

	
Table	5:	Subtomogram	averaging	angular	search	runs	
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4 Increasing	VPS34	activity	by	protein	
domains	and	membrane	composition		

	

4.1 Results	
	

4.1.1 Measuring	PI3K	lipid	kinase	activity	

In	previous	research	studies,	the	activity	of	VPS34	has	been	measured	in	various	

ways.	 Most	 commonly,	 VPS34	 or	 other	 subunits	 were	 immunoprecipitated	 and	

immobilised	 on	 beads	 to	 measure	 kinase	 activity.	 It	 is	 important	 to	 check	 the	

composition	of	the	desired	complex	on	the	beads	by	Western	blotting,	Coomassie	

staining	or	silver	staining.	This	has	not	always	been	done	and	consequently	effects	

from	additional	binding	proteins	cannot	be	excluded	(Kim	et	al.,	2013;	Russell	et	al.,	

2013;	Yuan	et	al.,	2013).		

	

Furthermore,	the	production	of	PI(3)P	can	be	measured	in	different	ways.	The	levels	

of	PI(3)P	 in	cells	can	be	measured	by	using	 fluorescently	 labelled	PI(3)P-protein	

binding	domain	such	as	PX	or	FYVE	and	measuring	the	total	fluorescence.	However,	

this	does	not	account	 for	which	specific	protein	complex	produced	the	PI(3)P	or	

whether	 it	was	actually	produced	by	dephosphorylating	other	phosphoinositides	

(Su	et	al.,	2017).	The	amount	of	PI(3)P	produced	during	in	vitro	reactions	can	be	

measured	by	using	chemical	extraction	and	thin	layer	chromatography	(Kim	et	al.,	

2013;	Munson	et	al.,	2015;	Stjepanovic	et	al.,	2017;	Yuan	et	al.,	2013)	or	a	kit	for	
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measuring	ADP	generation	from	ATP	by	Promega	(ADP-Glo	Kinase	assay	kit)	(Brier	

et	al.,	2019;	Chang	et	al.,	2019;	Stjepanovic	et	al.,	2017).	Chemical	extraction	and	

thin	 layer	chromatography	can	be	an	 imprecise	method	and	PI(3)P	could	be	 lost	

during	extraction	 steps.	When	using	 the	ADP-Glo	kinase	assay	kit,	 one	has	 to	be	

careful	about	the	purity	of	the	VPS34	complex.	Other	proteins	with	ATPase	activities	

such	 as	 chaperones	 are	 frequently	 co-purified	 and	 can	 cause	 a	 high	 background	

signal.	 Conducting	 negative	 controls,	 such	 as	 the	 inclusion	 of	 PI3K-specific	

inhibitors	or	the	exclusion	of	PI	are	required	in	order	to	make	sure	that	the	ADP	

produced	 is	by	VPS34	due	 to	phosphorylating	PI	 to	PI(3)P.	However,	 the	 largest	

drawback	is	that	these	assays	are	all	end	point	measurements,	with	enzyme	kinetics	

inferred	through	varying	enzyme	concentration	and	incubation	times.	In	order	to	

accurately	measure	 enzyme	 activity,	 a	 high	 enough	 enzyme	 concentration	 and	 a	

time	course	is	necessary	to	ensure	that	the	enzyme	is	within	the	linear	range	of	its	

activity.		

	

Another	difficulty	with	estimating	VPS34	activity	is	that	it	depends	on	the	manner	

in	which	the	substrate	 lipids	are	presented	to	the	enzyme.	Organelle	membranes	

are	lipid	bilayers	consisting	of	a	variety	of	lipid	species	(Meer	and	Kroon,	2011).	Yet,	

often	liposomes	consisting	of	50%	PI	and	50%	PS	(Brier	et	al.,	2019;	Chang	et	al.,	

2019;	Stjepanovic	et	al.,	2017)	or	even	a	pure	soluble	PI	lipid,	not	in	vesicle	form	

(Kim	et	al.,	2013;	Lu	et	al.,	2014;	Yuan	et	al.,	2013;	Zhong	et	al.,	2009),	are	used	to	

assess	VPS34	activity.	These	mixtures	are	not	physiological	and	do	not	reflect	the	

intracellular	 conditions,	 limiting	 their	 use	 in	 inferring	 true-to-life	 enzyme	

characteristics.		
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In	order	to	assess	how	protein	domains	and	membrane	composition	alter	VPS34	

activity,	we	have	developed	an	in	vitro	PI3K	assay	using	purified	protein	complexes	

and	 giant	 unilamellar	 vesicles	 (GUVs)	 with	 a	 defined	 and	 physiological	 lipid	

composition.	Giant	unilamellar	vesicles	have	a	radius	of	~1-30	µm	and	can	be	made	

by	a	process	called	electroswelling	(Angelova	and	Dimitrov,	1986).	For	this,	lipids	

dissolved	 in	an	organic	 solvent	are	dried	on	 ITO	 (indium	 tin	oxide)-coated	glass	

cover	slides.	Then	a	glucose	or	sucrose	solution	is	added,	and	an	alternating	electric	

potential	is	applied	that	causes	the	swelling	of	the	hydrated	lipid	layer	to	form	GUVs.	

As	the	base	lipid	composition	called	“DO	base”,	a	mix	of	55%	DOPC,	17%	DOPE,	10%	

DOPS,	18%	mixed	chain	PI	and	0.3%	fluorescent	Lissamine™	rhodamine	B-DOPE	

(Liss-Rhod)	was	chosen.	This	mix	of	phospholipids	mimics	the	ER	membrane	where	

complex	I	was	found	to	be	active	(Fan	et	al.,	2011).	We	determined	that	the	majority	

of	lipid	species	would	have	acyl	chains	that	are	di-oleic	acid	(18:1-18:1,	omega-9)	in	

order	to	create	a	relatively	loose	membrane	composition	that	is	not	permeable	to	

the	 surrounding	 liquid	 (Manni	 et	 al.,	 2018).	 For	 PI,	we	 chose	 a	 species	 that	was	

purified	 from	bovine	 liver	with	a	mixed	acyl	chain	composition	(18:0,	20:4,	20:3,	

18:1	and	18:2,	hereafter	called	mixed	chain	PI).	The	influence	of	PI	will	be	further	

discussed	in	chapter	4.1.7.		

	

For	the	assay,	a	p40-PX	domain	is	used	as	it	was	shown	to	selectively	bind	to	PI(3)P	

(Ellson	 et	 al.,	 2001).	 The	 assay	worked	 as	 follows:	 VPS34	 complex,	 ATP	 and	PX,	

which	was	labelled	with	Alexa	Fluor	647	(AF647-PX),	were	added	to	a	solution	of	

PI-containing	GUVs.	Then,	VPS34	phosphorylated	PI	to	PI(3)P	and	subsequently	the	

red	fluorescent	AF647-PX	bound	to	the	produced	PI(3)P.	Hence,	PI(3)P	production	

was	 measured	 by	 the	 increase	 of	 the	 AF647	 signal	 around	 the	 GUVs	 over	 time	
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(Figure	4–1).	Images	were	taken	every	2	minutes	on	a	confocal	microscope	for	60-

90	minutes.		

	

	
Figure	4–1:	Design	of	GUV	PI3	kinase	assay	
Complex	I/II,	ATP	and	Alexa	Fluor-647	labelled	p40-PX	domain	(AF647-PX)	is	added	to	GUVs	
containing	 PI.	 GUVs	 are	 labelled	 with	 Lissamine-Rhodamine	 (Liss-Rhod	 GUV),	 whose	
fluorescence	delineates	the	membrane.	As	PI(3)P	is	produced,	AF647-PX	accumulates	at	the	
GUV	surface.	The	amount	of	AF647-PX	is	indicative	of	VPS34	activity.	Scale	bars:	5	µm	
	

For	the	following	chapter	4,	the	experiments	were	conducted	by	both	Yohei	Ohashi	

and	myself.	We	wished	to	juxtapose	the	activities	of	human	VPS34	complexes	I	and	

II,	with	Yohei	Ohashi	examining	complex	I	whereas	I	focused	on	complex	II	in	the	

following	GUV	PI3	kinase	assays.		

	

4.1.2 ATG14L	BATS	is	essential	for	complex	I	activity	

In	 Rostislavleva	 et	 al.,	 yeast	 complex	 I	 (Vps34,	 Vps15,	 Vps30,	 Atg14)	 and	 yeast	

complex	II	(Vps34,	Vps15,	Vps30,	Vps38)	activities	were	compared	on	GUVs	made	

of	a	relatively	rigid	mixture	of	lipids	purified	from	porcine	brains	with	18:1,	16:0,	

18:0,	and	20:4	acyl	chains	(Rostislavleva	et	al.,	2015).	Surprisingly,	yeast	complex	II	

showed	 robust	 activity,	 while	 yeast	 complex	 I	 was	 inactive	 on	 this	 stiff	 lipid	

composition.	With	this	 intriguing	observation,	I	wanted	to	explore	the	activity	of	

human	complex	I	(VPS34,	VPS15,	Beclin	1,	ATG14L)	and	complex	II	(VPS34,	VPS15,	
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Beclin	1,	UVRAG)	using	the	GUV	PI3K	assay.	From	here	on,	only	the	human	protein	

subunits	are	discussed.		

	

Human	complexes	I	and	II	were	purified	with	only	VPS15	being	C-terminally	tagged	

with	a	ZZ-tag	that	was	cleaved	off	during	purification	by	cleavage	with	TEV	protease	

(Chen	et	al.,	2006).	Using	this	method	of	purification	ensured	that	no	tags	are	left	on	

the	protein	complexes	that	could	interfere	with	the	kinase	activity,	as	they	might	be	

situated	at	a	membrane	interface.	In	contrast,	in	other	studies,	all	protein	subunits	

were	N-terminally	 tagged	with	 a	 non-cleavable	 2x	 Strep	 tag	 (Chang	 et	 al.,	 2019;	

Stjepanovic	et	 al.,	 2017).	 In	 fact,	 Itakura	et	 al.	have	 shown	 that	human	VPS34	N-

terminally	 tagged	with	GFP	was	diffuse	 in	 the	cytosol	during	starvation	whereas	

VPS34	C-terminally	tagged	with	GFP	was	able	to	form	the	characteristic	punctate	

structures	that	represent	forming	autophagosomes	(Itakura	et	al.,	2008).		

	

The	activity	of	human	complexes	I	and	II	were	assayed	at	100	nM	on	DO	base	lipids	

(Figure	4–2A).	When	the	AF647-PX	fluorescence	values	were	plotted	over	a	 time	

course	of	60	min,	it	is	obvious	that	human	complex	I	was	substantially	more	active	

than	complex	II.	Initial	rates	were	estimated	by	fitting	a	line	to	the	initial	part	of	the	

curve.	Comparing	these	initial	rates,	it	became	evident	that	complex	I	is	7-fold	more	

active	than	complex	II	Figure	4–2B.	In	Figure	4–2C,	confocal	images	of	GUVs	at	60	

min	in	AF647-PX	and	Liss-Rhod	channels	are	shown.	If	the	difference	would	have	

been	 taken	 from	 these	 end	 points,	 there	 would	 have	 been	 significant	 substrate	

depletion	and	complex	 I	would	have	appeared	 to	be	only	3-fold	more	active.	By	

making	measurements	over	time,	the	linear	portions	of	the	curves	before	significant	

substrate	depletion	could	be	easily	recognised.		
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Figure	4–2:	Human	complex	I	is	more	active	than	complex	II	on	DO	base	lipids	
(A)	On	DO	base	lipids	(18%	mixed	chain	PI,	55%	DOPC,	10%	DOPS	and	17%	DOPE),	complex	
I	 was	 more	 active	 than	 complex	 II.	 The	 signal	 of	 AF647-PX	 was	 plotted	 over	 time	 for	
complexes	I	and	II.	(B)	A	linear	function	was	modelled	in	the	beginning	of	the	curves.	Here,	
complex	 I	 was	 about	 7-times	 more	 active	 than	 complex	 II.	 (C)	 Confocal	 images	 of	
representative	GUVs	are	shown	at	60	min.	Scale	bars:	5	µm.	Significance	level:	***	p<0.001;	**	
p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
	

I	 also	 wanted	 to	 compare	 the	 ability	 of	 human	 complexes	 I	 and	 II	 to	 bind	 to	

membranes.	Therefore,	LUVs	(large	unilamellar	vesicles)	with	a	diameter	of	100	nm	

were	made	and	a	 flotation	assay	was	 carried	out	as	 follows.	VPS34	complex	and	

LUVs	were	mixed	 and	 pipetted	 onto	 a	 sucrose	 gradient.	 Then,	 the	 gradient	was	

centrifuged	and	afterwards	six	fractions	were	carefully	collected	from	the	top	of	the	

gradient.	The	gradient	fractions	were	then	loaded	on	to	a	SDS-PAGE	gel	(Figure	4–

3A).	Fractions	1-3	contained	floating	liposomes	and	bound	protein,	while	fractions	

4-6	held	the	residual	pelleted	protein.	If	one	compared	the	amount	of	complexes	I	

and	II	bound	to	liposomes,	it	is	clear	that	there	was	more	complex	I	in	fractions	1-3	

(Figure	4–3B	and	C).	Thus,	complex	I	had	a	much	higher	affinity	for	membranes	than	

complex	II.	It	should	be	noted	that	for	all	flotation	assays,	LUVs	were	made	out	of	

the	rigid	lipid	composition	purified	from	brain	with	18:1,	16:0,	18:0,	and	20:4	acyl	

chains	as	in	Rostislavleva	et	al.,	since	DO	Base	lipids	are	too	loose	to	see	a	difference	

between	complexes	I	and	II	(Rostislavleva	et	al.,	2015).		



Results	
	

	 -	74	-	

	
Figure	4–3:	Complex	I	has	a	higher	affinity	for	membranes	than	complex	II	
(A)	 Membrane	 binding	 of	 complexes	 I	 and	 II	 was	 tested	 by	 lipid	 flotation	 assay.	 Large	
unilamellar	vesicles	(LUVs,	100	nm)	and	proteins	were	incubated	and	then	pipetted	on	to	a	
sucrose	gradient.	The	gradient	was	centrifuged,	fractionated	and	loaded	on	to	SDS-PAGE	gels.	
Coomassie	stained	fractions	1-3	(numbering	from	the	top	of	the	gradient)	contained	floating	
vesicles	and	membrane-bound	proteins	whereas	fractions	4-6	held	pelleted	proteins.	(B)	and	
(C)	Complexes	I	and	II	without	LUVs	pelleted	to	the	bottom.	When	LUVs	were	added,	complex	
I	showed	a	higher	affinity	for	membranes	than	complex	II.		
	

The	residues	471-488	of	the	complex	I	specific	subunit	ATG14L	were	proposed	to	

adopt	the	structure	of	an	amphipathic	a-helix	known	as	amphipathic	lipid	packing	

sensor	(ALPS)	motif	(Drin	et	al.,	2007;	Fan	et	al.,	2011;	Nguyen	et	al.,	2017).	As	the	

ALPS	 motif	 was	 shown	 to	 be	 essential	 for	 in	 vitro	 liposome	 and	 in	 vivo	 ER	

recruitment,	I	was	interested	in	what	happens	to	complex	I	activity	when	the	ALPS	

is	 deleted	 from	 ATG14L	 (ATG14L DALPS	 471-492,	 Figure	 4–4A).	 Surprisingly,	

complex	I	with	ATG14L DALPS	471-488	was	completely	inactive	on	DO	base	GUVs	

(Figure	4–4B).		
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Figure	4–4:	The	ATG14L	BATS	domain	is	crucial	for	the	activity	of	complex	I	on	DO	base	
membranes	
(A)	Protein	constructs	for	the	PI3K	GUV	assay.	For	ATG14L	in	complex	I,	the	ALPS	was	deleted	
(ATG14L	DALPS	471-492).	For	UVRAG	in	complex	II,	the	BATS	domain	was	either	fused	to	the	
full	length	UVRAG	(UVRAG+BATS)	or	a	C-terminally	truncated	construct	(UVRAGDC+BATS).	
(B)	Deleting	the	ALPS	in	complex	I	(ATG14L	DALPS	471-492)	rendered	it	inactive	on	DO	base	
lipids.	(C)	VPS34	alone	showed	slightly	higher	activity	than	complex	I	ATG14L	DALPS	471-
492	on	GUVs	with	higher	PS.	Scale	bars:	5	µm.	Significance	 level:	***	p<0.001;	**	p<0.01;	*	
p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
	

In	 addition,	 even	 VPS34	 alone	 exhibited	 slightly	 higher	 activity	 than	 complex	 I	

ATG14L DALPS	471-488	on	membranes	with	a	higher	PS	content	(Figure	4–4C).	It	

should	be	noted	that	neither	VPS34	alone	nor	complex	I	ATG14L DALPS	471-488	

showed	 detectable	 activity	 on	 DO	 base	 GUVs,	 but	 only	 VPS34	 alone	 displayed	
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measurable	activity	on	GUVs	with	a	higher	percentage	of	PS.	The	effect	of	PS	will	be	

outlined	in	more	detail	in	chapter	4.1.4.	

	

So	far,	no	membrane	binding	motif	has	been	found	in	UVRAG	(Rostislavleva	et	al.,	

2015).	 Thus,	 I	was	 interested	 in	 the	 effect	 of	 the	BATS	 domain	 on	UVRAG.	 Two	

constructs	were	made	where	the	BATS	domain	(ATG14L	412-492)	was	either	fused	

to	full	length	or	a	truncated	UVRAG	in	which	the	putative	unstructured	C-terminus	

was	removed	(Figure	4–4A).	For	both	chimeras,	a	dramatic	increase	in	complex	II	

activity	 could	 be	 observed.	 Complex	 II	 UVRAG+BATS	was	 activated	~7-fold	 and	

complex	II	UVRAGDC+BATS	by	~11-fold	over	complex	II	UVRAG	WT	(Figure	4–5).	

Curiously,	 both	 complex	 II	 UVRAG+BATS	 and	 UVRAGDC+BATS	were	 even	more	

active	than	complex	I	WT.	This	suggests	that	ATG14L	has	inhibitory	properties	that	

are	overcome	by	the	strong	affinity	of	the	ALPS	for	membranes.		

	

	
Figure	4–5:	BATS	domain	activates	complex	II	UVRAG	fusion	constructs		
The	BATS	domain	was	either	 fused	to	 full	 length	UVRAG	(UVRAG+BATS)	or	a	C-terminally	
truncated	 construct	 (UVRAGDC+BATS).	 Fusing	 the	 BATS	 domain	 to	 UVRAG	 increased	
complex	 II’s	 activity.	 Complex	 II	 UVRAG	 fusion	 constructs	 were	 even	 more	 active	 than	
complex	I	WT.	Scale	bars:	5	µm.	Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	
significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
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4.1.3 HDX-MS	reveals	crucial	membrane	binding	motifs	in	Beclin	1	

In	order	to	characterise	the	membrane	interaction	of	complexes	I	and	II	further,	we	

have	 used	 hydrogen-deuterium	 exchange	 mass-spectrometry	 (HDX-MS)	 to	 map	

membrane	 binding	 regions.	 Glenn	 Masson	 and	 Yohei	 Ohashi	 carried	 out	 the	

experiment	 and	 data	 analysis	 shortly	 before	 I	 joined	 the	 lab.	 Yohei	Ohashi	 used	

complex	I	and	I	used	complex	II	in	PI3K	GUV	assays	to	kinetically	characterise	site-

specific	mutants	 that	were	generated	based	on	results	of	 the	HDX-MS	analysis	of	

membrane	binding.	For	the	HDX-MS	experiments,	complex	I	and	complex	II	were	

either	mixed	with	100	nm	liposomes	made	of	DO	base	lipids	or	just	buffer.	The	HDX	

changes	 in	 the	 peptides	 of	 complex	 I/II	 alone	 and	 complex	 I/II	 incubated	 with	

liposomes	 were	 compared.	 The	 peptides	 with	 significant	 changes	 are	 coloured	

according	to	their	rate	of	exchange	for	complex	I	in	Figure	4–6	and	for	complex	II	in	

Figure	4–7.		
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Figure	4–6:	Analysis	of	membrane	binding	of	human	complex	I	using	HDX-MS	
Changes	 in	 HDX	 levels	 in	 complex	 I	 upon	 membrane	 binding.	 Peptides	 that	 showed	
differences	in	HDX	greater	than	2%	are	highlighted	on	the	structural	model	according	to	the	
legend.	 
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Figure	4–7:	Analysis	of	membrane	binding	of	human	complex	II	using	HDX-MS	
Changes	 in	 HDX	 levels	 in	 complex	 II	 upon	 membrane	 binding.	 Peptides	 that	 showed	
differences	in	HDX	greater	than	2%	are	highlighted	on	the	structural	model	according	to	the	
legend	
	

Most	changes	were	found	in	Beclin	1	for	both	complexes	I	and	II	(Figure	4–6,	4–7	

and	4–8).	However,	complex	I	had	a	substantial	reduction	in	HDX	in	peptides	found	

within	the	ALPS	motif	of	ATG14L	(residues	478-492).	Furthermore,	two	helices	in	

VPS34	 ka1-ka2	 (residues	 558-578)	 showed	 protection.	 All	 of	 these	 motifs	

delineated	 a	 putative	 membrane	 interaction	 surface	 similar	 to	 the	 one	 in	 yeast	

complex	II	(Rostislavleva	et	al.,	2015).	Both	complexes	I	and	II	showed	protection	
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in	 Beclin	 1	 in	 the	 highly	 conserved	 aromatic	 finger	 motif	 (359-361	 FFW,	 AF1)	

identified	by	Huang	et	al.	(Huang	et	al.,	2012)	(Figure	4–8).	They	showed	that	this	

domain	was	essential	for	in	vitro	liposome	binding	and	the	initiation	of	autophagy	

in	vivo.	Corresponding	residues	were	also	 found	 in	the	yeast	Beclin	1	homologue	

(430-432	FRK)	(Rostislavleva	et	al.,	2015).		

	

	
Figure	4–8:	Complex	dependent	membrane	binding	of	the	BARA	domain	
(A)	Summary	of	HDX	changes	for	the	Beclin	1	BARA	domains	of	human	complexes	I	(left)	and	
II	 (right)	 on	 crystal	 structure	 (PDB:	 4DDP,	 Huang	 et	 al.,	 2012).	 In	 the	 middle,	 peptides	
identified	 by	 HDX-MS	 are	 coloured	 by	 whether	 they	 were	 only	 protected	 in	 complex	 I	
(orange),	complex	II	(green),	or	in	both	complexes	I	and	II	(blue).	The	three	motifs,	namely	
AF1	(Aromatic	finger	motif	1;	359-361	FFW),	AF2	(Aromatic	finger	motif	2;	Q418+F419),	and	
HL	(Hydrophobic	loop;	L293+V296)	are	pointed	out.	(B)	Summary	of	HDX	changes	for	the	
Beclin	1	BARA	domains	on	amino	acid	sequence	for	complexes	I	and	II.	Residues	for	AF1,	AF2	
and	HL	are	coloured	in	red.		
	

Surprisingly,	two	additional	regions	were	picked	up	in	Beclin	1	in	complex	II	at	the	

putative	membrane	 interaction	 surface	 (Figure	4–8A	middle).	The	 residues	288-

300	and	409-419	also	showed	decreased	deuteration.	Accordingly,	these	two	new	
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motifs	were	named:	L293+V296	as	the	hydrophobic	loop	(HL)	and	Q418+F419	as	

the	aromatic	finger	mutant	2	(AF2)	(Figure	4–8).	The	activities	of	three	mutants	of	

both	 complexes	 I	 and	 II,	AFM1	 (F359D/	F360D/W360D),	AFM2	 (Q418D/F419D)	

and	HLM	(L293D/V296D)	were	analysed	 for	both	 complexes	 I	 and	 II	 in	 the	GUV	

PI3K	assay	 (Figure	4–9).	For	 complex	 I,	only	AFM1	showed	a	decrease	 in	VPS34	

activity	(Figure	4–9A	and	B).	Neither	mutations	in	the	HL	nor	AF2	had	any	further	

influence	on	activity.	Significantly,	complex	II	was	affected	by	all	three	mutations	

(Figure	4–9C).	Complex	II	with	a	mutated	AF1	was	completely	inactive,	while	the	

activity	 of	 complex	 II	 AF2	mutant	was	 reduced	 2-fold.	 Furthermore,	 adding	 the	

mutation	of	the	HL	on	top	of	AF2,	reduces	the	activity	of	complex	II	again	2-fold	over	

AF2.	In	conclusion,	Beclin	1	has	different	membrane	binding	interfaces	depending	

whether	it	forms	a	coiled	coil	with	ATG14L	in	complex	I	or	UVRAG	in	complex	II.	

Whereas	complex	II	is	completely	dependent	on	AF1	and	to	a	lesser	extent	AF2	and	

HL,	complex	I	is	only	minutely	affected	by	mutating	AF1	and	unaffected	by	AF2	and	

HL.	This	also	indicates	that	the	membrane	binding	of	complex	I	is	more	dependent	

on	the	ATG14L	BATS	domain.		
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Figure	4–9:	Complex	II	relies	more	on	Beclin	1	BARA	domain	for	membrane	binding	
than	complex	I		
(A)	and	(B)	 Influence	of	AF1,	AF2	and	HL	motifs	on	complex	I	activity.	Only	AF1	reduced	
complex	I	activity	slightly.	(C)	 Influence	of	AF1,	AF2	and	HL	motifs	on	complex	II	activity.	
Complex	II	was	highly	dependent	on	all	three	motifs	with	AF1	being	the	most	important	one.	
Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	
for	analysis	is	indicated	by	(n).	
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4.1.4 Phosphatidylserine	activates	complex	I,	complex	II,	and	VPS34	

The	 activity	 of	 the	 VPS34	 complexes	 is	 affected	 by	 their	 ability	 to	 bind	 to	

membranes.	Consequently,	the	influence	of	lipid	composition	on	VPS34	activity	was	

explored.	 The	 focus	 was	 kept	 on	 three	 key	 characteristics	 of	 membranes:	

electrostatic	charge,	lipid	packing,	and	curvature	(Bigay	and	Antonny,	2012).	PC,	PE,	

PI,	and	PS	are	the	most	abundant	lipids	in	mammalian	cells	(Vance,	2015).	PC	and	

PE	have	a	neutral	net	charge	whereas	PS	and	PI	are	anionic	phospholipids.	As	PI	is	

the	substrate	in	our	membrane,	the	levels	of	PS	were	altered	in	order	to	investigate	

the	 relative	 contribution	 that	membrane	 electrostatics	 play	 in	 VPS34	 activity.	 In	

addition	to	DO	base	with	10%	PS,	a	lipid	composition	called	DO	high	PS	with	25%	

PS	was	used	(Figure	4–10A).	As	mentioned	above,	VPS34	alone	is	not	active	on	DO	

base,	however	distinct	 activity	 can	be	 seen	on	DO	high	PS	GUVs	 (Figure	4–10B).	

Next,	the	effect	of	PS	on	complexes	I	and	II	was	examined.	DO	high	PS	increased	the	

activities	of	both	complexes	I	and	II	by	2-fold	over	DO	base	(Figure	4–10C	and	D).	

Notably,	although	complexes	I	and	II	differ	in	activity	on	DO	base	GUVs	when	the	

same	 amount	 was	 used	 (Figure	 4–10E),	 both	 had	 comparable	 activities	 when	

assayed	 on	 DO	 high	 PS	 lipids	 at	 the	 same	 concentration	 (Figure	 4–10F).	 This	

suggests	that	complex	II	is	more	highly	activated	by	membranes	that	include	PS	than	

complex	I.		
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Figure	4–10:	Increasing	PS	levels	activate	VPS34,	complexes	I	and	II	
(A)	Structure	of	a	DO	lipid	with	possible	headgroups	of	ethanolamine	(PE),	choline	(PC),	and	
serine	(PS).	Lipid	composition	of	DO	base	and	DO	high	PS	is	indicated	by	pie	charts.	(B)	VPS34	
alone	was	activated	by	DO	high	PS	compared	to	DO	base.	(C)	and	(D)	Complexes	I	and	II	were	
activated	 by	 increasing	 PS	 content	with	DO	 high	 PS.	(E)	 Complex	 I	was	more	active	 than	
complex	II	on	DO	base.	(F)	Complexes	I	and	complex	II	showed	comparable	activities	on	DO	
high	 PS,	 hence,	 complex	 II	 was	 more	 activated	 by	 PS	 than	 complex	 I.	 Scale	 bars:	 5	 µm.	
Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	
for	analysis	is	indicated	by	(n).	
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4.1.5 Phosphoinositides	activate	complexes	I	and	II	

Phosphoinositides	are	rare	but	essential	membrane	lipids	that	make	up	only	about	

10%	 of	 total	 phospholipids,	 and	 less	 than	 1%	 of	 total	 lipids	 in	 eukaryotic	 cells	

(Craene	et	al.,	2017;	Payrastre	et	al.,	2001).	They	are	generated	by	mono-,	bis-	and	

trisphosphorylation	of	the	3rd,	4th,	and	5th	position	of	their	inositol	headgroup,	which	

makes	 them	highly	negatively	 charged	 (Figure	4–11B).	They	are	 concentrated	 in	

different	pools	in	organelle	membranes	and	thereby	serve	as	unique	docking	sites	

for	protein	effectors.	As	it	was	shown	that	UVRAG	binds	to	PI(3)P	and	PI(4)P	(He	et	

al.,	2013)	and	ATG14L	binds	to	PI(3)P	and	PI(4,5)P2	(Fan	et	al.,	2011;	Tan	et	al.,	

2016),	their	influence	on	the	activity	of	complexes	I	and	II	was	examined.	As	PI(3)P	

is	our	 substrate,	only	PI(4)P	and	PI(4,5)P2	were	analysed.	Hence,	 either	5%	DO-

PI(4)P	(18:1-18:1)	or	5%	DO-PI(4,5)P2	(18:1-18:1)	was	added	in	place	of	5%	DOPC	

in	our	DO	base	mixture	(Figure	4–11A	and	C).	When	complex	I	was	assayed	on	these	

two	lipids	compositions,	we	saw	an	increase	in	activation	of	~1.8	fold	for	PI(4)P	and	

~1.2	fold	for	PI(4,5)P2	(Figure	4–11D	and	E).	In	contrast,	complex	II	was	similarly	

activated	~1.7	 fold	 by	 PI(4)P	 but	 unaffected	 by	 PI(4,5)P2	 compared	 to	 DO	 base	

(Figure	4–11F	and	G).	
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Figure	4–11:	Phosphoinositides	activate	complexes	I	and	II	
(A)	 Pie	 chart	of	 the	 lipid	 compositions	 for	 studying	 the	effect	of	phosphoinositides.	5%	of	
DOPC	is	either	exchanged	for	PI(4)P	or	PI(4,5)P2	in	DO	base.	(B)	Structure	of	inositol	head	
group.	(C)	Structures	of	DO-PI(4)P	and	DO-PI(4,5)P2.	(D)	and	(E)	Activity	of	complex	I	on	DO	
base	+	5%	PI(4)P	or	PI(4,5)P2.	(F)	and	(G)	Activity	of	complex	II	on	DO	base	+	5%	PI(4)P	or	
PI(4,5)P2.	 Scale	bars:	5	µm.	Significance	 level:	***	p<0.001;	 **	p<0.01;	 *	p<0.05;	n.s.	=	not	
significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
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4.1.6 Membrane	curvature	can	counteract	lipid	packing	

Finally,	 the	 influence	 of	 phospholipid	 unsaturation	 and	 degree	 of	 curvature	 on	

VPS34	activity	was	explored.	GUVs	with	the	same	proportion	of	PC,	PE,	PS	and	PI	

were	produced	but	with	a	varying	level	of	lipid	saturation	by	either	having	stearic	

(18:0)	or	oleic	acid	(18:1)	as	acyl	chains	(Figure	4–12A	and	B).	Whereas,	SO	lipids	

are	made	with	one	stearic	acid	chain	(18:0)	and	one	oleic	acid	chain	(18:1),	DO	lipids	

carry	two	oleic	acid	chains	(18:1).	Since	stearic	acyl	chains	are	saturated,	they	cause	

denser	 lipid	 packing	 than	 the	 mono-unsaturated	 oleic	 chains.	 Overall,	 three	

different	lipid	compositions	were	investigated:	82%	DO	lipids,	55%	SO	with	27%	

DO	lipids,	and	82%	SO	lipids	(Figure	4–12B).	For	all	three	mixtures	the	substrate	

was	a	mixed	chain	PI	and	the	relative	proportions	of	headgroup	species	(55%	PC,	

17%	PE	and	10%	PS)	were	kept	the	same	(Figure	4–12B).		

	

When	 the	 activities	 of	 complexes	 I	 and	 II	 were	 analysed	 on	 all	 three	 lipid	

compositions,	 it	became	clear	 that	 both	 complexes	were	only	active	on	82%	DO	

lipids	(Figure	4–12C	and	D).	Both	complexes	I	and	II	were	inactive	on	55%	SO+27%	

DO	and	82%	SO	lipids	(Figure	4–12C	and	D).	However,	most	GUVs	that	were	chosen	

for	 analysis	 have	 a	 diameter	 of	 ~10-20	 µm.	 A	 z-stack	 analysis	 of	 one	 area	 of	 a	

confocal	field	also	showed	smaller	GUVs	that	lay	in	a	lower	z-plane	(Figure	4–12E	

and	F).	Once	we	focused	on	these	smaller	GUVS,	it	was	obvious	that	82%	DO	lipids	

had	strong	activity,	55%	SO+27%	DO	showed	minor	activity	and	82%	SO	lipids	were	

still	inactive.	In	order	to	quantify	the	effect,	the	curvatures	(1/radius)	versus	their	

fluorescence	intensities	were	plotted	(Figure	4–12G	and	H).	Whereas,	55%	SO+27%	

DO	GUVs	displayed	a	positive	correlation	between	complexes	I	and	II	activity	and		
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Figure	4–12:	Packing	defects	increase	the	activity	of	complexes	I	and	II	
(A)	Structure	of	DOPC	and	SOPC.	(B)	GUV	mixtures	indicated	by	pie	charts	with	increasing	
percentage	of	SO	lipids	(82%	DO,	55%	SO+27%	DO	and	82%	SO).	(C)	and	(D)	Complexes	I	
and	II	activity	on	82%	DO,	55%	SO+27%	DO	and	82%	SO.	Both	complexes	are	only	active	on	
82%	DO.	(E)	and	(F)	Z-stacks	of	one	area	in	confocal	microscope	shows	smaller	GUVs.	(G)	
and	(H)	Correlation	between	fluorescence	intensity	and	membrane	curvature	(1/curvature)	
for	complexes	I	and	II.	With	increasing	curvature,	more	activity	can	be	detected	by	AF647-PX.	
Scale	bars:	15	µm.	Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	
The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
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increasing	membrane	curvature,	GUVs	made	of	82%	SO	did	not	exhibit	 the	same	

correlation.	 With	 this	 in	 mind,	 we	 wanted	 to	 be	 sure	 that	 our	 substrate	 probe	

AF647-PX	is	not	influenced	by	lipid	packing.	Thus,	we	tested	how	PI(3)P	would	be	

detected	 in	 membranes	 made	 of	 either	 82%	 DO	 or	 SO	 lipids	 (Figure	 4–13A).	

Satisfyingly,	AF647-PX	showed	the	same	binding	to	both	82%	DO	or	82%	SO	GUVs	

(Figure	4–13B).	

	

	
Figure	4–13:	AF647-PX	binds	to	PI(3)P	regardless	of	lipid	saturation		
(A)	Lipid	mixture	with	either	82%	DO	or	82%SO	lipids	and	constant	amount	15%	PI	and	3%	
PI(3)P.	(B)	Binding	of	AF647	is	unaffected	by	lipid	saturation.	Significance	level:	***	p<0.001;	
**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
	

4.1.7 The	level	of	saturation	in	PI	affects	kinase	activity		

So	far,	the	effect	of	lipid	saturation	in	the	surrounding	lipids	was	examined.	Next,	

the	 change	 in	 VPS34	 activity	 to	 changing	 the	 acyl	 chain	 saturation	 of	 the	 lipid	

substrate	PI	was	investigated.	In	addition	to	mixed	chain	PI	(from	bovine	liver,	46%	

18:0,	17%	20:4,	13%	20:3,	8%	18:1,	6%	18:2,	10%	unknown),	DOPI	(18:1-18:1),	

SAPI	 (18:0-20:4),	 and	 DSPI	 (18:0-18:0)	were	 also	 tested	 while	 the	 surrounding	

lipids	were	kept	constant	at	55%	DOPC,	17%	DOPE,	10%	DOPS	(Figure	4–14A).	
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Figure	4–14:	Saturation	level	of	the	substrate	PI	influences	kinase	activity	
(A)	Structures	of	DSPI,	SAPI	and	DOPI.	Pie	chart	indicates	the	percentage	of	phospholipids.	
DOPC,	DOPS	and	DOPE	was	kept	constant	while	the	PI	species	was	changed.	(B)	Activity	of	
complex	I	on	DO	base	with	either	18%	mixed	chain	PI,	DSPI,	SAPI	or	DOPI.	DOPI	activated	
complex	 I	 compared	 to	mixed	chain	PI	while	SAPI	and	DSPI	 reduced	activity.	 Significance	
level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	
is	indicated	by	(n).	
	

To	our	surprise,	complex	I	was	also	heavily	affected	by	the	saturation	level	of	PI.	

DOPI	showed	a	~2-fold	increase	in	activity	over	mixed	chain	PI.	In	contrast,	SAPI	

displayed	a	~1.2-fold	and	DSPI	a	~4-fold	decrease	in	complex	I	activity	(Figure	4–

14B).	 In	 summary,	 complexes	 I	 and	 II	 are	 heavily	 affected	 by	 the	 acyl	 chain	

saturation	 of	 either	 the	 surrounding	 lipids	 or	 PI	 itself.	 Nonetheless,	 higher	

membrane	 curvature	 can	 countervail	 the	 increase	 in	 lipid	 packing	 by	 saturated	

lipids.	
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4.2 Discussion	
With	 the	help	of	 the	novel	GUV	PI3K	assay	 and	HDX,	we	were	able	 to	 study	 the	

influence	of	protein	domains	and	membrane	composition	on	the	kinase	activity	of	

the	VPS34	complexes.	The	first	surprising	observation	that	was	made	is	that	human	

complex	I	was	~7-fold	more	active	than	complex	II,	compared	to	yeast	where	it	was	

exactly	 the	 opposite	 (Rostislavleva	 et	 al.,	 2015)	 (Figure	 4–2).	 This	 result	 was	

corroborated	by	Brier	et	al.	who	saw	that	human	complex	II	was	50%	less	active	

than	complex	I	by	an	endpoint	assay	on	LUVs	(Brier	et	al.,	2019).	This	increase	in	

activity	 is	 caused	 by	 complex	 I’s	 greater	 ability	 of	 binding	 to	membranes	made	

evident	 by	 flotation	 assay	 (Figure	 4–3).	 The	 activity	 of	 complex	 I	 was	 heavily	

dependent	on	the	BATS	domain	and	specifically	the	ALPS	motif	as	deletion	of	it	left	

complex	I	completely	inactive	(Figure	4–4B	and	C).	Brier	et	al.	also	assayed	complex	

I	without	the	ALPS	motif	on	LUVs	made	of	50%	PI	and	50%	PS	with	unknown	lipid	

saturation.	 In	contrast	 to	our	results,	 they	have	 found	that	complex	I	still	 retains	

60%	of	 its	 activity.	However,	 this	 highlights	 the	 importance	 of	 choosing	 a	more	

physiological	lipid	composition	that	reflects	the	intracellular	conditions.	Fan	et	al.	

have	shown	that	the	BATS	domain	is	absolutely	essential	for	targeting	complex	I	to	

the	 ER	 for	 autophagy	 induction	 (Fan	 et	 al.,	 2011).	 With	 our	 results	 it	 can	 be	

concluded,	that	this	is	due	to	complex	I	being	rendered	catalytically	inactive	without	

the	ALPS	motif.	The	effect	of	the	BATS	domain	could	also	be	seen	in	UVRAG	BATS	

fusion	mutants	as	both	complex	II	UVRAG+BATS	and	UVRAGDC+BATS	were	highly	

activated	(Figure	4–5).	Ma	et	al.	has	also	shown	that	complex	II	UVRAG+BATS	has	

increased	membrane	binding	over	complex	II	WT	(Ma	et	al.,	2017).	Interestingly,	

both	 UVRAG+BATS	 and	 UVRAGDC+BATS	 exhibited	 even	 higher	 activity	 than	

complex	 I	WT	 (Figure	4–5).	 If	 one	also	 takes	 into	account	 that	 complex	 I	DALPS	
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showed	even	less	activity	than	VPS34	by	itself,	it	suggests	that	ATG14L	might	have	

inhibitory	properties	(Figure	4–4B).	This	is	similar	to	class	I	PI3K	and	its	interaction	

with	 the	GTPase	H-Ras	 (Buckles	et	 al.,	 2017).	H-Ras	has	 inhibiting	properties	on	

class	I	PI3K	activity,	however,	this	minor	inhibition	is	overcome	by	the	increase	in	

membrane	 recruitment	 by	 H-Ras.	 In	 the	 same	way,	 ATG14L	might	 decrease	 the	

catalytic	efficiency	of	VPS34,	but	the	recruitment	of	the	ALPS	domain	to	membrane	

still	increases	kinase	activity	dramatically.		

	

With	 the	 help	 of	 HDX-MS,	 we	 were	 also	 able	 to	 find	 two	 additional	 membrane	

binding	motifs	in	Beclin	1	(Figure	4–6,	Figure	4–7,	Figure	4–8).	Surprisingly,	Beclin	

1	seems	to	have	different	binding	modes	in	complexes	I	and	II.	Whereas	complex	I	

uses	only	the	already	identified	aromatic	finger	1	(AF1,	FFW	359-361;	Huang	et	al.,	

2012),	complex	II	possess	two	further	motifs	(Figure	4–9A).	Beclin	1	also	contacted	

the	lipid	bilayer	with	aromatic	finger	2	(AF2,	QF	418-419)	and	hydrophobic	loop	

(HL,	L293,	V296)	in	complex	II.	When	these	residues	were	mutated	to	aspartates,	

complex	I	activity	was	only	slightly	affected	by	 losing	AF1,	but	not	by	AF2	or	HL	

(Figure	 4–9).	 In	 contrast,	 complex	 II	 relies	 heavily	 on	 AF1	 as	mutating	 it	 left	 it	

catalytically	inactive.	Moreover,	mutating	AF2	and	HL	also	decreased	kinase	activity	

(Figure	4–9).	These	results	would	suggest	that	the	BATS	domain,	rather	than	the	

Beclin	 1	 BARA	 domain,	 is	 the	 main	 membrane	 binding	 platform	 for	 complex	 I.	

Furthermore,	ATG14L	has	an	inhibitory	effect	on	VPS34	by	rearranging	Beclin	1	as	

complex	I	DALPS	should	have	a	functional	AF1,	whereas	VPS34	does	not.	Still,	VPS34	

alone	is	still	more	active	despite	it	having	no	additional	membrane	binding	motif.	

Complex	I	is	active	at	the	ER	to	initiate	omegasome	formation	whereas	complex	II	

is	responsible	for	PI(3)P	production	on	early	endosomes	(Axe	et	al.,	2008;	Itakura	
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et	al.,	2008).	These	two	membranes	have	very	different	properties.	While	 the	ER	

contains	a	high	percentage	of	loosely	packed	unsaturated	lipids	with	little	negative	

charge	to	support	the	folding	of	nascent	transmembrane	proteins,	lipid	composition	

in	 early	 endosomes	 resembles	 the	 one	 in	 the	 plasma	membrane,	 which	 mainly	

consists	of	rigid	saturated	lipids,	cholesterol	and	negatively	charged	phospholipids	

to	protect	the	cell	and	serve	as	a	barrier	to	reduce	permeability	(Vanni	et	al.,	2014).	

As	the	 influence	of	 lipid	composition	on	VPS34	activity	has	not	been	studied,	we	

have	 focused	 on	 three	 membrane	 physicochemical	 parameters:	 electrostatic	

charge,	 lipid	packing,	 and	curvature.	Firstly,	 the	 influence	of	 electrostatic	 charge	

was	investigated.	Electrostatic	interactions	have	been	known	to	increase	membrane	

binding	 of	 proteins	 like	BAR	domains	 and	α	 synuclein	 and	 also	 activate	 protein	

kinases	such	as	Protein	Kinase	C	(PKC)	and	Akt	(B.	X.	Huang	et	al.,	2011;	Newton	

and	Koshland,	1989;	Peter	et	al.,	2004;	Pranke	et	al.,	2011).	PS	and	PIPs	make	up	the	

main	acidic	phospholipids	 in	 the	 cell.	PS	has	a	net	 charge	of	 -1	but	 is	present	 in	

relatively	high	numbers	 in	some	membranes.	 In	contrast,	PIPs	often	make	up	 far	

less	then	1%	in	the	membrane	but	are	highly	ionic	with	a	net	charge	of	-2	for	PI(3)P	

up	to	-4	for	PI(3,4,5)P3	(Lemmon,	2008).	Proteins	either	recognize	the	stereospecific	

arrangement	of	the	charged	lipid	residues	or	by	the	general	physical	charge	of	the	

membrane	(Lemmon,	2008).		

	

A	high	percentage	of	PS	(~10-20%)	can	be	found	in	the	plasma	membrane	(Meer	

and	 Kroon,	 2011).	 The	 plasma	 membrane	 has	 an	 asymmetric	 membrane	

composition	maintained	by	flippases	in	which	PE	and	PS	are	highly	enriched	in	the	

inner	leaflet	and	PC	and	SM	are	enriched	in	the	outer	leaflet	(Casares	et	al.,	2019;	

Vance,	2015).	Recognising	the	disruption	of	this	asymmetry	and	displaying	PS	one	
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the	cell	surface,	is	crucial	for	apoptosis	through	phagocytes	and	blood	clotting.	As	

the	percentage	of	PS	 in	GUVs	was	 increased	from	10%	to	25%,	VPS34	alone	and	

complexes	 I	 and	 II	 showed	 an	 increase	 in	 kinase	 activity	 (Figure	 4–10B-D).	

However,	complex	II	seemed	to	be	more	activated	by	membranes	that	include	PS	

than	complex	I	(Figure	4–10F).	This	would	make	sense	as	complex	II	is	responsible	

for	 the	 PI(3)P	 production	on	 early	 endosomes,	which	 consist	 of	 fused	 endocytic	

vesicles	from	the	plasma	membrane.	Moreover,	the	ALPS	motif	found	in	complex	I	

has	 the	specific	 trait	of	being	 insensitive	 to	membrane	charge.	 It	 solely	relies	on	

hydrophobic	amino	acids	on	its	apolar	helix	side	to	bind	to	membrane.	The	other	

side	of	the	helix	is	scarce	in	basic	residues	and	therefore	insensitive	to	membrane	

charge	(Drin	et	al.,	2007;	Drin	and	Antonny,	2009).		

	

Next,	the	effect	of	the	phosphinositides	PI(4)P	and	PI(4,5)P2	were	examined.	Of	all	

the	PIPs,	PI(4)P	and	PI(4,5)P2	are	the	most	abundant	in	the	cells	(Lemmon,	2008).	

A	majority	of	PI(4)P	is	found	in	the	Golgi	and	known	to	regulate	the	directionality	

of	 the	 secretory	 pathway.	 Recently,	 it	 has	 also	 been	 found	 to	 be	 important	 for	

receptor	sorting	on	early	endosomes	(Henmi	et	al.,	2016;	Ketel	et	al.,	2016)	and	at	

the	 autophagosome	 initiation	 site	 (Judith	 et	 al.,	 2019).	 PI(4,5)P2	 is	 a	 key	 lipid	

messenger	at	the	plasma	membrane	where	it	is	involved	in	regulating	endocytosis,	

exocytosis	and	actin	cytoskeleton	dynamics	(Tan	et	al.,	2015).	Additionally,	small	

pools	of	PI(4,5)P2	have	been	found	at	early	autophagic	vesicles	(Moreau	et	al.,	2012;	

Tan	et	al.,	2016).	The	GUV	PI3K	assay	confirmed	that	both	complexes	I	and	II	can	be	

activated	by	PI(4)P,	but	only	complex	I	showed	a	preference	for	PI(4,5)P2	(Figure	

4–11).	Tan	et	al.	have	already	shown	that	ATG14L	binds	to	PI(4,5)P2	with	the	two	

arginines	R423	and	R442	in	the	BATS	domain	upstream	of	the	ALPS	motif	(ALPS	



Discussion	
	

	 -	95	-	

471-488)	(Tan	et	al.,	2016;	Fan	et	al.,	2011).	Consequently,	the	recruitment	to	the	

ER	for	omegasome	formation	could	be	strengthened	by	a	cooperation	of	these	two	

motifs.	 In	 contrast,	 complex	 II	 could	 be	 recruited	 to	 early	 endosomes	 by	 PI(4)P.	

Indeed,	it	has	been	already	suggested	that	UVRAG	binds	to	PI(4)P	with	its	C2	domain	

that	is	situated	at	the	opposite	site	of	the	membrane	interaction	surface	(He	et	al.,	

2013).	

	

The	 membrane	 landscape	 in	 the	 cell	 is	 very	 diverse	 and	 each	 organelle	 has	 a	

different	 lipid	 saturation	 and	 curvature	 spectrum.	 The	 plasma	membrane	 needs	

saturated	 acyl	 chains	 to	 tightly	 pack	 and	 stabilise	 its	 lipid	 bilayer	 to	 withstand	

outside	pressures	and	forces.	In	contrast,	the	ER	and	Golgi	are	part	of	the	dynamic	

secretory	and	membrane	network,	which	constantly	 form	tubules	and	vesicle	 for	

signal	transduction	and	cargo	transport.	That	is	why	these	membranes	are	rich	in	

unsaturated	acyl	chains	that	produce	more	packing	defects	(Vanni	et	al.,	2014).	We	

have	 used	 various	 percentages	 of	 DO	 (18:1-18:1)	 and	 SO	 (18:0-18:1)	 lipids	 and	

measured	 the	 activity	 of	 complexes	 I	 and	 II	 (Figure	 4–12).	 Surprisingly,	 already	

substituting	one	unsaturated	acyl	chain	for	a	saturated	one	(55%	SO+27%	DO	and	

82%	SO)	left	both	complexes	I	and	II	dead	on	GUVs	of	about	5-15	μm	(Figure	4–12C-

F).	Additionally,	increasing	the	amount	of	saturation	even	only	in	substrate	PI	also	

decreases	complex	I	activity	(Figure	4–14B).	It	is	well	established	that	increasing	

the	amount	of	double	bonds	causes	‘kinks’	in	the	acyl	chains,	which	causes	a	looser	

lipid	 packing	 (Manni	 et	 al.,	 2018;	 Pinot	 et	 al.,	 2014).	 This	 in	 turn	 leads	 to	 the	

formation	of	 shallow	and	deep	gaps	 in	 the	 lipid	bilayer,	 into	which	hydrophobic	

amino	acids	can	 insert	(Vanni	et	al.,	2019).	A	 less	appreciated	relationship	 is	 the	

influence	 of	 curvature	 on	 lipid	 packing.	 Vanni	 et	 al.	 could	 show	 that	 the	 loss	 of	
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binding	of	the	Arf	ALPS	to	more	saturated	lipids	could	be	rescued	by	increasing	the	

membrane	curvature	(Vanni	et	al.,	2014).	The	same	effect	could	be	seen	in	our	GUV	

assay.	 GUVs	 of	 a	 smaller	 size	 in	 a	 lower	 z-plane	 showed	 some	 activity	 in	 55%	

SO+27%	DO.	 It	 could	be	 correlated	with	 increasing	 curvature	 the	kinase	activity	

increased	(Figure	4–12G	and	H).	Thus,	curvature	can	counteract	 tight	membrane	

packing.		

	

Various	 types	 of	 curvature	 can	 be	 found	 in	 different	 organelles.	 Endocytosed	

vesicles	 have	 been	measured	 to	 be	 ~30-150	 nm	 in	 diameter	 depending	 on	 the	

endocytosis	pathway	(Klumperman	and	Raposo,	2014;	Mayor	and	Pagano,	2007).	

Early	endosomes	have	been	measured	to	be	slightly	larger	of	about	~100-500	nm	

as	they	consist	of	fused	vesicles	(Klumperman	and	Raposo,	2014).	However,	early	

endosomes	also	form	an	elaborate	network	of	tubular	subdomains	responsible	for	

cargo	sorting	(Bonifacino	and	Rojas,	2006).	These	can	have	high	curvature	at	the	tip	

of	the	tubules.	In	autophagy,	omegasomes	and	phagophores	have	also	been	shown	

to	 have	 high	 curvature	 at	 the	 forming	 tip.	 These	 tips	 have	 been	measured	 to	 be	

smaller	 than	 30	 nm	 in	 diameter	 (Nguyen	 et	 al.,	 2017).	 In	 conclusion,	 both	 the	

endocytic	and	autophagic	networks	contain	membranes	with	high	curvature,	which	

could	attract	both	complexes	I	and	II	to	bind.	

	

Figure	4–15	summarises	the	factors	that	activate	complexes	I	and	II.	Although	some	

factors	do	suggest	why	complex	I	is	recruited	the	ER	for	autophagosome	initiation	

and	why	complex	II	is	active	on	early	endosomes,	it	is	still	not	fully	disentangled.	

Rab	 GTPases	 have	 been	 suggested	 as	 an	 additional	 piece	 of	 the	 puzzle.	 Their	

significance	will	be	discussed	in	the	next	chapter.	
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Figure	4–15:	Factors	that	increase	activity	of	complexes	I	and	II		
Both	complexes	I	and	II	share	some	membrane	binding	motifs	such	as	the	Beclin	1	aromatic	
finger	1	and	the	preference	for	curved	and	unsaturated	membranes.	However,	both	also	have	
their	unique	pattern.	While	 complex	 I	heavily	 relies	on	ATG14L	BATS	domain,	 complex	 II	
depends	on	the	two	additional	Beclin	1	motifs,	aromatic	finger	2	and	hydrophobic	loop.	
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5 Activation	of	VPS34	complexes	by	Rab	
GTPases	

	

Christoforidis	et	al.	have	shown	with	in	vitro	translated	proteins	that	VPS15,	but	not	

VPS34,	binds	to	GST-Rab5a	in	a	GTP	dependent	manner	(Christoforidis	et	al.,	1999).	

However,	as	it	wasn’t	known	then	that	VPS34	and	VPS15	form	complexes	I	and	II	

with	UVRAG	or	ATG14L,	respectively,	their	involvement	was	not	tested.	Subsequent	

papers	 have	 reported	 an	 interaction	 between	 VPS34	 or	 VPS15	 with	 Rab5a	

(Behrends	et	al.,	2010;	Gillingham	et	al.,	2014;	Murray	et	al.,	2002;	Ravikumar	et	al.,	

2008;	Stein	et	al.,	2003).	However,	purified	proteins	of	the	VPS34	complexes	I	or	II	

have	 not	 been	 used	 to	 actually	 study	 this	 interaction	 in	 detail.	 Furthermore,	

Christoforidis	et	al.	have	claimed	to	not	be	able	to	detect	a	stimulation	of	enzymatic	

activity	 for	VPS34	but	 the	corresponding	data	were	not	shown.	 I	used	an	 in	vitro	

approach	to	investigate	this	interaction	using	immobilised	Rab5a	on	GUVs	and	our	

PI3	kinase	assay.	

	

5.1 Results	
	

5.1.1 Immobilisation	of	Rab	GTPases	on	membranes	

In	the	cell,	Rab5a	is	prenylated	and	inserted	into	the	membrane	with	the	help	of	the	

Rab	escort	protein	(REP).	 In	order	to	mimic	this	Rab5a	 immobilisation	 in	vitro,	a	

lipid	that	has	a	maleimide	moiety	at	its	headgroup	was	chosen	(18:1	PE-MCC/DOPE-

MCC),	which	has	been	already	used	to	study	the	activation	of	class	I	PI3K	by	Ras	
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GTPase	(Buckles	et	al.,	2017;	Siempelkamp	et	al.,	2017)	(Figure	5–1A).	Therefore,	

DO	base	was	made	with	10%	DOPE-MCC	instead	of	10%	DOPE	(DO	base	+	10%	PE-

MCC	=	18%	mixed	chain	PI,	55%	DOPC,	10%	DOPS,	7%	DOPE	and	10%	DOPE-MCC).	

	

	
Figure	5–1:	Immobilisation	of	Rab	GTPases	on	membranes	
(A)	 Strategy	to	 in	 vitro	 capture	Rab	GTPases	on	vesicles.	Vesicles	 contain	maleimide	 lipid	
DOPE-MCC.	When	Rab	is	added,	the	C-terminal	cysteine	reacts	with	the	maleimide	at	pH	7	to	
form	a	covalent	linkage.	(B)	Labelling	GUVs	with	Rab5a	by	maleimide	chemistry.	GUVS	with	
10%	PE-MCC	were	incubated	with	Rab5a	overnight	and	washed.	Wells	were	then	incubated	
with	 rabbit	 anti-Rab5a	 antibody	 and	 anti-rabbit	 antibody	 conjugated	 to	 Alexa	 Fluor	 488	
(AF488)	for	visualisation.	Scale	bars:	5	µm	
	

The	GUVs	were	then	incubated	at	pH	7	with	Rab5a	overnight	at	4°C.	As	GUVs	were	

immobilised	by	the	incorporated	biotinylated	lipid	and	avidin	on	the	surfaces	of	the	
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wells	 in	 the	 GUV	 chamber,	 the	wells	 could	 be	 carefully	washed	 to	 decrease	 the	

concentration	 of	 unreacted	 Rab5a.	 The	 wells	were	 washed	 with	 buffer	 at	 pH	 8	

containing	β-mercaptoethanol	to	inactivate	the	remaining	free	maleimide	groups.	

As	 can	 be	 seen	 in	 Figure	 5–1B,	 the	 GUVs	 contained	 Rab5a	 on	 its	 surface	 after	

treatment.	

	

5.1.2 Rab5a	is	a	strong	activator	of	complex	II		

For	all	experiments	with	Rab	GTPases	in	this	thesis,	the	QL	mutants	were	used.	The	

mutation	of	the	catalytic	glutamate	to	a	leucine	has	been	shown	to	strongly	decrease	

the	intrinsic	GTPase	activity	of	RabGTPases	(Stenmark	et	al.,	1994).		

	

	
Figure	5–2:	Membrane	bound	Rab5a	activates	complex	II	in	a	GTP	dependent	manner	
(A)	GUVs	were	either	incubated	with	Rab5a-GTP,	Rab5a-GDP	or	no	Rab5a.	The	AF647	signal	
showed	that	complex	II	was	strongly	activated	by	Rab5a-GTP	and	mildly	by	Rab5a-GDP.	(B)	
Complex	II	had	the	same	activity	on	DO	Base	+10%	PE-MCC	and	on	DO	Base.	The	addition	of	
soluble	 Rab5a	 also	 did	 not	 activate	 complex	 II.	 Scale	 bars:	 5	 µm.	 Significance	 level:	 ***	
p<0.001;	 **	 p<0.01;	 *	 p<0.05;	 n.s.	 =	 not	 significant.	 The	 number	 of	 GUVs	 for	 analysis	 is	
indicated	by	(n).	
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In	vivo,	 the	QL	mutant	 is	often	referred	to	as	being	constitutively	active	or	“GTP-

locked”	as	the	concentration	of	GTP	is	10-times	higher	than	GDP	in	the	cytosol	(GDP	

36	µM	vs	GTP	305	µM,	Traut,	1994).	Therefore,	QL	mutants	are	suspected	to	have	

GTP	bound	in	cells.	In	vitro	however,	the	QL	mutant	can	be	either	loaded	with	GDP	

or	GTP	(Lee	et	al.,	2009).	DO	Base	+	10%	PE-MCC	GUVs	were	either	incubated	with	

Rab5a-GDP,	Rab5a-GTP	or	no	Rab5a.	When	the	activity	of	complex	II	was	measured,	

it	 became	 clear	 that	 membrane-coupled	 Rab5a-GTP	 increased	 kinase	 activity	

dramatically	 (Figure	 5–2A).	 By	 comparing	 the	 initial	 rates,	 one	 could	 see	 that	

complex	II	was	activated	~35-fold	by	Rab5a-GTP	and	~3-fold	by	Rab5a-GDP.	When	

complex	II	was	assayed	on	DO	Base,	DO	Base	+	10%	PE-MCC	or	DO	Base	+	10%	PE-

MCC	+	soluble	Rab5a-GTP,	i.e.	Rab5a	that	did	not	contain	the	C-terminal	cysteines	

for	membrane	 anchoring,	 no	 difference	 in	 activity	 could	 be	 seen	 (Figure	 5–2B).	

Consequently,	only	membrane	bound	Rab5a	could	activate	complex	II.		

	

	
Figure	5–3:	Rab5a	recruits	complex	II	to	membranes	
Flotation	assay	of	complex	II	on	LUVs	with	either	no	protein,	Rab5a-GDP	or	Rab5a-GDP.	Complex	II	
showed	 increased	 recruitment	 to	 Rab5a	 coated	 membranes.	 Especially	 Rab5a-GTP	 showed	 the	
highest	amount	of	complex	II	in	the	floating	fractions	1-3.		
	

In	 order	 to	 investigate	 the	mechanism	of	 activation,	 LUVs	were	 either	 linked	 to	

Rab5a-GDP,	 Rab5a-GTP	 or	 no	 protein	 and	 were	 used	 for	 a	 flotation	 assay	 with	

complex	II	(Figure	5–3).	By	comparing	the	amount	of	protein	in	fractions	1-3,	which	
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contain	 the	 floating	 LUVs,	 one	 can	 see	 that	 Rab5a-GDP	 increased	 complex	 II	

recruitment	mildly,	while	Rab5a-GTP	increases	the	amount	of	complex	II	on	LUVs	

substantially	 more.	 Hence,	 Rab5a	 recruits	 complex	 II	 to	 membranes	 in	 a	 GTP-

dependent	manner.		

	

	
Figure	5–4:	Complex	I	is	less	activated	by	Rab5a-GTP	than	complex	II	
GUVs	were	either	incubated	with	Rab5a-GTP,	Rab5a-GDP	or	no	Ra5.	Complex	I	showed	some	
activation	 by	 Rab5a-GTP,	 but	 not	 to	 the	 same	 extent	 as	 complex	 II.	 Scale	 bars:	 5	 µm.	
Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	
for	analysis	is	indicated	by	(n).	
	

As	either	VPS34	or	VPS15	have	been	suggested	as	the	Rab5a	interaction	partner,	we	

were	also	interested	in	the	effect	of	Rab5a	on	complex	I.	To	our	surprise,	complex	I	

was	only	activated	~3-fold	by	Rab5a-GTP	and	not	activated	by	Rab5a-GDP	(Figure	

5–4).	 In	summary,	Rab5a	 is	a	very	potent	activator	of	complex	II	whereas	 it	only	

mildly	activates	complex	I.	

	

5.1.3 Rab7a	does	not	activate	either	complexes	I	or	II	

It	 has	 previously	 been	 suggested	 that	 Rab7a	 binds	 to	 VPS15	 in	 pull	 down	

experiments	(Stein	et	al.,	2003).	Therefore,	the	activities	of	complexes	I	and	II	were	

analysed	with	Rab7a-GDP	and	Rab7a-GTP.	Using	the	PI3K	GUV	assay,	no	activation	

of	either	complexes	I	or	II	with	Rab7a-GDP	or	Rab7a-GTP	was	observed	(Figure	5–

5A	and	B).		
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Figure	5–5:	Rab7a	does	not	activate	complex	I	or	II	
A)	 and	 (B)	 GUVs	 were	 either	 incubated	 with	 Rab7a-GTP,	 Rab7a-GDP	 or	 no	 Rab7a.	 No	
activation	of	either	complexes	I	or	II	could	be	detected.	Scale	bars:	5	µm.	Significance	level:	
***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	 for	analysis	 is	
indicated	by	(n).	
	

UVRAG	has	been	suggested	to	interact	with	Rab7a	through	the	class-C-Vps	complex	

independently	of	VPS34	(Liang	et	al.,	2008).	In	order	to	confirm	whether	complex	II	

still	 might	 interact	 with	 Rab7a,	 a	 flotation	 assay	 with	 complex	 II	 and	 Rab7a-

GDP/GTP	coated	LUVs	was	done.	However,	no	recruitment	could	be	seen	(Figure	5–

6).		

	 	



Results	
	

	 -	104	-	

	
Figure	5–6:	Rab7a	does	not	recruit	complex	II	to	membranes	
Flotation	assay	of	complex	II	on	LUVs	with	either	no	protein,	Rab7a-GDP	or	Rab7a-GDP.	No	
increase	in	complex	II	was	visible	in	the	floating	fractions	1-3.	

	

5.1.4 Rab7a	is	a	strong	activator	of	complex	II	Rubicon	

Complex	II	is	able	to	bind	another	protein	subunit	called	Rubicon	(Matsunaga	et	al.,	

2009;	Zhong	et	al.,	2009).	Rubicon	has	been	suggested	to	decrease	VPS34	activity	

and	bind	Rab7a	(Chang	et	al.,	2019;	Itakura	et	al.,	2008;	Sun	et	al.,	2010;	Zhong	et	

al.,	2009).	 I	 investigated	these	observations	using	the	PI3K	GUV	assay.	Using	this	

method,	 I	 observed	 that,	 Rubicon	 did	 not	 decrease	 kinase	 activity	 of	 complex	 II	

(Figure	5–7A).	However,	complex	II	Rubicon	was	activated	by	Rab7a-GDP	~5-fold	

and	by	Rab7a-GTP	~50-fold	(Figure	5–7B).	In	order	to	see	whether	this	activation	

is	 caused	 by	 recruitment,	 a	 flotation	 assay	 with	 Rab7a-GTP	 or	 Rab7a-GDP	 and	

complex	 II	Rubicon	was	 carried	out.	Complex	 II	Rubicon	was	recruited	to	Rab7a	

coated	LUVs	in	a	GTP	dependent	manner	as	seen	by	fraction	1-3	(Figure	5–8).		
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Figure	5–7:	Membrane	bound	Rab7a	is	an	activator	for	complex	II	Rubicon	
A)	 Comparison	 of	 activities	 of	 complex	 II	 and	 complex	 II	 with	 Rubicon.	 No	 significant	
difference	in	kinase	activity	could	be	detected.	(B)	GUVs	were	either	incubated	with	Rab7a-
GTP,	Rab7a-GDP	or	no	protein	at	all.	Complex	II	with	Rubicon	was	significantly	activated	by	
Rab7a	 in	 a	 GTP	 dependent	manner.	 Scale	 bars:	 5	 µm.	 Significance	 level:	 ***	 p<0.001;	 **	
p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
	

	

	
Figure	5–8:	Rab7a	recruits	complex	II	Rubicon	to	the	membrane	
Flotation	assay	of	complex	II	Rubicon	on	LUVs	with	either	no	protein,	Rab7a-GDP	or	Rab7a-
GDP.	Complex	 II	 Rubicon	was	 recruited	 to	 Rab7a	 coated	membranes	 in	 a	 GTP	 dependent	
manner.	
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5.1.5 Rab1a	is	a	complex	I	specific	activator		

During	 the	 course	of	our	 investigations,	 it	was	noted	by	our	 collaborator	 Jessica	

Bertram	and	Sean	Munro	that	Rab1a	may	also	interact	with	complex	I.	This	evidence	

was	acquired	from	a	method	called	MitoID	(Gillingham	et	al.,	2019).	For	MitoID,	Rab	

GTPases	are	 fused	to	a	promiscuous	biotin	ligase	BirA	that	biotinylates	available	

lysine	residues	within	a	~10	nm	radius.	In	order	to	decrease	background	signal	and	

focus	on	specific	GTPase	effectors,	a	mitochondria	relocation	signal	was	added	at	

the	Rab	C-terminus	(Hoogenraad	et	al.,	2003).	The	relocation	sequence	is	a	fragment	

of	the	mitochondrial	outer	membrane	protein	monoamine	oxidase	(MAO).	The	final	

transfected	 construct	 consists	 of	 Rab-BirA-HAtag-MAO.	 Following	 transient	

transfection,	the	biotinylated	proteins	can	be	pulled	down	with	streptavidin	beads	

and	either	immunoblotted	for	known	effectors	or	analysed	by	mass	spectrometry	

for	 unknown	 interactors.	 Figure	 5–9	 shows	 immunoblots	 of	 streptavidin	

precipitates	 of	 Rab1a	 (WT/	 QL/	 SN)	 and	 Rab5a	 (QL)	Mito	 ID	 constructs.	 Rab1a	

interacted	only	with	complex	I	subunits	VPS34,	VPS15,	Beclin	1,	and	ATG14L	but	

not	with	the	complex	II	specific	UVRAG.	However,	Rab5a	showed	interaction	with	

all	subunits.		
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Figure	5–9:	MitoID	results	show	Rab1a	interacts	only	with	complex	I	subunits		
Immunoblot	of	streptavidin	precipitates	from	cells	in	which	MitoID	had	been	carried	out	for	
Rab1a	WT/	QL/	SN	(A)	or	Rab5	QL	(B).	(A)	Rab1a	interacts	specifically	with	components	of	
complex	(VPS34,	VPS15,	Beclin	1,	ATG14L)	but	not	with	the	complex	II	specific	UVRAG.	(B)	
Rab5	shows	interaction	with	both	complexes	I	and	II	subunits.	Results	by	Jessica	Bertram.	 
	

Thus,	the	nature	of	this	interaction	was	analysed	in	our	PI3K	GUV	assay.	GUVs	were	

either	 incubated	with	Rab1a-GDP,	Rab1a-GTP	or	no	Rab1a.	Figure	5–10A	shows	

that	 complex	 I	 was	 activated	 2-fold	 by	 Rab1a-GDP	 and	 12-fold	 by	 Rab1a-GTP.	

However,	when	complex	I	was	assayed	on	DO	Base	+10%	PE-MCC	and	DO	Base,	it	

became	 clear	 that	 complex	 I	 showed	 a	 lower	 activity	 when	 10%	 PE-MCC	 was	

incorporated	(Figure	5–10B).	It	is	not	clear	why	this	was	the	case	as	complex	II	does	

not	exhibit	the	same	behaviour.	ATG14L	has	two	CXXC	motifs	of	unknown	function	

at	 its	N-terminus	 (CXXC	44-47,	CXXC	56-58),	which	are	normally	 found	 in	 redox	

proteins	 (Fomenko	 and	 Gladyshev,	 2003).	 Although	 the	 reducing	 agent	 β-

mercaptoethanol	 was	 added	 to	 quench	 unreacted	 maleimide	 groups,	 not	 all	

unreacted	molecules	might	get	inactivated.	Since	the	CXXC	motifs	are	located	at	the	
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CC1	 of	 ATG14L	 away	 from	 the	 membrane	 binding	 site,	 any	 residual	 active	

maleimide	might	react	to	these	cysteines	and	thereby	render	complex	I	inactive.	The	

addition	of	soluble	Rab1a	to	DO	Base	+10%	PE-MCC	did	not	show	in	 increase	 in	

complex	I	activity	(Figure	5–10B).		

	

	
Figure	5–10:	Membrane	bound	Rab1a	activates	complex	I		
(A)	GUVs	were	either	 incubated	with	Rab1a-GTP,	Rab5a-GDP	or	no	Rab1a.	Complex	I	was	
strongly	 activated	 by	 Rab1a-GTP	 and	 mildly	 by	 Rab1a-GDP.	 (B)	 Complex	 I	 showed	 a	
decreased	activity	on	DO	Base	+10%	PE-MCC	compared	to	DO	Base.	However,	the	addition	of	
soluble	Rab1a	did	not	cause	any	activation	of	complex	I	on	DO	Base	+10%	PE-MCC.	Scale	bars:	
5	µm.	Significance	level:	***	p<0.001;	**	p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	
of	GUVs	for	analysis	is	indicated	by	(n).		
	

To	determine	whether	Rab1a	recruits	complex	I	to	membranes,	LUVs	were	either	

linked	to	Rab1a-GDP,	Rab1a-GTP	or	no	Rab1a	and	were	used	 in	a	 flotation	assay	

with	complex	I	(Figure	5–11).	From	fractions	1-3,	which	contain	floating	LUVs,	one	

can	see	that	Rab1a	was	recruited	to	membranes	in	a	GTP-dependent	manner.		
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Figure	5–11:	Rab1a	recruits	complex	I	to	membranes	
Flotation	 assay	 of	 complex	 II	 on	 LUVs	with	 either	 no	 Rab1a,	 Rab1a-GDP	 or	 Rab1a-GDP.	
Complex	I	was	recruited	to	Rab1a	coated	membranes	in	a	GTP	dependent	manner.		
	

Furthermore,	it	was	investigated	whether	the	PI3K	GUV	assay	results	would	reflect	

the	 MitoID	 results.	 When	 the	 same	 assay	 was	 done	 with	 Rab1a-GDP/-GTP	 and	

complex	II,	no	activation	could	be	seen.	Accordingly,	Rab1a	is	a	complex	I	specific	

activator.		

	

	
Figure	5–12:	Rab1a	does	not	activate	complex	II	
(A)	 and	 (B)	 GUVs	 were	 either	 incubated	 with	 Rab1a-GTP,	 Rab1a-GDP	 or	 no	 Rab1a.	 No	
activation	of	complex	II	could	be	detected.	Scale	bars:	5	µm.	Significance	level:	***	p<0.001;	**	
p<0.01;	*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
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5.2 Discussion	
With	the	help	of	purified	proteins	and	the	GUV	PI3K	and	floatation	assay,	Rab5a,	

Rab7a	and	Rab1a	were	shown	to	be	activators	and	membrane	recruiter	of	specific	

VPS34	complexes.	As	long	suspected,	assay	results	were	able	to	verify	that	complex	

II	 is	 recruited	and	activated	by	 the	GTPase	Rab5a,	which	 is	often	 found	on	early	

endosomes	 (Figure	 5–2A	 and	 Figure	 5–3).	 It	 thereby	 fulfils	 the	 Rab	 effector	

requirement	in	that	it	prefers	to	interact	with	the	active	GTP	form	compared	to	the	

inactive	GDP	form.	Surprisingly,	autophagic	complex	I	is	also	activated	by	Rab5a	but	

only	by	~3-fold	compared	to	~35-fold	for	complex	II	(Figure	5–4).	This	is	exciting,	

as	this	is	the	first	time	that	WT	complex	II	possesses	a	higher	kinase	activity	than	

complex	I	despite	its	higher	basal	activity.	This	is	an	important	puzzle	piece	why	the	

two	VPS34	complexes	are	active	in	two	different	cellular	pathways.	The	produced	

PI(3)P	by	complex	II	on	Rab5	positive	membranes	then	attracts	further	endocytosis	

proteins	with	specific	PI(3)P	binding	domains	 such	as	FYVE	or	PX	 to	 coordinate	

events	 such	 as	 vesicle	 fusion,	 intralumenal	 vesicle	 formation	 and,	 tubulation.	

Proteins	 like	 the	 early	 endosome	 autoantigen	 1	 (EEA1),	 ESCRT	 components	 or	

endosomal	sorting	nexins	(SNXs)	are	prominent	examples	in	the	endocytic	system	

to	directly	bind	to	PI(3)P	(Kutateladze,	2010).		

	

Despite	 claims	 from	 previous	 studies	 that	 VPS15	 binds	 to	 the	 late	 endosomal	

GTPase	Rab7a,	no	activation	or	interaction	was	visible	in	vitro	with	complex	I	or	II	

(Stein	et	al.,	2003)	(Figure	5–5	and	Figure	5–6).	However,	the	produced	PI(3)P	on	

early	endosomes	by	complex	II	could	contribute	to	the	Rab5-Rab7	conversion	as	the	

Rab7-GEF	Mon1/Ccz1	binds	to	it	and	in	turn	its	GEF	activity	is	stimulated	(Cabrera	

et	al.,	2014).	Although	complex	I	or	II	alone	do	not	interact	with	Rab7a,	the	GUV	PI3K	
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and	 flotation	 assay	 showed	 that	 complex	 II	 together	with	Rubicon	was	 a	 strong	

Rab7a	 effector	 (Figure	 5–7	 and	 Figure	 5–8).	 Despite	 the	 fact	 that	 Rubicon	 has	

already	 been	 shown	 to	 interact	with	 Rab7	with	 its	 C-terminus,	 it	 was	 not	 clear	

whether	Rab7	would	increase	PI3K	activity	(Sun	et	al.,	2010;	Tabata	et	al.,	2010).	

Assay	results	could	show	that	Rab7a-GTP	activates	complex	II	Rubicon	by	~50-fold	

and	also	recruits	it	to	membranes	(Figure	5–7	and	Figure	5–8).	Rubicon	has	long	

been	suspected	to	be	involved	in	autophagosome	maturation	but	also	recently	in	a	

specific	type	of	phagocytosis	called	LC3-associated	phagocytosis	(LAP)	(Wong	et	al.,	

2017).	Here,	autophagic	proteins	are	involved	in	the	maturation	and	degradation	of	

the	phagosomal	content	(Martinez	et	al.,	2015).	Numerous	studies	have	identified	

Rubicon	 as	 a	 negative	 regulator	 for	 autophagy,	 specifically	 autophagosome	

maturation	(Kim	et	al.,	2015;	Matsunaga	et	al.,	2009;	Nakamura	et	al.,	2019;	Zhong	

et	al.,	2009).	Three	groups	have	showed	that	Rubicon	leads	to	a	decrease	in	VPS34	

activity	(Chang	et	al.,	2019;	Kim	et	al.,	2015;	Zhong	et	al.,	2009).	Kim	et	al.	and	Zhong	

et	al.	have	used	 immunoprecipitated	proteins	and	TLC	analysis	 to	analyse	PI(3)P	

production.	However,	Chang	et	al.	have	used	purified	proteins	and	GUV	and	LUV	

assays	to	probe	VPS34	activity.	It	was	found	that	Rubicon	decreases	the	activity	on	

LUVs	2-fold	and	completely	inhibits	PI(3)P	production	and	membrane	binding	on	

GUVs	(Chang	et	al.,	2019).	This	stands	in	contrast	to	our	results,	as	we	could	not	see	

a	 significant	 decrease	 in	 VPS34	 activity	 on	 GUVs	 (Figure	 5–7A).	 In	 comparison,	

Chang	 et	 al.	 have	 used	 GUVs	 made	 of	 50%	mixed	 chain	 PI	 and	 50%	 PS	 with	 a	

relatively	rigid	acyl	chain	composition	of	18:1,	16:0,	18:0,	and	20:4	acyl	chains	while	

we	have	found	it	to	be	essential	to	use	a	more	physiological	mixture	of	DO	lipids	on	

GUVs	in	order	to	see	complex	I	or	II	activity	(Figure	4–12).	Chang	et	al.	have	also	

claimed	to	have	found	a	new	membrane	binding	motif	in	complex	II	in	the	amino	
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acids	Phe270	and	Phe274	in	Beclin	1.	In	the	crystal	structure,	these	residues	are	at	

the	end	of	CC2	of	Beclin	1	and	near	the	β-sheets	β1/β2	(Huang	et	al.,	2012).	These	

beta	sheets	are	supposed	to	unfold	in	WT	complex	II	and	insert	into	the	lipid	bilayer	

upon	membrane	 contact.	 The	 inhibition	 of	 complex	 II	 by	Rubicon	 is	 supposedly	

caused	by	re-stabilising	the	β-sheets	and	inhibiting	Phe270	and	Phe274	to	contact	

the	membrane	thereby	decreasing	membrane	recruitment.	In	our	HDX,	we	can	see	

protection	for	Phe270	in	complexes	I	and	II	and	for	Phe274	in	complex	I	(Figure	4–

8).	 However,	 we	 did	 not	 see	 any	 changes	 in	 the	 β1/β2 (276-289)	 upon	 LUV	

incubation	in	complex	I	or	II	that	would	suggest	unfolding.	It	is	hard	to	reconcile	

how	the	two	in	vitro	studies	can	result	in	these	two	different	results.		

	

An	 important	 finding	 is	 that	 the	GTPase	Rab1a	works	 as	 a	 specific	 activator	 for	

complex	 I.	 Rab1a-GTP	 activated	 complex	 I	 by	 ~12-fold	 and	 recruited	 it	 to	

membranes	 (Figure	 5–10	 and	 Figure	 5–11).	 In	 contrast,	 complex	 II	 shows	 no	

activation	 by	Rab1a.	 In	 general,	 studies	of	 Rab1	 have	 proven	 to	 be	 difficult	 as	 a	

double	knockout	of	Rab1a	and	Rab1b	is	lethal	(Blomen	et	al.,	2015;	Homma	et	al.,	

2019).	Nevertheless,	Rab1	is	known	to	regulate	protein	trafficking	in	the	secretory	

pathway	by	mediating	anterograde	transport	 from	the	ER	to	the	Golgi	apparatus	

(Plutner	et	al.,	1991).	However,	the	role	of	Rab1	in	autophagy	has	also	been	recently	

appreciated	(Huang	et	al.,	2011;	Kakuta	et	al.,	2017;	Mochizuki	et	al.,	2012;	Wang	et	

al.,	2013;	Webster	et	al.,	2016;	Winslow	et	al.,	2010;	Zoppino	et	al.,	2010).	It	was	

found	 to	be	 involved	 in	 the	 initiation	of	 autophagy	as	partial	deletions	 lead	 to	 a	

mislocalisation	 of	 ATG9	 vesicles	 and	 a	 reduction	 of	 phagophores	 (Kakuta	 et	 al.,	

2017;	Winslow	et	al.,	2010).	Additionally,	two	studies	have	showed	that	Rab1a	is	

responsible	for	recruiting	ULK1	for	autophagy	initiation	(Wang	et	al.,	2013;	Webster	
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et	al.,	2016).	It	is	generally	agreed	that	ULK1	recruitment	to	specific	initiation	sites	

is	one	of	the	earliest	steps	in	the	autophagy	cascade	(Hara	et	al.,	2008;	Karanasios	

et	al.,	2016;	Koyama-Honda	et	al.,	2013;	Walker	and	Ktistakis,	2019).	Wang	et	al.	

focussed	on	the	yeast	homologue	of	ULK1	called	Atg1	and	showed	that	it	is	recruited	

by	the	yeast	Rab1	homologue	Ypt1	to	the	pre-autophagosomal	structure	to	initiate	

autophagosome	 formation	 (Wang	 et	 al.,	 2013).	 Although,	 there	 are	 significant	

differences	in	the	autophagy	initiation	between	yeast	and	humans,	they	were	still	

able	to	show	that	immunoprecipitated	ULK1	pulled	down	Rab1a	but	not	another	ER	

GTPase	Sar1	or	the	endosomal	GTPases	Rab5	or	Rab9.	Webster	et	al.	focused	on	a	

new	protein	called	C9orf72,	which	is	involved	in	amyotrophic	lateral	sclerosis	(ALS)	

and	 frontotemporal	 dementia	 (FTD)	 (Webster	 et	 al.,	 2016).	 They	 showed	 that	

C9orf72	 is	a	Rab1a	effector	and	that	Rab1a	and	C9orf72	are	needed	for	ULK1	to	

form	 the	 characteristic	 puncta	 in	 the	 cell	 for	 omegasome	 formation.	 One	 could	

speculate	 that	 Rab1a	 not	 only	 recruits	 ULK1	 but	 also	 complex	 I	 for	 autophagy	

initiation.	 Rab1	would	 therefore	 bring	ULK1	 and	 complex	 I	 in	 proximity	 so	 that	

ULK1	can	phosphorylate	VPS34,	ATG14L	and	Beclin	1	for	further	activation	(Egan	

et	 al.,	 2015;	 Park	 et	 al.,	 2018,	 2016;	 Russell	 et	 al.,	 2013;	 Wold	 et	 al.,	 2016).	

Interestingly,	Rab1a	has	been	shown	to	recruit	other	kinases	in	order	to	modulate	

their	activity	in	time	and	space.	Rab1a	was	shown	to	recruit	the	protein	kinase	CK1δ	

(casein	kinase	1δ),	which	is	involved	in	the	phosphorylation	of	COP-II	and	thereby	

regulating	 the	 formation	 of	ER-derived	 vesicles	 to	 the	Golgi	 (Wang	 et	 al.,	 2015).	

Wang	et	al.	showed	that	Rab1a	was	responsible	for	recruiting	CK1δ	to	membranes	

in	a	GTP	dependent	manner.		
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6 Studying	VPS34	complex	II	on	Rab5a	
coated	membranes	by	MS	and	cryo-ET	

	

6.1 Results	
	

6.1.1 Mapping	Rab5a	binding	to	complex	II	by	HDX-MS	

As	Rab5a	seemed	to	activate	both	complexes	I	and	II,	I	was	curious	about	its	binding	

site.	I	decided	to	take	two	approaches	in	mass	spectrometry:	HDX-MS	and	unnatural	

amino	 acid	 crosslinking.	 HDX-MS	 has	 been	 routinely	 used	 in	 the	 lab	 to	 identify	

protein-protein	 or	 protein-membrane	 interaction	 surfaces	 (Burke	 et	 al.,	 2012;	

Masson	et	al.,	2015;	Ohashi	et	al.,	2016;	Rostislavleva	et	al.,	2015).	In	order	to	find	

the	binding	site	of	Rab5a	on	complex	II,	Rab5	has	to	be	in	excess	of	complex	II	in	

order	to	fully	occupy	its	binding	site.	Otherwise,	a	mixed	population	of	deuterated	

peptides	 would	 dilute	 and	 mask	 the	 actual	 signal.	 Since	 we	 have	 seen	 good	

membrane	recruitment	of	complex	II	in	our	flotation	assays,	our	initial	goal	was	to	

use	LUVs	with	maleimide	bound	Rab5a-GTP	as	the	Rab5	source.	However,	several	

problems	 arose.	 Firstly,	 the	 digested	 peptides	 are	 injected	 into	 a	 reverse	 phase	

chromatography	column.	If	a	too	high	concentration	of	lipids	is	injected,	the	column	

might	get	clogged	and	cause	adverse	effect	on	the	chromatographic	separation	of	

the	peptides.	Secondly,	the	labelling	of	Rab5	on	LUVs	also	caused	some	difficulties.	

Membrane-anchored	human	Rab	GTPases	can	act	as	a	tethering	factor	and	directly	

mediate	membrane	 tethering	 events.	 Rab5a	 especially	was	 shown	 to	 induce	 the	

formation	of	clusters	of	aggregated	liposomes	(Tamura	and	Mima,	2014).	I	found	

this	behaviour	to	be	concentration	dependent,	the	more	Rab5a	that	was	covalently	
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linked	to	the	membrane	via	the	maleimide	reaction,	the	more	aggregation	appeared.	

Aggregates	were	 undesirable	 due	 to	 the	 nature	 of	 the	 fluidics	 system	 employed	

upstream	of	 the	mass	spectrometer.	Additionally,	 in	order	to	have	 fully	occupied	

complex	II,	a	high	excess	of	Rab5a	was	needed,	however,	that	in	turn	caused	further	

aggregation.	 In	conclusion,	a	balance	between	enough	Rab5	but	a	 low	amount	of	

lipids	and	aggregated	LUVs	was	required.	Two	data	sets	were	collected	where	LUV-

coupled	Rab5a-GTP	was	added	to	complex	II	in	a	molar	ratio	of	2:1.	Unfortunately,	

no	valuable	information	could	be	derived	from	them.	

	

	
Figure	6–1:	Mapping	the	binding	of	Rab5a	to	complex	II	by	HDX-MS	
(A)	5	µM	Complex	II	was	mixed	with	30	µM	Rab5a-GTP	for	HDX	measurements.	(B)	A	model	
of	 complex	 II	 coloured	according	 to	 changes	 in	deuterium	 incorporation	upon	Rab5a-GTP	
incubation.	 Regions	 showing	 an	 increase	 in	 HDX	 are	 depicted	 in	 yellow	 and	 orange	 and	
regions	with	a	decreased	rate	of	HDX	are	coloured	in	cyan	and	blue.	Black	regions	indicate	
that	no	peptide	was	available	for	analysis.	
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Thus,	I	turned	to	using	soluble	Rab5	to	be	able	to	increase	the	concentration.	In	the	

end,	soluble	Rab5a-GTP	was	mixed	with	complex	II	in	a	molar	ratio	of	6:1	(30	µM:	5	

µM)	(Figure	6–1A).	Sarah	Maslen	guided	me	through	the	sample	injection	and	Yohei	

Ohashi	assisted	in	the	peptide	identification	analysis.	Using	this	strategy,	we	were	

successful	 in	identifying	 localised	changes	 in	deuteration	primarily	 in	VPS34	and	

VPS15	upon	Rab5a	incubation	(Figure	6–1B).		

	

6.1.2 Mapping	Rab5a	binding	to	complex	II	by	UAA	crosslinking	

As	a	second	approach,	I	tried	to	map	the	Rab5	interaction	site	using	unnatural	amino	

acid	crosslinking	by	genetic	code	expansion.	A	collaboration	with	Kathrin	Lang	was	

started,	who	had	successfully	used	this	strategy	for	crosslinking	Rab1b-GDP	to	its	

GEF	 DrrA	 (Cigler	 et	 al.,	 2017).	 The	 unnatural	 amino	 acid	 and	 plasmids	 were	

provided	by	Kathrin	Lang.	Rab5	was	expressed	with	an	orthogonal	pyrrolysyl-tRNA	

synthetase/tRNA	pair	and	the	unnatural	amino	acid	(UAA)	BrCO6K	(Figure	6–2A).	

BrCO6K	is	a	lysine	derivative	bearing	a	structurally	flexible	bromoalkyl	chain	that	

is	able	to	crosslink	to	several	amino	acids	such	as	cysteines,	histidines,	lysines	but	

also	glutamates	(Nguyen	et	al.,	2018).	Because	of	the	flexible	bromoalkyl	chains,	the	

UAAs	can	span	distances	of	up	to	15	Å.	Several	positions	were	screened	in	the	switch	

1	and	2	 regions	of	Rab5a.	A	mutant	 in	which	the	 codon	 for	S84	 in	switch	2	was	

replaced	by	the	stop	codon	TAG	showed	the	best	ability	to	crosslink	(Figure	6–2B).		
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Figure	6–2:	UAA	crosslinking	of	Rab5a	to	VPS34	in	complex	II	
(A)	Rab5a	was	expressed	with	the	unnatural	amino	acid	(UAA)	BrCO6K	in	switch	2	at	S84.	
(B)	Coomassie	stained	SDS-PAGE	gel	of	the	crosslinking	reaction	between	either	complex	II	
or	VPS34	with	Rab5a-GTP	S84→BrCO6K.	Crosslinking	products	are	indicated	by	red	arrow.		
	

Complex	II	and	VPS34	were	mixed	with	a	large	excess	of	Rab5a-GTP	S84→BrCO6K	

and	left	overnight	at	4°C	in	pH	8	buffer.	VPS15	alone	could	not	be	tested	as	it	cannot	

be	purified	by	itself.	The	samples	were	then	loaded	on	a	SDS-PAGE	gel.	Figure	6–2B	

shows	a	Coomassie	stained	gel	in	which	the	crosslinked	products	are	indicated	by	

red	arrows.	Both	complex	II	and	VPS34	showed	an	extra	band	slightly	above	the	120	

kDa	 molecular	 weight	 marker,	 which	 would	 account	 for	 the	 mass	 of	 VPS34	

crosslinked	to	Rab5a	(VPS34	+	Rab5a,	102	kDa	+	24kDa	=	126	kDa).	Notably,	the	

efficiency	 of	 Rab5a	 crosslinking	 to	 complex	 II	 was	 much	 higher	 than	 to	 VPS34,	

suggesting	that	other	subunits	like	VPS15,	Beclin	1	or	UVRAG	might	be	part	of	the	

interaction.	The	gel	bands	were	cut	and	our	collaborators	Juri	Rappsilber	and	Zhuo	

Chen	carried	out	the	mass	spectrometry	analysis	for	identifying	the	crosslinks.	
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6.1.3 Rab5a	uses	a	tripartite	binding	site	made	of	VPS34	and	VPS15		

In	Figure	6–3A,	complex	II	is	coloured	by	HDX	changes	and	UAA	crosslinking.	I	found	

that	 both	 sets	 of	 mass	 spectrometry	 results	 were	 complementary.	 Figure	 6–3B	

shows	multiple	sequence	alignment	of	different	orthologues	of	VPS34	and	VPS15.	

The	lowest	amino	acid	sequence	is	coloured	in	cyan	and	blue	for	decreased	HDX	and	

green	for	UAA	crosslinks.	Black	regions	indicate	where	no	peptide	was	observed	in	

the	HDX-MS	analysis.	UAA	crosslinking	analysis	confirmed	two	crosslinks.	In	Rab5a-

GTP	S84→BrCO6K	+	VPS34,	Rab5a	was	crosslinked	to	VPS34	E202.	In	Rab5a-GTP	

S84→BrCO6K	+	complex	II,	Rab5a	was	crosslinked	to	VPS34	E200	&	E202.	With	this,	

Rab5a	was	modelled	with	S84	in	switch	2	facing	VPS34	E200	&	E202,	which	lie	in	

the	 helix	 α2	of	 the	 C2	 helical	 hairpin	 insertion	 (C2HH).	 The	 analysis	 of	 the	HDX	

changes	was	now	 focused	 on	 this	 area.	 The	 FF	 domain	 (aa	 771-787)	 and	WD40	

domain	 (aa	1213-1224	and	1278-1299)	of	VPS15	showed	a	decrease	deuterium	

uptake	 adjacent	 to	 the	 C2HH.	 Unfortunately,	 no	 peptides	 for	 the	 C2HH	 were	

observed	 in	 HDX.	 Only	 a	 small	 portion	 at	 the	 end	 of	 the	 helix	 α2	 (aa	 204-206)	

showed	a	decrease	in	HDX.	For	the	bulk	of	the	helix	(aa	176-203),	no	peptide	was	

available	for	analysis	as	indicated	by	its	black	colour	in	Figure	6–3B.	However,	by	

having	two	different	approaches,	were	able	to	shed	light	on	how	Rab5a	binds	VPS34	

and	VPS15	in	complex	II.	Rab5a	uses	a	tripartite	binding	site	in	which	it	contacts	the	

VPS34	helix	α2	of	the	C2HH	((1)	in	Figure	6–3),	the	VPS15	FF	domain	((2)	in	Figure	

6–3),	and	WD40	domain	((3)	in	Figure	6–3).		
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Figure	6–3:	Summary	of	HDX	and	UAA	crosslinking	of	Rab5a	and	complex	II	
(A)	A	model	of	complex	II	coloured	in	cyan,	blue	and	yellow	for	HDX	changes.	Contact	residues	
discovered	by	amino	acid	crosslinking	are	coloured	in	green.	Rab5a	was	modelled	based	on	
HDX	and	UAA	crosslinking	results.	Rab5a	binds	with	its	switch	2	to	VPS34	helix	α2	of	the	C2	
helical	hairpin	insertion	(C2HH)	(1).	It	also	contacts	VPS15	FF	(2)	and	WD40	domain	(3).	(B)	
The	human	VPS15	and	VPS34	amino	acid	sequences	(bottom	line)	are	coloured	by	HDX	and	
UAA	crosslinking.	Above,	a	multiple	sequence	alignment	of	different	orthologues	coloured	by	
conservation	is	depicted.	
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6.1.4 Cryo-ET	to	study	membrane	bound	VPS34	complex		

So	far,	several	structures	of	different	complexes	I	or	II	constructs	have	been	solved:	

a	4.4	Å	crystal	structure	of	yeast	complex	II	(Rostislavleva	et	al.,	2015),	a	6.8	Å	cryo-

EM	structure	of	human	complex	II	+	a	Rubicon	fragment	(VPS34	kinase	domain	was	

not	resolved,	(Chang	et	al.,	2019)),	and	a	6.6Å	cryo-EM	structure	of	human	complex	

I	+	an	NRBF2	fragment	(Young	et	al.,	2019).	However,	one	essential	element	has	

been	missing	in	all	these	structures:	the	membrane.	That	is	why	I	decided	to	pursue	

structural	 studies	 of	 the	 VPS34	 complex	 on	 membranes	 by	 cryo-electron	

tomography.	Therefore,	we	started	a	collaboration	with	the	group	of	John	Briggs.	

Dustin	Morado	 in	 the	 Briggs	 group	 has	 helped	 in	 acquiring	 the	 tomograms	 and	

making	the	subtomogram	averaging	pipeline	of	the	Briggs	lab	accessible	to	me.	

	

6.1.5 Sample	preparation	strategy	for	subtomogram	averaging		

Several	 data	 sets	 were	 collected	 during	 my	 PhD	 and	 the	 most	 successful	

reconstructions	are	shown	in	Figure	6–4A.	In	Figure	6–4B,	the	details	of	each	data	

set	are	specified.	These	datasets	yielded	different	resolutions	with	the	data	set	for	

complex	 II	 UVRAGDC+BATS	 on	 Rab5a-GTP	 decorated	 SUVs	 being	 the	 most	

successful	with	a	resolution	of	9.8	Å.	It	is	hard	to	exactly	determine	why	this	data	

set	was	outstanding,	but	it	probably	can	be	attributed	to	the	number	of	particles,	

protein	stability,	and	the	construct’s	affinity	for	membranes.		
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Figure	 6–4:	 Comparison	 of	 acquired	 cryo-electron	 tomography	 data	 sets	 and	 their	
subtomogram	averaging	results	
(A)	Final	reconstructions	of	data	sets	are	shown	from	two	angles.	(B)	Table	about	sample	
preparation,	tomogram	collection	and	processing	parameters	of	each	data	set	are	depicted.	
	

The	 data	 set	 of	 the	 complex	 II	 BATS	 fusion	 had	 by	 far	 the	 greatest	 number	 of	

subtomograms	 with	 191,169	 after	 particle	 picking.	 The	 final	 reconstruction	

consisted	 of	 31,307	 subtomograms	 whereas	 the	 other	 had	 only	 ~500-1,000	

subtomograms.	Furthermore,	complex	II	seemed	to	be	far	more	stable	than	complex	

I.	It	is	not	clear	exactly	why	complex	I	was	more	fragile	than	complex	II	under	similar	
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conditions.	 Potentially,	 other	 binding	 partners	 or	 buffers	 might	 still	 require	

optimisation	so	that	complex	I	would	be	a	better	target	for	structural	studies.	One	

of	the	most	important	factors	to	optimise	cryo-EM	grid	quality	was	the	ability	of	the	

VPS34	complex	construct	to	bind	to	membranes.	Complex	II	UVRAGDC+BATS	was	

the	most	active	construct	that	we	tested	so	far	(Figure	4–5).	Moreover,	it	could	be	

further	activated	by	membrane	bound	Rab5a-GTP	(Figure	6–5).	The	efficiency	of	

decorating	 SUVs	 with	 Rab5a	 via	 the	 maleimide	 lipid	 was	 also	 crucial.	 During	

optimisation	 experiments,	 it	 became	 clear	 that	 the	 aggregation	 of	 SUVs	 was	

increased	with	increasing	amounts	of	PS	in	the	lipid	mixture.	Consequently,	PS	was	

omitted	 from	 the	 SUVs	 (Figure	 6–4B).	 It	 should	 also	 be	 noted,	 that	 no	ATP	was	

present	 in	 the	 buffer.	 Since	 this	 data	 set	 yielded	 the	 highest	 resolution	 and	 this	

construct	behaved	similarly	on	membranes	compared	to	the	others,	only	its	results	

will	be	discussed.		

	

	
Figure	6–5:	Membrane	bound	Rab5a	can	activate	complex	II	UVRAGDC+BATS	
GUVs	were	either	incubated	with	Rab5a-GTP	or	no	Rab5a.	Complex	II	UVRAGDC+BATS	was	
strongly	activated	by	Rab5a-GTP.	Scale	bars:	5	µm.	Significance	level:	***	p<0.001;	**	p<0.01;	
*	p<0.05;	n.s.	=	not	significant.	The	number	of	GUVs	for	analysis	is	indicated	by	(n).	
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6.1.6 Particle	extraction	and	identification	in	subtomogram	averaging		

115	 tilt	 series	 were	 collected	 on	 a	 FEI	 Titan	 Krios	 from	 which	 105	 tomogram	

reconstructions	 were	 selected	 for	 subtomogram	 averaging.	 The	 others	 either	

showed	 unsatisfactory	 deviations	 during	 gold	 fiducial	 alignment	 or	 contained	

contamination	 such	 as	 dirt	 or	 ice.	 Figure	 6–6	 shows	 a	 representative	 slice	 of	 a	

reconstructed	 tomogram	 of	 Rab5a	 coated	 SUVs	 decorated	 with	 complex	 II	

UVRAGDC+BATS.	The	diameter	of	picked	vesicles	had	a	mean	diameter	of	81.3	nm	

±	19.5	nm.	From	the	side	view,	the	ice	thickness	can	be	measured	as	~50	nm.	Due	

to	the	very	thin	ice,	particles	on	the	top	and	bottom	of	the	vesicle	are	not	captured	

in	ice	as	indicated	by	the	white	arrow.	Furthermore,	as	the	top	and	bottom	part	of	

the	membrane	 is	 horizontally	 oriented	 it	 is	 also	 lost	 due	 to	 the	missing	wedge.	

Consequently,	 mostly	 side	 views	 of	 the	 particles	 were	 used	 for	 subtomogram	

averaging.		

	

For	single	particle	cryo-EM,	the	localisation	of	particles	in	2D	images	has	evolved	to	

a	 relatively	 straightforward	 task.	Whereas	 in	 cryo-ET,	 due	 to	 the	 low	 S/N	 ratio,	

distortions	as	a	result	of	the	missing	wedge	effect	and	the	ambiguous	character	of	

particles	in	tomograms,	locating	copies	of	the	protein	of	interest	remains	a	complex	

process.	However,	 as	 some	proteins	of	 interest	 can	be	part	of	 regular	 structures	

such	as	filaments	or	membrane	coats,	their	repetitive	geometry	can	be	harnessed.	

Their	surface	can	be	sampled	with	a	dense	distribution	of	subtomograms	in	random	

positions,	which	should	ensure	that	some	of	the	boxes	will	contain	particles.	This	

method	was	employed	 for	 selecting	 complex	 II	UVRAGDC+BATS	particles	on	 the	

vesicle	membranes	(Figure	6–7A).	First,	the	vesicle	centre	and	radius	were	set	for	

each	 vesicle	 in	 order	 to	 identify	 the	 membrane	 surface.	 The	 surface	 was	 then	
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sampled	 with	 overlapping	 subtomogram	 boxes.	 That	 way,	 several	 boxes	 in	 the	

vicinity	should	contain	the	same	particle.	Next,	an	angular	alignment	was	carried	

out	with	a	chosen	starting	reference.	In	this	alignment,	a	large	search	in	all	three	

Euler	angles	and	in	x/y/z	was	performed.	

	

	
Figure	6–6:	Rab5a	coated	vesicles	decorated	with	complex	II	UVRAGDC+BATS	
(A)	Representative	slice	of	a	tomogram	of	Rab5a	coated	membranes	decorated	with	complex	
II	UVRAGDC+BATS.	The	top	view	shows	vesicles	highly	decorated	by	VPS34	complexes.	The	
side	view	shows	the	ice	thickness	for	the	tomogram.	As	the	ice	is	so	thin,	the	top	and	bottom	
of	larger	vesicles	were	outside	of	the	ice	layer	(indicated	by	white	arrow).	(B)	Left:	A	model	
of	 sample	 used	 for	 cryo-electron	 tomography	 and	 subtomogram	 averaging.	 Right:	 A	
schematic	representation	of	the	UVRAGDC+BATS.		
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After	several	iterations,	overlapping	subtomograms	would	have	ideally	identified	

the	 same	particle	 in	 the	vicinity	and	converge	 to	 the	 same	position	within	a	 few	

pixels.	Finally,	duplicates	were	cleaned	by	a	minimal	distance	threshold	so	that	each	

particle	 was	 only	 contained	 within	 one	 subtomogram.	 In	 order	 to	 decrease	

processing	 time,	 the	number	of	 voxels	 in	 tomograms	can	be	 reduced	by	binning.	

When	a	voxel	array	is	binned	by	factor	2,	four	adjacent	voxels	are	combined	to	one.	

Voxel	 binning	 increases	 the	 speed	 of	 the	 processing	 but	 limits	 the	 achievable	

resolution	according	to	the	Nyquist	limit	(Cheng	et	al.,	2015).	The	Nyquist	theorem	

defines	that	 the	theoretically	attainable	resolution	 is	restricted	to	twice	the	pixel	

size,	e.g.	in	bin2	tomograms,	with	an	original	voxel	size	of	2.133	Å,	the	voxel	size	is	

4.266	Å	and	the	attainable	resolution	is	8.532	Å.	Consequently,	the	particle	picking	

was	carried	out	in	bin8	tomograms	and	processing	was	then	continued	further	in	

bin4,	bin2,	and	bin1	tomograms	to	increase	the	attainable	resolution.	

 

In	my	experience,	particle	picking	and	choosing	a	starting	reference	was	the	most	

difficult	and	time-consuming	but	crucial	part	in	the	whole	subtomogram	pipeline.	

Every	step	afterwards,	relied	on	the	selection	of	actual	protein	densities	instead	of	

random	noise.	Especially,	choosing	the	right	starting	references	was	crucial.	Being	

vigilant	 of	 reference	 bias	 was	 important	 in	 choosing	 the	 starting	 reference	 and	

several	different	strategies	were	tried	as	depicted	in	Figure	6–7B.	A	good	reference	

can	be	a	shape	that	loosely	resembles	the	final	structure	but	has	no	distinct	features	

that	could	infer	reference	bias.	As	the	alignment	of	the	picked	particles	improves,	

more	 distinct	 higher	 resolution	 features	 should	 appear	 thereby	 validating	 the	

protein	structure.	
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Figure	6–7:	Particle	picking	along	vesicle	membranes		
(A)	First,	 the	vesicle	centre	and	radius	are	set	 for	each	vesicle	 in	order	to	oversample	the	
sphere	 surface	 with	 overlapping	 subtomogram	 boxes.	 Next,	 an	 angular	 alignment	 run	 is	
carried	out	with	a	chosen	starting	reference	seen	in	(B).	After	several	iterations,	overlapping	
subtomograms	boxes	will	converge	to	the	same	position.	Finally,	duplicates	are	cleaned	by	a	
minimal	distance	threshold	so	that	each	subtomogram	contains	one	particle.	(B)	Examples	of	
starting	references	for	particle	picking.		
	

In	an	ideal	situation,	of	course	a	reference	free	approach	would	be	best.	Reference	

free	 in	 this	 case	means	 that	 the	 oversampled	 subtomograms,	 containing	mostly	

membranes	 with	 no	 defined	 protein	 feature,	 were	 averaged	 (Figure	 6–7B	 (1)).	

Several	studies	of	membrane	coat	proteins	such	as	COP-I,	retromer	or	clathrin	were	

picked	by	reference	free	subtomogram	averaging	(Dodonova	et	al.,	2015;	Kovtun	et	

al.,	 2020,	 2018).	 However,	 these	 are	 highly	 rigid	 protein	 structures	with	 a	 high	

membrane	 affinity	 organised	 in	 a	 regular	 and	 symmetric	 lattice.	 As	 expected,	

reference	 free	 particle	 picking	 did	 not	 converge	 to	 a	 valid	 structure.	 Another	

approach	can	be	to	create	a	reference	out	of	the	original	data	itself.	In	Nicastro	et	al.,	
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a	single	representative	subtomogram	was	used	as	a	reference	and	was	aligned	over	

multiple	 search	 iterations	 (Nicastro	et	 al.,	 2006).	At	 the	 same	 time,	 they	had	 the	

advantage	of	narrowing	their	search	parameter	as	their	protein	target	dynein	was	

ordered	in	96	nm	spaced	repeats	on	microtubules.	A	similar	method	for	reference	

generation	was	tested	(Figure	6–7B	(2)).	Although	this	previously	had	worked	well	

for	the	highly	ordered	dynein	repeats,	it	gave	mediocre	results	for	the	less	ordered	

and	more	flexible	complex	II.		

	

	
Figure	6–8:	Structure	determination	progress	of	complex	II	by	subtomogram	averaging	
Model	 (1)	 -	 (7)	 show	 the	alignment	progress	 of	particles	 from	bin8,	 bin4,	 bin2,	 and	 bin1	
tomograms.	
	

When	it	was	used	as	a	starting	reference,	the	reference	bias	was	too	strong	and	no	

converged	 subtomograms	 could	 be	 seen.	 As	 predicted,	 using	 a	 low	 pass	 filtered	

crystal	 structure	 did	 also	 not	 serve	 as	 a	 satisfactory	 starting	 reference	 due	 to	

imposing	 too	 much	 reference	 bias	 (Figure	 6–7B	 (3)).	 Only	 a	 general	 V-shape,	

worked	well	for	picking	convincing	protein	particles	(Figure	6–7B	(4)).	Figure	6–8	

shows	the	evolution	from	the	reference	(model	1)	to	converged	particle	(model	3).	
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Here,	 the	 reference	 acquired	 different	 features	 over	 iterations	 such	 as	 the	

membrane	and	one	arm	of	the	V	being	docked	on	the	membrane.	After	duplicate	

cleaning,	 191,196	 subtomograms	 remained	 and	 alignment	 continued	 further	 in	

bin4.	 After	 several	 rounds	 of	 alignment	 using	 a	 cylindrical	 alignment	mask	 that	

hovered	above	the	membrane,	a	maximum	resolution	of	~20	Å	could	be	obtained	

(Figure	6–8,	model	(4)).	

	

6.1.7 Analysing	structural	heterogeneity	by	3D	classification		

Because	of	the	low	resolution,	a	principal	component	analysis	(PCA)	classification	

on	 wedge-masked	 difference	 maps	 was	 used	 to	 classify	 the	 subtomograms	

(Heumann	et	 al.,	 2011).	The	PCA	was	performed	on	 the	protein	density	without	

including	the	membrane.	The	first	5	eigencomponents	were	used	to	sort	the	data	

into	20	classes.	The	3D	classification	yielded	a	variety	of	classes	that	were	manually	

sorted	in	Figure	6–9.	It	was	obvious	that	classes	1-6	had	the	most	distinct	features	

and	were	combined	for	further	alignment.	In	contrast,	classes	7-11	lacked	detailed	

features	and	classes	12-20	showed	no	membrane	density.	It	also	became	clear	that	

classes	1-6	showed	missing	wedge	effects.	In	Figure	6–10,	class	1	and	4	appear	to	

be	 stretched	 in	 vertical	 and	horizontal	 directions,	 respectively.	 These	 are	 classic	

signs	of	missing	information	in	Fourier	space	as	it	causes	blurring	and	elongation	

along	the	axis	of	the	missing	wedge	(Walz	et	al.,	1997).	Classification	is	routinely	

used	in	single	particle	cryo-EM	for	attaining	high	resolution	structures.	However,	

these	techniques	are	not	directly	applicable	for	aligning	tomographic	data	because	

of	the	missing	wedge	(Bartesaghi	et	al.,	2008;	Förster	et	al.,	2008;	Heumann	et	al.,	
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2011;	Winkler	et	al.,	2008).	Often,	this	leads	to	data	being	classified	primarily	by	the	

missing	information.	

	

	
Figure	6–9:	Analysis	of	heterogeneity	by	3D	classification	
20	 classes	 obtained	 from	 3D	 classification	 are	 displayed.	 For	 each	 class,	 the	 number	 of	
particles	 is	 labelled	 above.	 Classes	 1-6,	 with	 the	most	 distinct	 features,	 were	 chosen	 for	
further	refinement.	
	

This	can	be	partly	seen	in	the	orientation	of	the	wedge	for	classes	1	and	4	(Figure	

6–10).	However,	although	the	classification	was	partly	 influenced	by	the	missing	

wedge,	certainly	other	differences	also	influenced	the	classification	as	well,	such	as	

the	presence	of	a	membrane.	In	spite	of	this,	when	classes	1-6	were	averaged,	the	

Fourier	space	was	again	evenly	sampled	(Figure	6–10).		
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Figure	6–10:	Wedge	bias	in	3D	classification		
Class	1	and	4	show	wedge	bias	by	their	elongated	shape.	Below,	the	orienation	of	the	wedge	
of	 both	 classes	 is	 displayed.	However,	 by	averaging	 classes	 1-6,	 the	Fourier	 space	 can	 be	
evenly	sampled	again.		
	

When	classes	1-6	were	combined,	the	number	of	subtomograms	was	reduced	from	

191,169	 to	 26,982	 (Figure	 6–8).	 However,	 these	 subtomograms	 from	 bin1	

tomograms	 could	 now	 be	 aligned	 to	 a	 final	 resolution	 of	 9.8	 Å	 (Figure	 6–11A).	

Additionally,	 the	LAFTER	algorithm	was	used	for	local	de-noising	(Ramlaul	et	al.,	

2018)	(Figure	6–11B).		
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Figure	6–11:	9.8	Å	reconstruction	of	complex	II	UVRAGDC+BATS	on	Rab5a	decorated	
membranes		
(A)	Map	after	local-denoising	with	the	LAFTER	algorithm		(Ramlaul	et	al.,	2018)	and	coloured	
by	local	resolution	calculated	in	Relion	3.0	(Zivanov	et	al.,	2018).	(B)	FSC	curves	for	corrected,	
unmasked,	masked	and	phase	randomized	reconstructions.	The	9.8	Å	overall	resolution	at	
the	0.143	criterion	is	marked	by	an	arrow.	
	

6.1.8 Subtomogram	averaging	of	complex	II	UVRAGDC+BATS	on	Rab5a	
decorated	membranes	at	9.8	Å	

Complex	 II	 UVRAGDC+BATS	 on	 Rab5a	 decorated	 membranes	 adopts	 the	

characteristic	 V-shape	 as	 in	 the	 structures	 solved	 before	 (Chang	 et	 al.,	 2019;	

Rostislavleva	et	 al.,	 2015;	Young	et	 al.,	 2019).	 As	no	map	coordinates	have	been	

deposited	for	the	cryo-EM	structures	by	Chang	et	al.	or	Young	et	al.,	we	have	used	a	

SWISS-MODEL	 homology-modelling	 server	 and	 the	 crystal	 structure	 of	 yeast	

complex	II	(PDB:	5DFZ)	to	generate	an	initial	model	(Biasini	et	al.,	2014).		
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Figure	6–12:	Model	of	Rab5a	bound	to	human	complex	II	UVRAGDC+BATS	
A	human	model	of	complex	II	was	made	with	SWISS-MODEL	and	the	yeast	complex	II	crystal	
structure	(5DFZ).	The	model	and	a	crystal	structure	of	Rab5a	(PDB:	1N6H)	initially	was	fitted	
into	the	cryo-ET	density	with	chimera,	then	manually	modified	locally	using	Coot	to	fit	to	the	
density.	No	density	for	the	ATG14L	BATS	could	be	seen	at	the	tip	of	the	adaptor	arm.	
	

The	human	homology	model	and	a	crystal	structure	 for	Rab5a-GTP	(PDB:	1N6H)	

were	then	fitted	with	Chimera	into	the	cryo-ET	density	map	(Goddard	et	al.,	2007)	

(Figure	 6–12).	 Following	 this,	 the	 kinase	 domains	 of	 VPS34	 and	 VPS15	 were	

adjusted	with	Coot	as	rigid	bodies	to	fit	the	EM	density	(Emsley	and	Cowtan,	2004).	

The	coiled-coil	regions	of	Beclin	1	and	UVRAG	were	also	manually	adjusted	in	Coot.	
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The	region	that	we	refer	to	as	the	FF	domain	in	VPS15	was	clearer	in	the	cryo-EM	

map	than	it	had	been	in	the	original	X-ray	crystal	structure	of	yeast	complex	II,	so	it	

too	was	manually	fitted	to	the	density	using	Coot.	The	C2	domain,	CBR1	and	the	C2	

helical	hairpin	insertion	also	required	manual	adjustment	to	match	the	EM	density.	

The	AF1	loop	was	modelled	into	the	density	at	the	contact	site	of	the	adaptor	arm	

with	the	membrane.	As	there	was	no	density	at	the	tip	of	the	adaptor	arm,	the	fused	

ATG14L	BATS	could	not	be	modelled.		

	

In	general,	 the	yeast	crystal	structure	and	the	human	cryo-ET	model	bear	a	high	

similarity	to	each	other.	However,	three	key	differences	will	be	discussed	in	detail.	

Firstly,	 a	 clear	 density	 for	 Rab5a	 can	 be	 seen	 at	 the	 adaptor	 arm.	 Secondly,	 the	

VPS34	 kinase	 domain	 adopts	 a	 different	 conformation	 compared	 to	 the	 crystal	

structure	of	 yeast	 complex	 II.	 Lastly,	 a	 clear	membrane	 density	 can	 be	 seen	 and	

therefore	 I	 will	 analyse	 how	 human	 complex	 II	 UVRAGDC+BATS	 binds	 to	 lipid	

bilayers.	

	

6.1.9 Cryo-ET	confirms	Rab5a	tripartite	binding	site	

In	 the	 cryo-ET	 density,	 an	 extra	 density	 at	 the	 adaptor	 arm	 that	 could	 not	 be	

allocated	to	any	of	the	complex	II	components	can	be	seen.	The	density	is	exactly	

located	where	 Rab5a	was	 positioned	 by	 HDX-MS	 and	 UAA	 crosslinking	 analysis	

(Figure	6–13A	and	Figure	6–3).		
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Figure	6–13:	Rab5a	binds	to	three	regions	in	VPS34	and	VPS15	in	commplex	II		
Rab5a	was	modelled	into	the	cryo-ET	density	with	its	switch	2	facing	the	VPS34	C2	helical	
hairpin	 insertion	 (C2HH).	 Connections	 can	 be	 seen	 from	 the	 Rab5a	 density	 towards	 the	
complex	II	density.	Consequently,	cryo-ET	shows	that	Rab5a	occupies	the	tripartite	binding	
site	identified	in	HDX-MS	and	UAA	crosslinking,	involving	helix	α2	of	theVPS34	C2HH	(1),	the	
VPS15	WD40	domain	(2),	and	the	VPS15	FF	domain	(3).		
	

With	the	help	of	the	LAFTER	sharpened	map,	Rab5a	could	be	confidently	positioned	

in	it	with	its	switch	2	domain	facing	the	VPS34	C2	helical	hairpin	insertion	(C2HH).	

Furthermore,	the	Rab5a	density	shows	connections	to	surrounding	regions	of	the	
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complex	II	density	depending	on	the	threshold	(Figure	6–13B).	Three	connections	

can	be	seen	to	the	helix	α-2	of	the	VPS34	C2HH,	the	VPS15	WD40	domain,	and	the	

VPS15	FF	domain.	The	cryo-ET	density	thereby	recapitulates	that	Rab5a	binds	to	

complex	II	via	a	tripartite	binding	site	made	of	VPS34	and	VPS15.	

	

6.1.10 Capturing	VPS34	in	its	activated	state		

VPS34	complexes	have	proven	to	be	very	dynamic	in	movement.	The	VPS34/VPS15	

catalytic	arm	is	especially	dynamic.	Both	the	helical	and	kinase	domains	(HELCAT)	

of	VPS34	and	VPS15	are	connected	to	the	rest	of	the	complex	by	a	flexible	linker.	

Stjepanovic	et	al.	showed	that	the	VPS34	HELCAT	dislodges	from	the	complex	and	

assumes	 various	 conformations	 (Stjepanovic	 et	 al.,	 2017).	 The	 difficult	 task	 of	

getting	crystals	for	yeast	complex	II	was	facilitated	by	the	use	of	a	nanobody	that	

binds	 to	 the	 VPS34	 kinase	 and	 helical	 domains	 and	 thereby	 stabilises	 them	

(Rostislavleva	 et	 al.,	 2015).	 Although	 VPS15	 is	 thought	 to	 be	 a	 pseudokinase,	 it	

seems	to	serve	as	an	important	scaffolding	protein	for	VPS34	and	can	influence	the	

activity	of	VPS34.	 In	 the	yeast	crystal	structure,	 the	N-terminal	kinase	domain	of	

VPS15	 binds	 to	 the	 VPS34	 kinase	 activation	 loop	 thereby	 rendering	 the	 VPS34	

inactive	 (Figure	 6–14A).	 The	 cryo-ET	 structure	 has	 captured	 a	 different	

conformation	of	the	VPS34	kinase	domain,	where	the	domain	is	rotated	and	flipped	

out,	 releasing	 the	 activation	 loop	 from	 the	 inhibitory	 grasp	 of	 the	VPS15	 kinase	

domain	(Figure	6–14B).	The	distance	between	the	VPS15	N-terminus	and	the	VPS34	

activation	loop	increases	to	24	Å	compared	to	5	Å	in	the	yeast	crystal	structure.	This	

suggests	an	allosteric	activation	of	VPS34	by	binding	to	Rab5a	coated	membranes.		
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Figure	6–14:	Cryo-ET	catches	VPS34	kinase	domain	in	its	active	state	
(A)	Yeast	complex	II	was	crystallized	with	the	help	of	a	nanobody	stabilising	the	VPS34	kinase	
and	helical	domains.	The	crystal	structure	captures	an	inactive	state	as	the	VPS15	N-terminus	
contacts	and	thereby	 inhibits	 the	VPS34	kinase	activation	 loop.	(B)	The	cryo-ET	structure	
shows	an	active	conformation	as	the	VPS34	kinase	domain	flips	out	and	thereby	liberates	the	
activation	loop.		
	

6.1.11 Beclin-1	BARA	is	the	main	membrane	binding	site		

VPS34	complexes	belong	to	the	 family	of	peripheral	membrane	proteins	that	are	

water-soluble	and	reversibly	bind	to	lipid	bilayers	with	relatively	low	affinity.	They	

do	not	contain	any	protein	domains	that	span	the	membrane	but	use	hydrophobic		
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Figure	 6–15:	 Cryo-ET	 structure	 of	 membrane-associated	 human	 complex	 II	
UVRAGDC+BATS	
(A)	Complex	II	UVRAGDC+BATS	was	observed	to	stably	bind	to	membranes	solely	with	its	
adaptor	 arm.	 The	 catalytic	 arm	 hovers	 over	 the	 membrane	 with	 little	 direct	 membrane	
contact.	No	density	or	membrane	contact	can	be	seen	for	the	ATG14L	BATS	domain.	(B)	The	
adaptor	arm	shows	density	that	extends	towards	the	membrane	and	contacts	the	first	leaflet	
of	the	lipid	bilayer.	The	Beclin	1	aromatic	finger	loop	was	modelled	in	this	density	as	it	was	
shown	to	be	a	crucial	membrane	binding	element.	Scale	bar	4	nm	(C)	No	density	for	the	C-
terminal	HVD	can	be	seen.	The	distance	between	the	Rab5a	density	and	membrane	is	~50	Å.		
amino	acids	or	the	ALPS	motifs	to	anchor	to	the	membrane.	To	our	knowledge,	this	

is	the	first	structure	of	a	peripheral	membrane	protein	on	a	lipid	bilayer	that	does	
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not	 belong	 to	 the	 family	 of	 coat	 proteins.	 The	 cryo-ET	 structure	 of	 complex	 II	

UVRAGDC+BATS	shows	clear	membrane	density.	Surprisingly,	only	the	adaptor	arm	

is	solidly	attached	to	the	membrane	while	 the	catalytic	arm	does	not	seem	to	be	

permanently	attached	(Figure	6–15A).	At	a	lower	threshold,	a	density	contacting	the	

first	lipid	bilayer	can	be	seen	(Figure	6–15B).	As	the	Beclin	1	aromatic	finger	1	(AF1)	

is	an	important	membrane	binding	motif	for	complex	II,	the	loop	was	modelled	into	

the	density.	No	density	could	be	seen	for	the	ATG14L	BATS	domain	despite	some	

extra	density	at	 the	adaptor	arm.	However,	 as	 the	BATS	domain	 is	 attached	 to	a	

flexible	 linker,	 it	 might	 not	 remain	 in	 one	 conformation.	 The	 Rab5a	 density	 is	

approximately	50	Å	above	the	membrane.	As	the	C-terminal	HVD	of	Rab5a	contains	

~30	amino	acids,	it	can	theoretically	span	even	longer	distances	(~110	Å).		

	

6.1.12 Analysing	flexibility	of	membrane	binding	by	3D	classification	

If	one	compares	the	membrane	density	of	this	data	set	to	the	other	cryo-ET	maps	of	

the	 retromer	 or	 COP-1	 coat,	 it	 appears	 to	 be	more	 disordered	 (Dodonova	 et	 al.,	

2015;	Kovtun	et	al.,	2020,	2018).	Thus,	we	used	again	PCA	classification	to	focus	on	

the	membrane.	To	our	surprise,	complex	II	UVRAGDC+BATS	is	highly	flexible	on	the	

membrane.	The	classification	generated	12	classes,	however,	 the	3	most	extreme	

classes	are	depicted	in	Figure	6–16A.	For	all	classes,	the	membrane	binding	of	the	

adaptor	arm	is	the	main	anchor	point,	while	the	rest	of	complex	II	rotates	and	tilts	

around	it.	Interestingly,	in	all	classes	the	density	of	the	kinase	domain	can	be	seen	

and	therefore	seems	to	be	stable.	
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Figure	6–16:	Complex	II	UVRAGDC+BATS	is	highly	flexible	on	membranes	
(A)	Three	different	classes	from	3D	classification	of	Rab5a-GTP/complex	II	UVRAGDC+BATS	
show	different	orientations	relative	to	the	membrane.	While	the	adaptor	arm	stays	bound	to	
the	membrane	and	serves	as	an	anchor	point,	complex	II	can	tilt	both	up/down	as	well	as	
sideways.	 (B)	 Classes	 1-3	 of	 the	 3D	 classification	 have	 similar	 mean	 vesicle	 diameters,	
suggesting	that	different	orientations	of	the	complex	II	with	respect	to	the	membrane	are	not	
caused	by	different	membrane	curvatures.	
	

Complex	II	undergoes	two	major	movements.	Firstly,	complex	II	tilts	up	and	down	

from	the	membrane	with	a	wide	angular	range.	Here,	the	catalytic	arm	is	at	various	

distances	to	the	membrane	but	does	not	contact	it.	Secondly,	complex	II	seems	to	

lean	back.	It	is	interesting	that	this	behaviour	was	independent	of	vesicle	curvature	
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as	the	diameter	of	the	three	classes	varied	very	little	(Figure	6–16B).	Consequently,	

flexibility	on	the	membrane	is	not	linked	to	membrane	curvature.	
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6.2 Discussion	
With	the	help	of	cryo-ET	and	subtomogram	averaging,	the	structure	of	complex	II	

UVRAGDC+BATS	on	Rab5a	decorated	membranes	has	been	solved	to	9.8	Å	(Figure	

6–11	 and	 Figure	 6–12).	 Additionally,	 UAA	 crosslinking	 and	 HDX-MS	 further	

substantiated	the	binding	site	of	Rab5a	on	complex	II	(Figure	6–3).	Rab5a	uses	a	

tripartite	binding	site	made	of	VPS34	and	VPS15.	It	binds	with	its	switch	2	domain	

to	 the	 helix	 α-2	 of	 the	 C2	 helical	 hairpin	 insertion	 (C2HH)	 (Figure	 6–17A).	

Furthermore,	VPS15	is	contacting	two	regions	in	Rab5a	that	are	located	adjacent	to	

the	 switch	 region.	 The	VPS15	 FF	 domain	 contacts	 the	Rab5a	α-3/-4	 helices	 and	

VPS15	WD40	domain	binds	to	the	Rab5a	β-1	beta	sheet	(Figure	6–17A).	In	order	to	

understand	why	the	interaction	is	GTP	dependent,	the	Rab5a-GTP	structure	(PDB:	

1N6H)	 was	 replaced	 with	 the	 Rab5a-GDP	 (PDB:	 1TU4)	 (Figure	 6–17B).	 Rab5a	

undergoes	 a	 dramatic	 conformational	 change	 after	 GTP	 hydrolysis	 (Zhu	 et	 al.,	

2004).	The	switch	1	loop	dislocates	~20	Å	upon	GTP	hydrolysis	and	would	clash	

with	 the	 α-2	 of	 the	 C2HH	 (Figure	 6–17B,	 red	 circle).	 This	would	 create	 a	 steric	

hinderance	for	complex	II	to	bind	to	Rab5a-GDP.	

	

The	binding	site	of	Rab5	to	its	effectors	such	as	EEA1	(Figure	6–17C),	Rabaptin-5	

(Figure	 6–17D)	 and	 Rabenosyn-5	 has	 been	 studied	 in	 detail	 by	 protein	

crystallography	(Eathiraj	et	al.,	2005;	Lucas	et	al.,	2014;	Mishra	et	al.,	2010;	Zhu	et	

al.,	2004).	In	general,	Rab	effectors	can	adopt	different	tertiary	structures	but	often	

the	main	binding	site	can	be	made	of	two	helices	(Mott	and	Owen,	2015).	Complex	

II	adopts	a	rather	unusual	interaction,	with	only	one	helix	of	the	C2HH	involved	in	

the	 interaction	 with	 the	 Rab5a	 switch	 regions	 and	 with	 additional	 contacts	

involving	 non-switch	 regions	 (Figure	 6–17A).	 EEA1	 also	 contacts	 Rab5,	 using	 a	
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single	helix,	however,	this	helix	is	connected	to	a	Zn2+	ion	coordinated	b-hairpin	that	

also	interacts	with	the	switch	regions	(Figure	6–17C).	

	

		
Figure	6–17:	Rab5a	effector	binding	surface	
(A)	Cryo-ET	structure	of	VPS34	and	VPS15	bound	to	Rab5a-GTP.	VPS34	C2	helical	hairpin	
insertion	(C2HH)	binds	to	the	Rab5a	switch	2	region.	The	VPS15	FF	domain	binds	to	Rab5a	
α-3/-4	helices	and	the	VPS15	WD40	domain	binds	to	the	β-1	sheet.	(B)	Superimposing	the	
structure	of	Rab5a-GDP	(PDB:	1TU4)	on	the	Rab5a-GTP	structure	(PDB:	1N6H),	shows	that	
the	switch	1	loop	in	the	GDP-bound	conformation	would	clash	with	VPS34	C2HH.	(C)	EEA1	
binds	to	Rab5a	with	a	single	helix	that	is	coordinated	to	a	b-hairpin	by	a	Zn2+	ion	(PDB:	3MJH).	
(D)	Rabaptin5	forms	a	dimeric	parallel	coiled	coil	made	of	two	long	helices	that	bind	to	the	
Rab5a	switches	(PDB:	1TU3).	
	

In	contrast,	Rababptin-5	uses	two	helices	from	a	helical	pair	for	Rab5a	interaction	

(Figure	6–17D).	The	binding	of	these	effectors	to	Rab5a	is	restricted	to	the	switch1-

interswitch-switch2	 surface	 and	 the	 conserved	 hydrophobic	 triad	 motif	 of	 Rab	

GTPases	 (Phe57,	 Trp74,	 and	 Tyr89)	 is	 crucial	 for	 tee	 interactions	 (Lucas	 et	 al.,	

2014).	The	resolution	of	the	assembly	of	Rab5a	with	complex	II	by	cryo-ET	is	9.8	Å,	

which	is	too	low	to	draw	detailed	conclusions	about	the	nature	of	the	interactions.	
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Higher	resolution	and	mutational	analysis	will	be	needed	to	test	whether	complex	

II	uses	similar	hydrophobic	interactions	as	other	Rab5a	effectors.		

	

Studying	the	interaction	of	proteins	with	membranes	has	been	very	challenging	for	

structural	techniques.	Recently,	the	use	of	lipid	cubic	phase	X-ray	crystallography	

and	 nanodisc-mediated	 cryo-EM	 have	 produced	 essential	 insights	 for	 integral	

membrane	proteins	(Caffrey	and	Cherezov,	2009;	Efremov	et	al.,	2017).	However,	

as	peripheral	membrane	proteins	only	transiently	associate	with	membranes,	their	

interactions	 are	 more	 challenging	 to	 capture.	 In	 theory,	 nanodiscs	 and	 single	

particle	cryo-EM	could	be	used	to	study	peripheral	membrane	proteins	similarly	to	

how	 they	have	been	used	 to	 study	 integral	membrane	proteins.	However,	 to	my	

knowledge,	no	such	study	using	these	techniques	for	peripheral	proteins	has	been	

published	yet.	Nanodiscs	can	pose	several	challenges	due	to	heterogeneity	in	size	

and	 percentage	 of	 protein	 occupancy	 (Matthies	 et	 al.,	 2016).	 Furthermore,	 the	

density	 of	 the	 nanodiscs	 is	 often	 subtracted	 from	 the	 protein	 density	 during	

processing	in	order	to	increase	resolution.	At	the	same	time,	the	use	of	liposomes	

for	single	particle	cryo-EM	causes	challenges	for	the	processing.	Single	particle	cryo-

EM	 relies	 on	 capturing	 a	 full	 range	 of	 projections	 of	 a	 single	 type	 of	 particle.	

However,	 in	 one	 projection	 image	 of	 protein	 coated	 liposomes,	 several	 particles	

would	be	captured	bound	to	the	top,	bottom	and	side	of	the	liposome.	These	layers	

of	protein	would	be	difficult	to	separate	by	processing	softwares.	Although	studies	

have	used	liposomes	to	investigate	the	structures	of	pore-forming	complexes,	they	

typically	 have	 used	 low	 protein	 concentrations	 so	 that	 only	 a	 single	 protein	 is	

captured	in	one	projection	(Pang	et	al.,	2019;	Tilley	et	al.,	2005).	As	a	result,	these	

structures	 are	 only	 at	 ~30	 Å	 or	 less	 due	 to	 the	 small	 number	 of	 particles	 and	
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orientation	bias.	Instead,	cryo-ET	and	subtomogram	averaging	have	proven	to	be	a	

powerful	 tool	 to	 study	 peripheral	 membrane	 proteins.	 The	 most	 prominent	

examples	are	protein	coat	structures	such	as	COP,	clathrin	and	retromer	(Dodonova	

et	al.,	2015;	Kovtun	et	al.,	2020,	2018).	Due	to	their	rigidity,	higher	order	and	high	

membrane	 affinity,	 their	 resolution	 has	 reached	~9-13	 Å	 compared	 to	 a	 typical	

average	 resolution	of	~30	Å	 in	 subtomogram	averaging	 (Leigh	et	 al.,	 2019).	The	

VPS34	complexes	belong	to	the	family	of	peripheral	membrane	proteins	that	bind	

to	 cellular	membranes	 transiently	but	 can	be	 purified	as	 soluble	 complexes.	The	

VPS34	complexes	have	proven	to	be	flexible	and	partially	unstructured	with	a	low	

membrane	affinity	compared	to	coat	proteins	(Stjepanovic	et	al.,	2017).	Whereas	

the	COP-I	coat	was	shown	to	be	stable	on	membranes	with	a	half-life	of	∼28	hours,	

we	 expect	 complex	 II	 to	 adhere	 to	 the	 membrane	 for	 milliseconds	 to	 seconds	

(Buckles	et	al.,	2017;	Lowe	and	Kreis,	1996).	Nevertheless,	we	were	able	to	solve	

the	structure	of	complex	II	UVRAGDC+BATS	on	Rab5a	decorated	membranes	to	9.8	

Å.	When	examining	the	structure,	it	became	clear	that	only	the	adaptor	arm	is	solidly	

anchored	on	the	membrane	and	that	the	catalytic	arm	hovers	over	it.	Indeed,	other	

constructs	 such	 as	 wildtype	 complexes	 I	 and	 II	 and	 complex	 II	 with	 Rubicon	

exhibited	the	same	behaviour	(Figure	6–4).	The	subtomogram	averaging	progress	

mirrors	the	results	of	the	in	vitro	GUV	assay	as	the	most	active	construct	seemed	to	

be	 the	 most	 stable	 structural	 target.	 This	 is	 because	 all	 factors	 combined,	 i.e.,	

membrane	bound	Rab5a-GTP,	Beclin	1’s	membrane	binding	motifs	and	the	ATG14L	

ALPS,	increased	membrane	binding	and	stability.		

Complex	 II	 shows	 an	 incredible	 flexibility	 in	 membrane	 binding.	 The	 3D	

classification	shows	 that	 complex	 II	undergoes	dramatic	 conformational	 changes	

while	 being	 bound	 to	 the	membrane.	While	 the	 adaptor	 arm	 stays	 bound	 to	 the	
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membrane,	complex	II	tilts	up	and	down	with	a	wide	angular	range	(Figure	6–16).	

Furthermore,	complex	II	also	appears	to	tilt	back	and	forth	slightly	although	not	as	

much	as	moving	up	and	down.	On	the	other	hand,	the	catalytic	arm	does	not	seem	

to	be	always	in	contact	with	the	membrane.	It	is	unclear	whether	the	absence	of	ATP	

in	 the	 buffer	might	 contribute	 to	 this.	 This	movement	 is	 independent	 of	 vesicle	

curvature	in	our	setting.	However,	it	should	be	noted	that	the	vesicle	diameter	only	

ranges	from	27	to	82	nm,	while	in	cells	larger	radii	or	even	flat	membranes	are	part	

of	 the	 organelle	 landscape.	 The	 flexibility	 might	 be	 a	 catalytic	 mechanism	 for	

complex	 II.	As	Rab5a	binds	 to	 the	adaptor	arm,	 the	 catalytic	 arm	 is	 left	 to	move	

freely.	The	hypervariable	region	of	Rab5a	could	theoretically	span	~110	Å	due	to	its	

unstructured	 character,	 thereby	 leaving	 complex	 II	 enough	 slack	 to	 move.	 The	

production	of	PI(3)P	might	be	accompanied	by	complex	II	tilting	up	and	down	and	

encountering	its	substrate	PI	by	coincidence.	Enzymes	that	carry	out	catalysis	on	

lipid	substrates	can	be	described	as	interfacial	enzymes.	Two	extreme	forms	have	

been	characterised,	which	have	been	referred	to	as	“hopping”	and	“scooting”	(Jain	

et	al.,	1986;	Masson	et	al.,	2015).	Enzymes	with	a	hopping	mechanism	interact	with	

the	membrane	only	transiently	and	immediately	release.	Scooting	enzymes	attach	

to	the	membrane	and	do	not	dissociate	until	all	of	the	substrate	lipids	are	exhausted.	

Scooting	behaviour	is	associated	with	a	faster	catalysis	rate	that	is	restricted	to	one	

compartment,	while	hopping	behaviour	enables	enzymes	to	switch	between	several	

compartments,	 but	 with	 a	 diminished	 rate	 of	 catalysis.	 Typically,	 PI3Ks	 are	

intermediate	 between	 these	 two	 extremes.	 The	 interaction	 of	 complex	 II	 with	

membranes	suggests	that	the	adaptor	arm	displays	a	scooting	behaviour,	while	the	

catalytic	arm	has	a	hopping	behaviour.		
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Figure	6–18:	VPS34	HELCAT	dynamics	
(A)	Negative	stain	electron	microscopy	class	averages	of	VPS34	HELCAT	(purple	ellipse)	in	a	
variety	of	conformations.	In	two	extreme	cases,	the	HELCAT	can	be	completely	dislodged	or	
be	 in	 the	 classic	V-shape.	 Figure	 adapted	 from	 Stjepanovic	 et	 al.,	 2017.	 (B)	 6.6Å	 cryo-EM	
structure	of	human	complex	I	+	NRBF2	(EMDB:	20390)	(Young	et	al.,	2019).	(C)	9.8	Å	cryo-
ET	structure	of	human	complex	II	UVRAGDC+BATS	+	Rab5a.	Both	(B)	and	(C)	adopt	the	classic	
V-shape	with	VPS34	being	in	an	activated	state.		
	

Stjepanovic	et	 al.	 have	described	 the	ability	of	 the	VPS34	HELCAT	 to	unlock	and	

adopt	 several	 conformations	 (Figure	 6–18A)	 (Stjepanovic	 et	 al.,	 2017).	 At	 one	

extreme,	the	HELCAT	domain	completely	dislodges	from	the	complex.	At	the	other	

extreme,	 the	 HELCAT	 is	 stabilised	 by	 the	 kinase	 domain	 of	 VPS15	 to	 adopt	 the	
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classic	 V-shape.	 The	 importance	 of	 the	 flexibility	 of	 the	 kinase	 domain	 was	

suggested	 by	 the	 inactive	 construct	 where	 the	 C-terminus	 of	 the	 VPS34	 kinase	

domain	 tethered	 to	 the	 N-terminal	 kinase	 domain	 of	 VPS15	 (Stjepanovic	 et	 al.,	

2017).	As	this	construct	was	catalytically	dead,	it	was	thought	to	be	necessary	for	

VPS34	 to	 dislodge	 to	 be	 catalytically	 active.	 Interestingly,	 although	 complex	 II	

showed	a	high	degree	of	flexibility	in	the	cryo-ET,	the	VPS34	HELACT	can	be	seen	in	

the	classic	V-shape	in	all	conformations	and	was	not	dislodged	(Figure	6–16A	and	

B)	 (Stjepanovic	et	 al.,	 2017).	 In	 fact,	 the	 kinase	domain	 in	all	 cryo-ET	maps	was	

always	captured	in	its	activated	state	where	the	VPS34	kinase	is	not	inhibited	by	the	

VPS15	kinase	domain	like	in	the	yeast	complex	II	crystal	structure	(Figure	6–14A).	

This	indicates	that	the	presence	of	the	membrane	or	Rab5a	stabilised	the	activated	

conformation	 of	 the	 VPS34	 kinase	 domain	 allosterically.	 Young	 et	 al.	 have	 also	

shown	recently	that	complex	I	can	be	locked	in	its	activated	state	in	solution	with	

the	complex	I	specific	subunit	NRBF2	by	solving	a	6.6	Å	cryo-EM	structure	(Young	

et	al.,	2019).	The	VPS34	HELCAT	domain	adopts	the	same	activated	conformation	

in	both	the	cryo-ET	and	cryo-EM	structure	(Figure	6–18B	and	C).	This	might	suggest	

that	 the	 kinase	 does	 not	 have	 to	 dislodge	 to	 be	 catalytically	 active	 and	 VPS34	

complex	 subunits	 and	 the	 presence	 of	 the	 membrane	 can	 activate	 and	 stabilise	

VPS34.	

	

In	 the	 cryo-ET	map,	no	density	 for	 the	BATS	domain	 can	be	 seen	 (Figure	6–15).	

However,	 the	BATS	domain	 consists	of	 a	60	residue	 flexible	 linker	before	 the	18	

residue	ALPS	motif.	Consequently,	the	ALPS	might	not	be	attached	in	a	fixed	position	

relative	 to	 the	 rest	 of	 the	 complex,	 leading	 it	 to	 disappear	 in	 the	 subtomogram	

averaging.	Still,	the	Beclin	1	BARA	domain	can	be	seen	bound	to	the	membrane.	As	
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predicted	for	hydrophobic	interactions	in	peripheral	membrane	proteins,	the	BARA	

domain	only	contacts	 the	outer	 leaflet	of	 the	 lipid	bilayer	(Figure	6–15B).	As	DO	

(18:1-18:1)	lipids	with	packing	defects	were	used	to	form	vesicles	for	cryo-ET,	the	

lipid	bilayer	is	likely	to	be	accessible	for	hydrophobic	amino	acids	to	insert	into.	As	

the	orientation	of	 the	Beclin	1	BARA	domain	towards	the	membrane	can	now	be	

modelled,	the	predicted	membrane	binding	of	Beclin	1	can	be	traced.	In	Figure	6–

19A,	 the	 peptides	 of	 Beclin	 1	 protected	 upon	 membrane	 binding	 in	 HDX	 are	

coloured	 in	 dark	 blue	 (Figure	 4–7).	 The	 aromatic	 fingers	 1	 and	 2	 and	 the	

hydrophobic	 loop	 can	 be	 seen	 positioned	 near	 the	membrane	 interface	 and	 are	

shown	in	red.	Chang	et	al.	have	proposed	that	β1/β2	become	unstructured	so	that	

Phe270	 and	 Phe274	 can	 form	 another	 membrane	 interaction	 site	 (Chang	 et	 al.,	

2019).	The	Phe270	and	Phe274	identified	by	Chang	et	al.	sit	at	the	end	of	the	Beclin	

1	coiled	coil	2	(Chang	et	al.,	2019).	Yet,	for	these	residues	to	contact	the	membrane,	

it	would	require	rearrangements	of	the	coiled	coil	dimer	in	the	region	proximal	to	

the	membrane.	We	cannot	see	any	rearrangements	in	our	cryo-ET	map	that	would	

suggest	such	a	conformation.	Instead,	the	protection	observed	in	the	HDX	analysis	

might	 be	 caused	 by	 the	 adaptor	 arm	 tilting	 up	 and	 down	 as	 seen	 in	 the	 3D	

classification	(Figure	6–19B	and	C).	
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Figure	6–19:	Beclin	1	BARA	domain	membrane	contacts	
A)	Regions	showing	HDX-MS	protection	are	coloured	in	blue	on	the	modelled	Beclin	1	BARA	
domain.	The	Beclin	1	BARA	membrane	binding	motifs	are	coloured	in	red.	Aromatic	finger	1	
(AF1)	and	2	(AF2)	and	the	hydrophobic	loop	are	facing	the	membrane.	In	contrast	Phe	270	
and	274	are	 located	further	away	at	 the	tip	of	 the	coiled	coil	dimer.	(B)	and	 (C)	 show	the	
conformation	 of	 the	 adaptor	 arm	 being	 tilted	 at	 different	 angles	 with	 respect	 to	 the	
membrane.	
	

The	question	remains	why	Rab5a	recognises	complex	II	and	to	a	lesser	extent	also	

complex	I,	but	Rab1a	interacts	exclusively	with	complex	I.	If	one	compares	the	final	

cryo-ET	reconstructions,	it	is	interesting	to	compare	the	occupancies	of	the	mapped	

Rab5a	binding	site	(Figure	6–4).	While	complex	II	UVRAGDC+BATS	+	Rab5a-GTP,	
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complex	II	WT	+	Rab5a-GTP	and	complex	I	WT	+	Rab1a-GTP	all	show	density	in	this	

site,	complex	II	+	Rubicon	without	Rab	does	not.	Although	complex	I	WT	+	Rab1a-

GTP	 is	only	of	 low	resolution,	one	 could	 conclude	 that	Rab1a	occupies	 the	 same	

binding	site	as	Rab5a.	An	HDX	data	 set	with	 complex	 I	 and	Rab1a-GTP	has	been	

recently	been	acquired	by	Yohei	Ohashi	 to	 test	 this	proposal.	The	 specificities	of	

Rab1	and	Rab5	for	the	VPS34	complexes	can	be	viewed	from	two	perspectives:	how	

do	Rab5	and	Rab1	and	how	do	complexes	I	and	II	differ	from	each	other.	First,	the	

differences	between	Rab5	and	Rab1	will	be	discussed.		

	

Rab5	and	Rab1	belong	to	the	five	Rab	GTPases	(also	Rab6,	Rab7	and	Rab11)	that	

are	found	in	all	eukaryotic	genomes	(Klöpper	et	al.,	2012).	Additionally,	Homma	et	

al.	found	in	a	knockout	study	for	the	entire	Rab	family	that	only	the	isoforms	of	Rab1	

(a	and	b)	and	Rab5	(a,b	and	c)	were	critical	for	cell	survival	(Homma	et	al.,	2019).	

Rab1	and	Rab5	belong	to	different	groups	in	the	Rab	family	tree.	While	Rab5	is	more	

closely	related	to	Rab21	and	Rab22,	Rab1	is	related	to	Rab33	and	Rab35	(Klöpper	

et	 al.,	 2012).	 In	 general,	 it	 is	 remarkable	 how	 the	 Rab	 family	 members	 have	

maintained	surface	motifs	to	recognize	the	common	binding	partners	REP,	GDI	and	

RabGGTase	II	but	have	acquired	sufficient	differences	during	evolution	to	recognize	

specific	effectors,	GEF	and	GAPs.	Most	effectors	bind	to	the	switch	1-interswitch-

switch	2	interface.	Other	regions	such	as	the	Rab-family	motifs	(RabF1-RabF5)	and	

the	 conserved	 residues	 of	 the	 hydrophobic	 triad	 have	 also	 been	 shown	 to	 be	

important	 for	 Rab	 specific	 interactions.	 The	 RabF	 sequences	 cluster	 around	 the	

switch	regions	and	have	been	used	to	specify	Rab	binding	(Pereira-Leal	and	Seabra,	

2000).	 The	 hydrophobic	 triad	 is	 also	 situated	 at	 the	 switch	 interface	 and	 is	

composed	of	three	conserved	aromatic	residues	(Pylypenko	et	al.,	2017).	Figure	6–
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20A	shows	a	multiple	sequence	alignment	of	Rab5	and	Rab1	 isoforms.	Rab1	and	

Rab5	do	share	identical	residues	(white	letters,	red	background)	and	residues	with	

similar	physicochemical	properties	(red	letters).	However,	the	RabF3	regions	and	

the	following	3	amino	acids	in	switch	2	contain	some	differences.	Additionally,	the	

switch	2	helix	is	structurally	different	between	Rab5a	and	Rab1a/b	(Figure	6–20B).	

While	the	Rab5a	switch	2	helix	stretches	for	much	longer,	the	Rab1a	and	b	switch	2	

helix	is	interrupted.	It	should	be	noted	that	Rab1b	(PDB:	3NKV)	contains	an	unusual	

post-translational	modification	in	its	switch	2	helix	at	its	hydrophobic	triad	residue	

Y77.	 Rab1b	 is	 AMPylated	 by	 the	 bacterial	 Drra	 of	 Legionella	 pneumophila	 and	

thereby	cannot	be	retrieved	from	its	membranes	by	GDIs	(Muller	et	al.,	2010).	By	

hijacking	 these	 Rab1b	 coated	 vesicles,	 the	 bacterium	 evades	 detection	 and	

degradation.	 The	 AMPylation	 is	 probably	 the	 reason	 why	 the	 switch	 2	 helix	 is	

disrupted	and	why	Rab1a	and	b	switch	2	regions	differ	so	much	between	each	other.	

The	Rab5a	Met88	in	switch	2	has	been	shown	to	be	involved	in	direct	binding	to	

Rabaptin-5	(Zhu	et	al.,	2004).	In	contrast,	Rab1	contains	Ser76	in	the	same	position.	

Furthermore,	the	conserved	residues	of	the	hydrophobic	triad	coloured	in	yellow	

contain	 slight	 changes	 in	 the	 arrangement	 between	 Rab5a	 and	 Rab1a/b.	 Small	

changes	in	their	arrangement	have	been	shown	to	be	crucial	for	Rab	discrimination	

and	 the	 presence	 of	 non-conserved	 residues	 can	 influence	 their	 orientation	

(Merithew	et	al.,	2001).	Misha	et	al.	have	tried	to	convert	Rab4	to	recognise	EEA1	

by	site-directed	mutagenesis	(Mishra	et	al.,	2010).	EEA1	does	not	normally	bind	to	

Rab4.	Rab4	mutant	variants,	where	the	switch	regions	were	substituted	with	the	

Rab5	switch	residues	responsible	for	EEA1	binding	still	could	not	bind	to	EEA1	with	

high	affinity.	Mutations	of	additional	residues	were	necessary	to	confer	comparable	

affinity.	 This	 work	 demonstrates	 that	 even	 if	 switch	 residues	 have	 the	 same	
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sequences,	their	conformations	are	also	influenced	by	non-conserved	surrounding	

residues.		

	

	
Figure	6–20:	Comparison	of	Rab5	and	Rab1	amino	acid	sequence	and	tertiary	structure	
(A)	Multiple	 sequence	 alignment	 of	 Rab1	 and	 Rab5	 isoform	 sequences.	 The	 secondary	
structure	 elements	 are	 shown	 above	 the	 sequences	 and	 based	 on	 the	 three-dimensional	
structure	of	Rab5a	PDB:	1N6H.	Strictly	identical	residues	are	highlighted	in	white	letters	with	
a	 red	 background.	 Residues	 with	 similar	 physico-chemical	 properties	 are	 shown	 in	 red	
letters.	Residues	that	do	not	share	similar	properties	and	are	not	conserved	are	written	in	
black.	Alignment	positions	are	framed	in	blue	if	the	corresponding	residues	are	identical	or	
similar.	The	conserved	residues	of	the	hydrophobic	triad	are	framed	in	yellow.	The	switch,	
RabF	 (F1-5)	 and	 phosphate/magnesium-binding	 motifs	 (PM1-PM3)	 regions	 are	 marked	
below.	(B)	Comparison	of	 the	“active”	GTP	structures	of	Rab5a	(PDB:	1N6H),	Rab1a	(PDB:	
3TKL)	 and	Rab1b,	 (PDB:	 3NKV).	 Switch	 1,	 interswitch,	 switch	 2	and	 hydrophobic	 triad	 is	
coloured	as	above.	
	

Complexes	I	and	II	differ	in	the	subunit	ATG14L	and	UVRAG	but	have	VPS34,	VPS15	

and	 Beclin	 1	 in	 common.	 The	 GUV	 results	 indicate	 that	 ATG14L	 and	 UVRAG	

differently	regulate	Beclin	1	binding	to	the	membrane	(Figure	4–8).	Consequently,	

the	 unique	 subunits	 can	 cause	 specific	 structural	 differences,	 even	 in	 the	
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conformations	 of	 the	 shared	 subunits	 of	 the	 complex.	 To	 date,	 there	 is	 no	 high	

resolution	structure	of	either	human	complexes	I	or	II.	The	only	human	structures	

solved	 so	 far	 are	 a	 6.8	 Å	 cryo-EM	 structure	 of	 human	 complex	 II	 +	 a	 Rubicon	

fragment	(VPS34	kinase	domain	not	resolved,	Chang	et	al.,	2019),	and	a	6.6	Å	cryo-

EM	structure	of	human	complex	I	+	a	NRBF2	fragment	(Young	et	al.,	2019).	These	

two	and	our	cryo-ET	structure	of	human	complex	II	UVRAGDC+BATS	+	Rab5a	can	

be	seen	side	by	side	in	Figure	6–21A.	The	adaptor	arms	of	all	three	complexes	have	

a	 similar	 architecture	 to	 each	 other.	 The	 biggest	 difference	 is	 the	 C2	 domain	 in	

UVRAG/complex	II,	which	is	absent	in	ATG14L/complex	I.	However,	NRBF2	binds	

to	a	similar	region	on	complex	I.	Remarkably,	although	the	helices	α-1	and	α-2	of	the	

C2HH	 are	 connected	 by	 unstructured	 loops	 to	 the	 C2	 domain,	 they	 adopt	 an	

identical	conformation	in	all	three	structures	(Figure	6–21A).	The	two	helices	cross	

each	other	with	helix	α-2	being	in	contact	with	the	VPS15	WD40	domain	(Figure	6–

21).	If	one	compares	the	position	of	these	helices	carefully,	it	becomes	evident	that	

there	 is	 a	 slight	 shift	 in	 the	 complex	 I	 +	 NRBF2	 fragment	 map	 compared	 with	

complex	II	UVRAGDC+BATS	+	Rab5a	and	with	complex	II	+	Rubicon	fragment.	The	

orientation	of	the	Beclin	1/UVRAG	or	Beclin	1/ATG14L	coiled	coil	and	WD40	differ	

from	each	other.	While	the	Beclin	1/UVRAG	coiled	coil	seems	rather	straight,	the	

Beclin	1/ATG14L	coiled	coil	is	angled	towards	away	from	the	body	of	the	complex	

thereby	moving	the	WD40	domain	away	from	the	C2HH	(figure	5-20B).	Since	the	

C2HH	and	the	WD40	domain	are	two	elements	of	the	binding	site	for	Rab5a,	this	

could	 explain	 the	 preferential	 activation	 of	 complex	 II	 over	 complex	 I.	With	 the	

WD40	domain	angled	away	in	complex	I,	this	may	interfere	with	Rab5a	binding.	
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Figure	6–21:	Comparison	of	complexes	I	and	II	architecture		
(A)	 The	 only	 structures	 solved	 so	 far	 of	 the	 human	VPS34	 complexes	 are:	 9.8	 Å	 cryo-ET	
structure	of	human	complex	II	UVRAGDC+BATS	+	Rab5a,	a	6.8	Å	cryo-EM	structure	of	human	
complex	II	+	Rubicon	fragment	(EMDB	899),	and	a	6.6Å	cryo-EM	structure	of	human	complex	
I	+	NRBF2	fragment	(EMDB	20387).	The	C2HH	adopts	a	slightly	different	conformation	 in	
complex	 I	 than	 in	 complex	 II.	 (B)	 Structural	 comparison	 between	 complex	 II	 +	 Rubicon	
fragment	(middle)	and	complex	I	+	NRBF2	fragment	(right).	On	the	left,	is	shown	an	optimal	
superposition	 of	 the	 two	 structures,	 using	 Chimera.	 The	 Beclin	 1/UVRAG	 and	 Beclin	
1/ATG14L	coiled	coils	are	oriented	differently	in	complexes	II	and	I.	In	complex	I,	the	coiled	
coil	is	angled	to	the	left	and	thereby	shifts	the	position	of	the	VPS15	WD40	domain.	
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Furthermore,	the	C2HH	has	a	different	orientation,	so	that	it	might	be	able	to	make	

different	interactions	with	Rab1a,	thereby	making	it	an	exclusive	complex	I	binder.	

Future	experiments	will	require	detailed	mutational	analysis	in	complexes	I	and	II	

as	well	as	Rab1a	and	Rab5a	in	order	to	verify	these	interactions.	In	conclusion,	it	is	

remarkable	that	VPS34	and	VPS15,	which	are	common	to	both	complexes	I	and	II,	

coordinate	the	differential	Rab	binding.	This	shared	interface	seems	to	be	altered	

uniquely	 for	 each	 complex	 depending	whether	Beclin	 1	 forms	 a	 coiled	 coil	with	

UVRAG	in	complex	II	or	ATG14L	in	complex	I.	
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7 Conclusion	

The	production	of	PI(3)P	is	essential	for	two	major	processes	in	the	cell:	Autophagy	

and	endocytic	trafficking.	While	the	role	of	complex	I	in	the	initiation	of	autophagy	

has	gained	much	attention,	the	influence	of	complex	II	in	the	endocytic	pathway	is	

poorly	 understood.	 Furthermore,	 the	 question	 of	 how	 these	 two	 complexes	 are	

specifically	recruited	to	each	compartment	is	still	unclear.	During	the	course	of	my	

PhD,	 I	 have	 used	 a	 GUV	 PI3K	 assay,	 mass	 spectrometry	 and	 cryo-electron	

tomography	to	shed	light	on	the	differential	regulation	of	VPS34	complexes	I	and	II.	

Figure	7–1	summarises	the	key	findings	and	depicts	them	in	a	cellular	context.		

Firstly,	 complex	 I	 has	 persistently	 demonstrated	 an	 increased	 kinase	

activity	on	various	membrane	types	compared	to	complex	II.	This	enhanced	rate	of	

PI(3)P	production	can	be	ascribed	to	the	membrane-binding	ALPS	helix	in	ATG14L	

as	without	it,	complex	I	is	not	catalytically	active.	In	contrast,	UVRAG	in	complex	II	

does	not	possess	a	membrane-binding	domain.	Instead,	complex	II	heavily	relies	on	

aromatic	residues	in	three	loops	of	the	Beclin	1	BARA	domain.	The	most	important	

one	 is	 the	aromatic	 finger	1	but	also	aromatic	finger	2	and	the	hydrophobic	 loop	

contribute	 to	 complex	 II	 activity.	 Conversely,	 complex	 I	 activity	 is	 only	 slightly	

dependent	on	the	aromatic	finger	1	and	unperturbed	by	losing	the	aromatic	finger	

2	and	the	hydrophobic	loop.	A	shared	property	of	both	complexes	I	and	II	is	their	

preference	 for	 membranes	 with	 high	 packing	 defects,	 i.e.,	 higher	 curvature	 and	

unsaturated	 lipids.	 These	 defects	 are	 gaps	 in	 the	 membrane	 surface	 into	which	

hydrophobic	amino	acid	chains	of	the	Beclin	1	BARA	domain	and	ALPS	motif	can	

insert.	The	GUV	PI3K	assay	also	demonstrated	that	although	complexes	I	and	II	and	

VPS34	 all	 show	 an	 increase	 in	 PI(3)P	 production	 due	 to	 PS,	 complex	 II	 is	
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preferentially	activated.	PS	is	found	in	the	cytosolic	leaflet	of	the	plasma	membrane,	

which	 gives	 rise	 to	 endocytic	 vesicles	 and	 early	 endosomes.	On	 the	 other	 hand,	

complexes	 I	 and	 II	 can	also	both	be	activated	by	PI(4)P,	which	 is	 found	on	early	

endosomes,	but	only	complex	I	displayed	a	preference	for	PI(4,5)P2,	which	is	found	

at	early	autophagic	structures.		

	

	
Figure	 7–1:	 Differential	 membrane	 recruitment	 of	 VPS34	 complexes	 I	 and	 II	 to	
omegasomes	and	early	endosomes	
	

In	conclusion,	the	activity	of	complexes	I	and	II	are	highly	dependent	on	the	

membrane	composition	and	its	physicochemical	properties.	However,	even	under	
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these	conditions,	complex	I	still	displays	a	higher	activity	 than	complex	II.	 It	had	

been	 proposed	 that	 the	ATG14L	ALPS	motif	 is	 in	 charge	 of	 recruiting	 complex	 I	

specifically	 to	 the	 ER	membrane,	 and	 it	 is	 true	 that	 the	 ALPS	motif	 is	 a	 strong	

membrane	binder	and	likely	senses	lipid	packing	defects.	However,	this	still	does	

not	explain	why	complex	I	is	specifically	targeted	to	the	ER	membrane.	Additionally,	

no	 intrinsic	 membrane	 recruitment	 signal	 specific	 for	 complex	 II	 had	 been	

described	yet.		

My	discovery	during	my	PhD	studies	that	organelle	specific	Rab	GTPases	

strongly	activate	and	recruit	different	VPS34	complexes	helps	 fill	 this	knowledge	

gap.	Once	complex	II	is	recruited	to	Rab5	positive	membranes,	it	is	activated	by	35-

fold	and	thus	displays	a	higher	activity	than	complex	I	for	the	first	time.	In	contrast,	

complex	I	is	only	mildly	activated	by	Rab5.	Instead,	Rab1	turned	out	to	be	a	strong	

complex	I-specific	activator.	Although	complex	I	displayed	only	a	12-fold	activation	

by	Rab1,	it	might	actually	be	higher	without	the	inactivating	effects	of	the	maleimide	

lipids.	 Additionally,	 Rab7	 was	 shown	 to	 activate	 by	 50-fold	 complex	 II	 only	 if	

Rubicon	was	present.	As	the	recruitment	of	Rab	GTPases	to	specific	compartments	

is	tightly	regulated,	this	class	of	proteins	is	ideal	for	directing	VPS34	complexes	in	a	

spatiotemporal	manner.		

Rab5	 is	one	of	 the	most	well	 studied	Rab	GTPases	and	 is	 crucial	 for	 the	

fusion	of	early	endosomes	and	the	maturation	of	early	to	late	endosomes.	Although	

it	was	suggested	already	in	1999	that	Rab5	interacts	with	VPS15,	no	further	studies	

have	investigated	whether	this	interaction	is	specific	for	complex	I	or	for	complex	

II.	Finally,	 I	can	confirm	that	complex	II	 is	specifically	recruited	by	Rab5	to	early	

endosomes	to	produce	PI(3)P,	which	in	turn	attracts	further	endocytic	proteins	like	

EEA1	to	coordinate	the	homotypic	fusion	of	early	endosomes.		
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Rab1	is	known	to	regulate	protein	trafficking	in	the	secretory	pathway	by	

mediating	anterograde	transport	but	its	role	in	autophagy	has	only	been	recently	

appreciated.	 It	 was	 shown	 to	 be	 involved	 in	 the	 early	 stages	 of	 autophagy	 and	

responsible	 for	 recruiting	 the	 ULK1	 complex	 for	 autophagy	 initiation.	 As	 the	

production	of	PI(3)P	is	an	essential	step	for	the	formation	of	autophagy,	I	suggest	

Rab1	not	only	recruits	ULK1	but	also	complex	I.	The	recruitment	of	both	ULK1	and	

complex	I	to	the	same	membrane	would	bring	them	in	proximity	and	give	ULK1	the	

opportunity	to	phosphorylate	VPS34,	ATG14L	and	Beclin	1	for	further	activation.	

The	 generated	 PI(3)P	 then	 recruits	 further	 autophagic	 protein	 like	 WIPIs	 and	

DFCP1	for	phagophore	maturation.	

With	the	help	of	HDX-MS,	UAA	crosslinking	and	cryo-ET,	I	could	map	Rab5	

binding	to	a	tripartite	binding	motif	made	of	VPS15	and	VPS34	on	the	adaptor	arm	

of	complex	II.	Furthermore,	preliminary	cryo-ET	data	suggests	that	Rab1	binds	to	

the	same	area	in	complex	I.	Moreover,	subtomogram	averaging	shows	that	only	the	

adaptor	arm	is	permanently	bound	to	the	membrane,	while	the	catalytic	arm	hovers	

over	it.	However,	while	the	adaptor	arm	stays	bound	to	the	membrane,	the	catalytic	

arm	undergoes	 dramatic	 conformational	 changes	 by	 tilting	 up	 and	 down	with	 a	

wide	 angular	 range.	 This	 flexibility	 could	 be	 a	 general	 catalytic	 mechanism	 for	

VPS34	 complexes	 as	 most	 additional	 subunits	 have	 been	 mapped	 to	 bind	

somewhere	on	the	adaptor	arm.	Thus,	the	binding	of	either	Rab5	or	Rab1	to	VPS34	

and	VPS15	is	unique	for	each	complex	as	it	depends	whether	Beclin	1	forms	a	coiled	

coil	with	UVRAG	in	complex	II	or	with	ATG14L	in	complex	I.	This	mechanism	could	

also	be	observed	in	the	differential	membrane	contact	of	the	Beclin	1	BARA	domain	

in	complexes	I	and	II.	By	recruiting	the	adaptor	arm	to	the	membrane,	the	catalytic	

arm	is	given	 free	rein	to	 tilt	and	constantly	 find	new	substrate	 in	 the	membrane.	
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Accordingly,	the	VPS34	kinase	domain	was	found	to	be	in	an	activated	state	on	the	

membrane	 compared	 to	 the	 yeast	 crystal	 structure.	 Although	 the	 VPS15	 kinase	

domain	active	site	releases	its	inhibitory	contact	with	the	VPS34	kinase	domain,	the	

VPS34	HELCAT	unit	was	found	not	to	be	dislodged	in	any	of	the	membrane	bound	

3D	 classes.	 Thus,	 the	 HELCAT	 might	 not	 have	 to	 dislodge	 to	 encounter	 the	

membrane	as	had	been	previously	suggested,	but	instead	the	whole	complex	could	

use	the	tilting	motion	to	encounter	new	substrate	for	VPS34.		

Overall	my	study	 has	 shed	 light	on	 the	 activation	mechanisms	 of	 VPS34	

complexes	 in	 vitro	 for	 the	 first	 time.	 Since	 defects	 in	 autophagy	 and	 endocytic	

pathways	are	known	 to	be	 connected	with	various	 types	of	human	diseases,	my	

findings	may	provide	useful	insights	into	developing	effective	drugs.	
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