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HSQC		 	 heteronuclear	single	quantum	coherence		
INEPT		 	 insensitive	nuclei	enhanced	by	polarization	transfer		
MAS		 	 magic	angle	spinning			
MD		 	 molecular	dynamics		
KD		 	 dissociation	constant	
NAC		 	 non	amyloid-β	component		
NMR		 	 nuclear	magnetic	resonance		
NOE		 	 nuclear	overhauser	effect		
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Chapter	I	

Introduction	and	Overview	of	the	PhD	work	

	

1.1	Structural	and	biophysical	properties	of	αS.		

α-synuclein	 (αS)	 is	 a	 140-residue	 protein	 that	 is	 associated	 with	 a	 range	 of	 highly	

debilitating	 neurodegenerative	 conditions,	 of	 which	 the	 most	 common	 is	 Parkinson’s	

disease	 (PD)	 (1-5).	 A	 hallmark	 of	 PD	 is	 indeed	 the	 formation	 of	 abnormal	 intracellular	

protein	aggregates,	known	as	Lewy	bodies	(6-9),	which	are	largely	composed	of	amyloid	

fibrils	of	αS	(10-14).		

In	 its	 cytosolic	 form,	 αS	 can	 be	monomeric	 and	 intrinsically	 disordered	 (15-17)	 or	

associated	 with	 other	 proteins	 (3).	 Upon	 binding	 to	 lipid	 membranes,	 αS	 undergoes	 a	

significant	 conformational	 transition	 with	 respect	 to	 its	 monomeric	 intrinsically	

disordered	 form,	with	 some	 regions	 adopting	 a	high	 level	 of	α-helical	 structure	 (18-21)	

(see	section	1.4).	

In	 its	 monomeric	 and	 disordered	 state,	 αS	 does	 not	 adopt	 the	 conformational	

characteristics	of	a	random	coil	polymer	(15).	NMR	chemical	shifts	of	this	state	of	αS	are	

characteristics	 of	 a	 protein	 that	 is	 largely	 unfolded	 and	 lacking	 significant	 amount	 of	

secondary	and	tertiary	structure,	however,	a	consensus	from	NMR	(22),	EPR	(23)	and	MD	

simulations	(24)	studies	has	formed	on	the	relative	compactness	of	this	protein	compared	

to	 a	 random	 coil	 peptide.	 Indeed,	 in	 a	 previous	 investigation	 based	 on	 paramagnetic	

relaxation	enhancement	at	the	solution	NMR,	prof.	Dobson	and	co-workers	showed	that	

the	distribution	of	αS	conformations	in	its	monomeric	state	is	significantly	narrower	than	

an	 idealised	 random-coil	 state	 (15).	 Moreover,	 structural	 refinement	 could	 reveal	 the	

native	distribution	of	 the	 radii	of	gyration	 (Rg)	 in	 this	protein	 (Figure	1.1	b).	Despite	 its	

structural	 heterogeneity,	 the	 ensemble	 of	 conformations	 of	 αS	 revealed	 a	 number	 of	

transient	long-range	interactions	populated	under	physiological	conditions	(Figure	1.1	c),	

in	 particular	 between	 the	 region	 120	 to	 140	 and	 the	 segment	 30	 to	 100	 (15).	 As	 this	

contact	 involves	the	non	amyloid-β	component	(NAC)	region,	 it	was	postulated	that	the	

proximity	between	NAC	and	the	highly	charged	C-terminus	could	be	evolutionary	selected	

to	prevent	 the	aggregation	of	αS	under	physiological	 conditions	 (15). Consisting	 results	
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with	 this	 observation	were	 recently	 evidenced	 using	 in	 vivo	 NMR	 of	 αS	 in	mammalian	

cells	(25).	Recently	it	was	also	suggested	that	the	actual	physiological	form	of	αS	was	in	a	

higher	oligomeric	state	(trimer	or	tetramer)	(26).	The	study,	which	was	also	corroborated	

by	an	NMR	investigation	(27),	however,	has	raised	a	significant	debate	in	literature	(28),	

with	 a	 consensus	 forming	 that	 this	 assembly	 state	 might	 be	 a	 kinetically	 trapped	

intermediate,	but	not	the	actual	predominant	and	active	form	of	αS	in	vivo. 

Overall,	investigations	made	using	different	approaches	converge	toward	the	scenario	in	

which	αS	is	an	intrinsically	disordered	proteins	(IDPs)	having	unique	sequence	properties	

characterised	 by	 an	 overall	 hydrophobicity,	 low	 complexity	 and	 high	 net	 charge.	 In	

contrast	 to	 natively	 folded	 proteins,	 which	 can	 be	 characterised	 by	 relatively	 defined	

three-dimensional	 structures,	 αS	 is	 expected	 to	 have	 its	 atom	 positions	 and	 backbone	

dihedral	 angles	 varying	 considerably	 in	 timescales	 ranging	 form	 nanoseconds	 to	

milliseconds	with	no	major	conformational	minima	dominating	its	monomeric	state.	

 

 

	

Figure	1.1.	Conformational	heterogeneity	of	monomeric	αS	in	solution.	a)	αS	Sequence,	
red	marks	 indicate	 the	 imperfect	 KTKEGV	 repeats	 encoding	 for	 amphipathic	 helices.	 b)	
Gyration	radii	distribution	from	the	PRE	restrained	simulations	of	αS	 from	Dedmon	et	al	
(15).	 Contact	 map	 from	 the	 same	 study	 indicating	 long	 range	 interaction	 (dark	 red)	
between	residues	120-140	and	30-100.	Figures	adapted	from	(15).	
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1.2	Pathological	relevance	of	αS	in	Parkinson’s	disease	

1.2.1	Links	between	αS	and	Parkinson’s	disease.		

αS	 was	 first	 identified	 as	 a	 neuronal	 protein	 that	 localises	 at	 the	 presynaptic	

terminals	 of	 axons	 as	well	 as	 in	 the	 in	 the	nucleus,	which	 lead	 to	 the	denomination	of	

synuclein,	 however,	 the	 nuclear	 localisation	 has	 been	 debated	 though	 the	 years	 (29).	

Currently,	 the	 function	 of	 this	 protein	 is	 still	 obscure,	 although	 a	 general	 consensus	 is	

forming	on	its	role	in	the	homeostasis	of	synaptic	vesicles	(see	Chapter	III).	In	the	context	

of	 PD	 α-Synuclein	 has	 gained	 the	 interest	 of	 the	 scientific	 community	 in	 1997	 upon	

discovery	of	point	mutations	in	the	αS	gene	that	are	strongly	associated	with	early	onset	

familial	forms	of	PD	(30,	31).	The	link	between	αS	and	PD	has	been	further	corroborated	

by	several	experimental	evidences	(8,	13,	31-39).		

	

	
Figure	1.2	Characteristic	bodies	in	PD.	Figure	adapted	from	(40).	αS	fibrils	are	the	major	
constituents	of	Lewy	bodies	and	Lewy	neuritis	in	PD,	dementia	with	Lewy	bodies,	as	well	
as	of	neuronal	and	glial	cytoplasmic	inclusions	in	multiple	system	atrophy.	a)	A	section	of	
the	 substantia	 nigra	 from	 a	 patient	with	 PD	 showing	 three	 Lewy	 bodies	 (arrow)	 in	 the	
cytoplasm	of	a	swollen	dopaminergic	neuron.	b,c)	Section	of	the	amygdala	from	a	patient	
with	dementia	with	Lewy	bodies.	Arrows	show	cortical	Lewy	bodies	 in	panel	b	and	Lewy	
neuritis	 in	panel	 c,	which	are	 labelled	using	antibodies	 targeting	αS.	 d,e)	 Section	of	 the	
putamen	 from	a	patient	with	multiple	 system	atrophy.	Panel	d	 shows	a	 single	neuronal	
cytoplasmic	inclusion	(arrow)	whereas	panel	e	reports	several	glial	cytoplasmic	inclusions	
(arrows)	in	severely	degenerated	areas	of	the	putamen.	
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capable of addressing the diverse biological de-
fects underlying PD pathogenesis.

AN OVERVIEW OF PARKINSON’S
DISEASE, PARKINSONISM, AND
α-SYNUCLEINOPATHIES
PD is clinically characterized by bradykinesia,
resting tremor, and postural rigidity. As the
disease progresses, patients frequently develop
cognitive impairment and depression. Most
motor symptoms can be attributed to the
degeneration of dopaminergic neurons within
the substantia nigra pars compacta, a key
regulatory nucleus of basal ganglia circuitry.
However, it is now increasingly appreciated
that several other nondopaminergic neuronal

populations also degenerate. These include
various autonomic nuclei and the locus ceruleus
as well as glutamatergic neurons throughout
the cerebral cortex.

Several other neurodegenerative diseases—
collectively known as parkinsonian disorders—
share the clinical presentation of PD (i.e.,
parkinsonism). However, these diseases are
pathologically distinct entities with different
histopathological hallmarks and patterns of
neuronal degeneration. PD is distinguished
from other forms of parkinsonism by the
presence of Lewy bodies (LBs) and Lewy
neurites (LNs), which are juxtanuclear and
neuritic ubiquitinated protein aggregates com-
posed predominantly of the synaptic protein
α-syn (Figure 1a). In contrast, parkinsonian

100 µm

a b c

d e

a b c

d e

Figure 1
α-Synuclein (α-syn) is the major component of Lewy bodies (LBs) and Lewy neurites (LNs) in Parkinson’s
disease (PD) and dementia with LBs (DLB) and of neuronal and glial cytoplasmic inclusions in multiple
system atrophy (MSA). (a) A luxol fast blue-, hematoxylin-, and eosin-stained section of the substantia nigra
from a patient with PD. Three LBs (arrows) are present in the cytoplasm of a swollen dopaminergic neuron.
Nearby is a normally pigmented dopaminergic neuron. (b,c) Immunohistochemistry for α-syn on a section of
the amygdala from a patient with DLB. Numerous cortical LBs (b, arrows) and LNs (c, arrows) are labeled by
the anti-α-syn antibody. (d,e) Immunohistochemistry for α-syn on a section of the putamen from a patient
with MSA. A single neuronal cytoplasmic inclusion (d, arrow) is visible in a relatively preserved area of the
putamen. The preserved neuropil is also reactive for α-syn. Several glial cytoplasmic inclusions (e, arrows)
are present in severely degenerated areas of the putamen.
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Among	the	main	experimental	indications	of	αS	involvement	in	PD	we	can	include:		

• Genetic	 traits:	 αS	 point	 mutants	 A53T,	 A30P,	 E46K,	 H50Q	 and	 G51D	 have	

been	 linked	 to	 rare	 familial	 cases	 of	 Parkinson’s	 Disease	 as	 well	 as	

duplications	and	triplications	of	the	SNCA	gene,	encoding	this	protein	(41).	

• αS	 specific	 antibodies	 detect	 this	 protein	 in	 Lewy	bodies	 and	 Lewy	neuritis,	

which	are	distinctive	lesions	in	the	brain	of	PD	patients	(42).	

• Overexpression	of	WT	αS	or	pathological	mutants	of	the	protein	in	transgenic	

mice	or	flies	induces	motor	deficits	and	neuronal	inclusions	reminiscent	of	PD	

(32,	43).	

• Locomotor	 defects	 were	 also	 found	 in	 Caenorhabditis	 elegans	 works	

overexpressing	WT	or	pathological	mutants	of	αS	(44).	

• Characteristic	 elements	 of	 PD	 were	 found	 in	 Saccharomyces	 cerevisiae	

overexpressing	human	αS	(45).	

	

	

1.2.2	αS	aggregation	into	amyloids.		

The	protein	content	of	Lewy	bodies	is	primarily	composed	of	fibrils	of	αS	(Figure	1.2)	(1,	8,	

26,	34,	35,	40,	46-50).	This	has	lead	to	the	hypothesis	that	the	molecular	mechanisms	at	

the	origin	of	PD	are	associated	with	the	fibrilisation	of	αS	into	amyloids.	As	a	result,	the	

amyloid	 formation	 by	 αS	 has	 attracted	 a	 large	 interest	 from	 the	 scientific	 community	

(Figure	1.3).	Recently,	Eisenberg	and	coworkers	have	crystallised	and	solved	the	structure	

of	 some	 motifs	 of	 αS	 in	 amyloid	 assembly	 (35)	 (Figure	 1.3	 b).	 These	 add	 to	 previous	

determinations	of	 the	 atomic	 structure	of	 cross-β	 spines	 in	αS	by	X-ray	 crystallography	

(51)	 and	 by	 X-ray	 diffraction	 from	both	 recombinant	 αS	 fibrils	 or	 fibrils	 extracted	 from	

brain	 samples	 (52).	 Overall,	 a	 general	 consensus	 is	 forming	 that	 the	 fibrils	 of	 αS	 are	

composed	of	 several	protofilaments	based	on	 the	cross-β	structure.	That	 is	a	pair	of	β-

sheets	facing	each	other	with	the	side	chains	interdigitated	to	form	a	dry	surface	and	the	

strands	running	orthogonal	to	the	fibril	axis.	This	steric	zipper	motif	was	 identified	for	a	

large	number	 of	 amyloids	 from	different	 types	 of	 protein	 precursors	 (e.g.	 tau,	 the	 PrP,	

insulin,	 IAPP,	 lysozyme,	 and	 β2-microglobulin	 (53)).	 Another	 key	 recent	 contribution	 in	

the	study	of	the	structural	properties	of	toxic	αS	fibrils	was	made	by	the	Rienstra	group	
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(54)	showing	a	new	type	of	structural	topology	running	from	residues	25	to	98	(Figure	1.3	

c). 

Studies	 from	 cryo-electron	 microscopy,	 atomic	 force	 microscopy,	 and	 solid	 state	 NMR	

and	 solution	 NMR	 also	 agree	 that	 αS	 fibrils	 are	 characterised	 by	 distinctive	 levels	 of	

structural	 polymorphism,	 based	 on	 variations	 in	 the	 regions	 forming	 the	 steric	 zipper,	

packing	of	protofilaments,	sidechains	exposure	and	also	the	arrangement	of	the	flanking	

disordered	regions	that	decorate	the	spine	of	the	fibrils	(55).	Indeed	the	properties	of	αS	

fibrils	can	vary	dramatically	as	a	function	of	the	production	conditions,	 including	buffer,	

pH	 temperature	 ionic	 strength,	 agitation,	 incubation	 time	 etc.	 Cryo-EM	 and	 ssNMR	

revealed	that	the	morphology	of	αS	fibrils	(including	recombinant	αS30–110	and	fibrils	and	

filaments	extracted	from	PD	patients)	can	be	either	straight	or	twisted	fibrils	(56,	57).	

In	the	context	of	the	aggregation	mechanism	of	αS,	it	 is	now	clear	that	its	fibrilisation	is	

dominated	 by	 both	 primary	 and	 secondary	 nucleation.	 pH	 has	 been	 shown	 to	 be	 a	

determining	 factor	 in	 distinguishing	 between	 these	 two	 major	 mechanisms	 	 (58).	 In	

general	 αS	 aggregation	 can	 follow	multiple	 pathways,	which	 are	 accordingly	 associated	

with	different	polymorphic	aggregated	forms	as	well	as	amorphous	or	fibrillar	aggregates,	

that	 depend	 by	 environmental	 and	 intrinsic	 factors,	 such	 as	 pH,	 mutations,	 external	

factors	 (chaperones,	 antibodies)	 (59).	 A	 key	 element	 in	 the	 aggregation	 of	 αS	 is	 the	

presence	of	surfaces	(including	lipid	membranes	and	water-air	surface),	which	is	reviewed	

in	section	1.4.	

Another	important	element	to	consider	in	the	aggregation	of	αS	is	that	the	fibrillar	states	

are	currently	considered	the	least	harmful	species	and	that	the	early	oligomers,	which	are	

diffusible	 and	 highly	 interaction-prone,	 are	 generally	 acknowledged	 to	 be	 the	 most	

pernicious	species	in	the	ethiology	of	PD	and	in	general	 in	the	mechanism	of	αS	toxicity	

(60),	which	is	reviewed	in	detail	in	Chapter	5	of	the	present	thesis.	
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Figure	 1.3.	 Characterisations	 of	 the	 amyloid	 fibrillar	 state	 of	 αS.	 a)	 Solid	 state	 NMR	
investigation	by	Riek	and	co-workers	of	 fibrils	of	αS30-100	 showing	 that	 the	core	of	 these	
fibrils	is	rich	in	β-sheet	structure	with	strand	1	(S1)	interacting	with	S2,	S2	with	S3,	S3	with	
S4	and	S4	with	 S5.	 Figure	adapted	 from	 (56).	b)	Recent	 crystallographic	high-resolution	
structures	 of	 regions	 of	 αS	 in	 its	 fibrillar	 state	 by	 Eisenberg	 and	 co-workers.	 Figures	
adapted	 from	 (61)	 and	 (35).	 c)	 Recent	 ssNMR	 high-resolution	 structure	 of	 αS	 fibrils	 by	
Rienstra	and	co-workers.	Figure	adapted	from	(54). 
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1.3	The	physiological	role	of	αS	

The	 large	 abundance	 of	 αS	 in	 presynaptic	 terminals	 has	 strongly	 suggested	 that	 this	

protein	can	interplay	with	the	biochemical	mechanisms	of	neuronal	function.	Indeed	αS	is	

found	in	both	soluble	and	membrane-associated	fractions	of	the	brain,	by	composing	~1%	

of	the	total	protein	content	in	the	soluble	cytosolic	fractions	if	in	the	brain	(62).	While	the	

nuclear	 localisation	 of	 αS	 is	 currently	 a	matter	 of	 debate,	 its	 presynaptic	 localisation	 is	

well	established.	 It	 is	worth	mentioning	that,	despite	the	general	believe,	αS	expression	

levels	are	not	equal	 in	all	synaptic	terminals,	and	its	accumulation	in	neurodegenerative	

disorders	 is	 selective	 of	 some	 neuronal	 types	 (63),	 which	 explains	 the	 selective	

vulnerability	 of	 specific	 neuronal	 populations	 in	 PD.	 Moreover,	 αS	 is	 not	 exclusive	 to	

nervous	 cells,	 as	 it	 has	 been	 shown	 to	 be	 highly	 abundant	 also	 in	 other	 cell	 types,	

primarily	in	red	blood	cells	(64).		

Despite	the	functional	role	of	αS	is	still	obscure,	including	the	interplay	with	the	other	two	

synuclein	 proteins	 (β-,	 and	 γ-),	 currently	 the	 scientific	 community	 seems	 converging	

toward	a	restricted	number	of	possible	function(s).	These	include	the	interplay	with	the	

homeostasis	 of	 synaptic	 vesicles	 (SV)	 release	 and	 trafficking,	 fatty	 acid	 binding	 and	

transport,	 the	 protection	 of	 dopaminergic	 neurons	 from	oxidative	 stress	 and	 apoptosis	

(63).	In	the	context	of	synaptic	vesicle	trafficking,	αS	is	believed	to	assist	the	formation	of	

the	 SNARE	 complex,	 which	 is	 the	 machinery	 favouring	 the	 fusion	 of	 the	 SV	 with	 the	

synaptic	membrane.	It	has	been	reported	that	αS	directly	interacts	with	synaptobrevin-2	

at	 the	 surface	 of	 SV	 via	 its	 C-terminal	 region	 (65).	 Interestingly,	 αS	 has	 been	 shown	 to	

rescue	the	formation	of	SNARES	in	knockout	mice	of	the	CSPα	chaperone	(66).	Similarly	

triple	 knockout	 mice	 of	 the	 three	 synucleins	 show	 a	 reduced	 SNARE	 formation	 with	

consequent	neurophatological	phenotypes	(67).	This	role	of	αS	may	become	particularly	

important	 under	 stressful	 conditions	 and	 play	 a	 role	 for	 the	 long	 term	 functioning	 of	

neurons.	

Another	 crucial	 role	 that	 has	 recently	 emerged	 for	 αS	 involves	 the	 regulation	 of	 the	

kinetics	of	SV	exocytosis	(Figure	1.4)	(40).	Several	data	indicate	that	αS	has	a	key	role	in	

the	 regulation	 and/or	 maintenance	 of	 a	 distal	 pool	 of	 clustered	 SV	 that	 effectively	

regulates	the	availability	of	SV	to	be	docked	during	neurotransmitter	release	(40).	Indeed,	

mice	 lacking	 αS	 show	 an	 inappropriate	 release	 of	 neurotrasmittes	 upon	 stimulation,	

which	evidences	that	the	mechanisms	that	limit	the	number	of	vesicles	to	be	fused	at	the	
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stimulus	is	somehow	defective	(68).	These	defects	have	been	shown	to	correlate	with	the	

reduction	of	the	distal	reserve	pool	of	SV	at	the	axon	terminals	(69).	In	addition	to	knock	

out	experiments,	investigations	have	shown	that	the	alteration	of	αS	expression	levels	or	

of	its	biophysical	properties	(i.e.	by	point	mutations	or	oligomerisation)	can	interfere	with	

the	 optimal	 trafficking	 of	 SV.	 Indeed,	 it	 was	 shown	 that	 hippocampal	 neurons	 exhibit	

deficits	in	the	release	of	neurotransmitters	when	αS	is	mildly	overexpressed,	which	result	

in	 the	 increase	 of	 the	 distal	 reserve	 pool	 and	 consequent	 reduction	 in	 the	 number	 of	

docked	SV	(70).		

	
Figure	1.4.	Role	of	αS	in	the	regulation	of	the	kinetics	of	synaptic	vesicles	exocytosis	at	
the	axon	 termini.	 Image	adapted	from	(40).	a)	αS	has	been	shown	to	participate	 in	the	
formation	 and	 maintenance	 of	 a	 pool	 of	 synaptic	 vesicles	 distal	 to	 the	 synaptic	
membrane,	 which	 effectively	 regulates	 the	 amount	 of	 free	 vesicle	 to	 be	 docked	 by	 the	
SNARE	 complex	 during	 neurotransmitter	 release.	 b,	 c)	 Under	 conditions	 altering	 the	
properties	of	αS,	 the	 vesicle	 clustering	 can	be	enhanced	 (b)	 or	 severely	affected	 (c)	 and	
consequently	alter	the	kinetics	of	exocytosis	by	changing	the	availability	of	vesicles	at	the	
termini	of	the	axon	during	neurotransmitter	release.		
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Vesicle

Synapse

α-Synuclein

Figure 5
α-Synuclein (α-syn) modulates vesicle pools at the synapse and in other cellular
compartments. (a) In a healthy neuron, α-syn localizes to the synaptic vesicles,
which through direct effects and interactions with neighboring α-syn molecules
helps to retain these vesicles in a distal reserve pool. (b) Overexpression of wild-
type, A53T, and/or E46K α-syn enhances lipid interactions and alters the
physical properties of these vesicles (i.e., reduces curvature), which leads to
increased clustering of vesicles in the reserve pool. (c) With the A30P mutation
(or in the absence of α-syn), α-syn is unable to bind lipid membranes and
cannot act to retain vesicles in the distal reserve pool.

typically is not found. Within the ER, α-syn
likely acts to inhibit ER-to-Golgi complex traf-
ficking. The stalling of vesicles within this com-
partment alone can have several pathological
consequences, particularly upon mitochondria.
For example, a disruption of normal ER home-
ostasis might interrupt the autophagic destruc-
tion of damaged mitochondria (mitophagy). A
failure in mitophagy would allow dysfunctional
mitochondria to accumulate, thereby exacer-
bating cellular toxicity through the generation
of ROS and impaired metabolism (Figure 6).

α-Syn-mediated ER dysfunction might
also interfere indirectly with connections

between the ER and mitochondria. In yeast
(Kornmann et al. 2009) and mammalian cells
(de Brito & Scorrano 2008), focal attach-
ments between mitochondria and the ER
allow mitochondria to sense and take up
Ca2+ released by the ER into the cytosol.
Additionally, these ER-mitochondrial tethers
allow the two organelles to coordinate lipid
synthesis (Daum & Vance 1997, Kornmann
et al. 2009). Phosphatidylserine synthesized in
the ER is transferred to mitochondria, where
it is converted to phosphatidylethanolamine
by Psd1 and then shuttled back to the ER
for subsequent modifications to form phos-
phatidylcholine (Kornmann et al. 2009). α-Syn
might disrupt this biosynthetic pathway by
disrupting the flow of components between
these organelles, resulting in the deficient
sythesis of phosphatidylcholine. Indeed, un-
treated PD patients exhibit lower-than-normal
levels of both phosphatidylethanoamine and
phosphatidylcholine (Riekkinen et al. 1975).

Abnormal interactions between α-syn and
the membrane at the synapse also provide an
explanation for why catecholaminergic nuclei
might be affected earlier than other neuronal
subtypes in PD. Norepinephrine and dopamine
are the catecholaminergic neurotransmitters
found in the locus ceruleus and substantia ni-
gra, respectively. Both are synthesized in the
cytoplasm, where they are rapidly packaged
into synaptic vesicles by vesicle momoamine
transporter 2 (VMAT2) (see Caudle et al. 2008
for a review). Cytoplasmic retention of cate-
cholamines yields cytotoxicity through the gen-
eration of oxidized dopamine adducts and ROS
(Caudle et al. 2008, Mosharov et al. 2009). α-
Syn, through the disruption of normal vesicle
cycling at the synapse, could cause an excess of
cytosolic catecholamines that would make these
neurons particularly sensitive to additional cy-
totoxic stressors elicited by α-syn (Figure 6).

POTENTIAL FOR THERAPEUTIC
INTERVENTION
The mainstay treatment for PD is the el-
evation of dopamine levels through the
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The	 interplay	between	αS	and	vesicle	trafficking	 is	not	only	relevant	 in	the	processes	of	

neurotransmitters	release.	 In	the	ER-to-Golgi	trafficking,	for	example,	an	overexpression	

of	αS	in	yeast	has	been	shown	to	cause	accumulation	of	vesicles	that	prevent	their	fusion	

with	 the	 Golgi	 membrane	 while	 keeping	 unaffected	 the	 bud	 from	 the	 ER	 (71).	 This	

disruption	 is	contrasted	somehow	by	control	mechanisms	 in	yeast	such	as	proteins	that	

can	 be	 employed	 to	 rescue	 of	 the	 vesicle	 accumulation	 induced	 by	 αS.	 Among	 the	

strongest	players	in	this	context	is	the	Rab	GTPase	Ypt1	(Rab1),	which	in	yeast	completely	

restores	 the	 ER-to-Golgi	 trafficking	when	 intermediate	 levels	 of	 αS	 play	 toxic	 effects	 in	

this	process.	Rab1	also	restores	αS	localisation	at	the	plasma	membrane.		

	

Finally,	many	evidences	have	indicated	that	the	fine	tuning	between	αS	expression	levels	

and	 vesicle	 trafficking	 is	 general	 to	 many	 other	 organisms,	 including	 worms,	 flies	 and	

mammals.	 Indeed	 in	 neuronal	 cultures	 of	 rat	 midbrain,	 αS	 overexpression	 generated	

dopaminergic	 toxicity	 using	 a	 similar	 mechanism	 as	 in	 yeast,	 which	 eventually	 was	

reduced	by	human	Rab1	overexpression	 (71).	 Thus,	 overexpression	of	 αS	may	 result	 in	

toxicity	arising	from	a	gain	of	function.	

Collectively,	these	results	from	yeast	to	Homo	sapiens	consistently	evidence	that	αS	is	key	

to	maintain	the	optimal	pool	of	synaptic	vesicles	and	therefore	regulate	the	SV	ready	for	

the	release	at	the	synapses.		
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1.4	Membrane	interaction	of	αS	in	functional	and	pathological	contexts	

While	 the	 exact	 function	 of	 αS	 and	 its	 role	 in	 PD	 are	 still	 debated,	 it	 is	 now	 generally	

acknowledged	that	this	protein	adopt	a	biologically	active	form	when	interacting	directly	

with	lipids	and	membranes	under	both	physiological	and	pathological	contexts.	Indeed	in	

the	synaptic	termini	αS	is	partitioned	between	cytosolic	and	membrane-associated	forms	

in	an	apparently	strictly	 regulated	 fashion	 (72).	 Indeed	this	binding	 is	probably	 the	only	

common	ground	within	all	 the	proposed	functions	of	αS	 (see	section	1.3)	and	has	been	

shown	 to	 play	 a	 major	 role	 also	 in	 mechanisms	 triggering	 αS	 aggregation,	 ultimately	

leading	to	the	formation	of	Lewy	bodies	in	PD	(2,	4,	59,	73-76).		

Indeed	 the	 sequence	 of	 αS	 (Figure	 1.1	 a)	 can	 be	 divided	 in	 three	 regions,	 with	 the	 N-

terminal	60	residues	containing	four	imperfect	repeats,	each	of	11	amino	acid,	that	code	

for	 amphipathic	 α-helices	 that	 elicit	 the	 membrane	 binding	 properties.	 These	 repeats	

share	 the	 motif	 KTKEGV.	 The	 second	 region,	 spanning	 residues	 61	 to	 95,	 contains	

additional	three	KTKEGV	repeats	and	hosts	the	non	amyloid-b	component	(NAC),	which	is	

an	hydrophobic	amyloidogenic	segment	of	the	protein.	Finally,	the	third	region,	spanning	

residue	96	to	140	is	highly	charged	and	enriched	in	acidic	residues	and	prolines	and	has	

been	shown	to	only	transiently	interacting	with	the	membrane	surface	(see	Chapter	III).		

Under	functional	conditions	αS	can	bind	a	variety	of	membranes	(Figure	1.5).	αS	has	been	

reported	to	localise	at	the	nucleus	where	the	binding	to	the	nuclear	membrane	enables	

this	protein	to	interact	with	histones	and	DNA	(77,	78).	In	other	cellular	compartments,	a	

significant	 body	 of	 evidences	 have	 indicated	 that	 αS	 may	 interact	 with	 mitochondrial	

membrane	 and	 have	 possibly	 two	 functions;	 the	 first	 being	 involved	 in	 reducing	 the	

oxidation	stress	by	being	converted	in	an	oxidised	form	at	it	N-terminus	(Met	1	and	Met	

5).	Secondly,	αS	has	been	shown	to	disfavour	the	fusion	of	mitochondria	and	favour	their	

fission	 (79),	 a	 function	 that	 is	 also	 connected	 to	 cardiolipin	 concentration	 in	 the	

mitochondrial	membrane.	These	membrane-associted	functions	add	to	those,	previously	

reviewed,	involving	SV	clustering	and	SNARE	chaperoning.		
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Figure	1.5.	Membrane	 interaction	of	αS	under	physiological	 cellular	 conditions.	Figure	
adapted	from	(80).	Cellular	membranes	are	key	for	the	targets	and	interactions	that	are	
potentially	associated	with	the	normal	function	of	αS.	 

	
Under	 pathological	 conditions,	 the	 interplay	 between	 αS	 and	 membranes	 assumes	 a	

central	 role,	 as	 lipid	 bilayers	 have	 been	 shown	 to	 accelerate	 the	 fibrilisation	 of	 this	

protein	 of	 several	 orders	 of	magnitude	 (81).	 It	 is	 worth	 stressing	 that	 the	 pathological	

conditions	associated	with	αS	may	not	necessary	be	associated	with	aggregation.	Indeed	

the	mutation	A30P	can	elicit	 toxicity	 in	a	 loss-of-function	manner,	e.g.	by	 impairing	 the	

optimal	vesicle	clustering	by	this	protein	(Figure	1.4).	Similarly,	in	a	non-aggregated	state,	

but	 possibly	 with	 a	 milder	 increase	 of	 the	 expression	 levels,	 αS	 has	 been	 shown	 to	

influence	 the	 mitochondrial	 morphology	 (Figure	 1.6),	 inhibit	 the	 lysosomal	

glucocerebrosidase.	As	an	aggregated	state,	oligomerisation	of	αS	can	alter	significantly	

the	interaction	with	the	membrane	and	generate	toxic	effects.	The	primary	characteristic	

of	toxic	oligomers,	in	contrast	to	non-toxic	aggregates,	 is	 indeed	the	ability	to	permeate	

and	 disrupt	 biological	 membranes.	 Experimental	 evidences	 have	 suggested	 that	 this	

process	includes	both	the	cellular	and	mitochondrial	membranes.	In	this	thesis,	we	focus	

specifically	on	this	key	step	for	the	toxicity	of	αS	in	Chapter	V.		

297www.enjournal.orghttp://dx.doi.org/10.5607/en.2014.23.4.292

Alpha-Synuclein on Cellular Membranes

and M5) become oxidized upon binding to vesicles containing 
peroxidized lipids, and these methionine residues have been 
established as substrates for methionine sulfoxide reductase when 
synuclein is in its free, soluble form. Interestingly, methionine 
sulfoxide reductase A (MsrA) protects dopaminergic cells from 
toxic, disease-related insults, including expression of mutant 

MsrA’s participation in these cycles of methionine oxidation and 
reduction serves to ultimately consume reactive oxygen species 

binding, methionine oxidation, release from membrane, and 

not currently clear on which cellular membrane(s) such a cycle 
might optimally occur, or even whether this might be a general 
or membrane specific function, and the effects of methionine 
oxidation on synuclein binding to membranes of differing 
biophysical properties remain incompletely characterized. 

Mitochondria represent a particularly intriguing potential 
binding partner for synuclein, given the established roles 
of  mitochondrial dysfunction and oxidative stress in the 
pathogenesis of Parkinson’s Disease. Oxidative stress associated 

with high levels of dopamine and/or mitochondrial dysfunction 
leads to elevated levels of lipid peroxides in the neuronal tissue 

mitochondrial function [171], and is reported to localize and 

inner mitochondrial membrane lipid - appears able to enhance 
synuclein membrane binding and to alter its behavior on and at 

There are thus clear links between alpha-synuclein and lipid 
oxidation, and between oxidized lipids, oxidative damage and 

normally serve as both an energy reservoir and as intra-and 
extracellular second messengers that contribute to signaling 
pathways. Their unsaturated acyl chain bonds, however, represent 

Alpha-synuclein was noted to have homology to fatty acid binding 
proteins, and it reportedly interacts with free fatty acids (although 
it does not bind them like a classical fatty acid binding protein) 

Fig. 1. Cellular membranes, targets and pathways potentially involved in the normal, physiological functions of alpha-synuclein.
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Figure	 1.6.	Membrane	 interaction	 of	 αS	 under	 pathological	 cellular	 conditions.	 Figure	
adapted	 from	 (80).	 Cellular	membranes	are	 crucial	 in	 the	processes	 that	are	potentially	
associated	with	the	pathological	role	of	αS.		

	
	 	

301www.enjournal.orghttp://dx.doi.org/10.5607/en.2014.23.4.292

Alpha-Synuclein on Cellular Membranes

has become an attractive model for how neurodegeneration 
may spread through the synucleinopathy-diseased brain [5,225-

an experimental Parkinson’s Disease treatment in which patients 
received fetal ventral mesencephalic tissue transplants. Lewy 
body-like inclusions were found in these exogenously grafted 
nigral neurons in the brains of multiple patients with Parkinson’s 
Disease; this implies spread of synuclein from endogenous 
neurons into disease-free, grafted neurons in a potentially prion-
like manner [231-233]. Experimentally, both synuclein exocytosis 
and endocytosis have been observed. A portion of cellular 
synuclein is present in the lumen of vesicles, and this intravesicular 
synuclein is more aggregation prone than cytosolic protein [234]. 

Also, a small percentage of newly synthesized synuclein is rapidly 
secreted via ER/Golgi-independent exocytosis, and aggregated 
synuclein is also secreted [234]. Interestingly, both monomeric and 
aggregated synuclein secretion and transmission are elevated upon 
proteasomal and mitochondrial dysfunction [235], suggesting that 
synuclein exocytosis may increase in synucleinopathy patients. In 
general, extracellular synuclein is cytotoxic in culture media [236], 
and aggregated extracellular synuclein can induce microglial 
activation, dopaminergic neurotoxicity [237], and production 
of pro-inflammatory factors from astrocytes and astrocytoma 

for Toll-like receptor 2, which activates microglial inflammatory 
responses [240]. Exogenous synuclein further induced neuronal 
cell death through Rab5A-dependent endocytosis [236], though 
the mechanism of synuclein internalization appears to be 

Fig. 2. Cellular membranes, targets and pathways potentially involved in alpha-synuclein dysfunction and its role in disease states in the 
synucleinopathies.
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1.5	Overview	of	the	PhD	research	

My	 PhD	 studies	 revolved	 around	 the	 characterisation	 of	 the	molecular	 basis	 of	 the	 αS	

binding	 to	 biological	 membranes.	 This	 process	 is	 central	 to	 determine	 the	 biological	

behaviour	of	αS	under	both	physiological	and	pathological	conditions.	Yet,	the	structural	

bases	of	this	interaction	are	extremely	difficult	to	characterise	due	to	the	intrinsic	level	of	

disorder	of	αS,	primarily	 in	 its	unbound	state	but	also	when	bound	to	membranes.	The	

inspiration	to	focus	on	this	key	interaction	came	from	the	fact	that	previous	studies	show	

a	number	of	biases	that	affect	our	understanding	of	the	transient	and	dynamical	binding	

of	 αS	 to	 biological	membranes.	 Indeed,	 it	 is	 not	 possible	 to	 approach	 this	 bound	 state	

using	X-ray	crystallography,	as	 it	 is	difficult	 to	crystallise	αS	bound	to	a	 lipid	bilayer	and	

also	 because	 of	 its	 dynamical	 nature,	 preventing	 any	 sensible	 electron	 density	 to	 be	

refined	even	in	the	presence	of	diffracting	crystals.	The	small	size	and	the	conformational		

heterogeneity	of	membrane-bound	αS,	on	 the	other	hand,	prevent	 the	application	of	a	

rapidly	growing	and	powerful	technique	of	structural	biology,	namely	cryo-EM.	

As	 a	 result	 of	 these	 factors,	 the	 primary	 experimental	 structural	 information	 on	 the	

membrane-bound	state	of	αS,	available	prior	to	my	PhD,	were	obtained	via	solution	NMR	

and	EPR.	In	the	first	case,	a	significant	bias	was	however	associated	with	the	employment	

of	detergent	micelles	rather	than	lipid	bilayers.	Resonances	from	proteins	bound	to	lipid	

bilayers,	indeed,	cannot	be	directly	detected	in	solution	NMR	owing	to	the	slow	tumbling	

rate	 of	 these	 systems,	 resulting	 in	 extreme	 peak	 broadening.	 To	 overcome	 these	

problems,	 NMR	 investigations	 of	 αS	 have	 been	 performed	 in	 the	 presence	 detergent	

micelles,	which	are	 small	 enough	 to	enable	 the	 full	 recovery	of	 the	NMR	signals	of	 the	

bound	 state.	 The	 properties	 of	 detergent	 micelles	 are,	 however,	 significantly	 different	

from	 those	 of	 lipid	 bilayers,	 including	 a	 stronger	 curvature,	 which	 is	 a	 parameter	 that	

affects	dramatically	the	binding	affinity	of	αS,	and	increased	hydrophobicity,	as	they	have	

more	surface	defects	that	result	in	the	exposure	of	hydrophobic	patches.	As	a	result,	the	

current	micelle-bound	structures	of	αS	are	questionable	models	of	the	membrane-bound	

state	of	αS.	Indeed,	in	some	cases	it	 is	appears	evident	from	the	shape	of	the	structural	

models	 that	αS	had	 “wrapped”	around	 the	micelle,	which	 clearly	 is	 a	non-physiological	

state.	 Moreover,	 by	 perturbing	 significantly	 the	 binding	 affinity,	 the	 micelle-bound	

structures	fail	to	provide	insights	into	the	balance	between	structural	order	and	disorder	
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in	 the	 bound	 state	 of	 αS,	which	 is	 the	 key	 to	 understand	 the	 biological	 activity	 of	 this	

protein	at	the	surface	of	lipid	membranes.		

In	the	case	of	EPR,	the	protein	is	typically	modified	in	its	sequence	(by	mutating	residues	

from	 the	natural	 sequence	 into	 cysteine)	 and	 in	 its	 chemical	 nature	 (by	using	 chemical	

ligation	with	hydrophobic	 probes).	 These	procedures	 are	 also	 likely	 to	 significantly	 bias	

the	conformational	properties	of	the	membrane-bound	state	of	αS.	

As	a	result	of	the	lack	of	a	proper	structural	characterisation	of	the	membrane-bound	αS,	

my	PhD	thesis	has	focused	on	the	identification	of	an	approach	that	could	provide	a	non-

invasive	observation	of	the	structural,	dynamical	and	topological	properties	of	αS	at	the	

surface	of	synaptic-like	vesicles.	The	research	optimised	a	combination	of	solid-state	NMR	

(i.e.	 to	 probe	 directly	 the	 NMR	 resonances	 of	 the	 bound	 state	 of	 αS)	 and	 chemical	

exchange	saturation	transfer	at	the	solution	NMR	(i.e.	to	accurately	probe	the	nature	of	

the	fine-tuning	between	order	and	disorder	at	a	residue-specific	level	in	the	bound	state	

of	 αS)	 as	 the	 optimal	 approach	 to	 characterise	 this	 crucial	 interaction	 under	

physiologically	relevant	conditions.	This	approach	identified	the	key	events	in	the	binding	

to	 lipid	 vesicles	 that	 mimic	 synaptic	 vesicles	 for	 composition,	 charge	 and	 shape,	 and	

described	structure,	dynamics,	topology	and	membrane-affinity	along	the	αS	sequence	in	

its	bound	state	(Chapter	III).		

After	successfully	probing	the	interaction	with	synaptic-like	vesicles,	we	focussed	on	two	

fundamental	aspects	of	the	biological	activity	of	αS	under	physiological	and	pathological	

condition.	 Firstly,	 our	 study	evidenced	a	molecular	mechanism	by	which	αS	 can	 induce	

the	 interaction	 between	 SV	 and	 therefore	 interplay	 with	 their	 homeostasis	 during	

neurotransmitter	 release	 (Chapter	 IV).	 	 Subsequently	 the	 mechanisms	 leading	 to	 αS	

toxicity	 in	 vivo	were	 studied	 by	 characterising	 the	molecular	 basis	 of	 the	 toxicity	 of	 αS	

oligomers	 in	the	context	of	their	selective	 interaction	with	 lipid	membranes	(Chapter	V)	

and	 also	 in	 probing	 the	 effects	 of	 pathological	 mutations	 of	 αS,	 associated	 with	 early	

onset	PD,	in	its	binding	with	synaptic	vesicles	(Chapter	IV).			

As	 a	 result,	 the	 major	 achievement	 of	 my	 PhD	 has	 been	 to	 develop	 and	 apply	 a	

multidisciplinary	biophysical	approach,	revolving	around	solution	and	solid-state	NMR	but	

extending	to	a	number	of	other	biophysical	techniques	(FRET,	FCS,	FT-IR,	AUC,	Cryo-EM,	

CD,	STED	imaging),	to	elucidate	in	detail	the	order-disorder	balance	along	the	membrane	
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interaction	 of	 αS	 and	 to	 apply	 this	 approach	 to	 understand	 the	 physiological	 and	

pathological	relevance	of	this	important	biological	molecule.	
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Chapter	II	

Materials	and	Methods	

	

The	 present	 PhD	 investigation	 has	 been	 performed	 primarily	 by	 using	 recombinant	 α-

synuclein	 (αS)	 in	 NMR	 experiments	 that	 could	 probe	 the	 interaction	 with	 lipid	

membranes.	The	experiments	performed	mainly	exploit	solution	and	solid-state	nuclear	

magnetic	 resonance	 (NMR)	 for	which	 this	 chapter	will	 describe	 the	 essential	 elements.	

NMR	 is	a	 spectroscopy	 that	allows	performing	a	 large	number	of	experiments	and	 that	

can	be	used	under	very	different	experimental	conditions	(solution-state,	solid-state,	low-	

or	 high-temperature,	 proton-detected,	 carbon-detected	 etc.).	 As	 a	 result,	 the	 present	

chapter	 will	 focus	 on	 those	 essential	 elements	 for	 the	 primary	 techniques	 that	 I	 have	

extensively	employed	during	my	PhD	work.	Additional	elements	of	biomolecular	NMR	are	

referred	 to	 external	 sources.	 As	 for	 other	 biophysical	 techniques	 employed	 in	 this	 PhD	

work	(FRET,	FCS,	FT-IR,	AUC,	Cryo-EM,	CD,	STED	imaging)	brief	introductions	are	made	in	

the	relevant	chapters,	however,	 for	space	 limitations	these	are	 limited	to	materials	and	

methods	and	brief	descriptions	of	these	methods.	

	

2.1	Purification	of	recombinant	αS.		

Recombinant	 αS	 for	 NMR	 experiments	 was	 purified	 in	 E.	 coli	 using	 plasmid	 pT7-7	

encoding	 for	 the	 protein	 using	 an	 established	 protocol	 in	 the	 Dobson	 lab	 (82).	 Briefly,	

after	 transforming	 in	 BL21	 (DE3)-gold	 (Agilent	 Technologies,	 Santa	 Clara,	 CA)	 cells,	

uniformly	 15N	 and	 13C	 labeled	 αS	 was	 obtained	 by	 growing	 the	 bacteria	 in	 isotope-

enriched	M9	minimal	media	containing	1g/L	of	15N-NH4Cl	and	2g/L	of	13C-glucose	(Sigma-

Aldrich,	St	Louis,	USA).	The	cells	were	grown	at	37	°C	under	constant	shaking	at	250	rpm	

in	LB	medium,	supplemented	with	100	μg/ml	ampicillin,	to	an	OD600	of	0.6.	Subsequently	

the	expression	of	the	protein	was	induced	with	1mM	IPTG	at	37	°C	for	4	h,	and	the	cells	

were	harvested	by	centrifugation	at	6,200	g	(Beckman	Coulter,	Brea,	USA).	The	cell	pellet	

was	resuspended	in	lysis	buffer	(10mM	Tris-HCl	pH	8,	1mM	EDTA	and	EDTA-free	complete	

protease	 inhibitor	 cocktail	 tablets	 -	 Roche,	 Basel,	 Switzerland)	 and	 lysed	 by	 sonication.	

The	 cell	 lysate	 was	 centrifuged	 at	 22,000	 g	 for	 30	 min	 to	 remove	 cell	 debris.	 The	
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supernatant	was	then	heated	for	20	min	at	70°C	and	centrifuged	at	22,000	g	in	order	to	

precipitate	heat-sensitive	proteins.	Subsequently	streptomycin	sulfate	was	added	to	the	

supernatant	 to	 a	 final	 concentration	 of	 10	 mg/ml	 to	 stimulate	 DNA	 precipitation.	 The	

mixture	 was	 stirred	 for	 15	 min	 at	 4°C	 followed	 by	 centrifugation	 at	 22,000	 g.	 Then,	

ammonium	 sulfate	 was	 added	 to	 the	 supernatant	 to	 a	 concentration	 of	 360	mg/ml	 in	

order	 to	 precipitate	 the	 protein.	 The	 solution	 was	 stirred	 for	 30	 min	 at	 4°C	 and	

centrifuged	again	at	22,000	g.	The	resulting	pellet	was	resuspended	in	25	mM	Tris-HCl,	pH	

7.7	and	dialyzed	against	the	same	buffer	in	order	to	remove	salts.	Dialyzed	solutions	were	

loaded	 onto	 an	 anion	 exchange	 column	 26/10	 Q	 sepharose	 high	 performance	 (GE	

Healthcare,	 Little	 Chalfont	 UK)	 and	 eluted	 with	 a	 0–1	M	 NaCl	 step	 gradient,	 and	 then	

further	 purified	 by	 loading	 onto	 a	 size	 exclusion	 Column	 Hiload	 26/60	 Superdex	 75	

preparation	 grade	 (GE	 Healthcare,	 Little	 Chalfont	 UK).	 All	 the	 fractions	 containing	 the	

monomeric	 protein	 were	 pooled	 together	 and	 concentrated	 by	 using	 Vivaspin	 filter	

devices	 (Sartorius	Stedim	Biotech	Gottingen,	Germany).	 The	purity	of	 the	aliquots	after	

each	step	was	analyzed	by	SDS-PAGE	and	the	protein	concentration	was	determined	from	

the	absorbance	at	275	nm	using	an	extinction	coefficient	of	5600	M-1	cm-1.	

	

2.2	Solution	NMR	of	αS.		

In	 its	 cytosolic	 form,	 αS	 is	 predominatly	 monomeric	 and	 disordered.	 Intrinsically	

disordered	 proteins	 (IDPs)	 have	 gained	 only	 recently	 the	 interest	 of	 the	 biochemical	

community,	as	it	is	now	clear	that	protein	states	that	are	entirely	or	partially	disordered	

in	 their	 native	 conformations	 are	 relatively	 abundant	 in	 all	 organisms.	 It	 is	 indeed	

estimated	that	circa	the	30%	of	the	eukaryotic	proteins	possess	a	complete	or	significant	

level	 of	 structural	 disorder	 (83).	 These	 proteins	 have	 a	 distinctive	 functional	 repertoire	

from	 that	 of	 natively	 folded	 proteins	 and	 exert	 their	 biological	 role	 mainly	 through	

interactions.	IDPs	often	assume	a	role	of	hubs	in	the	protein-protein	interaction	network	

of	an	organism	by	showing	the	ability	to	select	different	partners	in	different	biochemical	

contexts.	 As	 a	 result	 of	 this	 interaction	promiscuity	 the	most	 relevant	 information	 that	

structural	biology	can	possibly	obtain	on	 these	proteins	 revolves	around	 their	ability	 to	

select	 and	 bind	 the	 interaction	 partners	 (84).	 In	 this	 view,	 NMR	 is	 possibly	 the	 most	

relevant	 analytical	 technique.	 Firstly,	 solution	 NMR	 can	 probe	 IDPs	 by	 obtaining	

information	at	an	atomic	resolution.	Secondly,	solution	NMR	is	ideal	for	high-throughput	
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experiments	in	discerning	the	interactions	of	IDPs.	Finally,	the	significant	dynamics	of	IDPs	

resolve	the	size	limitations	due	to	slow	tumbling	of	folded	proteins	(setting	an	ideal	limit	

between	high-resolution	and	low-resolution	NMR	to	~40kDa).	While	the	crowding	of	the	

peaks	in	the	spectra	remains	a	technical	problem,	which	however	could	be	resolved	with	

multidimensional	 NMR	 or	 selective	 labelling,	 the	 size	 limitation	 is	 virtually	 removed	 in	

IDPs.	

When	studying	IDPs,	and	the	cytosolic	and	monomeric	state	of	αS,	it	is	important	to	note	

that	 the	 NMR	 strategy	must	 be	 different	 from	 that	 employed	 in	 the	 study	 of	 natively	

folded	proteins.	The	traditional	distance	(from	NOEs)	+	dihedral	angle	(from	TALOS	(85)	or	
3Jcouplings)	approach	cannot	be	effective	by	definition	in	the	study	of	IDPs.	Indeed	these	

proteins	are	not	associated	with	 long-range	NOEs,	which	are	the	 important	restraints	 in	

driving	the	conformational	refinement	in	biomolecular	NMR,	and	their	accessibility	to	the	

Ramachandran	space	reflects	the	allowed	space,	which	makes	not	useful	the	employment	

of	 fixed	 dihedral	 angles.	 As	 a	 result	 the	 optimal	 approach	 to	 study	 IDPs,	 and	 αS,	 by	

solution	NMR	is	to	extract	useful	information	from	chemical	shifts	(CS)	(86)	and	residual	

dipolar	couplings	(RDCs)	(87,	88).	Firstly	these	two	NMR	observables	are	fully	accessible	in	

the	 study	 of	 IDPs.	 Secondly,	 while	 being	 significantly	 averaged	 by	 the	 number	 of	

conformations	composing	the	IDPs,	CS	and	RDCs	are	able	to	provide	information	on	the	

local	propensity	 to	secondary	structure	 (89)	as	well	as	 to	 long-range	 interactions	within	

the	sequence	of	the	protein	(84).		

Additional	NMR	experiments	that	have	been	commonly	employed	in	the	study	of	IDPs	are	

paramagnetic	 relaxation	 enhancement	 (PRE)	 (90),	 which	 however	 can	 significantly	

perturb	the	conformational	space	of	IDPs	due	to	mutations	and	the	chemical	ligation	with	

hydrophobic	 probes,	 diffusion	 measurements,	 chemical	 shift	 saturation	 transfer	 (91)	

(CEST,	see	below)	and	the	use	of	Jcouplings	to	access	a	highly	detailed	characterisation	of	

the	local	conformational	preferences	in	the	residues	composing	the	IDPs.	In	the	present	

PhD	work,	we	have	studied	the	interaction	between	αS	and	lipid	membranes	primarily	by	

accessing	 the	 information	 provided	 by	 CS	 and	 CEST.	 This	 chapter,	 therefore,	 focuses	

primarily	 on	 the	 general	 introduction	 of	 these	 two	measurements	 and	 defer	 the	 other	

techniques	to	reviews	(92,	93)	and	textbooks	(94).	
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2.2.1	the	1H-15N-HSQC	experiment.	

In	 biomolecular	 NMR,	 the	 reference	 experiment	 is	 typically	 the	 proton-nitrogen	

heteronuclear	 single	 quantum	 coherence	 (1H-15N-HSQC).	 This	 spectrum	 connects	

resonances	of	amide	1H	with	amide	15N,	therefore	identifying	the	backbone	amides	of	19	

out	of	20	of	the	natural	residues	(excluding	proline)	and	groups	from	4	side	chains	(Arg,	

Lys,	Gln	and	Asn).	Most	of	the	3D	experiments	as	well	as	relaxation,	H/D	exchange,	RDC	

and	others,	are	based	or	analysed	primarily	through	the	1H-15N-HSQC	“fingerprint”	of	the	

protein	spectrum.		

	
Figure	 2.1.	 Basic	 scheme	 for	 the	 pulse	 sequence	 of	 the	 1H-15N-HSQC.	 In	 its	 simplest	
version,	 an	 1H-15N-HSQC	 pulse	 sequence	 is	 composed	 of	 three	main	 phases.	 In	 the	 first	
phase,	 the	 magnetisation	 is	 induced	 on	 the	 1H	 by	 means	 of	 a	 90-degree	 pulse	 and	
subsequently	 transferred	 to	 the	 15N	 via	 the	 INEPT	 scheme.	 The	 advantage	 of	 the	 INEPT	
scheme	 is	 that	 a	more	 sensitive	nucleus	 (1H,	which	has	 the	highest	 gyromagnetic	 ratio)	
can	be	excited	and	 its	coherence	can	be	transferred	efficiently	to	the	 less	NMR-sensitive	
nucleus	(15N).	The	INEPT	is	composed	of	an	initial	90°	hard	pulse	on	the	1H	channel	in	the	x	
direction	followed	by	a	period	τ,	which	is	equal	to	1/4JN-H	where	JN-H	is	the	scalar	coupling	
between	proton	and	nitrogen	in	the	amide.	After	this	evolution	period,	two	simultaneous	
180°	pulses	are	made	on	both	1H	and	15N	channels,	both	on	the	x	direction,	 followed	by	
another	period	τ	to	refocus	the	spins	evolutions	at	the	end	of	it	(spin	echo).	Finally	two	90°	
pulses	 are	made	 on	 the	 1H	 and	 15N	 channels,	 y	 and	 x	 axes	 respectively	 by	 creating	 an	
antiphase	magnetisation	on	the	15N.	In	the	second	part	of	the	1H-15N-HSQC	the	antiphase	
magnetisation	 on	 the	 15N	 that	 is	 created	 by	 the	 INEPT	 sequence	 is	 allowed	 to	 evolve	
during	the	time	t1,	which	defines	the	indirect	dimension	in	the	2D	spectrum.	During	t1,	a	
180°	 is	 pulsed	after	 t1/2	 to	 refocus	 the	 1H	 spins	at	 the	 end	of	 this	 evolution	period	and	
prepare	them	for	the	phase	three	of	the	1H-15N-HSQC,	which	includes	a	retro-INEPT	and	a	
detection	of	 the	FID	 (direct	dimension,	 t2)	while	a	GARP	sequence	decouples	 the	 1H	and	
15N	in	order	to	avoid	splitting	of	the	NMR	peaks.	This	pulse	sequence	is	tipically	enriched	
with	additional	features,	such	as	for	instance	water	suppression	and	phase	cycling.		
	

	

The	 1H-15N-HSQC	 experiment	 is	 measured	 by	 90°	 pulsing	 on	 the	 1H	 channel	 and	

subsequently	transferring	the	magnetisation	to	the	15N	via	 INEPT	transfer.	Subsequently	

the	coherence	is	let	evolving	on	the	15N	channel	(t1,	representing	the	indirect	dimension)	
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before	the	magnetisation	is	re-transferred	with	a	retro-INEPT	to	the	1H,	i.e.	the	atom	with	

the	highest	gyromagnetic	ratio	(hence	the	most	sensitive	nucleus	in	biomolecular	NMR),	

for	detection	while	a	decoupling	is	applied	to	avoid	splitting	of	the	peaks	due	to	the	scalar	

coupling	between	1H	and	15N	(Figure	2.1).	The	1H-15N-HSQC	measured	at	283K	using	pH	

6.0	and	phosphate	buffer	20mM	is	shown	in	Figure	2.2.	

	

	

Figure	2.2.	1H-15N-HSQC	of	monomeric	αS	in	water	solution.	The	spectrum	was	measured	
at	a	1H	frequency	of	700	MHz,	using	an	αS	concentration	of	300	μM	in	phosphate	buffer	
20mM	at	pH	6.	1H-15N-HSQC	spectra	recorded	using	a	data	matrix	consisting	of	2048	(t2,	
1H)	×	440	(t1,	15N)	complex	points.	The	spectrum	was	measured	at	283K.	
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2.2.2	assignment	of	the	protein	resonances	

The	 assignment	 of	 the	 backbone	 resonances	 can	 be	 approached	 using	 different	

combinations	of	NMR	spectra.	In	protein	NMR,	when	the	isotopic	enrichment	of	15N	and	
13C	 atoms	 is	 feasible	 through	 the	 expression	 of	 the	 system	 in	 minimal	 medium	

complemented	with	15N-NH4Cl	and	2g/l	of	13C-glucose,	the	preferred	approach	is	to	assign	

the	backbone	resonances	via	a	series	of	three-dimensional	NMR	spectra	connecting	the	

amide	 proton	 and	 nitrogen	 with	 carbon	 atoms	 in	 the	 backbone	 or	 sidechains.	 These	

atoms	 occupy	 the	 third	 dimension,	 which	 can	 be	 added	 by	 extending	 the	 2D	 scheme	

(Figure	 2.1)	 to	 a	 third	 evolution	 time	 (t3).	 As	 introduced	 above,	 the	 1H-15N-HSQC	 is	

typically	 used	 as	 a	 fingerprint	 in	 all	 biomolecular	 experiments.	 For	 this	 reason	 the	

preferred	approach	to	3D	NMR	 is	 to	employ	the	1H-15N-HSQC	as	the	basic	2D	spectrum	

and	adding	a	third	dimension,	e.g.	reporting	the	resonances	of	the	chosen	13C	atom,	from	

this	fingerprint.	 In	this	way,	 it	 is	possible	to	visualise	the	3D	spectra	as	‘strips’	along	the	

third	 dimension	 taken	 from	 each	 peak	 in	 the	 1H-15N-HSQC	 (Figure	 2.3).	 Each	 strip	 will	

contain	all	13C	resonance(s)	associated	to	the	specific	peak	selected	in	the	1H-15N-HSQC.		

	
Figure	 2.3.	 From	 1H-15N-HSQC	 to	 3D	 spectra	 to	 strips.	 a)	 The	 pulse	 sequence	 of	 the	
1H-15N-HSQC	 can	 be	 extended	 by	 adding	 a	 new	 evolution	 time	 and	 allowing	 the	
magnetisation	to	pass	 from	the	15N	to	a	given	13C	atom	from	the	backbone	or	 from	the	
side	chain	of	the	residue	“i-1”	or	simultaneously	of	residues	“i-1”	and	“i”.	b)	From	the	peak	
1H-15N-HSQC	it	is	possible	to	extract	a	strip	running	on	the	13C	dimension	and	revealing	the	
resonances	of	the	third	nucleus	associated	for	a	given	peak	in	the	1H-15N-HSQC.		
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By	combining	strips	reporting	complementary	13C	resonances	of	the	residue	“i-1",	where	

“i”	is	the	residue	corresponding	to	the	given	peak	in	the	1H-15N-HSQC,	and	those	from	“i-

1”	and	“i”,	it	is	possible	to	“walk”	through	the	backbone	resonances	and	assign	the	entire	

protein.	The	optimal	approach	is	when	different	pairs	of	3D	spectra	are	combinend.	For	

example	 one	 of	 the	 most	 common	 pairs	 of	 complementary	 3D	 spectra	 for	 protein	

assignment	is	composed	of	HNcoCACB	and	HNCACB,	which	provide	strips	for	Cα	and	Cβ	

atoms		of		“i-1”	and		“i-1/i”,	respectively	(figure	2.4).		

	

	
Figure	 2.4.	 Example	 of	 complementary	 strips	 in	 NMR	 backbone	 assignment.	 The	
example	of	the	HNcoCACB	and	HNCACB	is	reported.	HNcoCACB	(cyan	strips)	connects	the	
resonances	of	the	amide	1H	and	15N	spectrum	of	the	residue	“i”	with	the	resonances	of	Cα	
and	Cβ	atoms	of	the	residues	“i-1”	and	“i”.	 	This	experiment	has	opposite	phases	for	Cα	
and	Cβ	atoms.	A	similar	experiment,	bu	having	the	same	phase	for	Cα	and	Cβ	atoms,	 is	
the	CBCAcoNH.	HNCACB	(white	strips)	connects	the	resonances	of	 the	amide	1H	and	15N	
spectrum	of	the	residue	“i”	with	the	resonances	of	Cα	and	Cβ	atoms	of	the	residue	“i-1”.	
An	 example	 of	 backbone	 resonance	 “walk”	 is	 shown,	with	Cα	atoms	 connected	by	 blue	
dashed	lines	and	Cβ	atoms	connected	by	pink	dashed	lines.	
	
	
Additional	pairs	of	3D	spectra	can	be	used,	including	HNCA/HNcoCA	and	HNCO/HNcaCO.	

Once	 obtained	 the	 assignment	 of	 the	 1H-15N-HSQC	 it	 is	 possible	 to	 complete	 the	 full	

assignment	 of	 all	 the	 resonances	 of	 a	 protein	 by	 using	 other	 3D	 experiments,	 always	

based	on	the		1H-15N-HSQC.	These	include	the	HNHA	spectrum,	to	provide	the	resonances	

of	Hα	atoms	as	well	as	the	3JHαHN,	or	TOCSY	based	3D	spectra	to	assign	the	resonances	of	

the	sidechains	(hCcoNH-TOCSY	and	HccoNH-TOCSY). 		
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2.2.3	13C-detected	solution	NMR	experiments.	

The	majority	of	solution	NMR	spectra	are	based	on	proton	excitation	and	detection.	For	

example,	we	have	showed	how	in	the	most	simple	pulse	sequence	for	a	1H-15N-HSQC	the	

magnetisation	is	induced	on	the	1H	via	a	90-degree	pulse,	to	be	subsequently	transferred	

to	15N	to	allow	evolution	to	occur	in	t1	(the	indirect	dimension)	and	then	transferred	back	

to	 the	 1H	 for	 detection.	 This	 is	 because	 the	 gyromagnetic	 ratio	 of	 1H	 is	 circa	 10	 times	

higher	than	that	of	15N.	As	a	result,	both	the	excitation	and	detections	are	more	sensitive	

is	made	on	the	1H	channel.	In	some	cases,	however,	it	is	more	convenient	to	perform	(at	

least)	 the	 detection	 on	 the	 13C.	 Carbon-detected	 experiments	 are	 becoming	more	 and	

more	useful	(95-101).	The	advantages	of	these	experiments	is	that	the	13C	is	less	sensitive	

to	the	broadening	of	the	peaks	in	the	cases	of	conformational	exchange	in	the	millisecond	

timescale,	because	its	gyromagnetic	ratio	of	4	times	smaller	than	that	of	the	proton.	Also	

amides	 exchange	 chemically	with	 the	 solvent,	 leading	 sometimes	 to	 the	 loss	 of	 signals	

under	 certain	 conditions	 of	 pH	 and	 temperature	 (especially	 in	 the	 case	 of	 IDPs,	 see	

example	 in	 figure	 2.5).	 By	 using	 excitation	 and	 detection	 on	 heavy	 atoms	 that	 do	 not	

exchange	 with	 the	 solvent,	 for	 example	 the	 carbonyl	 and	 the	 nitrogen	 in	 the	 peptide	

bond,	13C-experiments	are	not	affected	by	this	problem.	The	example	is	clear	in	the	case	

of	αS,	where	the	1H-15N-HSQC	looses	more	than	70%	of	the	peaks	in	going	from	278K	to	

310K	whereas	13C-experiments	such	as	CON	or	CACO	are	unaffected	(Figure	2.5).	 In	 the	

present	 PhD	 work	 we	 have	 used	 significantly	 the	 13C-detected	 experiments	 as	 they	

allowed	to	study	some	protein-protein	interactions	at	310K	leading	to	oligomeric	species	

of	αS.		
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Figure	 2.5.	 Advantage	 of	 using	 13C-detected	 NMR	 experiments	 in	 αS.	 Adapted	 from	
(102).	 The	 example	 reports	 a	 1H-15N-HSQC	 of	 αS	 at	 288K	 (blue)	 and	 318K	 (red)	 in	
comparison	 with	 a	 CON,	 a	 13C-detected	 experiment	 connecting	 the	 carbonyl	 and	 the	
amide	nitrogen	in	the	peptide	bond.	At	higher	temperature	the	1H-15N-HSQC	looses	more	
than	 70%	of	 the	 peaks	 due	 to	 the	 proton	 exchange	with	 the	 solvent,	whereas	 the	 CON	
maintains	 roughly	 all	 the	 peaks.	 Statistics	 of	 peak	 intensities	 and	 peak	 numbers	 at	
different	temperatures	are	also	reported.		
	

	

2.2.4	Exploitation	of	CS	to	study	the	conformations	of	IDPs	

The	 significant	 advantage	 of	 biomolecular	 NMR	 in	 the	 study	 of	 IDPs,	 e.g.	 the	 solution	

state	of	αS,	is	that	this	technique	can	provide	experimental	data	for	each	residue	of	the	

protein	without	changing	its	sequence	or	chemical	properties	(for	instance	in	the	case	of	

FRET).	One	of	 the	most	 immediate	 results	of	 this	 is	 the	ability	 to	 study	protein-protein	

interactions	made	by	IDPs,	including	those	that	are	transient	and	associated	with	a	weak	

binding	thermodynamic	constant	(84).	For	example,	in	Figure	2.6	it	is	reported	the	effect	

of	 two	 small	 molecules	 on	 the	 αS	 at	 283K.	 These	 small	 molecules,	 namely	 	 (-)-
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EpiGalloCatechin-3-Gallate	 (EGCG)	 and	 miricetin	 (myr),	 establish	 transient	 interactions	

with	αS	and	prevent	 the	 fibrilar	 aggregation	of	 this	protein.	 It	 is	 clear	 from	 these	plots	

that	the	simple	measurement	of	CS	enables	an	accurate	understanding	of	the	molecular	

details	of	these	transient	interactions.	Such	level	of	accuracy	could	not	be	achieved	with	

any	of	the	most	resolved	techniques	of	structural	biology.	Another	type	of	information	on	

the	transient	interactions	of	αS	is	given	by	the	broadening	of	the	peaks.	This	information,	

which	is	again	probed	at	a	residue	specific	level	and	therefore	highly	resolved,	has	been	

exploited	 extensively	 in	 the	 present	 PhD	work	 in	 the	 study	 of	 the	 interaction	with	 the	

membrane	 and	 in	 particular	 using	 the	 chemical	 exchange	 saturation	 transfer	 (CEST)	 as	

introduced	below.		

 
Figure	2.6.	Binding	of	αS	to	small	molecules.	1H-15N-HSQC	spectra	of	αS	isolated	(red)	and	
in	the	presence	of	3	molar	equivalents	(blue)	of	the	small	molecules	EGCG	(left	panel)	and	
myricetin	 (Myr,	 right	 panel).	 The	 spectra	 were	 measured	 at	 the	 proton	 resonance	 of	
700MHz,	by	using	a	BRUKER	avance	III	spectrometer	with	cryoprobe	TXI.	The	experiments	
have	been	recorded	at	283K	in	25mM	Tris-HCl,	100mM	NaCl	buffer.	The	concentration	of	
αS	is	300	μM.	EGCG	is	water	soluble	whereas	myricetin	requires	at	least	1%	of	DMSO.	The	
effect	of	DMSO	on	the	chemical	shifts	has	been	removed	by	double	referencing.	
	
 

In	 addition	 to	 direct	 probing	 the	 interactions	 of	 IDP,	NMR	 can	 be	 used	 to	 infer	 on	 the	

extent	 of	 local	 secondary	 structure	 and	 even	 to	 refine	 structural	 ensembles	 for	 these	

heterogeneous	 proteins.	 Conventionally,	 NMR	 is	 employed	 to	 determine	 protein	

structures	via	the	nuclear	Overhauser	effect	(NOE)	and	dihedral	angle	restraints	that	are	

obtained	 via	 J	 couplings	 or	 via	 databases	 such	 as	 TALOS,	 which	 converts	 the	 local	
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information	 of	 chemical	 shifts	 into	 dihedral	 angles	 probability	 (85,	 103,	 104).	 Recently,	

new	 techniques	 have	 been	 introduced	 to	 employ	 NMR	 chemical	 shifts	 for	 protein	

structure	determination	(105,	106).			

An	 even	 more	 effective	 use	 of	 NMR	 chemical	 shifts	 arises	 from	 the	 ability	 of	 these	

observables	 to	probe	secondary	structures	 in	proteins	at	an	amino	acid	 resolution.	This	

information	is	derived	from	the	analysis	of	the	secondary	chemical	shifts,	which	represent	

the	 differences	 between	 measured	 chemical	 shifts	 and	 those	 corresponding	 to	 the	

random	 coil	 state	 of	 the	 same	 protein	 sequence	 (107).	 Many	 methods	 have	 been	

introduced	 in	 the	 past	 years,	 including	 the	 δ2D	 (89).	 The	 remarkable	 feature	 of	 δ2D	 is	

that,	 in	 addition	 to	 the	 accurate	 characterization	 of	 residue-specific	 populations	 of	 α-

helix,	coil,	and	extended-β	structure,	this	statistical	method	provides	a	unique	predictor	

of	 polyproline	 II	 (PPII),	 which	 has	 emerged	 as	 a	 key	 structural	 state	 for	 IDP	 (89).	 This	

structural	 element	 is	 employed	 in	 a	 variety	 of	 biological	 mechanisms	 and	 is	 key	 for	

molecular	recognition	and	protein-protein	interactions.	The	ability	of	retrieving	accurate	

populations	 of	 relevant	 secondary	 structure	 elements	 via	 chemical	 shifts	 is	 particularly	

attractive,	 as	 these	 experimental	 data	 can	 be	measured	 relatively	 quickly	 and	 even	 in	

cases	when	structural	information	is	difficult	to	obtain	otherwise	(e.g.	in	the	case	of	IDP).		

Another	powerful	approach	to	study	the	properties	of	biomacromolecules	from	chemical	

shifts	 is	 the	 “chemical	 shift	 index”	 (CSI)	 (108),	which	 provides	 information	 on	 the	 local	

flexibility,	in	the	form	of	order	parameters	S2.		

	

Finally,	CS	can	be	also	used	to	refine	structural	ensembles.	This	is	an	emerging	field	and	

therefore	has	to	be	consider	with	precautions,	however,	in	the	case	of	folded	proteins	it	

has	 now	 reached	 a	 mature	 stage	 in	 which	 it	 has	 been	 shown	 that	 it	 is	 possible	 to	

characterise	structural	dynamics	of	proteins	using	the	 information	contained	 in	the	sole	

CS.	Some	recent	applications	have	also	been	used	in	the	case	of	IDPs,	as	one	side	project	

to	 this	 thesis	 (84).	 These	ensembles	 can	be	achieved	via	CS-restrained	MD	simulations,	

which	 in	 our	 implementation	 are	 introduced	 in	 the	 GROMCSA	 platform	 for	 molecular	

simulations	 (109).	 This	 package	 supports	 all	 the	major	 force	 fields	 for	MD	 simulations,	

implicit	 and	 explicit	 solvent	 as	 well	 as	 a	 variety	 of	 conformational	 sampling	 tools,	

including	replica	exchange,	methadynamics	and	umbrella	sampling.	The	general	protocol	

for	 experimental	 restraints	 in	MD	 simulations	 (eq.	 2.1)	 is	 based	 on	 the	 definition	 of	 a	
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pseudoenergy	potential	term	(VΞ,j)	which	 is	added	to	the	standard	MD	force	field	(VMM),	

eq.	2.2.		

∑ Ξ+=
j jMMTOT VVV ,

	 	 		 	 	 	 	 	 (eq.	2.1);	

	 		

	 ∑
Ξ

ΞΞ Ξ−Ξ=
data

i

calc
iijjV 2exp

,, )(α 		 	 					 	 	 	 	 	(eq.	2.2);		

	

where	 the	 force	 constant,	 αΞ,j,	 weights	 the	 experimental	 restraint	 X,j	 over	 the	 total	

potential	VTOT.	This	general	approach	has	proven	effective	 in	driving	the	conformational	

sampling	towards	accurate	structures	and	populations	of	protein	molecules	(88,	110).	In	

order	 to	 reproduce	 the	 time	 and	 ensemble	 averaging	 that	 is	 implicit	 in	 NMR	

measurements,	 several	 molecules	 (“replicas”)	 can	 be	 simulated	 simultaneously,	 so	 to	

restrain	NMR	parameters	as	average	values	over	these	copies.		

	

 
Figure	 2.7.	 The	 CamShift	 method.	 From	 reference	 (111).	 a)	 Atoms	 for	 which	 the	
experimental	 chemical	 shifts	 are	 used	 as	 input	 data	 for	 the	 restrained	 simulations.	 b)	
Implementation	of	the	CamShift	as	a	linear	combination	of	distances.	Green,	red	and	blue	
distances	 represent	 1-4	 interactions	 (i.e.	 atoms	 separated	 by	 three	 bonds).	 These	 have	
been	divided	for	visual	clearness	into:	distances	involving	exclusively	H	and	C	atoms	(red),	
distances	involving	O	and	N	atoms	(green),	distances	involving	sidechain	atoms	excluding	
Cβ	(blue).	Long	range	distances	are	marked	by	orange	dashed	lines.	
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Chemical	 shift	 restrains	 can	 be	 imposed	 using	 Camshift	 (Figure	 2.7)	 to	 calculate	

restraining	 forces	 in	 GROMCSA. Camshift	 models	 CS	 using	 a	 linear	 combination	 of	

interatomic	distances	(111).	While	 it	 is	not	the	most	accurate	predictor	for	CS,	Camshift	

provides	 a	 unique	 opportunity	 to	 instantaneously	 calculate	 derivatives	 from	 protein	

coordinates,	 i.e.	 which	 is	 a	 direct	 way	 to	 calculate	 the	 forces	 in	 MD	 simulations	 to	

implement	the	restrain.  

	

2.2.5	chemical	exchange	saturation	transfer	(CEST).	

Despite	the	general	believe	that	NMR	has	limitations	when	studying	large	biomolecules,	

its	 ability	 to	 characterise	 structure,	 dynamics	 and	 interactions	 of	 increasingly	 large	

biological	 macromolecules	 in	 solution	 has	 expanded	 dramatically	 by	 enabling	 a	 highly	

detailed	 mechanistic	 understanding	 of	 protein	 functions.	 Although	 the	 study	 of	 large	

macromolecules	(i.e.	>	70	kDa)	is	prevented	to	methods	for	high-resolution	structural	and	

dynamic	characterisation	of	proteins,	many	opportunities	are	still	available	in	the	study	of	

large	systems.	Among	these,	NMR	provides	a	unique	the	ability	to	characterise	kinetics,	

thermodynamics	 and	 structure	within	 a	 dynamic	 equilibrium	 between	 a	 “visible”	 state	

(which	 is	observable	 in	 standard	 solution	NMR	 techniques)	and	an	 “invisible”	 state	 (for	

example	 an	 extremely	 large	 system).	 In	 this	 context,	 chemical	 shift	 saturation	 transfer	

(CEST)	 (91),	denominated	also	dark-state	exchange	saturation	transfer	 (DEST)	 (112),	 is	a	

very	powerful	technique	to	probe	at	a	residue	specific	resolution	the	exchange	between	

bound	and	unbound	states,	 such	 for	example	 the	equilibrium	between	monomeric	and	

membrane-bound	states	of	αS.	

More	specifically,	when	the	protein	 is	 in	exchange	with	a	bound	state	 to	a	species	of	>	

MDa,	 the	 limited	 tumbling	 rate	 of	 the	 complex	 results	 in	 a	 significant	 increase	 in	

transverse	relaxation	with	peak	resonances	broadening	beyond	detection.	The	significant	

differences	 in	 R2	 between	 unbound	 (visible)	 and	 bound	 (invisible)	 states	 offer	 an	

opportunity	to	study	the	interaction	by	using	15N-CEST.	 In	particular,	as	the	bound	state	

features	extremely	broad	resonances,	 i.e.	close	to	a	powder	pattern,	 the	corresponding	

peaks	can	be	saturated	over	a	large	range	of	radiofrequency	(RF)	bands,	including	those	

centred	at	very	large	offsets	that	are	far	from	the	range	of	chemical	shifts	of	the	unbound	

(visible)	state.	As	a	result,	by	applying	a	saturation	band	that	has	a	large	offset	(i.e.	up	to	

30	kHz),	 it	 is	possible	to	selectively	target	and	saturate	the	bound	(invisible)	state	while	



	 29	

leaving	 unperturbed	 the	 unbound	 (visible)	 state.	 This	 saturation	 of	 the	 bouns	 state	

resonances	is	eventually	transferred	to	the	unbound	(visible)	state	by	chemical	exchange,	

thereby	resulting	in	selective	attenuation	of	the	visible	resonances	of	the	unbound	state.	

The	 attenuation	 that	 is	 transferred	 to	 the	 unbound	 state	 is	 a	 fine	 probe	 of	 the	

thermodynamics	and	kinetics	of	the	binding	process.	In	this	thesis	we	have	optimised	the	

use	 of	 15N-CEST	 spectroscopy	 to	 probe	 the	 exchange	 of	 and	 large	 lipid	 assemblies.	 As	

previously	estimated	(19)	this	exchange	is	in	the	timescales	of	200ms,	which	is	perfectly	

suitable	 for	 the	 timescale	 range	 of	 15N-CEST	 sensitivity	 (i.e.	 �10	 ms	 to	 �1	 s).	 The	

advantage	of	 15N-CEST	 is	 that	 it	covers	a	timewindow	of	 interactions	that	 is	 in	between	

those	covered	by	relaxation	dispersion	(sub-milliseconds)	and	H/D	exchange	experiments	

(seconds	 and	 beyond).	 The	 other	 advantage	 of	 15N-CEST	 compared	 to	 other	 saturation	

transfer	experiments,	e.g.	transferred	NOE	or	STD,	is	that	the	saturation	is	performed	on	

an	 heteronuclear	 channel	 (15N	 in	 our	 application),	 thus	 avoiding	 unwanted	 dipolar-

assisted	magnetisation	transfer	phenomena	such	as	spin	diffusion,	which	occur	when	1H	

saturation	is	applied.	

In	 the	 study	 of	 membrane	 interaction	 of	 αS	 we	 used	 15N-CEST	 to	 gain	 a	 deeper	

understanding	 of	 the	 equilibrium	 between	membrane	 unbound	 and	membrane	 bound	

states.	 In	 the	 study	 of	 αS-SUV	 interactions,	 15N-CEST	 shows	 enhanced	 characteristics	

compared	 to	 standard	 heteronuclear	 correlation	 spectroscopy,	 including	 a	 significantly	

higher	 sensitivity	 at	 low	 lipid/protein	 ratios,	 conditions	 under	 which	 protein	 or	 lipid	

aggregation	can	be	minimised,	and	a	NMR	signal	that	probes	exclusively	the	 interaction	

between	αS	and	the	membrane	surface	without	interference	from	additional	factors	that	

may	influence	the	transverse	relaxation	rates	of	the	protein	resonances	(91,	112,	113).	In	

the	15N-CEST	experiments	employed	here,	a	continuous	weak	radiofrequency	field	(either	

350	 Hz	 or	 170	 Hz)	 is	 applied	 off-resonance	 (up	 to	 28	 kHz)	 in	 the	 15N	 channel,	 thereby	

saturating	 the	 broad	 spectroscopic	 transitions	 in	 the	 bound	 (undetectable)	 state	 but	

leaving	the	resonances	of	the	free	(detectable)	state	virtually	unperturbed	(91,	112,	113).	

The	 saturation	 of	 the	 bound	 state	was	 then	 transferred	 to	 the	 free	 state	 via	 chemical	

exchange,	resulting	in	the	attenuation	of	the	intensities	of	the	observable	resonances	in	

the	 visible	 unbound	 state.	 By	 carrying	out	 a	 series	 of	 experiments	 at	 various	 offsets,	 it	
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was	possible	 to	obtain	a	map	of	 the	strength	of	 interactions	between	the	 low	and	high	

molecular	weight	species	at	a	residue	specific	resolution.		

Solution	 state	 NMR	 experiments	 were	 carried	 out	 at	 10	 °C	 on	 Bruker	 spectrometers	

operating	at	1H	frequencies	of	700	MHz	equipped	with	triple	resonance	HCN	cryo-probes.	
15N-CEST	 experiments	 were	 based	 on	 1H-15N	 HSQC	 experiments	 by	 applying	 constant	

wave	 saturation	 in	 the	 15N	 channel.	 Since	 we	 are	 probing	 the	 exchange	 between	

monomeric	 αS	 (having	 sharp	 resonances)	 and	 αS	 bound	 to	 SUVs	 (having	 significantly	

broad	resonances),	a	series	of	large	offsets	was	employed	(-28,	-21,	-14,	-9,	-5,	-3,	-1.5,	0,	

1.5,	3,	5,	9,	14,	21	and	28	kHz),	resulting	in	15N-CEST	profiles	of	symmetrical	shapes	(112,	

114).	 An	 additional	 spectrum,	 saturated	 at	 -100	 kHz,	 was	 recorded	 as	 a	 reference.	
15N-CEST	 experiments	 were	 performed	 using	 two	 continuous	 wave	 radio	 frequencies	

(170Hz	 and	 350Hz)	 to	 saturate	 1H-15N-HSQC	 spectra	 recorded	 using	 a	 data	 matrix	

consisting	 of	 2048	 (t2,	
1H)	 ×	 220	 (t1,	

15N)	 complex	 points.	 An	 example	 of	 15N-CEST	

application	is	provided	in	figure	2.8.	

 
Figure	2.8.	The	CEST	experiment.	(a)	Two	representative	CEST	spectra	based	1H-15N-HSQC	
of	 αSWT.	 Blue	 and	 red	 spectra	 represent	 CEST	 1H-15N-HSQC	 measured	 using	 a	 350	 Hz	
continuous	wave	 length	at	offsets	of	100	kHz	(reference)	and	1.5	kHz,	 respectively.	 (b-c)	
Individual	CEST	profiles	for	residues	at	the	N-	and	C-termini	are	shown	in	panels	b	and	c,	
respectively.		

 



	 31	

2.3	Biomolecular	solid-state	NMR.		

One	of	 the	key	energy	 terms	 in	 the	 transitions	occurring	 in	NMR	spectroscopy	 includes	

strong	 dipolar	 interactions	 between	 nuclei.	 In	 addition	 to	 these	 dipolar	 couplings	 (DC),	

chemical	 shift	 anisotropy	 (CSA)	 and	quadrupolar	 interactions	 (QI)	 can	affect	 the	energy	

levels	 in	 the	 transitions	 sampled	 in	 NMR.	 In	 large	 molecules,	 such	 as	 proteins,	 every	

nucleus	that	is	sensitive	to	the	spectroscopic	transitions	sampled	in	NMR	is	surrounded	by	

a	 vast	 number	 of	 nuclei,	 giving	 rise	 to	 many	 DC.	 CSA	 and	 QI	 are	 also	 strong	 in	 large	

molecules.	Many	of	these	anisotropic	interactions	follow	a	low	that	depends	on	cos2(θ),	

where	 θ	 is	 the	 angle	 between	 the	 anisotropic	 spin	 interaction	 and	 the	 magnetic	 field	

solution	 NMR.	 As	 a	 result,	 in	 solution	 the	 fast	 tumbling	 of	 the	 molecules	 results	 in	 a	

complete	averaging	of	these	interactions.	On	the	contrary,	with	the	increasing	size	of	the	

molecule,	 the	 tumbling	 becomes	 too	 slow	 for	 a	 complete	 averaging	 of	 the	 anisotropic	

interactions,	which	results	in	fast	transverse	relaxation	and	consequent	broadening	of	the	

peaks.	In	the	upper	limit	of	molecules	assuming	large	proportions,	the	tumbling	is	so	slow	

to	prevent	any	sensitivity	to	the	NMR	peaks.		

In	contrast	 to	solution	NMR,	solid	state	NMR	(ssNMR)	enables	 to	study	molecules	even	

when	they	are	prevented	from	fast	tumbling,	i.e.	such	as	in	solids.	Most	of	the	techniques	

in	ssNMR	are	based	on	the	mechanical	cancellation	of	the	anisotropic	 interaction	terms	

due	to	spinning	around	the	magic	angle	(see	below)	(115, 116).	Other	approaches	on	the	

other	 hand	 are	 tailored	 to	 measure	 the	 anisotropic	 interactions,	 as	 these	 can	 be	 fine	

probes	of	the	structure	and	dynamics	of	biomacromolecules	(114).	

	

2.3.1	Magic	angle	spinning	

The	magic	angle	spinning	(MAS)	technique	exploits	the	mechanical	rotation	of	the	sample	

at	the	magic	angle	(54.7°),	which	enables	the	cancellation	of	the	anisotropic	interactions	

in	 solid	 samples,	most	 of	which	 depending	 form	 cos2(θ)	 (117).	 If	 the	 spinning	 is	 faster	

than	 the	 frequency	 corresponding	 to	 the	 transition	 of	 the	 interaction,	 the	 specific	

anisotropic	interaction	is	averaged	to	zero.	This	is	the	case	for	instance	of	the	15N	CSA.	As	

this	anisotropic	interaction	is	typically	lower	than	100	p.p.m.,	in	a	700	MHz	spectrometer,	

by	 using	 MAS	 rates	 significantly	 larger	 than	 7	 kHz,	 the	 15N	 CSA	 can	 be	 completely	

averaged	 to	 zero.	 The	 resulting	 spectra	 can	 therefore	 reach	 the	 limit	 of	 solution	NMR.	

When	the	MAS	rate	is	similar	or	lower	than	the	frequency	of	the	anisotropic	interaction,	a	
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series	 of	 “spinning	 side	 bands”,	 which	 are	 spaced	 at	 intervals	 that	 correspond	 to	 the	

spinning	 rate,	 do	 appear	 (Figure	 2.9).	 The	 ratio	 of	 intensities	 between	 the	 side	 band	

families	 can	 be	 used	 to	 characterize	 the	 nature	 of	 the	 anisotropic	 interaction.	 This	 is	

becoming	a	very	powerful	method	to	measure	DC	and	CSA	 in	unaligned	samples	at	 the	

magic	angle	spinning.		

 

Figure	2.9.	Magic	Angle	Spinning.	Figure	adapted	from	(117).	(a)	Scheme	of	the	rotation	
of	solid-state	samples	at	 the	magic	angle.	 (b)	Removal	of	 the	anisotropic	 interactions	 in	
MAS	and	appearance	of	the	spinning	side	bands.		
	
	
2.3.2	Cross	polarisation	

Despite	 the	 mechanical	 averaging	 in	 MAS	 is	 able	 to	 remove	 most	 of	 the	 anisotropic	

interactions,	 the	 impossibility	 to	 fully	 delete	 DC	 between	 1H	 atoms	 prevents	 its	

employment	 for	 spectra	 detection.	 As	 a	 result,	 the	 most	 sensitive	 atom	 cannot	 be	

employed	and	instead	nuclei	with	low	gyromagnetic	ratio,	such	as	13C,	15N,	or	2H,	must	be	

utilised	 for	 detection.	 The	 drawbacks	 of	 using	 such	 nuclei	 include	 low	 sensitivity	 (low	

gyromagnetic	 ratio),	 unfavourable	 relaxation	 rates	 (long	 acquisition	 times)	 and	 low	

natural	 abundance	 (i.e.	 that	 can	 be	 overcome	 with	 isotopic	 enrichment).	 In	 order	 to	

compensate	with	 these	 negative	 points,	 cross	 polarization	 (CP)	 has	 been	 introduced	 to	

exploit	the	higher	equilibrium	polarization	and	favorable	relaxation	properties	of	protons.	

In	particular,	CP	enabels	to	enhance	the	sensitivity	of	low	gamma	nuclei	by	a	factor	that	is	

proportional	to	the	ratio	between	their	gyromagnetic	ratios	a	those	of	the	proton,	leading	

Magic-Angle Sample Spinning. The complexity
observed in NMR spectra of biological membranes
arises from anisotropic contributions to the spectra
including the chemical shielding, dipolar, and quad-
rupolar interactions. One approach to obtain spectral
resolution is through the spatial averaging of the ani-
sotropic interactions by means of mechanical sample
rotation. Experimentally, this is achieved through the
rapid rotation of the sample about an axis of 54.748
with respect to the magnetic field (Fig. 1). At this
angle many of the anisotropic contributions which
exhibit a 1/2(3cos2y ! 1) dependence, such as the
chemical shielding, dipolar, and quadrupolar interac-
tions can be either partially or completely averaged.
When the spinning frequency exceeds the size of the
anisotropic interaction, the resulting spectrum is
comparable to the solution-state NMR spectrum and
in favorable cases is characterized by the isotropic
chemical shift and J-coupling with the information
utilized in a similar manner to solution-state NMR.
When the spinning frequency is less than or compa-

rable with the size of the interaction, a sideband
spectrum composed of central resonance at the iso-
tropic value with side bands spaced at intervals of the
rotor frequency at either side is observed. Analysis of
these sideband families can be exploited to extract
information about the underlying anisotropic interac-
tions, such as the chemical shielding anisotropy (26),
which can also be used to characterize the structure
and dynamics of the molecule under study.

Oriented Sample NMR. Several techniques have
been developed for the alignment of biological mem-
branes to study integral membrane proteins and their
ligands by solid-state NMR. These broadly fall into
two categories, mechanical alignment and magnetic
alignment.

Mechanical alignment relies on the deposition of
the lipid bilayer on the surface of a rigid support
(typically glass plates or a Mellanex sheet) such that
the bilayer normal is perpendicular to the surface of
the support. For lipid bilayers and simple model pep-

Figure 1 Magic angle spinning involves the rotation of the sample about an axis inclined at
54.78 with respect to the magnetic field (A). Under rotation each of the principle components of
the anisotropic interactions are projected onto the magnetic field. When the spinning frequency
exceeds the size of these interactions an averaged value is observed resulting in resonance lines
corresponding to the isotropic values (chemical shift and scalar J-couplings). Cross-polarized
decoupled spectra of U-13C/15N-labeled glycine recorded at 125 MHz showing the effect of
magic angle spinning (B). When static the lineshape is dominated by the chemical shielding ani-
sotropy and homo-/hetero-nuclear dipolar interactions. At moderate spinning frequencies (5 kHz)
these anisotropic interactions are partially averaged leading to a resonance at the isotropic reso-
nance position with sidebands located at intervals of the spinning speed (marked with *). At
higher spinning frequencies (10 kHz) the anisotropic interactions are largely averaged at this
magnetic field strength and the spectrum is characterized by the isotropic chemical shift and sca-
lar J-couplings. [Color figure can be viewed in the online issue, which is available at www.inter-
science.wiley.com.]
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to	a	theoretical	increase	in	sensitivity	of	4	in	the	case	of	13C	and	up	to	a	factor	of	10	for	
15N.	In	addition	to	the	sensitivity	enhancement,	as	the	cross	polarization	is	based	on	the	

excitation	 of	 the	 protons,	 the	 delay	 employed	 between	 subsequent	 pulses	 is	 now	

depending	on	the	speed	by	which	protons	return	to	their	equilibrium	positions	(t1).	As	the	

relaxation	 properties	 of	 protons	 are	 faster	 to	 those	 of	 13C	 	 or	 15N,	 the	 delay	 between	

experiments	is	significantly	reduced,	leading	to	faster	acquisition	in	general.		

	
Figure	2.10.	13C	cross	polarisation	experiment.	Figure	adapted	from	(117).	Scheme	for	a	
basic	CP	to	detect	13C	NMR	resonances	at	the	ssNMR.	After	an	initial	90°	pulse	on	the	1H	
channel,	two	simultaneous	radiofrequencies	satisfying	the	Hartmann-Hahn	condition	are	
applied	on	the	1H	and	13C	in	such	a	way	to	enable	the	transfer	of	the	polarisation	from	the	
proton	 to	 the	 13C.	 Under	 optimal	 conditions,	 this	 transfer	 leads	 to	 a	 sensitivity	
enhancement	corresponding	to	γI/γS,	which	in	the	case	of	1H	and		13C	is	circa	4.	

	

	

Differently	 from	solution	NMR,	where	 the	 transfer	between	proton	and	heteronuclei	 is	

Jcoupling	mediated,	 in	 CP	 the	 transfer	 of	 polarisation	 is	 obtained	 via	 heteronuclei	 DC.	

Thus,	the	typical	CP	is	used	to	transfer	polarisation	to	a	nucleus	at	low	gyromagnetic	ratio	

after	applying	a	90-degrees	pulse	to	the	proton	and	by	simoultaneously	 irradiating	with	

radiofrequencies	protons	and	the	coupled	nucleus	 (Figure	2.10).	The	optimal	 transfer	 is	

achieved	by	tuning	the	radiofrequencies	for	matching	the	Hartmann–Hahn	condition,	|γI	

B1I|	=	|γS	B1S|,	where	B1I	and	B1S	are	the	radiofrequencies	employed	for	the	nucleus	I	and	

S,	respectively.	 	 In	the	case	of	MAS	becomes	the	Hartmann-Hahn	condition	becomes	|γI	

B1I|	=	|γS	B1S	±nωr|	(where	n	=	1,	2).	The	transfer	efficiency	depends	on	matching	these	

conditions	whose	width	 depends	 on	 the	 strength	 of	 the	 dipolar	 coupling	 between	 the	

protons	and	the	low-gamma	nuclei.		

The	 CP	 block	 is	 therefore	 an	 extremely	 useful	 tool	 to	 enhance	 sensitivity	 and	 time	

accessibility	 of	 ssNMR	 experiments	 in	 biomolecular	 NMR.	 This	 block	 can	 be	 used	 in	

various	multidimensional	spectra,	in	a	similar	spirit	of	the	INEPT	block	introduced	before.		
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The detection of low-gamma nuclei has a number of inherent drawbacks. Among
these are the lower sensitivity experienced due to the lower gyromagnetic ratio
compared to protons, unfavorable relaxation rates leading to long acquisition times,
and low natural abundance. To overcome these drawbacks, experiments are typically
conducted using cross-polarization. Cross-polarization exploits the abundant pro-
tons with their higher equilibrium polarization and more favorable relaxation
properties to enhance the signal of the low-gamma nuclei under study [19]. Under
favorable conditions, enhancements in sensitivity proportional to the ratio between
the gyromagnetic ratios are attainable giving a theoretical increase of a factor of 4 for
13C and up to a factor of 10 for 15N. In addition, the delay between experiments is
now determined by the time taken for the protons to return to their equilibrium
state, a process that is typically far faster than observed for low-gamma nuclei. The
transfer of polarization is mediated by the strong heteronuclear dipolar coupling
that exists between the abundant protons and the low-gamma nuclei. This contrasts
with liquid-state NMR where such transfers are typically mediated by the isotropic J-
couplings between the nuclear spins. Experimentally, cross-polarization is achieved
by the simultaneous irradiation of the protons and the low-gamma nuclei with rf
(Figure 15.3). Optimal transfer occurs when the amplitude of the rf fields is matched
to the Hartmann–Hahn condition, where jc1B1Ij ¼ jcSB1Sj. In the case of magic
angle spinning experiments, the matching condition breaks down into a series of
matching side bands where optimal transfer is obtained when jc1B1Ij ¼ jcSB1S "
nvrj (where n ¼ 1; 2). The efficiency of these transfers is highly dependent on these
matching conditions whose width is determined by the strength of the dipolar
coupling between the protons and the low-gamma nuclei. The stability of this
technique has been significantly enhanced through the variation of the rf amplitude
either as a linear ramp or as an adiabatic (tangential) sweep that results in the
sequential matching of a number of Hartmann–Hahn conditions [20–23]. The
implementation of such techniques minimizes fluctuations in transfer efficiency
that may result from slight variations in rf amplitude and inhomogeneities within
the B1 field within the probes.

Figure 15.3 Pulse sequence for cross-
polarization. Cross-polarization is widely
employed to enhance the sensitivity of low-
gamma nuclei such as 13C and 15N that are
widely employed in the studies of biopolymers.
Following excitation of the protons by means of
a strong p/2 pulse, strong spin-lock pulses are
applied with the rf fields optimized to fulfill the

Hartmann–Hahn condition, thereby ensuring
optimal transfer of polarization. The low-
gamma signal is subsequently detected directly,
typically while conducting strong heteronuclear
dipolar decoupling to remove line broadening
arising from strong heteronuclear couplings to
proximal protons.

8j 15 Solid-State NMR Spectroscopy of Biopolymers
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Chapter	III	

The	membrane-bound	state	of	αS:	structure,	topology	and	

molecular	determinants	

	

	

3.1	A	hybrid	approach	of	solution	state	and	solid-state	NMR	to	characterise	

the	nature	of	the	αS-membrane	interaction	

Understanding	the	structure	and	dynamics	of	the	membrane-bound	state	of	αS	 is	a	

central	task	in	biochemistry,	as	the	membrane	interaction	is	central	for	both	function	and	

aggregation	 of	 αS	 (Chapter	 I).	 The	 dynamic	 nature	 of	 αS	 in	 both	 its	 cytosolic	 and	

membrane-bound	 states	 has,	 however,	 limited	 the	 application	 of	 standard	methods	 of	

structural	biology,	including	X-ray	crystallography	and	solution-state	NMR	spectroscopy.		

In	 its	 cytosolic	 form,	 αS	 can	 be	monomeric	 and	 intrinsically	 disordered	 (15-17)	 or	

associated	 with	 other	 proteins	 (3).	 Upon	 binding	 to	 lipid	 membranes,	 αS	 undergoes	 a	

significant	 conformational	 transition	 with	 respect	 to	 its	 monomeric	 intrinsically	

disordered	 form,	with	some	regions	adopting	a	high	 level	of	α-helical	 structure	 (18,	19,	

21,	 118).	 This	 ordering	 process	 is	 driven	 by	 specific	 amino	 acid	 patterns	 in	 the	 αS	

sequence,	 in	 particular	 those	 coding	 for	 amphipathic	 class	 A2	 lipid-binding	 α-helical	

segments	in	the	region	of	the	molecule	spanning	residues	from	1	to	90	(21).	The	modular	

organization	of	 such	α-helical	 fragments	promotes	αS	binding	 to	a	wide	variety	of	 lipid	

assemblies,	from	micelles	and	lipid	vesicles	to	cellular	membranes	(19,	20,	118,	119).	As	a	

consequence	of	its	metamorphic	character,	αS	is	able	to	sense	membrane	curvature	and	

defects,	and	 respond	 to	 the	presence	of	 specific	 features	such	as	 lipid	 rafts,	adopting	a	

range	of	structural	architectures,	such	as	a	pair	of	anti-parallel	curved	α-helices	(residues	

3-37	and	45-92)	(20,	118)	or	a	single	curved	α-helix,	encompassing	essentially	the	entire	

N-terminal	region	(119-121).	Indeed,	NMR	studies	involving	lipids	that	mimic	key	features	

of	 synaptic	vesicles,	 such	as	composition	and	curvature,	have	 revealed	 that	αS	binds	 to	

lipid	bilayers	via	a	multiplicity	of	distinct	binding	modes	(19).	
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Taken	 together	 these	 studies	 are	 providing	 a	 general	 view	 about	 the	 structural	

plasticity	and	the	dynamical	nature	(122-124)	of	the	membrane-bound	state	of	αS,	whose	

structural	 properties	 can	 sometimes	 be	 perturbed	 even	 by	 relatively	 minor	 external	

factors.	 Indeed	NMR	studies	of	αS	bound	 to	detergent	 in	micelle	assembly	have	shown	

that	 the	 protein	 can	 adapt	 its	 structure	 to	 the	 shape	 of	 the	micelle,	 in	 some	 cases	 by	

‘wrapping’	around	the	detergents	(120).	It	 is	therefore	clear	that	these	structures,	while	

technically	 correct,	 are	 representative	 of	 a	 detergent-bound	 state	 of	 αS	 that	 is	 not	

physiologically	 relevant.	 Similarly,	 in	 studies	 involving	 electron	 paramagnetic	 relaxation	

(EPR),	αS	was	chemically	modified	using	hydrophobic	spin-labelled	molecules	attached	to	

cysteine	 residues	 that	 were	 introduced	 ad	 hoc	 by	 mutagenesis.	 Again,	 while	 these	

structures	 are	 technically	 correct	 (20,	 118,	 120),	 they	 are	 severely	 affected	 by	 the	

chemical	modifications	of	αS,	with	the	increased	local	hydrophobicity	likely	affecting	the	

binding	 properties	 of	 this	 highly	 dynamical	 state.	 Indeed,	 it	 is	 known	 that	 single-point	

pathological	mutations	 of	 the	 protein	 can	 have	 severe	 effects	 on	 the	 lipid	 affinity	 and	

structure	 of	 the	 membrane-bound	 state	 of	 αS	 (73).	 It	 is	 therefore	 of	 fundamental	

importance	 to	 introduce	 an	 approach	 that	 can	 study	 the	 interactions	 of	 αS	with	 lipids	

under	 conditions	 that	 reproduce	 as	 closely	 as	 possible	 the	 physical	 properties	 of	

presynaptic	 membranes.	 In	 this	 challenge,	 small	 unilamellar	 vesicles	 (SUVs)	 with	

appropriate	 lipid	mixtures	 of	 DOPE,	 DOPC	 and	 DOPS	 can	 provide	 excellent	models	 for	

studying	 the	 binding	 of	 αS	 to	 synaptic	 vesicles,	 however,	 their	 slow	 tumbling	 rates	

prevent	 the	 detection	 of	 most	 of	 the	 signals	 from	 the	 bound	 state	 of	 the	 protein	 in	

conventional	 solution-state	 NMR	 methods	 (19).	 Under	 these	 experimental	 conditions,	

only	 resonances	 from	 the	 disordered	 C-terminus,	 the	 region	 of	 the	 protein	 having	 low	

membrane	affinity,	can	be	detected,	while	the	segment	of	the	protein	containing	residues	

that	can	 interact	strongly	with	membranes	 is	essentially	undetectable	 for	solution-state	

NMR.	

	

In	the	present	PhD	work,	we	show	that	it	is	possible	to	describe	the	conformational	

properties	of	 the	elusive	membrane-bound	state	of	αS	by	using	a	combination	of	solid-

state	 NMR	 (ssNMR)	 spectroscopy	 and	 chemical	 exchange	 saturation	 transfer	 (CEST)	

measurements	 in	 solution	 NMR	 (91,	 112,	 113).	 This	 approach	 proved	 to	 be	 highly	

effective	 in	 enabling	 the	 fine	 tuning	 between	 structural	 order	 and	 disorder	 in	 the	
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membrane-bound	 state	 of	 αS	 to	 be	 probed	 directly	 without	 requiring	 any	 chemical	

modification	of	the	protein	or	changes	to	its	amino	acid	sequence	(114).		

	

3.2	Materials	and	Methods	

3.2.1	αS	purification.		

αS	 was	 purified	 in	 E.	 coli	 using	 plasmid	 pT7-7	 encoding	 for	 the	 protein	 as	 previously	

described	(82).	See	Chaper	II	for	further	details.	

	

3.2.2	Preparation	of	SUVs	for	solid-state	and	solution	NMR.		

Small	 unilamellar	 vesicles	 (SUVs)	 containing	 a	molar	 ratio	of	 5:3:2	of	DOPE:DOPS:DOPC	

(Avanti	Polar	Lipids	 Inc.	Alabaster)	were	prepared	from	chloroform	solution	of	the	 lipid.	

The	 lipid	 mixture	 was	 evaporated	 under	 a	 stream	 of	 nitrogen	 gas	 and	 then	 dried	

thoroughly	 under	 vacuum,	 to	 yield	 a	 thin	 lipid	 film.	 Then	 the	 dried	 thin	 film	 was	 re-

hydrated	adding	an	aqueous	buffer	(20	mM	sodium	phosphate,	pH	6.0)	and	subjected	to	

vortex	mixing.	 Several	 cycles	 of	 freeze-thawing	 cycles	 and	 sonication	 were	 carried	 out	

until	 the	mixture	become	clear.	 In	the	case	of	CEST	experiments,	after	sonication,	SUVs	

were	mixed	with	αS	samples	with	a	concentration	of	0.06%	 (0.6	mg/ml).	 In	 the	case	of	

ssNMR,	after	sonication,	αS	was	then	added	to	the	SUVs	mixture	up	to	a	molar	ratio	of	

1:65	protein:lipid.	 Then	 the	mixture	was	pelleted	 at	 75k	 (22,000	 g)	 for	 30	min	 and	4°C	

(Beckman	Coulter	Optima	TLX	 Inc.	Brea,	USA)	by	using	a	 rotor	TLA	100.3.	Subsequently	

the	SUV-αS	sample	was	transferred	to	3.2	mm	Zirconia	XC	thin-walled	MAS	rotor	for	the	

SSNMR	experiments.	POPG	SUV-αS	samples	were	prepared	using	the	same	protocol	but	a	

50	mM	potassium	phosphate	buffer	and	100	mM	NaCl	at	pH	7.4	was	used.	(120)	

	

3.2.3	Magic	angle	spinning	measurements	using	ssNMR.		

MAS	 experiments	 in	 this	 chapter	 were	 carried	 out	 using	 two	 spectrometers	 at	 the	

University	 of	 Minnesota	 (14.09T	 or	 a	 16.85T	 VNMRS	 Spectrometer	 with	 a	 3.2	 mm	

BioMASTM	probe,	 Agilent	 Technologies)	 or	 using	 a	 14.09T	 Bruker	 Ascend	magnet	with	

Avance	III	HD	console	and	equipped	with	a	3.2	mm	EFree	probe	at	Imperial	College	London.	

Dipolar	 assisted	 rotational	 resonance	 (DARR)	 experiments	 (125)	 in	 this	 chapter	 were	

performed	on	a	MAS	 rate	of	10	 kHz	using	different	 contact	 time	 (20,	 50,	 100,	200	and	
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500	ms).	 DARR	were	 acquired	 at	 -19	 oC	 and	 4	 oC	 (the	 latter	 is	 for	 control	 experiments	

only)	by	using	a	1	ms	contact	time	and	a	DARR	mixing	times	ranging	from	20ms	to	500ms.	

Insensitive	 nuclei	 enhanced	 by	 polarization	 transfer	 (INEPT)	 were	 carried	 out	 at	 4	 oC		

using	a	MAS	rate	of	10	kHz.	Pulse	widths	were	2.5	μs	for	1H	and	5.5	μs	for	13C	and	proton	

TPPM	decoupling	was	applied	at	ωRF/(2π)	=	71.4-100	kHz.		

	

3.2.4	Oriented	SSNMR	experiments.		

Oriented	ssNMR	experiments	were	performed	at	the	University	of	Minnesota	on	a	16.85T	

VNMRS	spectrometer	at	a	temperature	of	25°C	using	a	low-E	bicelle	probe	built	by	the	RF	

Team	 at	 the	 National	 High	 Magnetic	 Field	 Laboratory	 (NHMFL)	 in	 Florida	 (126).	 To	

prepare	the	oriented	samples,	recombinant	αS	was	dialysed	into	20mM	phosphate	buffer	

at	pH	6.0	and	mixed	with	a	solution	containing	6.7	mg	of	short	chain	DOPC	and	31	mg	of	

long	 chain	 lipid	 (DMPC/POPG	 4/1	 w/w)	 suspended	 in	 H2O	 to	 give	 a	 final	 lipid	

concentration	of	25%	(w/v).	Bicelles	with	a	q-ratio	(long-chain	lipid/short-chain	lipid	ratio)	

of	~3.2	were	formed	after	several	freeze–thaw–vortex	cycles.	To	prepare	flipped	bicelles	

(i.e.,	with	the	membrane	normal	parallel	with	the	direction	of	the	static	field),	YbCl3	was	

added	to	give	a	final	concentration	of	5	mM.	These	bicelles	show	an	order	parameter	of	

0.8	 (127).	 Cross	 polarization	 times	 of	 1	 ms	 with	 1H	 RF	 field	 strengths	 corresponding	

50.0	kHz	were	used.	 FSLG	decoupling	was	obtained	by	 ramping	 the	phase	of	 the	 1H	RF	

with	an	effective	field	strength	of	50.0	kHz.	An	acquisition	time	of	5	ms	was	used	in	the	

direct	 dimension	 with	 50.0	kHz	 SPINAL	 decoupling	 (128)	 on	 the	 proton	 channel	 and	 a	

recycle	delay	of	4	s	was	used.	

	

3.2.5	Solution	NMR	samples	and	CEST	experiments.		

Solution	NMR	experiments	were	carried	out	at	10	°C	on	two	Bruker	spectrometers	(at	the	

Universities	 of	 Minnesota	 and	 Cambridge)	 operating	 at	 1H	 frequencies	 of	 700	 MHz	

equipped	with	 triple	 resonance	HCN	cryo-probes.	CEST	experiments	were	based	on	 1H-
15N	HSQC	experiments	by	applying	constant	wave	 saturation	 in	 the	 15N	channel.	As	 the	

exchange	 is	 probed	 between	 monomeric	 αS	 (having	 sharp	 resonances)	 and	 the	 slow	

tumbling	 SUVs-bound	 state	 (having	 significantly	 broad	 resonances),	 a	 series	 of	 large	

offsets	was	 employed	 (-28,	 -21,	 -14,	 -9,	 -5,	 -3,	 -1.5,	 0,	 1.5,	 3,	 5,	 9,	 14,	 21	 and	 28	 kHz)	

resulting	 in	 CEST	 profiles	 of	 symmetric	 shape	 (Figure	 2.8).	 An	 additional	 spectrum,	
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saturated	 at	 -100	 kHz	 was	 recorded	 as	 reference.	 CEST	 experiments	 were	 performed	

using	two	continuous	wave	radio	frequencies	(170Hz	and	350Hz)	to	saturate	1H-15N-HSQC	

spectra	 recorded	using	a	data	matrix	 consisting	of	2048	 (t2,	
1H)	×	440	 (t1,	

15N)	 complex	

points.	Assignments	of	the	spectra	resonances	for	1H-15N-HSQC	spectra	 in	solution	NMR	

were	obtained	from	previous	works	of	the	lab	(15,	19,	73).	

	

3.2.6	Paramagnetic	relaxation	enhancement	at	the	magic	angle	spinning.	

PRE	data	were	measured	with	magic	angle	spinning	using	a	14.09T	Bruker	Ascend	magnet	

with	Avance	III	HD	console	and	equipped	with	a	3.2	mm	EFree	probe	(Imperial	College)	or	

using	 an	 Agilent	 16.85T	 VNMRS	 Spectrometer	 with	 a	 3.2	 mm	 BioMASTM	 probe	

(University	 of	 Minnesota).	 Dipolar	 assisted	 rotational	 resonance	 (DARR)	 experiments	

(125)	were	performed	at	a	MAS	rate	of	10.0	kHz	at	-19	oC	and	4	oC	(the	latter	is	for	control	

experiments	 only),	 using	 a	 1	 ms	 contact	 time	 and	 20	 ms	 mixing	 time	 in	 13C-13C	 cross	

polarization.	 PRE	 data	 were	 measured	 by	 using	 unlabelled	 membranes	 to	 measure	 a	

reference	 spectrum	 and	 then	 spectra	 were	 obtained	 by	 using	 paramagnetic	 labeled	

membranes	 doped	 with	 2%	 of	 paramagnetic	 labeled	 lipid	 molecules,	 carrying	 the	

unpaired	electron	on	the	head	group	or	on	carbons	5,	10	or	16	of	the	lipid	chain.	

	

3.2.7	Structural	ensemble	refinement	by	chemical	shift	restrained	MD.		

Chemical	 shifts	were	 employed	 in	 restrained	molecular	 dynamics	 simulations	 using	 the	

CamShift	method	 (111)	 to	 refine	 accurate	 structural	 ensembles	of	 the	anchor	 region	of	

αS.	 These	 methods	 have	 been	 largely	 described	 in	 literature.	 A	 brief	 description	 is	

provided	in	the	supplementary	materials.	

CS	 restrained	 simulations	were	 run	 with	 a	 modified	 version	 of	 the	 GROMCSA	 package	

(109)	that	allows	restraining	the	simulations	using	the	CamShift	program	(111).	Briefly,	the	

restraints	were	 imposed	by	 adding	 a	 pseudo-energy	 term	 (ECS)	 to	 a	 standard	molecular	

mechanics	force	field	(EFF):	

	 	 	 	 	 	 	 	 	 (3.1)	

The	 resulting	 force	 field	 (ETot)	was	 employed	 in	molecular	 dynamics	 simulations,	where	

the	pseudo-energy	term	is	given	by	

CSFFTot EEE +=
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	 	 	 	 	 	 	 	 (3.2)	

where	 the	 i	 sum	 runs	over	all	 the	 chemical	 shifts	 employed	 in	 the	 refinement,	α	 is	 the	

weight	 of	 the	 restraint	 term,	 and	 δexp	 and	 δcalc	 are	 the	 experimental	 and	 calculated	

chemical	 shifts,	 respectively.	 We	 employed	 the	 replica-averaged	 scheme	 which	 implies	

that	a	given	chemical	shift	is	calculated	by		

	 		 	 	 	 	 	 	 	 	 	(3.3)	

where	m	runs	over	four	replicas	and	δmCalc	is	the	chemical	shift	of	replica	m.	

	

3.2.8	Restrained	MD	setup.		

Restrained	molecular	dynamics	 simulations	were	performed	by	averaging	 chemical	 shift	

restraints	 over	 four	 replicas,	 as	 previously	 described	 (84).	 The	 calculations	 were	 made	

using	 our	 implementation	 of	 the	 GROMCSA	 package	 (109)	 that	 allows	 restraining	 the	

simulations	using	the	CamShift	program	(111).	Each	of	the	four	replicas	was	equilibrated	

separately	by	starting	from	random	conformations	accommodated	in	a	dodecahedron	box	

of	276	nm3	 in	volume.	The	box	was	filled	with	explicit	waters	and	energy	minimized.	For	

each	replica,	the	system	was	thermalised	during	a	NVT	simulation	of	250	ps	in	which	the	

temperature	was	increased	from	10K	to	278K.	Subsequently	the	pressure	was	equilibrated	

at	1	Atm	for	a	200	ps	MD	simulation.	Finally,	the	individual	replicas	were	equilibrated	for	1	

ns	long	simulations.		

The	 replica-averaged	 restrained	molecular	 dynamics	 simulations	were	 carried	 out	 using	

the	 following	 protocol.	 The	 four	 replicas	 evolved	 through	 a	 series	 of	 annealing	 cycles	

between	 278K	 and	 350K,	 each	 cycle	 being	 composed	 of	 100ps	 of	 simulation	 carried	 at	

278K	 followed	 by	 100ps	 of	 simulations	 in	 which	 the	 temperature	 of	 the	 system	 was	

increased	up	to	350K	and	100ps	of	simulation	carried	at	a	constant	temperature	of	350K.	

The	final	part	of	the	cycle	allowed	cooling	slowly	the	system	in	300ps	from	350K	to	278K.	

During	these	cycles	the	experimental	restraints	were	 imposed	as	averages	over	the	four	

replicas	 according	 to	 equations	 1-3.	 The	 total	 amount	 of	 sampling	 in	 each	 system	

simulated	was	1	μs	(250.2	ns	per	replica	equivalent	to	417	cycles).	The	first	refinement	of	

the	structural	ensemble	of	the	anchor	region	of	αS	was	performed	by	starting	from	four	
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random	conformations	generated	by	a	single	100	ns	all	atom	simulation	 (NPT	ensemble	

carried	 out	 at	 500K)	 starting	 from	 a	 linearised	 protein	 with	 the	 sequence	 of	 αS.	 The	

second	 ensemble,	 involving	 the	 interaction	 with	 the	 membrane,	 was	 started	 by	

equilibrating	the	representative	minimum	in	the	FES	generated	with	the	first	ensemble	in	

the	 presence	 of	 a	 pre-equilibrated	 membrane	 bilayer	 composed	 of	 DOPE:DOPS:DOPC	

lipids	in	a	ratio	5:3:2.			

The	 simulations	were	 carried	 out	 using	 the	 AMBER99sb-ILDN	 force	 field	 (129)	 and	 the	

Tip4pEW	(130)	water	model.	In	the	case	of	simulations	performed	in	the	presence	of	the	

lipid	 bilayer,	 we	 employed	 the	 parameters	 of	 the	 all-atom	 force	 field	 defined	 for	

phosphatidylcholine	lipids	(131).	The	protonation	states	of	pH-sensitive	residues	were	as	

follows:	Arg	and	Lys	were	positively	charged,	Asp	and	Glu	were	negatively	charged,	and	

His	was	neutral	and	the	net	charge	of	the	system	was	neutralized	by	the	addition	of	Na+	

and	Cl-	 ions.	A	time	step	of	2	fs	was	used	together	with	LINCS	constraints	(132).	The	van	

der	 Waals	 and	 electrostatic	 interactions	 were	 cut	 off	 at	 0.9	 nm,	 and	 long-range	

electrostatic	 effects	 were	 treated	 with	 the	 particle	 mesh	 Ewald	 method	 (133).	 All	 the	

simulations	were	carried	out	in	the	canonical	ensemble	by	keeping	the	volume	fixed	and	

by	 setting	 the	 system	 temperature	 with	 the	 V-rescale	 thermostat	 (134).	 The	 final	

samplings	 were	 collected	 from	 the	 278K	 portions	 of	 the	 replica	 simulations	 after	

discarding	the	initial	50ns	 in	each	replica,	which	represented	the	equilibration	phases	of	

the	 ensemble.	 The	 total	 conformations	 collected	 in	 each	 sampling	 amounted	 to	 13320	

and	convergence	was	tested	using	four	different	structural	parameters	(Figure	3.8).		

	

3.2.9	Prediction	of	the	anisotropic	15N	CS	in	aligned	samples.	

Analysing	 the	 ranges	 of	 15N	 anisotropic	 chemical	 shifts	 (CSA)	 in	 oriented	 ssNMR	 can	

provide	accurate	information	on	the	orientation	of	helices	in	membrane	proteins.	This	is	

illustrated	 for	 αS	 by	 back-calculating	 (see	 next	 section)	 the	 15N	 CSA	 of	 the	membrane	

anchor	region	of	αS	in	an	ideal	helical	conformation	that	is	oriented	at	tilt	angles	ranging	

from	 0o	 to	 90o	 (Figure	 3.16).	 This	 calculation	 can	 be	 further	 refined	 by	 including	 the	

effects	of	both	internal	protein	dynamics,	as	accounted	by	the	ensemble	of	structures	of	

αS1-30	 discussed	 in	 this	 study,	 and	 the	 intrinsic	 dispersion	 in	 the	 orientations	 of	 the	

alignment	media	in	oriented	ssNMR	experiments,	which	in	the	case	of	flipped	bicelles	is	



	 41	

associated	with	an	order	parameter	of	0.8	(135).	These	two	factors	result	in	a	scaling	of	

the	calculated	15N	CSA	towards	more	isotropic	values	(120	ppm,	Figure	3.16	b).	

	

3.2.10	Back-calculation	of	anisotropic	15N	CS	values	from	structural	ensembles.		

For	the	anisotropic	chemical	shifts,	we	used	the	following	formula:	

											 		(3.4)	

where	 δ11,			 δ22	 and		 δ33	 are	 the	 experimentally	 determined	 components	 (in	 ppm)	of	

the	15N	amide	chemical	shift	tensor	in	the	principal	axis	frame	(PAF),	and	a	and	b	are	the	

experimentally	 determined	 Euler	 angles	 (in	 degrees)	 used	 to	 transform	 from	 the	

laboratory	 frame	 to	 the	PAF	 (136).	We	employed	 constant	 values	 of	 the	 chemical	 shift	

tensor	 using	 standard	 parameters	 (δ11=	 64.0,	δ22=	 76.0,	δ33=	 216.9	 for	 non-glycine	

residues	and	δ11	=	46.5,	δ22	=	66.3,	δ33	=	211.6	for	glycine	residues).	Using	fixed	values	of	

the	tensor	may	 introduce	a	minor	source	of	errors	as	ab	 initio	 studies	have	shown	that	

CSA	 tensors	may	be	 subject	 to	 variation	due	 to	 different	 factors	 (137),	 however,	 these	

errors	are	negligible	for	the	scopes	of	our	back	calculation.	
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3.3	Three	distinct	regions	of	αS	define	its	membrane-binding	properties		

Using	a	hybrid	approach	of	solution	and	solid-state	ssNMR	we	probed	the	structural	

properties	 of	 αS	 bound	 to	 SUVs	 that	 mimic	 the	 native	 composition	 and	 curvature	 of	

synaptic	vesicles	(19).	The	SUVs	utilised	in	our	study	are	acidic	and	consist	of	mixtures	of	

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine	 (DOPE),	 1,2-dioleoyl-sn-glycero-3-

phospho-L-serine	 (DOPS),	 and	 1,2-dioleoyl-sn-glycero-3-phosphocholine	 (DOPC)	 in	 5:3:2	

molar	ratios	(19).	To	characterise	the	conformational	preferences	of	the	αS	bound	state	

to	 these	vesicles,	we	used	a	 series	of	magic	angle	 spinning	 (MAS)	 ssNMR	techniques	 in	

conjunction	with	isotope	labeling	of	the	protein,	an	approach	that	has	been	shown	to	be	

a	powerful	means	of	studying	interactions	between	proteins	and	membranes	(138-143).	

A	 solution	 of	 13C-15N	 labeled	 αS	 was	mixed	with	 DOPE:DOPS:DOPC	 SUVs,	 as	 described	

previously	(19)	and	in	Chapter	II.	The	resulting	vesicles	incorporating	the	labeled	αS	were	

subsequently	packed	 into	a	3.2	mm	MAS	rotor	 (Supplementary	Material).	Using	circular	

dichroism,	we	 selected	 a	 protein:lipid	 ratio	 of	 1:65	 by	monitoring	 the	 transition	 of	 the	

protein	signal	from	the	disordered	state	to	one	with	a	high	degree	of	α-helical	structure,	

consequent	upon	addition	of	 lipids	(Figure	3.1).	With	this	protein-lipid	ratio,	the	first	97	

residues	 of	 αS	 are	 effectively	 invisible	 for	 solution	 NMR	 techniques	 because	 the	

association	of	αS	with	the	SUVs	broadens	dramatically	the	protein	resonances	as	a	result	

of	 the	 slow	 tumbling	 of	 the	 complex	 in	 the	 absence	 of	 a	 very	 high	 degree	 of	 internal	

dynamics,	such	as	that	observed	in	the	C-terminal	region	(19).	

To	 investigate	 this	 elusive	 state,	 we	 carried	 out	 a	 series	 of	 ssNMR	 experiments	

involving	 13C-13C	 dipolar	 assisted	 rotational	 resonance	 (DARR)(125).	 These	 spectra	

correlate	 both	 main-chain	 and	 side-chain	 13C	 labeled	 resonances	 of	 the	 protein,	 as	 a	

result	 of	 cross-polarization	 (CP)	 effects,	 and	 hence	 are	 able	 to	 detect	 rigid	moieties	 of	

biomacromolecules	 even	 in	 the	 absence	 of	 rapid	 overall	 tumbling	 of	 the	 molecule.	

Indeed,	in	the	study	of	interactions	between	proteins	and	membranes,	DARR	experiments	

have	been	shown	to	be	particularly	effective	for	detecting	the	resonances	of	residues	that	

become	 highly	 rigid	 upon	 interaction	 with	 the	 lipid	 bilayer,	 such	 as	 for	 example	

transmembrane	α-helices	(141,	144).	Using	a	DARR	contact	time	of	20	ms,	we	were	able	

to	 detect	 homonuclear	 correlations	 between	 directly	 bonded	 carbon	 atoms	 in	 regions	

that	are	tightly	bound	to	the	membrane	(Figure	3.2	a,b).	The	highest	signal	intensities	in	

the	spectra	of	the	samples	studied	here	were	obtained	by	performing	the	measurements	
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at	-19	oC,	i.e.	under	conditions	where	the	lipids	adopt	a	gel	phase	(145);	other	than	having	

increased	 signal-to-noise	 ratios,	 however,	 these	 spectra	 are	 fully	 consisting	 with	 those	

measured	at	4	oC.	Moreover,	no	variations	in	the	number	of	observed	resonances	or	the	

values	of	 their	 chemical	 shifts	were	observed	when	 the	protein:lipid	 ratios	were	varied	

from	1:30	to	1:200.		

DARR	experiments	performed	at	a	range	of	different	contact	times	(50,	100,	200	and	

500	 ms,	 Figures	 2.3	 and	 2.4)	 revealed	 an	 intense	 network	 of	 dipolar	 interactions,	

indicating	that	the	13C-13C	DARR	resonances	belong	to	a	well-defined	structural	segment	

of	 consecutive	 residues.	 The	 relatively	 low	 signal-to-noise	 ratios	 did	 not	 enable	 the	

acquisition	of	three-dimensional	spectra,	but	we	were	nevertheless	able	to	measure	15N-
13C	 cross	 polarization	 correlations	 (Figure	 3.5)	 that	 have	 provided	 additional	

connectivities	to	those	obtained	from	the	13C-13C	DARR	spectra.		

	

	
Figure	3.1.	CD	analysis	of	αS	 in	the	presence	of	different	concentrations	of	SUVs.	In	all	
measurements,	 the	 concentration	 of	 αS	was	 kept	 constant	 at	 20	 μM.	a)	 αS	 binding	 to	
DOPE:DOPS:DOPC	 SUVs.	 The	 buffer	 conditions	 and	 SUV	 preparation	 were	 chosen	
according	 to	Bodner	et	al	 (19).	b)	αS	binding	 to	POPG	SUVs.	POPG	SUVs	were	prepared	
under	conditions	reported	by	Lokappa	and	Ulmer(120).	Using	the	values	of	the	ellipticity	
at	222	nm	we	estimated	an	apparent	dissociation	 constant	KD	of	93	±	15	μM	 for	POPG	
SUVs	and	261	±	21	μM	for	DOPE:DOPS:DOPC	SUVs	under	the	conditions	employed	in	the	
present	study.		
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Figure	3.2.	MAS	ssNMR	spectrum	of	αS	bound	to	DOPE:DOPS:DOPC	SUVs.	13C-13C	DARR	
correlation	spectrum	recorded	at	-19	oC	using	a	20	ms	contact	time	at	a	MAS	rate	of	10	
kHz.	Carbonyl	and	aliphatic	 regions	are	 showed	 in	panels	a	and	b,	 respectively.	Residue	
names	 are	 reported	 using	 the	 single	 letter	 convention.	 c)	 1H-13C	 correlation	 via	 INEPT	
transfer	recorded	at	4	oC	at	a	MAS	rate	of	10	kHz.	The	experiments	were	performed	at	1H	
frequencies	 of	 600	and	700	MHz	using	a	 1H/13C	3.2-mm	probe	and	a	 spinning	 speed	of	
10.0	kHz.	Atom	names	ca,	cb,	cg,	cd	are	used	for	Cα,	Cβ,	Cγ	and	Cδ	atoms,	respectively.	
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The	 high	 redundancy	 in	 the	 αS	 primary	 sequence,	 which	 includes	 a	 series	 of	

conserved	 KTKEGV	 segments	 that	 are	 repeated	 imperfectly	 throughout	 the	 N-terminal	

region,	 poses	 a	 significant	 challenge	 for	 residue-specific	 assignments.	 Nonetheless,	 we	

were	 able	 to	 assign	 individual	 spin	 systems	 using	 13C-13C	 DARR	 spectra	 recorded	 at	

different	 contact	 times,	 in	 conjunction	 with	 heteronuclear	 correlation	 experiments	

(Figure	 3.5)	 and	 information	 from	 the	 analysis	 of	 the	 chemical	 exchange	 saturation	

transfer	 (CEST)	 experiments	 (see	below).	As	 a	 consistency	 check,	 the	 chemical	 shifts	 of	

the	assigned	resonances	were	compared	to	those	obtained	by	solution	NMR	experiments	

of	 αS	 in	 SDS	 and	 SLAS	 micelles	 (20,	 146).	 Overall,	 we	 have	 been	 able	 to	 obtain	 the	

sequential	 assignments	 for	 the	 segment	 K6GLSKAKEGVVAAAEKTKQG25.	 The	 ability	 to	

observe	and	assign	 the	resonances	of	 this	 stretch	of	 the	sequence	revealed	 that	 the	N-

terminal	segment	of	αS	was	sufficiently	strongly	anchored	to	the	membrane	to	be	visible	

using	CP	experiments.	The	measured	chemical	shifts	values	indicate	that	this	αS	segment	

was	 in	 a	 continuous	 α-helical	 conformation	 when	 bound	 to	 SUVs	 and,	 using	 the	 d2D	

method	(89),	we	estimated	that	the	population	of	α-helical	structure	in	this	segment	was	

on	average	86	±	11	%	(Figure	3.6).		

	

	

	

Figure	3.3.	 Carbonyl	 region	of	 13C-13C	DARR	 spectra	of	αS	bound	 to	DOPE:DOPS:DOPC	
SUVs.	13C-13C	DARR	correlation	spectrum	recorded	using	(a)	50	ms,	(b)	100	ms,	(c)	200	ms	
and	(d)	500	ms	of	DARR	contact	time	are	shown	in	orange.	For	comparison	a	13C-13C	DARR	
correlation	 spectrum	 recorded	 using	 20	ms	 of	 contact	 time	 is	 shown	 in	 blue	 for	 all	 the	
panels.	
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Figure	3.4.	Aliphatic	 region	of	 13C-13C	DARR	 spectra	of	αS	bound	 to	DOPE:DOPS:DOPC	
SUVs.	13C-13C	DARR	spectra	recorded	using	(a)	50	ms,	(b)	100	ms,	(c)	200	ms	and	(d)	500	
ms	are	shown	 in	black.	For	comparison,	 13C-13C	DARR	spectrum	recorded	using	20	ms	 is	
shown	in	red	for	all	the	panels.	
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Figure	3.5.	Heteronuclear	DARR	measurements	of	αS	bound	to	DOPE:DOPS:DOPC	SUVs.	
Heteronuclear	MAS	experiments	were	carried	out	on	a	16.85T	VNMRS	Spectrometer	with	
a	 3.2	 mm	 BioMASTM	 	 probe	 (Agilent	 Technologies).	 DARR	 measurements	 (125)	 were	
performed	on	a	MAS	 rate	 of	 10	 kHz	at	 -19	 oC.	 Panel	a	 reports	 the	 correlation	between	
backbone	 15N	 amide	 atoms	 and	 13C	 of	 the	 carbonyl	 groups	 recorded	 using	 an	 NCO	
experiment.	Panel	b	 reports	 the	correlation	between	backbone	 15N	amide	and	 13C-alpha	
atoms	recorded	using	an	NCA	experiment.		
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Figure	 3.6.	 Residue-specific	 a-helix	 populations	 in	 the	 segment	 5-26	 of	 αS	 bound	 to	
DOPE:DOPS:DOPC	SUVs.	The	populations	of	α-helix	(SS%)	have	been	derived	by	using	the	
chemical	shifts	from	the	DARR	spectra	as	input	for	the	δ2D	program(89).	
	

	

	

In	addition	to	the	DARR	experiments,	which	provided	direct	evidence	of	the	regions	

of	 αS	 that	 are	 tightly	 bound	 to	 the	 membranes,	 insensitive	 nuclei	 enhanced	 by	

polarization	 transfer	 (INEPT)	 MAS	 measurements	 (147)	 were	 used	 to	 monitor	 1H-13C	

correlations	of	 the	most	 dynamic	parts	 of	 the	protein	 in	 the	bound	 state	 (Figure	3.2c).	

Such	experiments	have	been	shown	to	be	highly	effective	probes	of	regions	such	as	loops	

in	 cytoplasmic	 domains	 that	 possess	 extensive	 conformational	 fluctuations	 relative	 to	

those	of	 the	more	rigid	segments	of	membrane	proteins.	 INEPT	spectra	of	αS	bound	to	

DOPE:DOPS:DOPC	SUVs	showed	a	significant	number	of	resonances	that	closely	overlap	

with	 those	 observed	 in	 solution	NMR	 1H-13C	HSQC	 spectra	 of	 αS	 in	 the	 presence	 of	 an	

excess	of	SUVs	(Figure	3.7).	As	the	solution	state	1H-13C	HSQC	spectra	have	been	assigned	

(15,	 19),	 the	overlap	of	 the	 spectra	 readily	 enabled	 the	 assignments	of	 the	MAS	 INEPT	

resonances	to	be	defined	(Figure	1c).	The	resulting	assignments	correspond	to	the	region	

97-140	 and	 indicate	 that	 this	 fragment	 adopts	 unstructured	 conformations	 in	 the	

membrane-bound	state.	Overall	the	MAS	measurements	evidence	three	regions	in	the	αS	

sequence,	 including	a	highly	 rigid	N-terminal	 fragment	adopting	α-helical	 conformation,	

denoted	 as	 “membrane-anchor”,	 an	 unstructured	 C-terminal	 fragment	 and	 a	 central	

region,	residues	26-96,	that	adopts	an	intermediate	dynamical	regime.	
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Figure	 3.7.	 Overlay	 of	 the	 ssNMR	 INEPT	 (red)	 and	 solution	 NMR	 1H-13C-HSQC	 (black)	
spectra.	Both	spectra	have	been	measured	for	αS	bound	to	DOPE:DOPS:DOPC	SUVs.	In	the	
case	 of	 the	 solution	 NMR,	 1H-13C-HSQC	 spectrum	 of	 αS	 has	 been	 measured	 under	 the	
sample	 conditions	 described	 by	 Bodner	 et	 al.(19)	 and	 by	 using	 an	 excess	 of	 lipids	 (4	
mg/ml).	Under	these	conditions	the	resonances	of	the	initial	ca	97	residues	are	broadened	
beyond	detection	in	solution	state	NMR.	
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3.4	Structure	of	the	N-terminal	region	of	αS	in	its	membrane-bound	state	

Having	directly	detected	the	chemical	shifts	(CS)	of	the	regions	of	αS	that	are	tightly	

bound	 to	 the	 membrane,	 we	 employed	 these	 experimental	 data	 to	 generate	 atomic	

resolution	 structural	 ensembles	 of	 this	 key	 protein	 bound	 to	 synaptic-like	 vesicles.	 In	

particular,	by	using	experimental	ssNMR	data	of	the	full	length	protein	bound	to	SUVs,	we	

characterised	the	atomic	detailed	structures	of	the	segment	spanning	residues	1	to	30	of	

αS,	 denoted	 as	 αS1-30,	 which	 includes	 the	 membrane-anchor	 region	 that	 initiates	 the	

adhesion	 to	 the	 vesicle	 surface	 (114).	 The	 structural	 refinement	 of	 this	 region	 of	 the	

protein	 has	 been	 obtained	 by	 using	 experimental	 chemical	 shifts	 from	 ssNMR	 as	

restraints	 in	 ensemble	 averaged	 molecular	 dynamics	 simulations	 (111,	 148),	 using	 an	

established	protocol	based	on	four	replicas	(84)	that	evolve	simultaneously	starting	from	

random	 conformations.	 Samplings	 were	 carried	 out	 for	 1	 μs	 until	 convergence	 were	

observed	for	four	parameters,	namely	the	root	mean	square	deviations	(RMSDs)	in	the	Cα	

Cartesian	coordinates	and	in	the	backbone	dihedral	angles,	the	radius	of	gyration	and	the	

solvent	 accessible	 surface	 area	 (Figure	 3.8).	 The	 resulting	 structural	 ensemble	 showed	

good	agreement	between	the	experimental	chemical	shifts	and	those	calculated	using	an	

highly	 accurate	 predictor,	 SPARTA+(149),	 which	 is	 based	 on	 a	 fundamentally	 different	

approach	 to	 that	 of	 the	 CamShift	 method(111)	 used	 in	 our	 structural	 refinement	

procedure	(Figure	3.9).	The	back	calculations	indicate	that	the	refined	ensemble	matches	

the	 experimental	 data	with	 standard	 deviations	 that	 are	within	 the	 statistical	 errors	 of	

SPARTA+	(Figure	3.9),	providing	evidence	of	its	validity.		

We	 then	 projected	 the	 ensemble	 of	 αS1-30	 onto	 two	 coordinates,	 the	 Cα-RMSD	

deviation	from	an	ideal	helical	conformation	and	the	dipole	moment	of	the	structure,	to	

obtain	 a	 free	 energy	 surface	 (FES)	 for	 this	 region	 of	 αS	 (Figure	 3.10).	 Overall	 the	 FES	

shows	 that	 the	 conformational	 heterogeneity	 of	 this	 region	 of	 αS	 is	 very	 significantly	

reduced	when	the	protein	is	bound	to	lipid	membranes,	with	this	segment	of	the	protein	

adopting	 a	 stable	 α-helical	 conformation	 characterised	 by	 a	 single	 free	 energy	 basin	

centred	at	a	Cα-RMSD	of	1.0	Å	from	an	ideal	helix	and	a	dipolar	moment	of	1.3	e.nm.	In	

addition	to	the	main	basin,	 the	FES	also	reveals	a	 low-population	conformation	centred	

on	an	RMSD	value	greater	than	3.0	Å	from	an	ideal	helix	and	a	dipolar	moment	of	ca	0.9	

e.nm.		
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Figure	3.8.	Convergence	of	the	chemical	shift	restrained	simulations	of	αS1-30.	To	check	
the	convergence	of	the	simulations,	the	resulting	ensemble	was	divided	in	two	parts,	with	
the	first	half	(green	histograms)	being	composed	of	the	50	ns	to	150	ns	segment	of	each	of	
the	 four	 replicas	 of	 the	 sampling,	 and	 the	 second	 half	 (orange	 histograms)	 being	
composed	of	the	150	ns	to	250	ns	segment.	The	segment	0	ns	to	50	ns	was	disclosed	from	
this	analysis	 as	 it	 represents	 the	equilibration	phase.	Comparison	of	 the	distributions	of	
the	values	of	dihedral	RMSDs	(phi	and	psi	angles),	Cα-RMSDs,	radii	of	gyration	and	surface	
accessibility	areas	are	shown	in	panels	a,	b,	c,	and	d,	respectively.	
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Figure	 3.9	 Validation	 of	 the	 CS-restrained	 simulations	 of	 αS1-30.	 Validation	 of	 the	
structural	 ensemble	 of	 αS1-30	was	made	 by	 comparing	 the	 experimental	 chemical	 shifts	
and	 those	back	calculated	 from	the	structures	by	using	 the	SPARTA+	 (149).	As	SPARTA+	
(149)	is	based	on	principles	than	are	different	from	those	of	CamShift	(111),	as	employed	
in	the	present	study	to	restrain	the	MD	simulations,	the	high	level	of	agreement	provides	
an	 independent	 validation	of	 the	quality	 of	 the	 ensembles.	 The	 standard	deviations	 are	
within	the	statistical	errors	of	SPARTA+	for	all	the	atoms,	giving	an	indication	of	the	high	
quality	of	the	structural	ensembles.	Validation	for	resonances	corresponding	to	Cα,	Cβ,	N,	
and	CO	atoms	is	shown	in	panels	a,	b,	c	and	d,	respectively.	
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The	fact	that	the	ensemble	of	structures	of	αS1-30	in	the	membrane-bound	state	has	

a	significant	α-helical	content	 is	 in	agreement	with	independent	estimates	of	the	helical	

population	 calculated	 from	 an	 algorithm	 using	 statistical	 mechanics	 of	 the	 CS	 data	

(δ2D(89),	Figure	3.11	a).	Moreover,	the	major	fluctuations	in	the	structural	ensemble	of	

this	segment	involve	the	five	N-terminal	residues	and	the	region	spanning	residues	26	to	

30	(Figure	3.11	b),	 in	 line	with	previous	findings	that	the	most	rigid	helical	region	in	the	

membrane-bound	 state	 of	 this	 segment	 of	 αS	 spans	 residues	 6	 to	 25	 (114).	 Indeed,	

residues	 6	 to	 25	 show	 sufficient	 rigidity	 to	 enable	 number	 of	 cross-peaks	 in	

multidimensional	 ssNMR	 cross	 polarisation	 (CP)	 experiments	 to	 be	 observed,	 allowing	

assignment	 of	 its	 backbone	 resonances	 (114).	 In	 contrast	 with	 the	 present	 structural	

ensemble,	the	solution	NMR	structures	of	the	micelle-bound	state	of	αS	(PDB	codes	1qx8	

and	2kkw)	occupy	 a	 region	of	 our	 FES	 that	 is	 indicative	of	 conformations	 that	 are	 very	

close	to	the	ideal	α-helix.	The	reduced	structural	variability	amongst	the	1qx8	and	2kkw	

structures,	as	compared	with	the	present	CS-restrained	ensemble,	is	possibly	due	to	the	

strong	 interactions	 that	 αS	 establishes	 with	 detergent	 micelles,	 which	 result	 in	 very	

significant	stabilisation	of	the	helical	conformation.	

The	FES	defined	in	the	present	work	indicates	the	nature	of	the	key	interactions	that	

stabilise	 the	 optimal	 conformation	 of	 αS	 for	 membrane	 binding.	 In	 particular,	 a	

fundamental	 element	 of	 conformational	 stabilisation	 is	 a	 network	 of	 salt	 bridges	 with	

probabilities	ranging	from	30%	to	70%	(Figure	3.11	c).	These	salt	bridges,	which	are	not	

described	 in	 the	NMR	structures	of	 the	micelle-bound	state	of	αS	 (PDB	codes	1qx8	and	

2kkw),	include	those	formed	between	the	pairs	of	residues	K6/D2,	K10/E13,	K21/E28	and	

K23/E20,	although,	that	formed	between	K21	and	E28	is	not	present	in	the	conformations	

within	the	major	basin	of	the	FES	(Figure	3.12).	Another	key	element	in	the	stabilisation	

of	the	amphipathic	helical	conformation	of	αS1-30	 is	 indicated	by	the	FES	in	an	extended	

network	of	highly	populated	exposed	hydrophobic	patches	(Figure	3.11	d	and	2.13).	Such	

hydrophobic	 patches	 are	 likely	 to	 stabilise	 the	 helical	 structure	 in	 the	 presence	 of	

extended	 hydrophobic	 surfaces	 such	 as	 those	 of	 lipid	 bilayers	 (18,	 19,	 73,	 114,	 150),	

detergent	assemblies	(20)	and	water/air	interfaces	(151).		
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Figure	 3.10.	 Free	 energy	 surface	 (FES)	 of	 the	 membrane-bound	 state	 of	 αS1-30.	 The	
ensemble	was	 generated	 by	means	 of	molecular	 dynamics	 simulations	 restrained	 using	
ssNMR	 chemical	 shifts	 measured	 on	 the	 SUVs-bound	 state	 of	 the	 full-length	 αS.	 The	
conformations	are	projected	on	to	two	reaction	coordinates	to	define	a	two-dimensional	
free	energy	landscape.	The	coordinates	employed	are	the	Cα	root	mean	square	deviation	
(RMSD)	from	an	ideal	helix	and	the	dipolar	moment	of	αS1-30.	The	surfaces	are	generated	
by	means	of	 contour	 levels	 reproducing	 isosurfaces	of	 free	 energy	 from	0.0	 (white)	 to	 -
30.0	(darkest	blue)	kJ/mol.	Two	representative	structural	bundles	from	the	FES	are	shown.		
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Figure	3.11	Structural	properties	of	the	αS1-30	ensemble.	a)	Comparison	between	the	α-
population	of	α-helix	along	the	sequence	of	αS1-30	 in	the	structural	ensemble,	which	was	
calculated	by	using	the	DSSP	(152),	and	as	estimated	from	the	analysis	of	chemical	shifts	
by	means	of	δ2D	(89),	which	estimates	the	populations	of	secondary	structure	elements	
using	 a	 statistical	 mechanics	 approach	 to	 the	 CS.	 b)	 Root	 mean	 square	 fluctuations	
(RMSF),	reporting	the	standard	deviations	of	the	position	of	Cα	atoms	in	the	ensemble.	c)	
Identification	of	salt	bridges	 in	the	ensemble,	calculated	using	a	cutoff	of	5.0	Å	between	
the	centres	of	masses	of	the	charged	groups	of	the	sidechains.	The	occurrence	of	the	salt	
bridges	 in	 the	ensemble	 is	 color	 coded	 from	0	 (yellow)	 to	1	 (brown).	d)	 Identification	of	
hydrophobic	contacts,	calculated	using	a	cutoff	of	5.0	Å	between	the	centres	of	masses	of	
the	 hydrophobic	 sidechains.	 The	 axes	 indicate	 residue	 numbers.	 The	 occurrence	 of	
hydrophobic	contacts	in	the	ensemble	is	color	coded	from	0	(white)	to	1	(dark	green).	
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Figure	3.12.	Map	of	the	occurrence	of	salt	bridges	in	the	main	basin	of	the	FES	of	αS1-30.	
Salt	bridges	are	 identified	using	a	 cutoff	of	5.0	Å	between	 the	 centres	of	masses	of	 the	
charged	groups	of	the	sidechains.	The	populations	of	each	salt	bridges	in	the	ensemble	are	
color	 coded	 from	 0	 (yellow)	 to	 1	 (brown).	 The	 structure	 above	 is	 the	 representative	
conformation	of	the	main	basin	of	the	FES	(Fig.	1).	

 

Figure	3.13.	Map	of	 the	contacts	of	 the	hydrophobic	patches	 in	 the	main	basin	of	 the	
FES	 of	 αS1-30.	 	 Hydrophobic	 contacts	 are	 identified	 using	 a	 cutoff	 of	 5.0	 Å	 between	 the	
centres	 of	masses	 of	 the	 hydrophobic	 sidechains.	 The	 populations	 of	 each	 hydrophobic	
contact	in	the	ensemble	are	color	coded	from	0	(white)	to	1	(green).	The	structure	above	is	
the	representative	conformation	of	the	main	basin	of	the	FES	(Fig.	1).	
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3.5	Topology	of	the	membrane-anchor	region	of	αS	at	the	surface	of	SUVs	

A	 detailed	 characterisation	 of	 the	 topological	 properties	 of	 the	 membrane-anchor	

region	of	αS	at	the	surface	of	SUVs	is	crucial	for	elucidating	the	biological	behavior	of	the	

protein.	In	order	to	characterise	this	fundamental	aspect	of	the	membrane	bound	state	of	

αS,	 we	 performed	 CS-restrained	MD	 simulations	 of	 αS1-30	 in	 explicit	 DOPE:DOPS:DOPC	

bilayers	 and	 explicit	 waters,	 using	 simulation	 procedures	 that	 we	 have	 described	

previously(153).	 The	 simulations,	 totalling	 1	 μs	 in	 length,	 were	 restrained	 using	

experimental	data	measured	from	full	length	αS	bound	to	SUVs.		

The	 restrained	 simulations	 provide	 a	 detailed	 description	 of	 the	 energy	 terms	 of	

interaction	between	αS1-30	and	hydrophilic/hydrophobic	regions	of	the	DOPE:DOPS:DOPC	

bilayers	 (Figure	3.14).	 In	 particular,	 this	 indicates	 the	presence	of	 strong	 stabilising	 van	

der	 Waals’	 interactions	 between	 the	 side	 chains	 of	 residues	 M1,	 V3,	 F4,	 L8	 and	

hydrophobic	 groups	 of	 the	 lipid	 tails	 (Figure	 3.14	 b),	 which	 result	 from	 a	 number	 of	

intermolecular	 contacts	 between	 these	 residues	 and	 the	 lipid	 chains	 (Figure	 3.14	 d).	

Electrostatic	interactions	between	M1,	K6,	K10	and	K12	and	charged	groups	of	the	lipids	

are	 also	 observed,	 evidencing	 a	 stabilising	 factor	 for	 the	membrane	 binding	 by	 the	 N-

terminal	region	of	αS1-30	 (Figure	3.14	c),	which	represents	a	consistent	key	factor	within	

different	membrane	binding	systems	(154-156).	Overall	these	data	indicate	that	the	initial	

12	 residues	 of	 the	 protein	 sequence	 enable	 αS	 to	 establish	 tight	 interactions	with	 the	

membrane,	 including	 the	 internal	 hydrophobic	 region	 of	 the	 lipid	 bilayer.	 These	

interactions	 were	 found	 to	 be	 associated	 with	 a	 tilt	 angle	 (θ)	 of	 12°	 (Figure	 3.15	 a)	

between	αS1-30	and	the	membrane	surface	suggesting	a	degree	of	partial	insertion	in	the	

membrane.		

To	 gain	 further	 evidence	 for	 the	 topological	 orientation	 of	 membrane-anchored	

regions	 of	 αS	 at	 the	 surface	 of	 acidic	 lipid	 bilayers,	 we	 utilised	 oriented	 ssNMR	

experiments	 to	 measure	 the	 15N	 chemical	 shift	 anisotropy	 (15N-CSA)	 of	 residues	 from	

regions	 of	 the	 protein	 that	 are	 tightly	 associated	with	 the	membrane.	 Indeed,	15N-CSA	

data	are	 sensitive	probes	of	 the	 tilt	 (θ)	 angles	of	α-helices	 in	membrane	proteins	 (157,	

158)	 and	 their	 overall	 dynamical	 behaviour	 (144,	 159-161).	 By	 using	 cross-polarisation	

(CP)	experiments,	we	therefore	measured	the	15N	spectrum	of	the	full-length	αS	bound	to	

magnetically-aligned	 flipped	 bicelles	 (127,	 162),	which	enable	orienting	 the	 lipid	bilayer	
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orthogonally	 to	 the	 static	 magnetic	 field	 at	 25	 oC	 (see	 methods).	 Previous	 CP	

measurements	of	αS	bound	to	SUVs	at	the	magic	angle	spinning	ssNMR	could	enable	the	

assignment	 of	 the	 resonances	 of	 residues	 6	 to	 25	 of	 the	membrane-anchor	 region	 by	

showing	a	significant	increase	in	sensitivity	when	reducing	the	temperature	from	4	oC	to	-

19	oC	(114).	As	the	optimal	condition	for	magnetic	alignment	of	bicelle	samples	requires	a	

temperature	 of	 25	 oC,	 oriented	 ssNMR	 measurements	 of	 membrane-bound	 αS	 are	

extremely	challenging,	however,	in	this	study	we	compensated	the	partial	loss	of	signal	to	

noise	associated	with	 this	 temperature	with	a	 lipid	mixture	 that	 includes	 the	negatively	

charged	 1-hexadecanoyl-2-[9Z-octadecenoyl]-sn-glycero-3-phospho-[1'-rac-glycerol]	

(POPG),	which	has	been	 shown	 to	enhance	 the	affinity	 for	membrane	binding	of	αS	by	

preserving	the	structural	and	dynamical	properties	of	its	membrane-anchor	region	(114).	

The	resulting	15N	CP	of	the	full-length	αS	bound	to	aligned	bicelles	showed	peaks	in	both	

the	isotropic	(~120	p.p.m.)	and	the	anisotropic	(ranging	from	60	to	110	p.p.m.)	regions	of	

the	spectrum.	The	isotropic	component	of	the	CP	spectrum	is	attributed	to	those	regions	

of	 αS	 that	 are	 still	 highly	 disordered	 in	 its	 membrane-bound	 state,	 whereas	 the	

anisotropic	 peaks	 are	 associated	 with	 structured	 residues	 belonging	 to	 the	

membrane-anchor	 region,	 as	previously	detected	 in	CP	experiments	at	 the	magic	 angle	

spinning	 (114).	 The	 signal	 to	 noise	 in	 these	 15N	 CP	 was	 not	 sufficient	 to	 perform	

multidimensional	NMR	spectra	 to	enable	peak	assignment,	however,	 indications	on	 the	

orientation	of	αS	with	respect	to	the	membrane	were	obtained	by	analysing	the	range	of	
15N-CSA	 (see	 methods	 and	 figure	 3.16).	 This	 analysis	 indicated	 that	 the	 membrane-

anchored	 residues	 of	 αS	 adopt	 a	 tilt	 angle	 of	 ca	 15o	with	 respect	 to	 the	 lipid	 bilayer	

(Figure	3.15	b),	in	striking	agreement	with	the	CS-restrained	MD	simulations.			

The	evidenced	tilt	angle	of	ca	15o	of	the	N-terminal	region	of	αS	with	respect	to	the	

lipid	 bilayer	 requires	 a	 partial	 insertion	 of	 the	 N-terminal	 residues	 in	 the	 hydrophobic	

region	of	the	membrane.	In	order	to	obtain	a	detailed	characterisation	of	this	topological	

aspect,	we	calculated	the	average	positions	of	the	amino	acid	residues	in	our	simulations	

of	αS1-30	with	respect	to	the	membrane	normal	(Figure	3.17).	This	analysis	evidenced	that	

those	residues	in	the	region	1-12	are	up	to	8	Å	more	inserted	in	the	lipid	bilayer	than	the	

rest	of	the	membrane-anchor	region.	This	is	exemplified	with	F4	and	A18,	both	orienting	

their	 side	 chains	 on	 the	 same	 side	 of	 the	 amphipathic	 helical	 conformation	of	 αS,	 that	

show	average	positions	on	the	membrane	normal	of	8.9	Å	and	16.9	Å	from	the	centre	of	
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the	lipid	bilayer,	respectively	(Figure	3.17	b).	This	analysis	also	evidenced	that	the	five	N-

terminal	residues	of	αS,	which	establish	key	electrostatic	and	van	der	Waals	interactions	

with	the	membrane	(Figure	3.14),	are	associated	with	a	higher	degree	of	variability	along	

the	membrane	normal	than	the	following	region	6-25.	This	finding	suggests	that	the	local	

conformational	heterogeneity	of	the	region	1	to	5	is	responsible	for	peak	broadening	that	

prevents	the	assignment	of	its	resonances	in	13C-13C-DARR	spectra	(114).	

	

 

Figure	 3.14.	 Interaction	 terms	 between	 αS1-30	 and	 DOPE:DOPC:DOPS	 lipid	 bilayer.	 a)	
Ribbon	representation	of	a	representative	conformation	from	the	main	basin	in	the	FES	of	
αS1-30	 (Fig.	 2.10).	 Sidechains	 are	 represented	 by	 sticks.	 b-d)	 Coulomb	 (b)	 and	 van	 der	
Waals	(c)	energies	(kJ/mol)	for	the	sidechain-lipid	interactions	in	CS-restrained	simulations	
(see	Methods).	(d)	Average	number	of	sidechain-lipid	contacts	in	the	ensemble.	Contacts	
are	identified	using	a	cutoff	of	5.0	Å	between	the	heavy	atoms	of	the	sidechains	and	the	
lipids.		
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Figure	 3.15.	 Orientation	 αS1-30	 bound	 to	 lipid	 bilayers.	 a)	 Orientations	 of	 αS1-30	 with	
respect	 to	 the	 membrane	 surface	 in	 the	 structural	 ensemble	 generated	 by	 using	 CS-
restrained	simulations.	The	angle	 is	calculated	as	that	between	the	axis	of	the	helix	and	
the	local	surface	plane	of	the	membrane.	The	latter	is	interpolated	across	the	phosphorus	
atoms	of	the	head	groups	of	the	lipid	molecules	that	are	positioned	within	10	Å	of	any	of	
the	 protein	 atoms.	 b)	 15N	 chemical	 shifts	 of	 αS	 at	 the	 surface	 of	 magnetically	 aligned	
bicelles	obtained	by	CP	measurements	 in	oriented	ssNMR.	The	plot	shows	the	estimated	
ranges	(see	methods	and	figure	3.16)	of	15N-CSA	as	a	function	of	the	orientation	of	αS1-30	
with	 respect	 to	 the	 lipid	 bilayer.	 The	 analysis	 evidences	 that	 the	 experimental	 15N-CSA	
occupy	a	region	of	the	15N	CP	spectrum	(60-110	ppm)	that	corresponds	to	the	calculated	
range	obtained	by	 orienting	 the	αS1-30	 ensemble	 at	 15o	with	 respect	 to	 the	 lipid	 bilayer	
(marked	in	red).	
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Figure	3.16.	Estimation	of	the	ranges	of	15N-CSA	in	aligned	samples	of	membrane-bound	
αS.	a)	Simulated	15N-CSA	for	the	region	spanning	residues	6	to	25	of	αS	structured	in	an	
ideal	α-helical	 conformation	 that	 is	oriented	at	 tilt	angles	 ranging	 from	0	 to	90	degrees	
with	 respect	 to	 the	 membrane	 surface.	 The	 lipid	 bilayer	 is	 assumed	 to	 adopt	 an	
orthogonal	 orientation	 with	 respect	 to	 the	 external	 magnetic	 field,	 as	 in	 the	 case	 of	
flipped	 bicelles	 employed	 in	 this	 work.	 The	 calculation	 has	 been	 restricted	 to	 region	
spanning	residues	6	to	25	of	αS,	which	could	be	assigned	in	CP	experiments	at	the	magic	
angle	spinning25.	b)	Calculated	15N-CSA	as	in	panel	a,	but	using	the	structural	ensemble	of	
αS1-30	 instead	 of	 a	 single	 conformation	 and	 overall	 parameter	 of	 0.8	 to	 account	 of	 the	
effect	of	the	orientational	dispersion	of	the	employed	bicelles	(127).		c)	 Illustration	of	the	
different	tilt	angles	employed	for	panels	a-b.	
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Figure	 3.17.	 Positions	 of	 residues	 of	 αS1-30	 on	 the	 membrane	 normal.	 a)	 Normalised	
density	of	atoms	from	the	lipid	molecules	in	the	direction	of	the	membrane	normal	(blue).	
Red	curve	includes	atoms	from	hydrophobic	groups	of	the	lipids	only.	b)	Average	positions	
of	the	centre	of	mass	of	each	residue	of	the	αS1-30	projected	on	the	membrane	normal.	The	
plot	is	referenced	in	the	frame	of	the	membrane,	such	that	the	centre	of	the	lipid	bilayer	
assumes	a	value	of	0	on	the	membrane	normal.	
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In	 order	 to	 look	 for	 further	 experimental	 evidence	 for	 or	 against	 the	 partial	

insertion	of	αS	into	the	lipid	bilayer,	we	employed	paramagnetic	relaxation	enhancement	

(PRE)(141)	experiments	to	probe	if	transient	contacts	occur	between	αS	and	the	interior	

of	the	lipid	bilayer.	Initial	PRE	data	were	obtained	in	the	presence	of	paramagnetic	labels	

placed	 in	 the	 hydrophilic	 head	 groups,	 using	 the	 gadolinium	 salt	 of	 1,2-dimyristoyl-sn-

glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic	 acid	 (Figure	 3.18	 a),	

and	at	the	position	of	carbon	16	of	the	lipid	tail,	using	1-palmitoyl-2-stearoyl-[16-doxyl]-

sn-glycero-3-phosphocholine	 (Figure	 3.19	 a).	 These	 two	 PRE	 experiments	 generated	

markedly	different	spectra,	with	only	that	performed	by	placing	the	spin	label	in	the	head	

group	of	 the	 lipid	 resulting	 in	 selective	 peak	broadening	 in	 13C-13C-DARR.	 Based	on	 the	

CS-restrained	simulations,	 indicating	that	the	first	 twelve	residues	of	αS	can	be	partially	

inserted	 into	 the	 lipid	 bilayer	 upon	 binding,	 we	 extended	 the	 PRE	 using	 labelled	 lipids	

with	unpaired	electrons	at	the	positions	of	carbons	5	and	10	of	the	lipid	tail	(Figure	3.20).	

In	the	first	case,	13C-13C-DARR	spectrum	(Figure	3.20	a)	showed	a	selective	broadening	of	

cross	 peaks	 corresponding	 to	 side	 chain	 groups	 of	 Valine	 (Cα-Cβ	 and	 Cα-Cδ	 cross	

correlations)	and	Lysine	residues	(Cα-Cβ	cross	correlations).	This	result	suggests	that	these	

groups	of	 the	protein	are	spatially	close	 to	 the	unpaired	electron	at	 the	position	of	 the	

carbon	 5	 of	 the	 lipid	 tail.	 The	 paramagnetic	 broadening	 of	 the	 resonances	 in	 the	
13C-13C-DARR,	however,	is	almost	completely	disappeared	when	the	PRE	experiments	are	

performed	 by	 using	 spin	 labelled	 lipids	 with	 unpaired	 electrons	 at	 the	 position	 of	 the	

carbon	10	of	 the	 lipid	 tail	 (Figure	3.20	b),	 indicating	 that	 the	 insertion	 is	 limited	 to	 the	

upper	part	of	the	hydrophobic	region	of	the	membrane.		
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Figure	 3.18.	 Paramagnetic	 relaxation	 experiments	 of	 αS	 bound	 to	 DOPE:DOPS:DOPC	
SUVs	 doped	 using	 a	 paramagnetic	 spin	 label	 on	 the	 membrane	 surface.	 The	
DOPE:DOPS:DOPC	 mixture	 was	 doped	 with	 2%	 of	 (1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-DTPA	 (gadolinium	 salt).	 Comparison	 between	DARR	 and	 INEPT	
spectra	 with	 (red)	 and	 without	 (green)	 the	 spin	 label	 are	 shown	 in	 panels	 a	 and	 b,	
respectively.	 c)	 Schematic	 description	 of	 the	 PRE	measurements	 using	 SUVs	 doped	with	
PE-DTPA	(Gd)	lipids.	
	

	

 
Figure	 3.19.	 Paramagnetic	 relaxation	 experiments	 of	 αS	 bound	 to	 DOPE:DOPS:DOPC	
SUVs	 doped	 using	 a	 paramagnetic	 label	 in	 the	 interior	 of	 the	 membrane.	 The	
DOPE:DOPS:DOPC	 mixture	 has	 been	 doped	 with	 2%	 of	 [16	 Doxyl	 PC]	 1-palmitoyl-2-
stearoyl-(16-doxyl)-sn-glycero-3-phosphocholine.	 Comparison	 between	 DARR	 and	 INEPT	
spectra	with	(red)	and	without	(green)	the	paramagnetic	label	are	shown	in	panels	a	and	
b,	respectively.	
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Figure	 3.20.	 Paramagnetic	 relaxation	 experiments	 of	 αS	 bound	 to	 DOPE:DOPS:DOPC	
SUVs	doped	using	a	paramagnetic	label	in	positions	5	and	10	of	the	lipid	tails.	a)	PRE	of	
full	length	αS	bound	to	DOPE:DOPS:DOPC	SUVs	doped	with	2%	of	1-palmitoyl-2-stearoyl-
[5-doxyl]-sn-glycero-3-phosphocholine,	which	carries	an	unpaired	electron	at	the	position	
of	the	carbon	5	of	the	lipid	tail.	The	chemical	structure	of	the	paramagnetic	labelled	lipid	is	
shown	 on	 the	 top	 of	 the	 figure.	 The	 bottom	 view	 shows	 the	 13C-13C-DARR	 spectra	 the	
membrane-bound	αS	measured	as	described	previously	(114)	at	mixing	and	contact	times	
of	 50	 ms	 and	 1	 ms,	 respectively,	 and	 in	 the	 presence	 (black)	 and	 absence	 (orange)	 of	
paramagnetic	 labelled	 lipids.	 Under	 the	 conditions	 employed	 in	 this	 study,	 the	 13C-13C-
DARR	spectra	can	detect	the	region	spanning	residues	6	to	25	of	the	membrane-bound	αS.	
Red	 labels	 evidence	 the	 pattern	 of	 selective	 peak	 attenuations,	 indicating	 a	 spatial	
proximity	to	the	paramagnetic	probe.	b)	PRE	experiments	performed	using	1-palmitoyl-2-
stearoyl-[10-doxyl]-sn-glycero-3-phosphocholine,	 which	 carries	 an	 unpaired	 electron	 at	
the	position	of	the	carbon	10	of	the	lipid	tail.		
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3.6	The	central	region	of	αS	acts	as	a	sensor	to	direct	the	membrane	

binding	affinity	

We	 next	 carried	 out	 a	 series	 of	 chemical	 exchange	 saturation	 transfer	 (CEST)	

experiments	 (91,	112,	113)	 to	gain	a	deeper	understanding	of	 the	equilibrium	between	

the	unbound	and	bound	states	of	αS.	The	CEST	approach	is	an	ideal	method	for	probing	

equilibria	 between	 NMR	 visible	 (detectable)	 and	 invisible	 (undetectable)	 states	 of	

proteins,	 including	 low	 molecular	 weight	 species	 that	 are	 transiently	 bound	 to	 slow-

tumbling	high-molecular-weight	complexes,	which	indeed	cannot	be	observed	directly	in	

solution	 NMR	 experiments	 as	 a	 result	 of	 excessive	 line	 broadening.	 In	 the	 CEST	

experiments,	a	continuous	weak	radiofrequency	 field	 is	applied	off-resonance	 (by	up	to	

28	kHz)	in	the	15N	channel,	thereby	saturating	the	broad	spectroscopic	transitions	in	the	

bound	 (undetectable)	 state	 but	 leaving	 the	 resonances	 of	 the	 free	 (detectable)	 state	

virtually	 unperturbed	 (91,	 112,	 113).	 The	 saturation	 of	 the	 bound	 state	 can	 then	 be	

transferred	 to	 the	 free	 state	 via	 chemical	 exchange,	 attenuating	 the	 intensities	 of	 the	

observable	 resonances	 of	 the	 latter.	 By	 carrying	 out	 a	 series	 of	 experiments	 at	 various	

offsets,	it	is	possible	to	obtain	a	map	of	the	strength	of	interactions	between	the	low	and	

high	molecular	weight	species	at	a	residue	specific	resolution.		

In	the	presence	of	a	small	quantity	of	SUVs	(0.06%	of	lipid	mixture,	0.6	mg/ml)	all	of	

the	αS	resonances	are	detectable	in	the	1H-15N	HSQC	spectra,	and	only	marginal	changes	

in	the	peak	intensities	are	observed.	By	contrast,	substantial	differences	are	observed	in	

CEST	 experiments	 (Figure	 3.21	 a),	 which	 in	 the	 presence	 of	 SUVs	 evidenced	 specific	

resonances	from	the	protein	sequence	that	exhibit	strong	saturation	effects	over	a	broad	

range	 of	 offsets	 resulting	 in	 symmetric	 CEST	 profiles	 (Figure	 3.21	 b).	 In	 probing	 the	

interactions	 between	 αS	 and	 DOPC:DOPE:DOPS	 SUVs,	 these	 experiments	 show	 clearly	

that	the	strongest	saturation	effects	are	observed	for	residues	in	the	N-terminal	region	of	

the	protein,	indicating	that	this	segment	has	a	tighter	association	with	the	SUVs	than	any	

other	region	of	the	protein	(Figure	3.21	b).	The	saturation	effects	decrease	gradually	for	

residues	 26-97	 with	 a	 sharp	 transition	 in	 the	 vicinity	 of	 residue	 98,	 where	 the	 peak	

intensities	of	the	resonances	coincide	with	those	observed	in	the	absence	of	lipids	(Figure	

3.23).	These	experiments	therefore	provide	a	residue-specific	measure	of	the	magnitude	

of	 the	 interactions	between	αS	and	DOPC:DOPE:DOPS	SUVs,	 and	 these	 results	 are	 fully	
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consistent	 with	 the	 conclusions	 of	 the	 ssNMR	 experiments	 discussed	 above.	 Together	

these	findings	reveal	that	the	N-terminal	region	of	αS	bound	to	SUVs	forms	a	stable	helix	

that	interacts	strongly	with	the	surface	of	the	lipid	bilayer	while	the	C-terminal	region	of	

the	protein	is	highly	dynamic	and	motionally	independent	of	the	SUVs.	

	

	

 

Figure	 3.21.	CEST	 experiments	 probing	 the	membrane-sensor	 interactions	 of	 αS.	 CEST	
experiments	were	recorded	at	a	1H	frequency	of	700	MHz	(see	Methods),	using	a	protein	
concentration	of	300	μM	and	0.06%	(0.6	mg	ml-1)	of	DOPE:DOPS:DOPC	lipids	in	a	ratio	of	
5:3:2	and	assembled	 in	SUVs.	1H-15N-HSQC	spectra	were	recorded	by	using	a	continuous	
wave	saturation	(170	Hz	or	350	Hz)	on	the	15N	channel	at	a	range	of	offsets:	-28,	-21,	-14,	-
9,	-5,	-3,	-1.5,	0,	1.5,	3,	5,	9,	14,	21	and	28	kHz.	An	additional	spectrum,	saturated	at	-100	
kHz	was	recorded	as	a	reference.	Data	recorded	using	350	Hz	are	shown	(data	measured	
using	170	Hz	are	reported	in	Figure	3.22	a).	a)	CEST	surface	for	unbound	(left)	and	bound	
(right)	αS;	the	upper	and	lower	inserts	report	individual	CEST	profiles	for	residues	at	the	N-	
and	C-termini,	respectively.	b)	CEST	saturation	along	the	αS	sequence.	Black	lines	refer	to	
the	averaged	CEST	profiles	measured	using	offsets	at	+/-	1.5	kHz.	Similarly,	profiles	for	+/-	
3	kHz	and	+/-	5	kHz	are	shown	in	red	and	green,	respectively.	c)	The	interactions	between	
αS	and	POPG	SUVs	probed	by	CEST.	Labels	as	in	panel	b.	The	data	were	measured	using	
350	Hz,	(see	Figure	3.22	b	for	data	acquired	using	170	Hz).	
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Figure	3.22.	CEST	experiments	recorded	using	a	RF	value	of	170Hz.	a)	Experiments	were	
performed	on	a	700MHz	Bruker	Avance	III	NMR	spectrometer,	with	a	TCI	cryoprobe,	using	
a	protein	concentration	of	300	μM	and	0.06%	of	DOPE:DOPS:DOPC	SUV	in	a	ratio	of	5:3:2.	
Continuous	 wave	 saturation	 was	 carried	 out	 in	 the	 15N	 channel	 and	 applied	 on	 1H-15N	
HSQC	spectra.	Saturation	was	performed	at	different	offsets	of	 -28,	 -21,	 -14,	 -9,	 -5,	 -3,	 -
1.5,	0,	1.5,	3,	5,	9,	14,	21	and	28	kHz.	An	additional	spectrum,	saturated	at	-100	kHz	was	
recorded	 as	 reference.	 The	 left	 panel	 reports	 the	 CEST	 surface.	 The	 right	 panel	 reports	
individual	CEST	saturations	along	αS	sequence.	The	black	lines	refer	to	the	averaged	CEST	
profiles	measured	using	offsets	at	+/-	1.5	kHz.	Similarly,	profiles	for	+/-	3.0	kHz	and	+/-	5.0	
kHz	are	reported	in	red	and	green,	respectively.	b)	Experiment	performed	with	the	same	
setting	of	panel	a,	but	by	using	POPG	SUV.	 
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Figure	 3.23.	 Degree	 of	 CEST	 saturation	 along	 αS	 sequence.	 Profiles	 are	 averaged	
between	 CEST	 measured	 using	 offsets	 at	 +/-	 1.5	 kHz.	 The	 ratio	 of	 the	 intensity	 with	
saturation	(I)	and	without	saturation	(I0)	is	reported	as	a	function	of	the	residue	number.	
The	black	line	and	red	lines	refer	to	αS	unbound	and	bound	to	SUVs,	respectively.		

	

	
In	 order	 to	 probe	 the	 effects	 of	 lipid	 composition	 on	 the	 affinity	 of	 αS	 for	

membranes,	we	studied	the	interactions	of	αS	with	SUVs	consisting	of	1-hexadecanoyl-2-

(9Z-octadecenoyl)-sn-glycero-3-phospho-(1'-rac-glycerol)	 (POPG)	 lipids.	 αS	 has	 been	

shown	 to	 bind	 strongly	 to	 such	 lipid	 vesicles(163)	 and	 with	 an	 affinity	 that	 is	

approximately	 three	 fold	higher	 than	 that	 found	 for	DOPE:DOPS:DOPC	SUVs	 (120).	 This	

finding	 is	 in	 good	 agreement	 with	 our	 CD	 measurements	 which	 enabled	 apparent	

dissociation	constants	to	be	calculated	and	give	values	for	Kd	of	93	±	15	μM	for	POPG	and	

261	±	21	μM	for	DOPE:DOPS:DOPC	SUVs	under	the	conditions	employed	 in	the	present	

study.	 Despite	 the	 different	 binding	 affinities,	 however,	 no	 significant	 differences	were	

observed	between	the	DARR	spectra	of	αS	bound	to	POPG	(Figure	3.24)	and	those	of	αS	

bound	 to	 DOPE:DOPS:DOPC	 vesicles	 (Figure	 3.2	 a),	 indicating	 that	 the	 	 regions	 of	 the	

protein	that	are	rigid	 in	the	membrane	bound	state	are	essentially	 identical	for	the	two	

types	of	SUVs.		
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When	CEST	experiments	were	repeated	with	SUVs	prepared	with	POPG	 lipids	 (163)	

(Figures	 3.20	 c	 and	 3.24),	 the	 saturation	 profiles	 obtained	 under	 these	 conditions	 are	

generally	 similar	 to	 those	 obtained	with	 DOPC:DOPE:DOPS	 SUVs,	 where	 resonances	 of	

residues	of	the	membrane-associated	N-terminus	are	strongly	affected	by	off-resonance	

saturation,	 while	 those	 of	 the	 residues	 of	 the	 C-terminus	 are	 essentially	 unchanged	 in	

intensity.	 A	 significant	 difference	 in	 the	 saturation	 profiles	 is,	 however,	 found	 for	 the	

central	region	of	the	sequence	(residues	26-97)	which	shows	remarkably	stronger	 levels	

of	saturation	when	bound	to	SUVs	composed	of	POPG	lipids		(Figure	3.20	c)	compared	to	

those	observed	 in	the	presence	of	DOPE:DOPC:DOPS	SUVs	(Figure	3.20	a,b).	These	data	

suggest	that	different	regions	of	αS	have	distinct	roles	in	the	process	of	association	with	

lipid	 membranes,	 such	 that	 the	 N-terminal	 α-helix	 (residues	 6-25)	 acts	 to	 anchor	 αS	

strongly	to	the	membrane,	and	is	only	marginally	affected	by	lipid	composition,	while	the	

region	 26-97	 appear	 to	 act	 as	 a	 membrane	 ‘sensor’,	 modulating	 the	 strength	 of	 the	

interactions	in	a	lipid-specific	manner.	

	

 
Figure	3.24.	MAS	ssNMR	spectrum	of	αS	bound	to	POPG	SUV.	The	carbonyl	region	(left	
panel)	 and	 the	 aliphatic	 region	 (right	 panel)	 are	 shown	 in	 a	 13C-13C	 DARR	 correlation	
spectrum	of	a	sample	of	αS	bound	to	POPG	SUV	recorded	using	a	contact	time	of	100	ms	
at	a	temperature	of	-19	oC	at	a	MAS	rate	of	10	kHz.	Residue	names	are	reported	using	the	
single	letter	convention.	
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3.7	The	C-terminal	region	of	αS	establishes	transient	interactions	with	the	

surface	of	synaptic-like	vesicles	

The	solution	NMR	measurements	of	CEST	and	ssNMR	indicate	that	the	regions	of	αS	that	

interact	significantly	with	the	lipid	surfaces	are	the	N-terminal		“membrane-anchor”	and	

the	central	“sensor”	regions.	The	C-terminal	acidic	region	of	the	protein	(residues	98-140)	

is	mainly	unstructured	and	maintains	the	same	pattern	of	random-could	chemical	shifts	in	

solution	NMR	1H-13C-HSQC	and	ssNMR	1H-13C	INEPT	spectra	(Figure	3.7).	Moreover	CEST	

experiments	show	that	the	saturation	profiles	of	this	region	are	the	same	in	the	presence	

and	in	the	absence	of	SUVs	(Figure	3.23).	These	data	suggest	that	the	C-terminal	region	of	

αS	has	negligible	 affinity	 for	 acidic	 lipid	bilayers	 and	 remains	essentially	detached	 from	

the	membrane	surface	 in	the	bound	state	of	the	protein.	We	further	 investigate	on	the	

nature	of	 the	 interactions	of	 the	C-terminal	 region	with	 the	SUVs	surface	by	using	PRE.	

Indeed	PRE	 are	 sensitive	 to	 even	 transient	 interactions,	which	might	 not	 be	 probed	by	

chemical	shift	changes.	In	the	analysis	of	PRE	measured	by	labelling	the	surface	of	SUVs	

with	 2%	 of	 gadolinium	 salt	 of	 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-

diethylenetriaminepentaacetic	acid,	we	observed	non-negligible	attenuations	of	some	of	

the	 signals	 in	 the	 1H-13C	 INEPT	 spectrum	 of	 αS	 (Figure	 3.18	 b),	 including	 the	 positively	

charged	K97	and	102,	the	uncharged	polar	residues	Q99	and	N103,	and	the	hydrophobic	

residues	L100,	A107,	P108,	I12,	I113,	P117,	V118,	P120.	No	attenuations	of	the	peaks	in	

the	1H-13C	INEPT	spectrum	of	αS	were	however	found	when	the	PRE	were	measured	by	

labelling	the	lipids	at	the	position	of	the	carbon	16	(Figure	3.19	b).	These	findings	indicate	

that	 the	 C-terminal	 region	 of	 αS	 interacts	 weakly	 and	 transiently	 with	 the	 membrane	

surface	when	bound	to	SUVs.	This	property	might	have	a	very	significant	 importance	 in	

driving	 the	biological	properties	of	αS	at	 the	 surface	of	 synaptic	 vesicles.	 Indeed	 the	C-

terminal	region	of	the	protein	has	been	shown	to	be	of	 fundamental	 importance	 in	the	

interaction	of	αS	with	synaptobrevin-2,	which	 likely	 is	a	 fundamental	 factor	 interplaying	

with	the	chaperone	role	of	αS	in	assisting	the	formation	of	the	SNARE	complex	during	SV	

exocytosis.		
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3.8	Discussion	

Although	it	 is	now	generally	recognized	that	the	formation	of	fibrillar	aggregates	by	

αS	 is	 a	 hallmark	 of	 Parkinson’s	 disease,	 much	 remains	 to	 be	 understood	 about	 the	

physiological	role	of	this	protein	(4).	αS	possesses	an	eclectic	character	and	the	ability	to	

adopt	 different	 conformations	 resulting	 in	 a	 variety	 of	 cytosolic,	membrane-bound	 and	

aggregated	states.	In	aqueous	solutions	(15)	as	well	as	in	cellular	milieu	(16),	αS	has	been	

shown	to	behave	as	an	intrinsically	disordered	protein,	although	there	has	been	evidence	

for	 and	against	 the	possible	existence	of	more	highly	 structured	 forms	of	 soluble	αS	 in	

some	 environments	 and	 in	 complexes	 (26,	 27).	 Considerable	 attention	 has	 also	 been	

focused	 on	 the	membrane-associated	 state	 of	 αS,	 which	 has	 been	 suggested	 to	 be	 of	

great	significance	in	both	physiological	and	pathological	contexts.	It	is	indeed	evident	that	

αS	exists	 in	vivo	 in	an	equilibrium	between	cytosolic	and	membrane-bound	states,	with	

membrane	partitioning	being	tightly	regulated	(3,	164).		

A	particularly	intriguing	issue	in	this	context	is	the	mechanism	by	which	the	affinity	of	

αS	to	lipid	membranes	is	modulated.	There	is	strong	evidence	that	the	population	of	the	

bound	 state	 is	 regulated	 by	 the	 intrinsic	 structural	 properties	 of	 αS	 and	 on	 the	

composition	 and	 the	 physical	 properties	 of	 the	 membrane	 bilayer,	 such	 as	 curvature,	

charge,	packing	defects	and	surface	hydrophobicity	(20,	118,	119,	146,	165).		

We	 explored	 this	 fundamental	 issue	 by	 probing	 the	 structure	 and	 conformational	

dynamics	 of	 αS	 bound	 to	 membranes	 in	 its	 physiological,	 non-aggregated	 state.	 This	

membrane-bound	 state	 is	 effectively	 intractable	 to	 current	 X-ray	 crystallography	

techniques	 but	 the	 success	 of	 solution	 state	 NMR	 spectroscopy	 in	 describing	 the	

disordered	 soluble	 protei	 (15,	 16,	 18-21,	 118,	 146,	 166,	 167)	 and	 of	 solid	 state	 NMR	

studies	in	defining	the	structural	properties	of	the	polymorphic	forms	of	the	aggregated	

state	of	αS	(57,	168-170)	has	prompted	us	to	explore	the	use	of	a	combination	of	these	

techniques	to	define	the	structures	and	dynamics	of	αS	bound	in	its	non-aggregated	state	

to	lipid	membranes.		

Our	 approach	 could	 directly	 probe	 the	 interaction	 with	 lipid	 mixtures	 that	 mimic	

those	 of	 synaptic	 vesicles	without	 requiring	 alterations	 of	 the	 protein	 sequence	 or	 any	

chemical	modification.	We	have	 found	 that,	 in	 line	with	 the	metamorphic	nature	of	αS	

(171),	 three	 distinct	 regions	 of	 this	 protein,	 namely	 the	 N-terminal,	 central,	 and	 C-

terminal	 segments	 (Figure	 3.25)	 interact	 in	 very	 different	 ways	 with	 lipid	 bilayers	 as	 a	
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result	of	their	different	structural	and	dynamical	properties.	The	N-terminal	25	residues,	

which	 we	 denote	 as	 the	 membrane	 anchor	 region,	 adopt	 a	 well-defined	 and	 highly	

motionally	 restricted	 α-helical	 conformation	 that	 appears	 to	 be	 largely	 independent	 of	

lipid	composition.		The	finding	that	the	resonances	of	this	segment	of	αS	are	detectable	in	

cross	 polarisation	 spectra	measured	 at	 the	magic	 angle	 indicates	 that	 this	 region	of	αS	

associates	 with	 the	 lipid	 bilayer	 with	 significantly	 high	 affinity,	 despite	 being	 in	 rapid	

equilibrium	between	its	bound	and	unbound	states	(exchange	constant	of	ca	200	ms(19)).		

In	 order	 to	 define	 in	 detail	 the	 characteristics	 of	 this	 lipid-binding	 region,	 we	

generated	an	atomic	resolution	structural	ensemble	of	the	N-terminal	30	residues	of	αS	

region	 bound	 to	 the	 lipid	 bilayers	 of	 DOPE:DOPS:DOPC	 SUVs	 by	 using	MD	 simulations	

restrained	with	 experimental	 chemical	 shifts.	 The	 resulting	 FES	 provided	 the	 structural	

determinants	that	stabilise	the	interaction	with	the	membrane	in	this	fundamental	region	

for	αS	binding	to	SUVs.	 In	addition,	we	have	probed	the	 local	topology	of	this	region	of	

the	protein	with	respect	to	the	lipid	bilayer	by	using	both	simulations	and	experiments	of	

oriented	 ssNMR	 and	 PRE.	 These	 studies	 indicate	 that	 αS1-30	 adopts	 a	 topology	 in	 its	

membrane	bound	 state	 that	 involves	a	partial	 insertion	of	 the	 initial	12	 residues	 in	 the	

lipid	bilayer.	This	insertion	is	likely	to	contribute	significantly	to	the	overall	ability	of	αS	to	

bind	tightly	to	the	vesicles,	however,	by	remaining	largely	on	the	surface	of	the	vesicles	in	

a	amphipathic	helical	conformation,	the	membrane-anchor	region	enables	αS	to	exist	 in	

rapid	equilibrium	between	membrane-bound	and	membrane-detached	states.		

By	contrast	to	the	N-terminal	membrane-anchor,	the	central	segment	of	the	protein	

(residues	26-97),	which	can	be	described	as	a	membrane-sensor	region,	has	intermediate	

dynamical	 properties.	 This	 region	 is	 indeed	 too	 flexible	 to	 be	 detected	 by	 cross-

polarization	experiments	but	too	rigid	to	be	seen	by	INEPT-type	transfer	experiments.		It	

is	 legitimate	 to	 assume,	 based	 on	 EPR	measurements	 (119,	 121)	 and	 transferred	 NOE	

data	(19),	that	this	membrane-sensor	region	adopts	α-helical	structure	when	transiently	

bound	to	a	lipid	membrane	surface.	The	present	results	indicate	that	the	NAC	sequence,	

which	has	been	shown	to	play	a	role	in	the	mechanisms	of	αS	aggregation	(4,	172-174),	

being	included	in	the	membrane-sensor	region	is	also	likely	to	have	functional	relevance,	

specifically	 in	defining	the	affinity	of	αS	for	 lipid	membranes	and	therefore	to	modulate	

the	 partitioning	 between	membrane-bound	 and	 membrane-free	 states	 in	 the	 synaptic	

termini.	 Finally,	 we	 have	 found	 from	 PRE	 experiments	 that	 the	 C-terminal	 domain	
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(residues	 99-140),	 which	 has	 been	 reported	 to	 be	 highly	 unstructured	 and	 extremely	

flexible,	experiences	weak	and	transient	interactions	with	the	membrane	surface.	

	

Taken	 together	 the	 data	 presented	 in	 this	 chapter	 characterise	 a	 series	 of	 key	

structural	features	of	the	membrane-bound	state	of	αS.	Using	a	combination	of	solution	

and	solid-state	NMR	techniques	we	could	identify	the	nature	of	the	interactions	that	αS	

established	with	lipid	assemblies	(SUVs)	that	mimic	synaptic-like	lipid	membranes.	These	

data	suggested	a	model	to	describe	the	interactions	of	αS	with	membranes	(Figure	3.25),	

which	reconciles	the	results	of	a	range	of	previous	studies	(18-21,	118-121,	146)	and	also	

sheds	 new	 light	 on	 the	molecular	 determinants	 of	 binding	 affinity	 that	 are	 likely	 to	 be	

associated	with	the	physiological	role	of	αS.	The	membrane	interactions	in	the	processes	

of	 αS	 aggregation	 underscores	 the	 importance	 of	 the	 interplay	 between	 different	

functional	states	of	αS	and	its	aggregation	mechanism	leading	to	Parkinson’s	disease.	
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Figure	3.25.	Schematic	illustration	of	the	different	roles	of	the	three	regions	in	of	αS	in	
determining	 its	 interaction	with	 lipid	bilayers.	 	We	identified	three	different	regimes	of	
protein	 dynamics	 and	 membrane	 affinity	 by	 using	 a	 combination	 of	 solution	 and	 solid	
state	 NMR	 spectroscopy.	 The	 N-terminal	 region	 (blue)	 is	 visible	 in	 DARR	 experiments,	
indicating	 that	 it	 is	 rigidly	 bound	 and	 anchored	 to	 the	 membrane.	 The	 central	 region	
(grey),	showing	intermediate	dynamics	and	therefore	being	invisible	in	both	CP	and	INEPT	
experiments,	 is	 suggested	 to	 play	 a	 key	 role	 in	 modulating	 the	 affinity	 of	 αS	 for	
membranes.	Finally	a	C-terminal	fragment	(green)	maintains	its	unstructured	nature	and	
remains	essentially	uncorrelated	with	the	membrane	surface,	despite	showing	weak	and	
transient	contacts	in	PRE	experiments.	
	

	

	 	



	 76	

Chapter	IV	

Role	of	αS	in	Synaptic	Vesicle	Trafficking.	Function	Solved?	

	

4.1	Role	of	αS	in	synaptic	vesicles	homeostasis	

Despite	the	general	consensus	on	 its	pathological	relevance,	the	physiological	role	

of	αS	remains	widely	debated.	In	this	context,	a	view	is	emerging	in	which	αS	is	involved	

in	 the	dynamics	of	synaptic	vesicle	 (SV)	 trafficking	by	regulating	a	distal	 reserve	pool	of	

SVs	that	controls	the	amount	of	vesicles	docked	at	the	synapses	during	neurotransmitter	

release(40,	175).	This	biological	role	is	directly	associated	with	the	ability	of	αS	to	bind	to	

synaptic	vesicles	and	 induce	their	 interaction	and	assembly	 in	vitro	and	 in	vivo(19,	176-

178).	 Indeed,	 in	 dopaminergic	 neurons	αS	 exists	 in	 a	 tightly	 regulated	 equilibrium(164)	

between	 a	 cytosolic	monomeric	 form,	which	 is	 predominantly	 disordered(17,	 25,	 100),	

and	 a	membrane-bound	 state,	which	 is	 rich	 in	 α-helix	 structure	 in	 the	 region	 spanning	

residue	1	to	90	of	the	protein	sequence(18,	19,	118,	150,	167,	179,	180).		

We	 describe	 in	 this	 chapter	 a	 detailed	 characterisation	 of	 the	 dynamical	 and	

structural	properties	at	the	surface	of	synaptic-like	vesicles	of	two	familial	αS	mutations	

that	have	opposite	effects	on	its	affinity	for	membrane	binding	(73, 181).	On	the	basis	of	

these	studies,	we	characterised	the	details	of	the	underlying	mechanism	by	which	a	single	

molecule	of	αS	binds	two	different	vesicles	and	promotes	their	interaction	and	assembly.	

This	mechanism,	which	involves	a	double-anchoring	step	enabling	αS	to	form	a	dynamic	

link	between	two	vesicles,	was	strongly	supported	by	an	experiment	in	which	a	variant	of	

αS	was	engineered	to	adopt	structural	properties	in	its	membrane	bound	state	that	result	

in	 enhanced	 αS-mediated	 interactions	 between	 vesicles	 while	 maintaining	 the	 same	

amino-acid	composition,	charge	and	membrane	binding	affinity	of	the	wild	type	protein.	

The	mechanism	provides	evidence	that	the	exact	level	of	affinity	for	membrane	binding	of	

the	non	amyloid-b	 component	 (NAC)	 region	of	αS	 is	a	 fundamental	 functional	property	

enabling	this	protein	to	mediate	the	interaction	between	vesicles.	
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4.2	Materials	and	Methods	

4.2.1	αS	purification.		

αS	was	purified	in	E.	coli	using	plasmid	pT7-7	encoding	for	the	protein	as	previously	

described(82).	See	Chaper	II	for	further	details.	

4.2.2	Preparation	of	SUVs	for	solid-state	and	solution	NMR.		

Small	 unilamellar	 vesicles	 (SUVs)	 containing	 a	 molar	 ratio	 of	 5:3:2	 of	

DOPE:DOPS:DOPC	 (Avanti	 Polar	 Lipids	 Inc.	 Alabaster)	 were	 prepared	 from	 chloroform	

solution	of	the	lipid.	See	Chaper	III	for	further	details.	For	ssNMR	studies	αS	was	added	to	

the	 SUV	 mixtures	 up	 to	 a	 molar	 ratio	 of	 1:65	 protein:lipid.	 The	 mixtures	 were	 then	

pelleted	at	300,000	g	for	30	min	at	4°C	(Beckman	Coulter	Optima	TLX	Inc.	Brea,	USA)	by	

using	a	TLA	100.3	rotor.	Subsequently	the	SUV-αS	samples	were	transferred	into	3.2	mm	

Zirconia	XC	 thin-walled	MAS	 rotors	 for	 ssNMR	experiments.	 For	STED,	 cryo-EM	 imaging	

experiments	and	DLS	measurements,	DOPE:DOPS:DOPC	SUVs	were	prepared	by	extrusion	

through	 membranes	 with	 a	 50	 nm	 pore	 diameter	 (Avanti	 Polar	 Lipids,	 Inc)	 after	 re-

hydration	in	20	mM	sodium	phosphate	(pH	6.0)	at	a	concentration	of	1.0	mg.ml-1	(0.1%).	

4.2.3	Purification	of	SVs	from	rat	brain.  

SVs	composed	of	phospholipid	molecules	 (amounting	 to	30%	of	 their	composition),	

proteins	 (58%)	 and	 cholesterol	 (12%)44,45	 were	 purified	 from	 brains	 of	 rat	 provided	 by	

Charles	 River	 Laboratories	 (Animal	 work	 was	 approved	 by	 the	 Named	 Animal	 Care	 &	

Welfare	 Officer	 (NACWO)	 and	 the	 Ethics	 Review	 Committee	 of	 the	 University	 of	

Cambridge).	 Rat	 brains	were	 homogenised	 in	 4mM	HEPES	 and	 320	mM	 sucrose	 buffer	

using	 protease	 inhibitors	 via	 ten	 strokes	 at	 900	 r.p.m.	 in	 a	 glass-Teflon	 homogenizer	

(Wheaton,	 Millville,	 USA)	 (182,	 183).	 All	 steps	 were	 carried	 out	 at	 4°C	 or	 in	 ice.	 The	

homogenates	were	centrifuged	at	1000g	for	10	min	and	the	supernatants	were	collected	

and	 further	 centrifuged	 at	 15000g	 for	 15	 min.	 The	 supernatants	 from	 the	 second	

centrifugation	 (Sup-2)	 were	 stored	 at	 4°C.	 The	 pellets	 from	 the	 second	 centrifugation,	

which	 contained	 the	 synaptosomes,	 were	 lysed	 using	 ice-cold	water	 by	 applying	 three	

strokes	 at	 2000	 r.p.m.	 Subsequently,	 HEPES	 buffer	 solutions	 containing	 protease	

inhibitors	 were	 added	 to	 the	 lysates	 and	 the	 resulting	 solutions	 were	 centrifuged	 at	

17,000	g	for	15	min,	and	the	supernatant	was	combined	with	the	Sup-2	supernatants.	The	
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resulting	 mixtures	 were	 centrifuged	 at	 48000g	 for	 25	 min	 and	 the	 supernatants	 were	

loaded	onto	a	0.7	M	sucrose	cushion	and	centrifuged	at	133,000	g	 for	1	h.	The	bottom	

half	of	the	sucrose	cushion	was	pooled	and	centrifuged	at	300,000	g	for	2	h.	The	pellets	

were	 resuspended	 in	buffer	 (100	mM	Tris-HCl,	pH	7.4,	100	mM	KCl)	and	 loaded	onto	a	

Sephacryl	 S-1000	 size-exclusion	 chromatography	 column	 (100	 ×	 1	 cm)	 resulting	 in	 a	

distinctive	 peak	 of	 the	 SVs(182,	 183).	 The	 SVs	 were	 then	 stained	 against	 specific	 SV	

antibodies,	 including	 synaptotagmin	 1,	 synaptobrevin	 2,	 by	 western	 blot(182,	 183).	 In	

order	 to	 perform	 dSTORM	 analyses,	 the	 SVs	 were	 incubated	 with	 a	 primary	 antibody	

(dilution	1:1000)	that	specifically	recognizes	synaptotagmin	1	(105103,	Synaptic	Systems,	

Göttingen,	Germany)	and	a	secondary	antibody	(dilution	1:100)	fluorescently	labeled	with	

Atto	647N	(40839,	Sigma-Aldrich,	St	Louis,	USA).	

4.2.4	Magic	angle	spinning	measurements	using	ssNMR.		

MAS	 experiments	 in	 this	 chapter	 were	 carried	 out	 using	 a	 16.85T	 Bruker	

Spectrometer	 with	 a	 3.2	 mm	 EFree	 probe	 (University	 of	 Minnesota)	 or	 using	 a	 14.09T	

Bruker	 Ascend	 magnet	 with	 Avance	 III	HD	 console	 and	 equipped	 with	 a	 3.2	 mm	 EFree	

probe	(Imperial	College	London).	See	Chaper	III	for	further	details	on	MAS	experiments.	

4.2.5	Solution	NMR	samples	and	CEST	experiments.		

Solution	NMR	experiments	 in	 this	chapter	were	carried	out	at	10	 °C	on	 two	Bruker	

spectrometers	 (at	 the	 Universities	 of	 Minnesota	 and	 Cambridge)	 operating	 at	 1H	

frequencies	of	700	MHz	equipped	with	triple	resonance	HCN	cryo-probes.	See	Chaper	III	

for	further	details	on	CEST	experiments.	

4.2.6	Cryo-electron	microscopy	(cryo-EM)	measurements.		

All	samples	used	in	cryo-EM	measurements	were	incubated,	with	or	without	αS	(200	μM),	

for	12h	at	298K	using	fresh	preparations	of	DOPE:DOPS:DOPC	SUVs	at	a	concentration	of	

0.05%.	After	 incubation	 cryo-EM	grids	were	prepared	by	vitrifying	 the	 sample	 solutions	

using	aliquots	of	2	μL	and	a	Vitrobot	Mark	IV	(FEI,	Hillsboro,	USA)	at	a	relative	humidity	of	

100%.	The	samples	were	loaded	on	a	glow-discharged	Quantifoil	Copper	300	mesh	R2/2	

grids	 (Quantifoil	Micro	Tools	GmbH,	Germany)	and	blotted	with	 filter	paper	 for	2.5	s	 to	

leave	a	 thin	 film	of	solution.	The	blotted	samples	were	 immediately	plunged	 into	 liquid	

ethane	and	stored	under	liquid	nitrogen	prior	to	imaging.	Samples	were	examined	using	a	
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Philips	CM200	FEG	electron	microscope	operating	at	200	kV	(FEI,	Hillsboro,	USA),	using	a	

Gatan	 626	 cryo-holder	 (Gatan,	 Pleasantos,	 USA)	 cooled	 with	 liquid	 nitrogen	 to	

temperatures	below	−180	°C.	Digital	images	were	acquired	on	a	TVIPS	FC415	CCD	camera	

using	the	EMMENU	4	software	package	(TVIPS,	Munich,	Germany).		

4.2.7	Stimulated	emission	depletion	(STED)	microscopy.		

STED	imaging	(184,	185)	was	carried	out	by	fluorescently	labelling	the	DOPE:DOPS:DOPC	

SUVs	with	2%	of	fluorescently	labelled	DOPE	(ATTO	647N	DOPE,	ATTO-TECH,	USA).	STED	

microscopy	 allows	 the	diffraction	 limit	 in	 optical	microscopy	 (~200nm)	 to	 be	overcome	

(186)	and	imaging	was	performed	on	a	home-built	pulsed	STED	microscope	(186)	using	a	

single	titanium-sapphire	oscillator	centered	at	λSTED	=	765	nm	(Ti:S,	Mai	Tai	HP,	Spectra-

physics,	Santa	Clara,	USA)	to	generate	the	STED	beam,	which	was	subsequently	split	into	

two	 using	 a	 half-plate	 and	 a	 polarisation	 beam	 splitter.	 Of	 these	 two	 beams,	 the	 one	

transmitted	 was	 focused	 onto	 a	 photonic	 crystal	 fiber	 (FemtoWhite,	 NKT	 Photonics,	

Cologne,	Germany)	to	produce	white	light	radiation.	From	this	light,	an	excitation	beam,	

centered	 at	 λExc	=	 640	nm,	was	 extracted	 using	 a	 bandpass	 filter	 (637/7	 BrightLine	 HC,	

Semrock,	New	York,	USA)	and	coupled	 into	a	30	m	 long	polarization	maintaining	single-

mode	 fiber	 (PM630-HP,	 Thorlabs,	 Newton,	 UK).	 The	 reflected	 STED	 beam	 was	 passed	

through	 a	 50	 cm	 long	 glass	 block	 of	 SF66	 and	 a	 100	 m	 long	 polarization	 maintaining	

single-mode	 fiber	 (PM-S630-HP,	Thorlabs,	Newton,	UK)	 to	 stretch	 the	pulse	duration	 to	

approximately	 100-200	 ps.	 Additionally	 the	 STED	 beam	was	 converted	 into	 a	 so	 called	

donut	beam	by	a	spatial	light	modulator	(X10468−02,	Hamamatsu	Photonics,	Hamamatsu	

City,	 Japan).	 The	 excitation	 and	 STED	 beams	 were	 recombined	 with	 a	 dichroic	 mirror	

(T735spxr,	 Chroma,	Bellow	 Falls,	USA)	 and	detected	using	 a	 commercial	 point-scanning	

microscope	 (Abberior	 Instruments,	 Göttingen,	 Germany)	 comprising	 of	 a	 microscope	

frame	 (IX83,	Olympus,	 Shinjiuku,	 Japan),	 a	 set	 of	 galvanometer	mirrors	 (Quad	 scanner,	

Abberior	 Instruments,	 Göttingen,	 Germany)	 and	 a	 detection	 unit.	 The	 beams	 were	

focused	onto	the	sample	by	a	100x/1.4	NA	oil	immersion	objective	lens	(UPLSAPO	100XO,	

Olympus,	Göttingen,	Germany)	and	images	were	acquired	by	raster	scanning	the	beams	

across	the	sample	using	the	Inspector	software	(Andreas	Schönle,	Max	Planck	Institute	for	

Biophysical	Chemistry,	Göttingen,	Germany).	We	used	a	field	of	view	of	30	×	30	µm2	with	

a	 pixel	 size	 of	 15	 ×	 15	nm2	 and	 a	 pixel	 dwell	 time	 of	 20	 µs.	 Fluorescence	 photons	
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emerging	from	the	sample	were	collected	by	the	microscope	objective	lens,	de-scanned	

by	 the	 galvanometer	mirrors,	 focused	 onto	 a	 pinhole	 and	 detected	 using	 an	 avalanche	

photodiode	 (SPCM-AQRH,	 Excelitas	 Technologies.	 Waltham,	 USA).	 The	 laser	 powers,	

measured	at	the	objective	back	aperture,	were	ca.	20	μW	and	150	mW	for	the	excitation	

beam	and	for	the	STED	beam,	respectively.	

4.2.8	Analysis	of	STED	images	for	vesicle	size	measurement.		

Vesicle	 sizes	were	 estimated	 from	 STED	 images	 by	 using	 in-house	Matlab	 scripts.	 First,	

images	 of	 isolated	 vesicles	 were	 identified	 and	 analysed	 using	 a	 fitting	 based	 on	 a	 2D	

Gaussian	 function,	 by	 convolving	 the	 images	 with	 a	 Gaussian	 filter	 whose	 dimensions	

match	 the	 extension	 of	 the	 expected	 STED	 point	 spread	 function.	 The	 centres	 of	 the	

vesicles	were	 identified	by	 finding	 local	maxima	of	 the	 convolved	 images,	excluding	 the	

local	maxima	corresponding	to	fused	vesicles	by	means	of	a	threshold	applied	on	the	peak	

intensities.	A	different	fitting	procedure	was	optimised	in	the	case	of	assembled	vesicles	

that	appear	as	hollow	shapes	 in	the	STED	images,	as	for	a	vesicle	 larger	than	the	 lateral	

resolution	of	the	STED	microscope	the	number	of	dye	molecules	probed	increases	on	the	

edge	of	the	shell.	To	estimate	the	size	of	the	clusters	and	their	relative	number	compared	

to	 the	 non-fused	 vesicles,	 all	 the	 vesicles	 appearing	 as	 fused	 were	 fitted	 by	 annular	

functions	having	a	Gaussian	radial	profile	(amplitude,	position,	radius	and	offset)	using	a	

nonlinear	least	squares	approach.	

4.2.9	Direct	stochastic	optical	reconstruction	microscopy	(dSTORM).		

Super-resolution	imaging	was	performed	using	dSTORM	microscopy	with	a	Nikon	Eclipse	

TE	 300	 inverted	wide-field	microscope	 using	 a	 100	 X,	 1.49-N.A	 total	 internal	 reflection	

fluorescence	 (TIRF)(187)	 objective	 lens	 (Nikon	 Ltd,	 Kingston	 upon	 Thames,	 UK.).	 The	

vesicle	and	αS	samples	were	adhered	to	a	glass	coverslip	coated	in	poly-L-lysine	(P4707,	

Sigma	Aldrich,	St	Louis,	USA)	before	photoswitching	buffer	solution	was	added,	consisting	

of	 100	mM	mercaptoethylamine	 (MEA)	 in	 phosphate	 buffered	 saline	 (PBS,	 pH	 8.2).	 For	

imaging,	 a	 laser	 emitting	 at	 a	 wavelength	 of	 640	 nm	was	 used	 (Toptica	 Photonics	 AG,	

Graefelfing,	Germany)	for	excitation	of	the	Atto	647N	dye.	A	405	nm	laser	(Mitsubishi	S3	

Electronics	 Corp.,	 Tokyo,	 Japan)	 was	 used	 as	 the	 reactivation	 source,	 which	 was	 only	

turned	 on	 when	 the	 number	 of	 active	 fluorophores	 in	 the	 field	 of	 view	 was	 visibly	

reduced.	 Imaging	was	 performed	 under	 TIRF	 illumination	 conditions,	 ensuring	 that	 the	
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exact	 centre	 of	 the	 field	 of	 view,	 FOV,	 was	 illuminated.	 The	 FOV	 covered	 1997	 ×	 1997	

camera	 pixels,	 corresponding	 to	 an	 area	 on	 the	 sample	 of	 ~20	 ×	 20	 μm2.	 10,000	

fluorescence	 frames	were	 recorded,	 each	 corresponding	 to	an	exposure	 time	of	10	ms;	

the	 latter	was	matched	 to	 be	 in	 the	 range	 of	 the	 average	 “on”	 time	of	 the	 fluorescent	

dyes.	The	 fluorescence	 light	 in	 the	detection	path	was	 filtered	and	 imaged	with	an	 Ixon	

DV887	 ECS-BV	 EM-CCD	 camera	 (Andor,	 Belfast	 UK).The	 image	 analysis	 was	 performed	

using	frames	1,000	to	10,000	in	each	sequence.	From	each	image	stack,	a	reconstructed	

dSTORM	image	was	generated		using	the	open-source	rapidSTORM	software	developed	in	

house	using	MATLAB	(The	MathWorks,	Inc.).	

4.2.10	Modelling.	

Schematic	 representations	of	αS	bound	 to	 SUVs	were	obtained	by	using	molecular	

dynamics	 (MD)	 simulations	 in	 implicit	 solvent.	 The	 structure	 of	 αS	 in	 the	 double-

anchoring	 mechanism	 (see	 below)	 were	 obtained	 by	 starting	 from	 the	 model	 of	

membrane-bound	conformation	αS	characterised	by	an	elongated	helix	(residues	1	to	97)	

with	a	disordered	C-terminal	region	(residues	98	to	140)	which	was	part	of	the	ensemble	

characterised	 previously	 (114).	 Atomic	 coordinates	 (Cartesian	 space)	 of	 the	 N-terminal	

anchor	 were	 harmonically	 restrained	 to	 maintain	 a	 fixed	 position	 whereas	 the	 region	

spanning	residues	65	to	97	was	restrained	in	the	alpha-helical.	A	constant	force	in	the	Z	

dimension	was	applied	to	this	region	to	extend	it	toward	the	upper	vesicle.	The	reminder	

of	 the	 protein	 (residues	 26	 to	 59	 and	 98	 to	 140)	 was	 allowed	 to	 relax	 under	 the	

Newtonian	 laws	 of	 motions	 during	 the	 MD	 simulation.	 Curved	 vesicle	 surfaces	 were	

generated	 by	 starting	 from	 atomic	 models	 of	 DOPE:DOPS:DOPC	 bilayers	 and	 by	

generating	roto-translations	that	imposed	a	spherical	symmetry	with	a	radius	of	25	nm.	

4.2.11	Kinetics	measurements	of	aggregation.		

αS	solutions	 in	the	absence	and	in	the	presence	of	DMPS	SUV	were	prepared	in	20	mM	

phosphate	buffer	at	pH	6.0.	35	μM	and	50	μM	protein	solutions	were	supplemented	with	

560	μM	and	500	μM	DMPS	SUV,	respectively.	Aggregation	kinetic	assays	were	initiated	by	

incubating	 the	 samples	 in	 96-well	 plate	 at	 37	 °C	 under	 quiescent	 conditions	 in	 a	 plate	

reader	 (Fluostar	 Omega,	 Fluostar	 Optima	 or	 Fluostar	 Galaxy,	 BMGLabtech,	 Offenburg,	

Germany)	in	the	presence	of	50	uM	Thioflavin	T	(ThT)	(Sigma).	The	ThT	fluorescence	was	

measured	through	the	bottom	of	 the	plate	every	10	min	with	a	440	nm	excitation	filter	
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and	a	480	nm	emission	filter.	The	ThT	fluorescence	was	followed	for	three	repeats	of	each	

sample,	and	the	whole	setup	was	repeated	twice	in	separate	plates.	

4.2.12	Atomic	force	microscopy	(AFM)	imaging.		

20	μl	aliquots	were	sampled	after	11h	of	incubation	under	the	conditions	employed	in	the	

kinetic	 assays	 were	 diluted	 to	 5	 μM	 and	 deposited	 on	 cleaved	 mica	 surfaces	 (Agar	

Scientific,	 Stansted,	 UK).	 The	 surfaces	 were	 left	 to	 dry	 in	 air	 for	 60	 min	 while	 being	

shielded	from	dust	particles.	Topographic	data	were	then	acquired	using	a	Nanowizard	II	

atomic	force	microscope	(JPK	Instruments,	Waterbeach,	UK)	in	intermittent	contact	mode	

in	air,	using	NSC	36	cantilevers	 (Mikromasch,	Tallinn,	Estonia)	with	resonant	 frequencies	

between	70	kHz	and	150	kHz.	

4.2.13	Dynaimic	Light	Scatterning	(DLS).	

DLS	measurements	 of	 vesicle	 size	 distributions	were	 performed	 using	 a	 Zetasizer	Nano	

ZSP	 instrument	 (Malvern	 Instruments,	 Malvern,	 UK)	 with	 backscatter	 detection	 at	 a	

scattering	angle	of	173°.	The	viscosity	(0.8882	cP)	and	the	refractive	index	(1.330)	of	water	

were	 used	 as	 parameters	 for	 the	 buffer	 solution,	 and	 the	 material	 properties	 of	 the	

analyte	were	set	to	those	of	the	lipids	(absorption	coefficient	of	0.001	and	refractive	index	

of	1.440).	 SUVs	were	used	at	a	 concentration	of	0.05%	 in	 these	measurements	and	 the	

experiments	 were	 performed	 at	 25 °C.	 The	 acquisition	 time	 for	 the	 collection	 of	 each	

dataset	 was	 10	 sec	 and	 accumulation	 of	 the	 correlation	 curves	 was	 obtained	 using	 10	

repetitions.	 Each	measurement	was	 repeated	 10	 times	 to	 estimate	 standard	 deviations	

and	average	values	of	the	centres	of	the	size	distributions.	

4.2.14	Fitting	of	the	CD	data.		

Assuming	a	single	site	binding	(eq.	4.1),	the	dissociation	constant,	KD,	is	given	by	eq.	2:	

	

PL	=	P	+	SUVs	 	 	 	 	 	 	 	 	 	 (4.1)	

	

KD	=	[P][Suv]/[PSuv]											 		 	 	 	 	 																							(4.2)	

	

Where	[P],	[L]	and	[PL]	are	the	equilibrium	concentrations	of	protein,	SUVs	and	protein-

ligand	complex,	respectively.	
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For	 each	 measurement,	 the	 observed	 CD	 value,	 Fobs,	 is	 by	 the	 population-weighted	

combination	of	the	CD	values	in	the	unbound	and	bound	protein	states		

	

€ 

Fobs = PbFb + PuFu = Pb (Fb − Fu) + Fu 			 	 	 	 	 	 (4.3)	

	

Where	Pu	and	Pb	are	the	populations	of	the	unbound	and	bound	states,	respectively,	and	

Fu	and	Fb	are	the	intrinsic	values	of	CD	signal	at	222nm	for	bound	and	unbound	protein	

states.	Note	that	Pu	+	Pb	=	1.	Pb	can	be	expressed	in	terms	of	[P],	[L],	[PL]	and	KD	according	

to:	

	

Pb =
[PSuv]

[P]+[PSuv]
=

[P][Suv]

KD [P]+[P][Suv]KD( ) 	 	 	 	 	 	 (4.4)
	

	

The	fitting	formula	here	employed	is	the	combination	of	eq.s	3	and	4:		

	

ΔF = Fobs −Fu =
[P][Suv]

KD [P]+[P][Suv]KD
( )

(Fb −Fu )
	 	 	 	 	 (4.5)
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4.3	Binding	properties	of	pathological	αS	variants.	

Using	 solution-state	 and	 solid-state	 NMR	 spectroscopy	 in	 combination	 with	 cryo-

electron	 microscopy	 (cryo-EM)	 and	 stimulated	 emission	 depletion	 (STED)	 imaging,	 we	

characterised	 the	 structural	 properties	 at	 the	 surface	 of	 synaptic-like	 vesicles	 of	 the	

familial	 αS	 mutants	 A30P	 (188)	 (αSA30P)	 and	 E46K	 (189)	 (αSE46K)	 and	 compared	 their	

behaviour	with	that	of	the	wild	type	protein	(αSWT)	(114).	In	particular,	as	in	the	study	of	

αSWT	 (see	 Chapter	 III),	 we	 studied	 the	 interactions	 of	 αSA30P	 and	 αSE46K	 with	 small	

unilamellar	 vesicles	 (SUVs)	 composed	 of	 a	 mixture	 of	 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine	 (DOPE),	 1,2-dioleoyl-sn-glycero-3-phospho-L-serine	 (DOPS),	 and	

1,2-dioleoyl-sn-glycero-3-phosphocholine	(DOPC)	in	5:3:2	molar	ratios	(73),	as	such	SUVs	

have	been	reported	to	be	good	mimics	of	synaptic	vesicles	for	composition	and	curvature	

(19).	 The employed combination of magic angle spinning (MAS (115, 116)) 

measurements in solid-state NMR (ssNMR(190)) and chemical exchange saturation 

transfer (CEST (91, 112-114, 191),	 Figure	2.10)	 experiments	 in	 solution-state	NMR	has	

proved	to	be	highly	effective	in	probing	interactions	between	αS	and	SUVs,	enabling	the	

degree	of	order	and	disorder	 in	the	membrane-bound	state	of	αSWT	to	be	characterised	

(Chapter	III)	(114).	

In	 the	 analysis	 of	 the	 interaction	 between	 αSA30P	 and	 SUVs,	 CEST	 profiles	 (Figures	

2.10,	 4.1	 and	 4.2)	 provided	 detailed	 information	 concerning	 the	 effects	 of	 the	 A30P	

mutation,	 which	 was	 shown	 to	 reduce	 very	 substantially	 the	 binding	 affinity	 of	 αS	 for	

SUVs	 (19).	 In	αSA30P,	 indeed,	 the	binding	of	 the	N-terminal	 anchor	 region	was	 found	 to	

involve	a	smaller	number	of	 residues	than	 in	 the	case	of	αSWT	 (residues	6-20	compared	

with	residues	6-25	in	αSWT)	with	generally	a	lower	degree	of	CEST	saturation	than	in	the	

case	 of	 αSWT.	 The	 major	 differences	 between	 αSA30P	 and	 αSWT	 were	 evident	 in	 this	

membrane-anchor	 N-terminal	 region,	 while	 the	 remainder	 of	 the	 protein	 sequence	

showed	very	 limited	variations	 in	 the	CEST	profiles	of	 these	 two	proteins.	The	opposite	

behaviour	was	observed	for	the	αSE46K	variant,	which	binds	SUVs	with	higher	affinity	than	

αSWT	 (19).	 Indeed,	 the	 CEST	 data	 indicate	 a	 significantly	 stronger	 interaction	 with	 the	

membrane	 for	 the	N-terminal	anchor	 region	of	αSE46K,	which	 in	 this	 case	extends	up	 to	

residue	42	with	a	generally	higher	degree	of	saturation	than	in	the	case	of	αSWT.	As	with	

αSA30P,	minor	variations	 in	 the	CEST	profiles	were	also	observed	 in	other	 regions	of	 the	
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sequence	 of	 αSE46K.	 The	 differences	 in	 the	 CEST	 saturation	 profiles	 of	 the	 two	mutants	

compared	to	αSWT	(Figure	4.3)	evidenced	more	specifically	that	the	major	changes	in	the	

modes	of	binding	to	SUVs	of	these	mutational	variants	are	associated	primarily	with	the	

N-terminal	region	of	the	protein.	

 

Figure	4.1.	CEST	experiments	probing	 the	membrane	 interactions	of	αSA30P	and	αSE46K.	
CEST	 experiments	 were	 recorded	 at	 a	 1H	 frequency	 of	 700	 MHz	 (see	 Materials	 and	
Methods),	 using	 protein	 concentrations	 of	 300	 mM	 and	 0.06%	 (0.6	 mg	 ml-1)	 of	
DOPE:DOPS:DOPC	lipids	in	a	ratio	of	5:3:2	and	assembled	into	SUVs.	1H-15N	HSQC	spectra	
were	recorded	by	using	continuous	wave	saturation	(170	Hz	or	350	Hz)	in	the	15N	channel	
at	offsets	 ranging	between	-28	kHz	and	+28	kHz;	an	additional	spectrum,	saturated	at	 -
100	kHz,	was	recorded	as	a	reference.	Data	recorded	using	a	saturation	bandwidth	of	350	
Hz	are	shown	here	(the	data	measured	using	a	saturation	bandwidth	of	170	Hz	are	shown	
in	Figure	4.2).	For	comparison,	the	plots	in	panels	b	and	e	are	drawn	using	αSWT	data	from	
our	previous	investigation(114).	(a-c)	CEST	surfaces	for	αSA30P	(a)	αSWT(114)	(b)	and	αSE46K	
(c).	 (d-f)	CEST	 saturation	along	 the	 sequences	of	αSA30P	 (d),	αSWT(114)	 (e)	and	αSE46K	 (f).	
The	green	lines	refer	to	the	averaged	CEST	profiles	measured	using	offsets	at	+/-	1.5	kHz,	
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and	the	profiles	for	+/-	3	kHz	and	+/-	5	kHz	are	shown	in	black	and	red,	respectively.	(g-i)	
Schematic	 illustration	 (see	Materials	 and	Methods)	 of	 the	 equilibrium	 between	 surface	
attached/detached	 local	 conformations	 in	 the	 membrane-bound	 states	 αSA30P	 (g)	
αSWT(114)		(h)	and	αSE46K	(i).	The	major	differences	in	the	data	of	αSA30P,	αSWT	and	αSE46K	
are	 located	 in	 the	anchor	 region.	Overall,	 these	 three	variants	of	αS	maintain	 the	 same	
topological	properties	at	the	surfaces	of	synaptic-like	SUVs. 
	

	

 

Figure	 4.2.	 CEST	 experiments	 of	 αSA30P	 and	 αSE46K	 using	 a	 continuous	 wavelength	 of	
170Hz.		1H-15N	HSQC	spectra	recorded	by	using	a	continuous	wave	saturation	of	170	Hz	in	
the	15N	channel	at	offsets	ranging	between	-28	kHz	and	+28	kHz.	An	additional	spectrum,	
saturated	at	 -100	kHz	was	recorded	as	a	reference.	For	the	sake	of	comparison,	plots	 in	
panels	b	and	e	are	drawn	using	αSWT	data	from	our	previous	investigation(114).	(a-c)	CEST	
surfaces	 for	 αSA30P	 (a)	 αSWT(114)	 	 (b)	 and	 αSE46K	 (c).	 (d-f)	 CEST	 saturation	 along	 the	
sequences	of	αSA30P	(d)	αSWT(114)		(e)	and	αSE46K	(f).	Green	lines	refer	to	the	averaged	CEST	
profiles	measured	using	offsets	at	+/-	1.5	kHz.	Similarly,	profiles	for	+/-	3	kHz	and	+/-	5	kHz	
are	shown	in	black	and	red,	respectively.	
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Figure	 4.3.	CEST	 differences	 between	 αSWT	 and	 αSA30P	 and	 αSE46K.	 CEST	 profiles	 of	 the	
αSWT	variants	have	been	subtracted	from	those	of	αSA30P	and	αSE46K.	Green,	red	and	black	
lines	 are	used	 for	 offsets	 of	 +/-	 1.5	 kHz,	 +/-	 3.0	 kHz	and	+/-	 5.0	 kHz,	 respectively.	 (a-b)	
Difference	 in	 CEST	 profiles	 of	 αSA30P	 and	αSWT,	measured	with	 bandwidths	 of	 350Hz	 (a)	
and	 170Hz	 (b).	 The	 three	 offsets	 show	 a	 peak	 of	 positive	 differences	 in	 the	 regions	
indicated	in	yellow,	showing	that	in	this	region	the	saturation	is	weaker	for	αSA30P	than	for	
αSWT	 .	 (c-d)	Difference	 in	CEST	profiles	 of	αSE46K	 and	αSWT,	measured	with	bandwiths	of	
350Hz	(c)	and	170Hz	(d).	Green,	red	and	black	lines	are	used	for	offsets	of	+/-	1.5	kHz,	+/-	
3.0	 kHz	 and	 +/-	 5.0	 kHz,	 respectively.	 The	 three	 offsets	 show	 a	 peak	 of	 negative	
differences	 in	 the	regions	 indicated	 in	blue,	showing	that	 in	 this	 region	the	saturation	 is	
stronger	for	αSE46K	than	for	αSWT	.		
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In	 order	 to	 obtain	 detailed	 information	 on	 the	 topology	 of	 αSA30P	 and	αSE46K	when	

bound	 to	 the	 surface	 of	 SUVs,	 we	 employed	 again	 MAS	 ssNMR	 experiments.	 13C-15N	

labelled	αS	samples	were	mixed	with	SUVs,	as	described	in	chapter	III	in	the	case	of	αSWT	

(19,	 114)	 to	 reach	 a	 protein/lipid	 ratio	 of	 1:65	 (114).	Under	 these	 conditions	we	 could	

observe	directly	 the	 resonances	of	both	 rigid	 and	dynamical	 regions	of	 the	membrane-

bound	αS	molecule	 by	 using	 cross	 polarisation	 (CP)	 and	 insensitive	 nuclei	 enhanced	by	

polarization	 transfer	 (INEPT)	 experiments	 (147),	 respectively	 (Chapter	 III).	 In	 the	 CP	

regime,	 we	 performed	 13C-13C	 dipolar	 assisted	 rotational	 resonance	 (DARR)(125)	

measurements	 to	 detect	 homonuclear	 correlations	 between	 carbon	 atoms	 of	 residues	

strongly	anchored	to	the	membrane	(Figure	4.4).	In	our	previous	study	of	αSWT	(114),	the	
13C-13C-DARR	 spectra	 identified	 resonances	 of	 residues	 6-25	 of	 the	 anchor	 region,	

showing	 that	 this	 region	 folds	 into	 a	 highly	 rigid	α-helix	 lying	 essentially	 parallel	 to	 the	

membrane	 surface	 (114).	 The	 13C-13C-DARR	 spectra	 of	 the	 membrane	 bound	 states	 of	

αSA30P	and	αSE46K	are,	however,	substantially	different	from	those	of	αSWT,	indicating	that	

the	dynamical	and	structural	properties	of	the	anchor	region	vary	considerably	between	

the	wild	type	and	variant	forms	of	αS.		

In	 the	 case	 of	 αSA30P,	 the	 13C-13C-DARR	 spectrum	 showed	 a	 very	 limited	 signal-to-

noise	 ratio	 and	 almost	 a	 complete	 absence	 of	 cross	 peaks,	 suggesting	 that	 the	 anchor	

region	of	this	variant	is	significantly	more	dynamic	than	the	same	region	of	the	wild	type	

protein.	In	contrast,	the	13C-13C	DARR	spectrum	of	αSE46K	showed	a	higher	signal-to-noise	

ratio	 and	 a	 significantly	 larger	 number	 of	 intense	 cross	 peaks,	 indicating	 an	 elongated	

anchor	 region	 in	 this	 mutational	 variant	 that	 binds	 more	 strongly	 to	 SUVs.	 Using	 the	

dipolar	 connectivities	 from	 15N-13C	 CP-based	 experiments,	 along	 with	 our	 previous	

assignment	of	αSWT	and	13C-13C	DARR	spectra	acquired	at	different	mixing	times,	we	were	

able	 to	 assign	 individual	 spin	 systems	 in	 the	 13C-13C	 DARR	 spectra	 of	 αSA30P	 and	 αSE46K	

(Figure	4.4	a).	The	chemical	shifts	were	then	compared	to	those	obtained	from	solution	

state	NMR	studies	of	αSWT	in	SDS	and	SLAS	micelles	(118,	146),	and	indicated	that,	despite	

the	differences	 in	dynamics	and	 in	 the	binding	strength	relative	 to	 lipid	membranes,	all	

the	variants	analysed	here	adopt	a	helical	conformation	at	the	N-terminal	anchor	when	

bound	 to	 membranes.	 This	 finding	 is	 particularly	 relevant	 in	 the	 case	 of	 the	 A30P	

mutation	 because	 it	 shows	 that,	 as	 the	 other	 variants,	 αSA30P	 is	 able	 to	 bind	 the	 lipid	
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bilayer	 via	 an	 amphipathic	 α-helix	 at	 the	 N-terminus	 rather	 than	 a	 disordered	 state	

tethered	onto	the	lipid	surface.	

The	highly	dynamical	regions	of	αSA30P	and	αSE46K	bound	to	SUVs	were	then	probed	

directly	 by	 INEPT	 measurements	 acquired	 using	 MAS	 ssNMR	 experiments	 (147)	 and	

revealed	 1H-13C	 correlations	 for	 resonances	 of	 the	 disordered	 C-terminal	 region	 of	 αS	

(Figure	4.4	b),	which	 is	only	weakly	associated	with	the	membrane	(114).	 In	contrast	 to	

the	 results	 obtained	 from	 the	 DARR	 spectra,	 no	 significant	 differences	 were	 found	

between	αSA30P	and	αSE46K	in	the	INEPT	spectra,	indicating	that	the	disordered	C-terminal	

regions	 (residues	98-140)	of	 the	membrane-bound	states	of	 these	variants	have	 similar	

structural	 and	 dynamical	 properties	 to	 those	 of	 αSWT.	 To	 gain	 further	 insights	 into	 the	

topological	nature	of	mobile	 regions	 in	 the	membrane-bound	αSA30P	 and	αSE46K	 variant,	

we	used	paramagnetic	 relaxation	enhancement	 (PREs)	experiments(114).	By	doping	 the	

SUVs	with	 low	 levels	 (2%)	 of	 a	 lipid	 carrying	 an	 unpaired	 electron	 on	 the	 head	 group,	

namely	 the	 gadolinium	 salt	 of	 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-

diethylenetriaminepentaacetic	acid,	PE-DTPA,	we	could	observe	selective	line	broadening	

of	individual	resonances	in	the	INEPT	spectrum	(Figure	4.5),	revealing	those	residues	that	

interact	 transiently	 with	 the	 membrane	 surface.	 The	 resulting	 broadening	 patterns	 of	

hydrophobic	 (including	 L100,	 A107,	 P108,	 I12,	 I113,	 P117,	 V118,	 P120)	 and	 positively	

charged	(K97	and	K102)	residues	were	found	to	be	similar	to	those	observed	in	αSWT.		
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Figure	 4.4.	MAS	 ssNMR	 spectra	 of	 αSA30P	 and	 αSE46K	 bound	 to	 SUVs.	 (a)	 13C-13C	DARR	
correlation	spectra	(aliphatic	regions)	recorded	at	-19	oC	using	a	50	ms	mixing	time	at	a	
MAS	rate	of	10	kHz.	We	used	a	1:65	protein:lipid	ratio	in	both	cases,	and	spectra	of	αSA30P	
and	 αSE46K	 are	 shown	 in	 the	 left	 and	 right	 panels,	 respectively.	 Residues	 are	 indicated	
using	 the	 single	 letter	 convention.	 The	 highest	 signal	 intensities	 in	 the	 spectra	 of	 the	
samples	 studied	here	were	 obtained	by	 performing	 the	measurements	 at	 -19	 oC.	Under	
these	conditions	the	lipid	mixtures	used	here	are	 in	the	gel	phase	(145),	enabling	13C-13C	
DARR	 spectra	 to	 be	 measured	 with	 significantly	 increased	 signal-to-noise	 ratios	 but	
without	 affecting	 the	 pattern	 of	 chemical	 shifts;	 the	 latter	 are	 consistent	 with	 those	
measured	 at	 4	 oC	 (114).	 No	 variations	 in	 the	 number	 of	 observed	 resonances	 or	 in	 the	
chemical	shifts	were	observed	using	protein:lipid	ratios	ranging	from	1:30	to	1:200	(114).	



	 91	

(b)	 1H-13C	 correlation	 via	 INEPT	 transfer	 recorded	at	 4	 oC	at	 a	MAS	 rate	of	 10	 kHz.	 The	
experiments	were	performed	at	a	 1H	 frequency	of	700	MHz	using	a	 1H/13C	3.2	mm	EFree	

probe.	 Atom	 names	 ca,	 cb,	 cg,	 cd	 and	 ce	 are	 used	 for	 Cα,	 Cβ,	 Cγ,	 Cδ	 and	 Ce	 atoms,	
respectively.	
		

	

Figure	 4.5.	 Paramagnetic	 relaxation	 experiments.	 αSA30P	 and	 αSE46K	 PRE	 data	 with	
paramagnetic	 SUVs	 are	 shown	 in	 panels	 a	 and	 b,	 respectively.	 To	 obtain	 paramagnetic	
vesicles,	the	DOPE:DOPS:DOPC	mixture	was	doped	with	2%	of	(1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine-N-DTPA,	 gadolinium	 salt).	 (a)	 Comparison	 between	 INEPT	
spectra	of	αSA30P	with	(yellow)	and	without	(blue)	the	spin	label.	(b)	Comparison	between	
INEPT	spectra	of	αSE46K	with	(blue)	and	without	(yellow)	the	spin	 label.	The	two	variants	
show	 similar	 patterns	 of	 enhanced	 relaxation,	 which	 indicated	 intermolecular	 contacts	
due	to	the	spatial	proximity	of	the	atoms	of	αS	and	the	unpaired	spins	on	the	surfaces	of	
the	SUVs.	Residues	that	showed	PRE	effects	with	the	membrane	are	 found	to	be	mainly	
hydrophobic	and	have	been	indicated	in	red	in	the	sequence	of	the	disordered	C-terminal	
tail	(top	of	panel	a).	
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4.4	Mechanism	of	synaptic	vesicle	assembly	induced	by	αS	

The	solution-state	and	solid-state	NMR	measurements	described	in	Chapters	 III	and	

IV	reveal	a	striking	degree	of	independence	between	the	membrane	binding	properties	of	

the	N-terminal	membrane-anchor	region	of	αS,	which	is	significantly	affected	by	the	A30P	

and	E46K	mutations,	and	of	the	region	spanning	residues	65	to	97,	which	instead	shows	

negligible	 differences	 as	 a	 result	 of	 these	 mutations	 (Figure	 4.3).	 These	 independent	

membrane-binding	 modes	 suggest	 that,	 in	 addition	 to	 interacting	 with	 the	 membrane	

surface	 of	 the	 same	 SUV,	 these	 two	 regions	 are	 sufficiently	 independent	 to	 bind	

simultaneously	 two	different	 SUVs.	 Indeed	our	modelling	 studies	 show	 that	 a	 single	αS	

molecule	could	bind	and	bridge	two	vesicles	that	are	even	150	Å	apart	(Figure	4.6	a),	with	

both	the	N-terminal	anchor	region	(initial	25	residues)	and	the	central	region	(residues	65	

to	 97)	 adopting	 the	 conformations	 of	 amphipathic	 α-helices.	 These	 data	 therefore	

provide	 the	 structural	 basis	 of	 the	 mechanism	 by	 which	 αS	 promotes	 the	 interaction	

between	 vesicles	 that	 has	 been	 observed	 experimentally	 both	 in	 vitro	 (19,	 177)	 and	 in	

vivo	(176,	178).	

To	obtain	further	evidence	of	this	‘double-anchor’	mechanism	(Figure	4.6	a),	we	used	

our	 findings	 to	 design	 a	 further	 variant	 of	 αS	 having	 structural	 properties	 that	 we	

anticipated	should	enhance	the	probability	of	αS	to	bind	simultaneously	to	two	different	

vesicles	 in	 such	 a	way	 to	mediate	 their	 interaction.	 In	particular,	 to	 favour	 the	double-

anchor	mechanism	(Figure	4.6	a),	this	variant	was	designed	to	enhance	the	detachment	

of	the	region	65	to	97	from	the	membrane	surface	when	αS	is	bound	to	the	SUVs	via	its	

N-terminal	 anchor	 region.	We	 identified	 for	 this	 purpose	 a	 scrambled	 sequence	 (αSSc)	

incorporating	 the	 E46K	 and	 K80E	 mutations.	 In	 particular,	 by	 replacing	 the	 lysine	 at	

position	80	with	a	glutamic	acid	(K80E),	the	local	binding	to	negatively	charged	vesicles	is	

disfavoured,	 hence	 shifting	 the	 conformational	 equilibrium	 of	 the	 fragment	 65	 to	 97	

towards	a	state	where	this	region	is	less	strongly	bound	to	the	SUV	surface.	By	contrast,	

while	K80E	is	designed	to	reduce	the	overall	membrane	affinity	of	αS,	a	second	mutation	

in	which	 the	glutamic	acid	at	position	46	 is	 replaced	by	a	 lysine	 (E46K)	was	 selected	 to	

increase	 the	 interaction	between	the	N-terminal	anchor	 region	and	the	SUV	surface,	as	

probed	in	αSE46K	 (Figure	4.1	and	4.4),	thereby	restoring	an	overall	KD		comparable	to	that	

of	the	wild	type	protein.		
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We	tested	experimentally	whether	or	not	αSSc	possessed	 the	anticipated	 structural	

and	 thermodynamical	 properties	 characteristic	 of	 its	 membrane-bound	 state.	 In	

agreement	with	our	design,	we	found	the	binding	affinity	of	αSSc	for	SUVs,	measured	by	

circular	dichroism	(CD)	(114),	to	be	similar	to	that	of	αSWT	(Figure	4.7	a-c).	By	contrast	the	

structural	properties	of	 the	αSSc	 variant,	 as	probed	by	CEST	 (Fiugure	4.7	d-f),	 showed	a	

significant	 reduction	 in	 the	membrane	 interaction	of	 the	 central	 region	 (residues	 65	 to	

97)	of	the	variant	than	in	αSWT.	These	data	indicate	that	αSSc	binds	SUVs	with	essentially	

the	same	affinity	as	αSWT	but	with	different	structural	dynamical	properties	that	increase	

exposure	of	the	residues	65	to	97	in	its	membrane-bound	state.	CEST	also	confirmed	the	

stronger	interaction	of	the	anchor	region	of	αSSc	compared	to	that	of	αSWT,	which	in	the	

designed	variant	is	extended	to	residue	42	as	a	consequence	of	the	E46K	mutation	(Figure	

4.7	e).	As	αSSc	and	αSE46K	have	the	same	sequence	except	at	position	80,	we	plotted	the	

differences	in	the	CEST	profiles	of	these	two	variants;	this	comparison	reveals	clearly	that	

the	 binding	 properties	 of	 these	 two	 variants	 to	 the	 SUVs	 are	 overall	 indistinguishable	

except	 in	 the	region	65	to	97	 (Figure	4.8)	 thereby	providing	additional	evidence	 for	 the	

independence	of	the	membrane-binding	properties	of	the	N-terminal	and	central	regions	

in	αS.		
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Figure	 4.6.	 Vesicle	 assembly	 induced	by	αS.	 (a)	Molecular	details	of	 the	double-anchor	
mechanism	described	in	this	work.	SUVs	of	50	nm	in	diameter	were	modelled	to	mimic	as	
closely	as	possible	the	experimental	conditions	in	this	study	(see	Materials	and	Methods).	
αS	was	modelled	with	 the	N-terminal	 anchor	 in	 an	 amphipathic	 α-helical	 conformation	
(red)	and	bound	to	the	lower	vesicle.	The	region	65	to	97	(cyan)	of	αS	was	modelled	in	an	
amphipathic	α-helical	conformation	bound	to	the	upper	vesicle.	The	C-terminal	fragment	
(residues	98	 to	140)	and	 the	 linker	 region	26	 to	59	are	 shown	 in	pink	and	grey	 colours,	
respectively.	 With	 this	 topology	 the	 modelling	 reveals	 that	 a	 single	 αS	 molecule	 could	
simultaneously	bind	two	vesicles	that	are	up	to	150	Å	apart.	(b-c)	Cryo-EM	(b)	and	STED	
(c)	images	acquired	on	SUVs	at	a	concentration	of	0.6	mg/ml.	(d-e)	Cryo-EM	(d)	and	STED	
(e)	images	measured	on	SUVs	following	a	12	h	incubation	with	200	mM	αSWT.	(f-g)	Cryo-
EM	(f)	and	STED	(g)	images	acquired	on	SUVs	following	12	h	incubation	with	200	mM	αSSc.	
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Figure	4.7.	Differences	in	the	structure,	dynamics	and	binding	affinity	of	αSSc	and	αSWT.	
(a-b)	CD	analysis	 of	αSWT	 (a)	 and	αSSc	 (b)	 in	 the	presence	of	different	 concentrations	of	
SUVs.	In	all	measurements,	the	concentration	of	αS	was	kept	constant	at	20	μM.	(c)	Using	
the	values	of	the	ellipticity	at	222	nm	we	estimated	an	apparent	dissociation	constant	KD	
of	207	±	17	μM	for	αSSc	and	261	±	21	μM	for	αSWT	under	the	conditions	employed	in	the	
present	study.	See	fitting	procedure	in	the	materials	and	methods.	(d)	CEST	surface	of	αSSc.	
1H-15N	HSQC	spectra	were	recorded	by	using	a	continuous	wave	saturation	(350	Hz)	on	the	
15N	 channel	 at	 offsets	 ranging	 between	 -28	 kHz	 and	 +28	 kHz.	 An	 additional	 spectrum,	
saturated	 at	 -100	 kHz	 was	 recorded	 as	 a	 reference.	 (e)	 CEST	 saturation	 along	 the	
sequences	of	αSSc.	Green	lines	refer	to	the	averaged	CEST	profiles	measured	using	offsets	
of	+/-	1.5	kHz.	Similarly,	profiles	for	+/-	3	kHz	and	+/-	5	kHz	are	shown	in	black	and	red,	
respectively.	 (f)	 CEST	 difference	 between	 αSWT	 and	 αSSc.	 Green,	 black	 and	 red	 lines	 are	
used	for	offsets	of	+/-	1.5	kHz,	+/-	3	kHz	and	+/-	5	kHz,	respectively.	
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Figure	 4.8.	 Differences	 in	 CEST	 profiles	 of	 αSSc	 and	 αSE46K.	 CEST	 profiles	 (with	 a	
bandwidth	 of	 350Hz)	 of	 the	 αSE46K	 variants	 have	 been	 subtracted	 from	 those	 of	 αSSc.	
Green,	black	 and	 red	 lines	 are	used	 for	offsets	of	 +/-	 1.5	 kHz,	 +/-	 3	 kHz	 and	+/-	 5	 kHz,	
respectively.	The	three	offsets	show	a	peak	of	positive	difference	in	the	regions	indicated	
in	yellow,	showing	that	in	this	region	saturation	of	αSSc	weaker	than	that	of	αSE46K.	
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4.5	The	NAC	region	is	fundamental	for	αS	function	and	aggregation	

We	compared	the	efficiency	with	which	αSSc	and	αSWT	promote	the	 interaction	and	

assembly	 of	 vesicles	 by	 monitoring,	 using	 cryo-EM,	 the	 ability	 of	 the	 two	 variants	 to	

promote	coalescence	and	fusion	of	synaptic-like	vesicles	in	vitro16.	As	a	control,	cryo-EM	

images	of	0.05%	DOPE:DOPS:DOPC	SUVs	incubated	for	12	h	in	the	absence	of	αS	showed	

spherical	 vesicles	 of	 diameters	 ranging	 between	 30	 nm	 and	 60	 nm,	 with	 negligible	

evidence	of	vesicle	fusion	over	the	period	of	incubation	(Figure	4.6	b	and	4.9	a),	showing	

that	 in	 the	 absence	 of	 αS	 the	 spontaneous	 fusion	 of	 SUVs	 occurs	with	 extremely	 slow	

kinetics.	In	the	presence	of	αS,	however,	the	SUVs	experience	a	considerable	number	of	

fusion	 events	 with	 cryo-EM	 images	 revealing	 the	 presence	 of	 elongated	 fused	 vesicles	

having	long	axes	of	up	to	200	nm	under	the	conditions	used	in	this	study	(Figure	4.6	d	and	

4.9	b).	 Incubating	SUVs	with	αSSc,	however,	resulted	 in	a	very	significant	 increase	 in	the	

extent	 of	 vesicle	 fusion,	 with	 cryo-EM	 images	 clearly	 indicating	 that	 this	 variant	 is	

significantly	more	active	 in	promoting	the	interaction	of	SUVs	ultimately	 leading	to	very	

large	vesicle	assemblies	(Figure	4.6	f	and	4.9	c).		

To	 generate	 a	 quantitative	 analysis	 of	 the	 sizes	 of	 the	 SUVs	 in	 the	 presence	 and	

absence	 of	 the	 αS	 variants,	 we	 used	 STED	 microscopy	 imaging,	 which	 enabled	 us	 to	

sample	 rapidly	 the	 sizes	 of	 thousands	 of	 vesicles	 to	 achieve	 statistically	 significant	

differences	 in	 the	distributions.	 STED	 imaging	was	 carried	out	by	 fluorescently	 labelling	

the	DOPE:DOPS:DOPC	SUVs	with	2%	of	DOPE	labelled	with	the	ATTO	647N	fluorophore.	

Images	of	isolated	vesicles	resulted	in	a	size	distribution	centred	at	55	±	11	nm	(Figure	4.6	

c	 and	 4.10	 a-b),	 within	 the	 range	 anticipated	 from	 the	 preparation	 protocol(114).	

However,	STED	 images	of	vesicles	 incubated	with	αSWT	clearly	 revealed	the	presence	of	

numerous	clusters	of	fused	lipids,	whose	sizes	were	quantified	by	using	an	algorithm	that	

fits	annular	shapes	to	the	vesicles,	rather	than	the	2D	Gaussian	fitting	used	in	the	case	of	

isolated	vesicles	(Methods	and	Figure	4.10).	The	resulting	distributions	indicate	that	SUVs	

incubated	with	 αSWT	 give	 rise	 to	 two	 populations	 of	 vesicles,	 a	 species	with	 properties	

similar	to	those	of	vesicles	imaged	in	the	absence	of	αS	and	another	species	attributable	

to	fused	vesicles,	with	a	distribution	centred	at	115	±	30	nm	(Figure	4.6	e	and	4.10	c-d).		

Following	 incubation	with	αSSc,	however,	both	 the	sizes	and	 relative	populations	of	

the	fused	vesicles	increased	dramatically,	with	the	size	distribution	of	fused	vesicles	now	
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centred	at	181	±	48	nm	(Figure	4.6	g	and	4.10	e-f).	Similar	conclusions	to	those	obtained	

from	STED	analysis	were	obtained	from	measurements	of	dynamic	light	scattering	(DLS),	

which	showed	that	the	average	size	of	the	SUVs	increases	in	the	presence	of	αS	and	that	

this	effect	is	considerably	greater	with	αSSc	than	with	αSWT	(Figure	4.11).	Overall,	the	cryo-

EM,	 STED	 and	 DLS	 data	 show	 that	 the	 engineered	 αSSc	 variant	 has	 a	 very	 significantly	

enhanced	activity	in	promoting	the	interactions	between	SUVs.	As	αSSc	and	αSWT	have	the	

same	amino	acid	composition	and	net	charge,	and	bind	SUVs	with	similar	thermodynamic	

affinity,	 the	 enhanced	 interaction	 between	 vesicles	 upon	 incubation	 with	 αSSc	 can	 be	

attributed	to	the	higher	population	of	conformations	with	an	enhanced	exposure	of	the	

region	65	to	97	from	the	membrane	surface,	which	increases	the	probability	to	associate	

with	 a	 different	 vesicle	 and	 to	 mediate	 the	 vesicle	 assembly	 via	 a	 double-anchor	

mechanism	(Figure	4.6	a).		

In	 order	 to	 assess	 the	 role	 of	 the	 double-anchor	 mechanism	 in	 the	 clustering	 of	

synaptic	vesicles	(SVs)	induced	by	αS,	we	incubated	SVs	purified	from	rat	brain	(182,	183)	

for	48	h	at	37	°C	in	the	presence	or	absence	of	αS	samples	(αSWT	or	αSSc).	The	distribution	

of	the	sizes	of	the	clusters	of	SVs	upon	incubation	were	quantified	using	direct	stochastic	

optical	 reconstruction	 microscopy	 (dSTORM)	 (187)	 to	 acquire	 images	 on	 poly-L-lysine-

coated	glass	plates.	In	order	to	visualise	SVs,	we	used	a	primary	antibody	that	is	specific	

for	 the	 synaptic	 protein	 synaptotagmin	 1	 and	 therefore	 binds	 selectively	 to	 SVs,	 and	 a	

secondary	antibody	fluorescently	labelled	with	ATTO	647N.	The	resulting	dSTORM	images	

(Figure	4.12	a-c)	were	analysed	by	identifying	the	centres	of	mass	of	each	of	the	SVs	and	

then	by	applying	a	clustering	approach	(192)	to	identify	groups	of	SVs	that,	according	to	a	

distance	cutoff	of	60	nm,	belong	to	the	same	cluster.	The	resulting	distribution	of	sizes	of	

SV	 clusters	 (Figure	 4.12	 d)	 showed	 that	 93%	 of	 the	 vesicles	 remain	 isolated	 after	

incubation	 for	 48h	 at	 37	 °C	 in	 the	 absence	 of	 αS,	 with	 the	 remaining	 6%	 and	 1%	

assembled	 in	 clusters	 consisting	 of	 two	 and	 three	 SVs,	 respectively.	 After	 incubation	

under	 the	 same	 conditions	 but	 in	 the	 presence	 of	 85	 μM	 of	 αSWT,	 up	 to	 17%	 of	 the	

vesicles	were	 clustered,	 some	 including	 assemblies	 composed	 up	 to	 5	 SVs	 (1%).	 In	 the	

presence	of	αSSc,	however,	over	29%	of	the	vesicles	were	observed	to	be	clustered	up	to	

6	SVs	(2%).	Cryo-EM	images	of	the	assembled	structures	(Figure	4.12	d)	revealed	that	the	
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surfaces	of	the	SVs	composing	the	clusters	are	separated	by	distances	that	extend	up	to	

15	nm,	in	agreement	with	the	double-anchor	mechanism	(Figure	4.6	a).	

 

Figure	4.9.	Gallery	of	cryo-EM	images	of	SUVs	in	the	presence	and	absence	of	αSWT	and	
αSSc.	 (a)	 isolated	SUV,	 (b)	 vesicles	 incubated	with	αSWT,	 (c)	 vesicles	 incubated	with	αSSc.	
Samples	 used	 in	 cryo-EM	measurements	were	 incubated,	with	 or	without	 αS	molecules	
(wild	 type	 and	 scrambled	 variants)	 at	 200	 μM	 concentration,	 for	 12	 h	 at	 298	 K	 using	
freshly	 prepared	 samples	 of	 0.05%	 DOPE:DOPS:DOPC	 SUVs.	 After	 incubation,	 cryo-EM	
grids	were	prepared	by	vitrifying	the	sample	solutions	into	liquid	ethane	and	stored	under	
liquid	 nitrogen	 prior	 to	 imaging.	 Samples	 were	 examined	 using	 a	 Philips	 CM200	 FEG	
electron	 microscope	 operating	 at	 200	 kV	 (Philips,	 Amsterdam,	 NL),	 using	 a	 Gatan	 626	
cryo-holder	 (Gatan,	Pleasantos,	USA)	cooled	with	 liquid	nitrogen	 to	 temperatures	below	
−180	°C.	Digital	images	were	acquired	on	a	TVIPS	FC415	CCD	camera	with	the	EMMENU	4	
software	package	(TVIPS,	Munich,	Germany).		
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Figure	 4.10.	 Fitting	 models	 employed	 in	 STED	 images.	 (a)	 STED	 image	 and	 (b)	 size	
distribution	 of	 ATTO	 labelled	 SUVs	 as	 isolated.	 2D	Gaussian	 fitting	was	 employed	 to	 fit	
isolated	 vesicles	 (blue	 beads).	 (c)	 STED	 image	 and	 (d)	 size	 distributions	 of	 SUVs	 upon	
incubation	with	αSWT.	 2D	Gaussian	 fitting	 (blue	 beads)	 and	 annular	 fitting	 (green	 rings)	
were	employed	to	fit	isolated	and	fused	vesicles,	respectively.	(e)	STED	image	and	(f)	size	
distributions	of	SUVs	upon	incubation	with	αSSc.	
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Figure	4.11.	Average	sizes	of	SUVs	from	DLS	measurements.	Measurements	were	made	
with	 a	 Zetasizer	 Nano	 ZSP	 instrument	 (Malvern	 Instruments,	Malvern,	 UK).	White	 bars	
represent	 the	 initial	 SUVs,	 whereas	 light	 gray	 and	 dark	 grey	 bars	 represent	 SUVs	
incubated	 with	 αSWT	 and	 αSSc,	 respectively.	 Three	 different	 sizes	 were	 obtained	 by	
extrusion	 of	 the	 vesicles	 through	membranes	 with	 different	 pore	 diameters.	 Error	 bars	
were	 calculated	 as	 standard	 deviations	 from	 10	 repetitions	 of	 each	 experiment.	
Regardless	of	the	initial	size,	the	incubation	of	the	vesicles	with	αSWT	induces	an	increase	
of	the	average	size	of	the	DLS	distribution.	A	stronger	effect,	however,	is	measured	upon	
incubation	with	 αSSc.	 In	 the	 latter	 case,	 the	measurements	were	 associated	with	 larger	
standard	deviations;	this	finding	is	probably	associated	with	the	bias	of	DLS	arising	from	
the	 enhanced	 scattering	 properties	 of	 large	 particles.	 Despite	 these	 biases,	 the	
measurements	 consistently	 showed	 an	 increase	 in	 size	 in	 the	 αSSc-incubated	 samples.	
Thus,	while	the	enhanced	scattering	properties	of	large	particles	affect	the	average	values	
of	the	distributions,	the	DLS	measurements	conclusively	show	an	enhanced	ability	of	αSSc	
to	favour	interaction	and	fusion	of	synaptic-like	vesicles,	which	is	in	agreement	with	STED	
and	cryo-EM	measurements.			
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Figure	4.12.	Clustering	of	synaptic	vesicles	promoted	by	αS.	SVs	purified	from	rat	brain	
were	incubated	for	48h	at	37°C.	The	concentrations	during	the	incubation	were	0.5	mg/ml	
and	 85	 μM	 for	 the	 SVs	 and	 the	αS	 variants,	 respectively.	 (a-c)	 dSTORM	 imaging	 of	 SVs	
alone	(a)	and	SVs	 incubated	with	αSWT	(b)	and	with	αSSc	 (c).	The	 images	were	collected	
using	a	previously	described	protocol(187).	Scale	bars	indicate	1	μm.	In	order	to	generate	
fluorescent	 SVs,	we	used	a	primary	antibody	 that	 is	 specific	 for	 synaptotagmin	1	and	a	
secondary	antibody	 that	 is	 covalently	 linked	 to	an	ATTO	647N	dye.	 10,000	 fluorescence	
frames	with	an	exposure	time	of	10	ms	were	recorded.	The	field	of	view	imaged	covered	
1997	×	1997	camera	pixels,	corresponding	to	an	area	on	the	sample	of	~20	×	20	μm2.	(d)	
To	assess	the	level	of	clustering	of	the	SVs,	we	adapted	an	approach	that	has	previously	
been	 successfully	 employed	 to	 analyse	 protein	 self-assembly.	 For	 each	 dSTORM	 image,	
clusters	of	SVs	were	identified	on	the	basis	of	the	distances	between	the	centers	of	mass	
of	the	SVs.	In	particular	two	or	more	vesicles	were	associated	with	a	specific	cluster	if	their	
distances	apart	are	less	than	60	nm.	The	distribution	of	SVs	in	clusters	of	different	sizes	is	
reported	using	orange,	green	and	blue	histograms	for	SVs,	SVs	 in	 the	presence	of	αSWT	
and	SVs	in	the	presence	of	αSSc,	respectively.	Cryo-EM	images	(scale	bar	of	50	nm)	show	
representative	clusters	of	different	size.	
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4.6	Discussion	

It	is	widely	recognised	that	the	physiological	activity	of	αS	is	associated	with	its	ability	

to	 bind	 to	 a	 variety	 of	 lipid	membranes,	 including	 synaptic	 vesicles	 (80).	 A	 number	 of	

studies	 support	 an	 emerging	 view	 that	 a	 key	 biological	 role	 of	 αS	 is	 to	 mediate	

interactions	and	assembly	of	vesicles	(177,	178).	Vesicle	clustering	by	αS	has	been	shown	

to	 be	 a	 vital	 step	 in	 many	 functional	 processes,	 including	 the	 ER-to-Golgi	 vesicle	

trafficking	(71,	176)	and	SVs	recycling	within	the	mechanisms	of	neuronal	communication	

(40).	In	the	present	study	we	have	examined	the	structural	mechanism	underlying	the	αS-

induced	 SUVs	 interactions	 and	 assembly	 by	 characterising	 the	 membrane	 binding	

properties	of	two	mutational	variants	of	αS	linked	with	familial	Parkinson’s	disease.	This	

analysis	 evidenced	 that	 two	 key	 regions	 of	 the	 protein,	 namely	 the	 N-terminal	

membrane-anchor	 (initial	25	residues)	and	the	central	 region	of	 the	sequence	 (residues	

65	 to	 97),	 have	 independent	membrane	 binding	 properties	 and	 therefore	 are	 not	 only	

able	 to	 interact	 with	 a	 single	 SUV,	 but	 can	 also	 simultaneously	 bind	 to	 two	 different	

vesicles	(Figure	4.6	a)	thereby	promoting	their	interaction	and	assembly	as	shown	in	vitro	

and	in	vivo	(19,	177,	178).	The	resulting	double-anchor	mechanism	explains	the	evidence	

that	either	the	deletion	of	the	hydrophobic	residues	in	the	NAC	or	the	impairment	of	the	

membrane	 affinity	 at	 the	 N-terminal	 region	 reduces	 significantly	 the	 ability	 of	 αS	 to	

induce	vesicular	clustering	in	vivo	(178).		

We	 tested	 this	 molecular	 mechanism	 by	 engineering	 a	 mutational	 variant	 of	 αS,	

called	αSSc	(αS	scrumbled),	which	was	designed	to	enhance	the	probability	of	αS	to	bind	

simultaneously	 two	 different	 vesicles.	 Our	 studies	 of	 this	 variant	 have	 provided	 strong	

evidence	in	support	of	the	proposed	mechanism	by	showing	that	enhanced	exposure	of	

the	 central	 region,	 spanning	 residues	 65	 to	 97	 in	 the	 membrane-bound	 state	 of	 αS,	

promotes	more	strongly	the	clustering	of	SVs	purified	from	rat	brain	(Figure	4.12)	and	the	

assembly	 and	 fusion	 of	 DOPE:DOPS:DOPC	 SUVs	 (Figure	 4.6).	 	 It	 has	 previously	 been	

suggested	 that	 a	 broken	 α-helix	 structural	 topology	 of	 αS	 (118,	 193),	 which	 is	 a	

conformation	 that	 αS	 adopts	 upon	 binding	 to	 detergent	 micelles,	 could	 play	 a	 role	 in	

vesicle-vesicle	interactions	stimulated	by	αS	(80,	194).	The	present	study,	however,	shows	

experimentally	 that	 the	 underlying	 mechanism	 by	 which	 αS	 mediates	 the	 interactions	

between	 lipid	 vesicles	 relies	 on	 the	 balance	 between	 ordered	 (membrane-bound)	 and	
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disordered	(membrane-detached)	conformational	states	of	the	region	spanning	residues	

65	to	97	of	the	protein.	Perturbing	this	balance,	as	we	have	done	rationally	with	αSSc,	or	

upon	 alteration	 of	 the	 expression	 levels	 of	 αS,	 can	 dramatically	 affect	 its	 ability	 to	

promote	the	physiological	vesicle	assembly	in	vivo	leading	to	defects	in	the	regulation	of	

vesicle	trafficking	(40,	68-71,	176,	195,	196).		

Other	 studies	 also	 suggest	 that	 αS	 could	 act	 as	 a	 molecular	 chaperone	 for	 the	

formation	 of	 SNARE	 complexes,	 which	 appears	 to	 result	 from	 the	 direct	 interaction	

between	αS	and	synaptobrevin-2	at	the	surface	of	SVs	(65,	177).	Such	an	interaction	was	

shown	 to	 be	 independent	 of	 the	NAC	 region,	 suggesting	 that	 this	 region	 has	 no	 direct	

functional	role	in	this	particular	process	(197).	The	present	data,	however,	show	that	the	

NAC	region	is	not	only	involved	in	αS	aggregation,	as	extensive	evidence	has	indicated	(4,	

35,	173),	but	also	has	a	specific	 role	 in	a	key	molecular	mechanism	associated	with	 the	

normal	 function	of	αS.	 This	 study	provides	 evidence	 that	 the	membrane	 affinity	 of	 the	

NAC	region	of	αS	 is	 finely	 tuned	to	ensure	an	optimal	degree	of	 local	detachment	 from	

the	 membrane	 surface	 to	 enable	 binding	 to	 occur	 between	 different	 vesicles.	 The	

conformations	that,	in	the	membrane-bound	state	of	αS,	feature	an	exposed	region	65	to	

97	 are	 shown	 to	be	 the	 active	 states	 for	mediating	 vesicle	 interactions	via	 the	double-

anchor	 mechanism.	 We	 also	 note	 a	 possible	 aberrant	 behaviour	 associated	 with	 this	

functional	mechanism,	as	by	increasing	the	accessibility	of	the	amyloidogenic	NAC	region,	

these	 states	 can	 also	 be	 vulnerable	 to	 self-association	 leading	 to	 αS	 aggregation	 at	

membrane	surfaces	(40,	75,	198-200).			
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Figure	 4.13.	 Stepwise	 representation	 of	 SUV	 interactions	 and	 fusion	 promoted	 by	 αS.	
The	scheme	shows	the	stepwise	mechanism	of	vesicles	assembly	as	probed	from	images	
obtained	 in	 vitro	 by	 cryo-EM,	which	 are	 also	 shown.	 Disordered	 cytoplasmatic	 αS	 (red)	
binds	dynamically	to	the	surface	of	SUVs	(green),	as	described	in	this	study.	SUVs	coated	
with	αS	 assemble	with	 fast	 kinetics	 as	 a	 consequence	 of	 the	 double-anchor	mechanism	
promoted	 by	 the	 αS	molecules	 decorating	 their	 surfaces.	 The	 tethered	 SUVs,	which	 are	
initially	 assembled	 together	 in	 dimeric,	 trimeric,	 tetrameric	 and	 higher	 order	 states,	
eventually	 fuse	 to	 form	 larger	 vesicles.	With	 the	 increasing	 size	of	 the	 fused	vesicle,	we	
could	 observe	 preferential	 fusion	 events	 at	 the	 termini	 of	 the	 aggregated	 vesicles.	 This	
observation	 can	 be	 explained	 by	 the	 higher	 affinity	 of	 αS	 for	 significantly	 curved	
membrane	surfaces19,	which	increases	the	concentration	of	bound	αS	at	the	termini	of	the	
elongated	vesicles	thereby	promoting	a	stronger	double-anchor	mechanism	in	these	loci.	
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Chapter	V	

Structural	Basis	for	the	toxicity	of	αS	in	Parkinson’s	Disease	

	

5.1	Identification	of	toxic	and	non-toxic	αS	oligomers	

The	 aggregation	 of	 αS	 into	 aberrant	 fibrillar	 aggregates	 is	 strongly	 associated	with	

Parkinson’s	 disease	 (PD)	 and	 a	 range	 of	 debilitating	 neurodegenerative	 disorders,	

including	Parkinson’s	disease	with	dementia	(PDD),	dementia	with	Lewy	bodies	(DLB)	and	

multiple	 system	 amyotrophy	 (MSA).	 Medical	 conditions	 associated	 with	 protein	

aggregation	 are	 becoming	 increasingly	 prevalent	 in	 Western	 societies.	 Alzheimer’s	

disease,	for	instance,	which	affects	over	465,000	people	in	the	UK	alone	and	is	estimated	

to	steadily	grow	over	the	next	three	to	four	decades,	is	recognised	as	one	of	the	greatest	

medical	challenges	of	our	time.	PD,	the	second	most	common	debilitating	disease,	afflicts	

about	2%	of	the	global	population	over	65	years	of	age	and	its	prevalence	is	also	likely	to	

increase	significantly	as	our	population	ages.	Although	the	social	and	economical	impact	

of	 these	 diseases	 is	 increasingly	 recognised,	 substantial	 gaps	 are	 present	 in	 our	

knowledge	 about	 their	molecular	 determinants,	 including	 the	mechanisms	 determining	

neuronal	toxicity	and	death	in	PD.		

Several	 lines	 of	 evidence	 indicate	 that	 specific	 interactions	 of	 αS	 oligomers	 with	

biological	membranes,	resulting	in	the	loss	of	cellular	integrity,	are	crucial	elements	that	

promote	 the	 neuronal	 toxicity	 these	 αS	 aggregates	 (202,	 203).	 Neither	 the	 underlying	

molecular	 mechanisms	 of	 these	 interactions	 nor	 the	 structural	 properties	 of	 the	

oligomers	 formed	 by	 αS	 under	 pathological	 conditions	 are,	 however,	 currently	

understood	 in	 any	 detail.	 Describing	 such	 features	 has	 proved	 to	 be	 extremely	

challenging,	primarily	because	of	the	difficulties	in	characterizing	the	structural	nature	of	

these	 often	 short-lived	 and	 highly	 heterogeneous	 protein	 assemblies.	 This	 target	 is,	

however,	 crucial	 in	 the	 quest	 to	 define	 the	 underlying	 molecular	 origins	 of	 these	

neurodegenerative	conditions.	

	

The	key	open	questions	include:	

• What	are	the	relevant	structural	properties	eliciting	the	toxicity	of	αS	oligomers?		



	 107	

• What	are	the	key	membrane	properties	governing	the	selective	interactions	with	

αS	oligomers?	

• How	do	pathological	αS	mutations	affect	these	mechanisms?		

	

In	 this	 chapter	we	aimed	at	 the	ambitious	goal	of	unveiling	 the	molecular	bases	of	 the	

cellular	toxicity	of	αS	oligomers	by	characterising	and	comparing	the	structural	properties	

of	 two	 types	 of	 pre-fibrilar	 oligomers	 having	 similar	 morphologies	 but	 significantly	

different	 toxicity	 levels	 (60,	 204).	 By	 using	 solution	 and	 solid-state	 nuclear	 magnetic	

resonance	 (NMR)	 spectroscopy	 in	 combination	 with	 FRET,	 AUC,	 FT-IR,	 FCS,	 we	 have	

determined	the	structural	properties	of	these	αS	oligomers	and	investigated	the	origins	of	

their	selective	interaction	with	biological	lipid	membranes.	

To	achieve	this	major	goal,	we	used	unique	and	robust	protocols	to	isolate	non-toxic	and	

toxic	αS	oliogomers	(Figure	5.1	a)	(60,	204),	which	enabled	us	to	investigate	in	detail	the	

relationship	 between	 their	 structure	 and	 toxicity.	 Firstly,	 in	 contrast	 to	 other	 types	

protein	 oligomers	 where	 model	 systems	 have	 been	 employed	 (202,	 205),	 these	 αS	

oligomers	 have	well-characterised	 biological	 relevance.	 Indeed,	when	 added	 to	 healthy	

neuronal	cultures,	oligomers	of	the	toxic	type	reproduce	most	of	the	pathophysiological	

effects	observed	in	PD	model	neurons,	which	were	obtained	by	inducing	pluripotent	stem	

cells-derived	neurons	from	a	patient	with	triplication	of	the	αS	gene	(206-208).		

	
Figure	 5.1.	 Toxcic	 and	 non-toxic	 αS	 oligomers.	 a)	 Scheme	 of	 toxic	 and	 non-toxic	 αS	
oligomers	from	reference	(60).	b)	CryoEM	surface	reconstruction	of	toxic	oligomers	from	
(204).	c)	FRET	efficiency	in	toxic	and	non-toxic	oligomers	from	reference	(60).		
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Secondly,	 while	 being	 similar	 in	 composition,	 shape,	 size	 and	 morphology,	 the	 two	

oligomer	 types	 exhibit	 different	 toxicity,	 as	 showed	 by	 different	 cytoplasmatic	 ROS	

production	 (60),	 with	 only	 one	 type	 being	 harmful	 to	 cell	 cultures.	 Furthermore,	

differences	 in	 protease	 sensitivity	 and	 FRET	 efficiency	 (more	 details	 in	 reference	 (60),	

Figure	 5.1	 c)	 indicate	 inherent	 structural	 differences	 that,	 if	 defined	 at	 high	 resolution,	

can	 unveil	 the	molecular	 origins	 of	 αS	 toxicity	 in	 PD.	 Finally,	 these	 αS	 oligomers	 show	

ideal	 properties	 for	 our	 goals,	 including	 significant	 stability,	 homogeneity	 (e.g.	 for	

example	 suitable	 to	 cryoEM	 investigations,	 Figure	 5.1	 b	 (60,	 204),	 narrow	 size	

distributions	(Figure	5.3),	reproducibility	and	relatively	elevated	production	yields.		

The	 original	 literature	 description	 identified	 two	 types	 of	 αS	 oligomers	 as	A	 and	B	 (60,	

204).	In	this	study	we	used	a	protocol	developed	by	Chen	et	al	(204)	to	isolate	oligomers	

very	similar	to	the	toxic	species	Type	B,	and	with	sufficient	yield	to	enable	biophysical	and	

spectroscopic	 investigations	 (denominated	 throughout	 this	 thesis	 as	 Type	 B*).	 By	

contrast,	the	non-toxic	Type	A	αS	oligomers	cannot	be	isolated	in	full,	as	these	species	are	

on-pathway	 for	 the	 most	 pernicious	 Type	 B.	 To	 overcome	 this	 problem,	 I	 tested	 the	

opportunity	to	use	αS	oligomers	formed	upon	incubation	of	the	protein	with	the	natural	

molecule	(-)-Epigallocatechin-3-gallate	(EGCG),	which	is	known	to	induce	the	formation	of	

oligomers	 that	 are	off-pathway	 for	 the	 fibril	 assembly	of	αS	and	 that	have	very	 limited	

toxicity	(209).	

We	first	checked	if	the	EGCG-induced	αS	oligomers	(denominated	throughout	this	thesis	

as	Type	A*)	had	similar	structural	properties	of	the	original	Type	A	oligomers	identified	via	

single-molecule	FRET	(60,	204).	To	reproduce	these	FRET	experiments,	we	produced	two	

types	of	 fluorescently	 labelled	αS	molecules.	As	 first	we	mutated	 the	Alanine	90	with	a	

Cysteine	residue.	Subsequently,	the	A90C	mutant	variant	of	αS,	which	was	purified	as	in	

the	case	of	the	wild	type	protein,	was	labeled	with	either	maleimide-modified	AF488	or	

AF647	dyes	 (Invitrogen,	Carlsbad,	CA,	USA)	via	 the	cysteine	 thiol	using	a	 fairly	 standard	

reaction	protocol	(see	methods).	

Using	equimolar	mixtures	of	AF488	and	AF647	we	generated	the	two	types	of	oligomers	

(i.e.	by	following	the	protocol	of	Chen	et	al	in	the	case	Type	B*	(204)	and	by	incubating	αS	

with	10	molar	equivalents	of	EGCG	at	37	 °C	 for	48h	to	produce	Type	A*	oligomers,	 see	

Methods)	 for	 intermolecular	 fluorescence	 resonance	 energy	 transfer	 (FRET)	

measurements.	 The	 samples	were	 irradiated	 using	 a	 blue	 laser	 alone	 that	 excites	 only	
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AF488-labeled	molecules.	 In	 the	aggregated	species,	AF647	dyes	were	excited	 indirectly	

by	 FRET	 from	adjacent	AF488	 fluorophores	within	 the	oligomers,	 generating	 coincident	

fluorescence	events	in	both	the	AF488	and	AF647	channels.	This	coincident	fluorescence	

is	not	observed	in	the	case	of	monomers	as	a	monomeric	sample	gives	rise	only	to	bursts	

of	 fluorescence	 in	 the	 AF488	 emission	 channel.	 This	 approach	 was	 employed	 by	

Cremades	et	al	(60)	to	quantify	the	ratio	of	αS	oligomers	and	monomers	in	their	samples	

and	identify	Type	A	and	Type	B	oligomers	based	on	the	differences	in	their	FRET	efficiency	

that	rely	to	differences	in	the	oligomer	structure.	

The	present	experiments	of	 FRET	were	performed	 in	bulk	 and	not	 at	 a	 single	molecule	

level	as	previously	performed	by	Cremades	et	al	(60).	The	main	reason	for	this	choice	is	

that	 the	 single-molecule	 FRET	 instrument	 employed	 by	 Cremades	 et	 al	 has	 been	

discontinued	 at	 the	 University	 of	 Cambridge.	 Single-molecule	 FRET	 instruments	 are	

mainly	home	made	and	therefore	trying	to	reassemble	the	same	instrument	was	judged	

too	costly	and	unnecessary.	 Indeed,	 in	collaboration	with	the	Liming	Lab	at	the	Imperial	

College,	 we	 could	 obtain	 the	 same	 FRET	 results	 in	 the	 bulk	 mode,	 which	 allows	 also	

obtaining	large	statistics	in	a	relatively	small	time	of	experiment	sampling.		

 
Figure	5.2.	FRET	efficiency	in	bulk	measurements	of	Type	A*	and	Type	B*	αS	oligomers.		
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When	 comparing	 the	 distribution	 of	 FRET	 efficiencies	 (see	Methods)	measured	 in	 bulk	

experiments	 using	 the	 Type	 B*	 oligomers	 (Figure	 5.2)	 and	 those	 measured	 in	 single	

molecule	experiments	by	Cremades	et	al	(Figure	5.1	c),	we	obtained	a	striking	coincidence	

of	the	results.	These	findings	provide	two	fundamental	insights	to	our	targets.	The	first	is	

that	the	Type	B	αS	oligomers	formed	under	the	conditions	of	Cremades	et	al	(very	diluted	

solutions	 for	 single	 molecule	 experiments)	 have	 the	 same	 structural	 properties	 of	 the	

Type	 B*	 oligomers	 isolated	 through	 the	 protocol	 identified	 subsequently	 by	 Chen	et	 al	

(204),	which	 has	 a	 significant	 advantage	 of	 enabling	 for	 large	 quantities	 (milligrams)	 of	

oligomers	 to	 be	 isolated,	 an	 essential	 requirement	 for	 our	 plans	 of	 using	 ssNMR	

experiments.	The	second	outcome	of	this	experiment	is	that	the	bulk	measurements	can	

be	used	in	an	effective	manner	to	reproduce	in	fractions	of	hours	the	statistics	that	aruse	

from	several	weeks	of	sampling	in	single	molecule	mode.	Encouraged	by	these	results,	we	

then	analysed	the	FRET	efficiency	of	Type	A*	αS	oligomers.	The	resulting	FRET	efficiency	

was	distributed	around	a	value	of	0.38,	which	is	much	smaller	than	the	efficiency	of	Type	

B*	 oligomers	 (0.82).	 This	data	 indicates	 that,	 as	 in	 the	original	 study	 (Figure	5.1	 c),	 the	

structural	 properties	 of	 Type	 A*	 and	 Type	 B*	 have	 significantly	 different	 structural	

properties,	with	the	toxic	oligomers	having	donor	and	acceptor	fluorophores	very	close	in	

space	and	in	an	ordered	environment	(note	that	these	are	chemically	bound	to	residue	90	

of	the	protein	that	 is	close	to	the	NAC	region)	and	the	Type	A*	having	the	fluorophores	

far	apart	and	possibly	in	a	more	disordered	state.	When	comparing	the	FRET	efficiencies	

of	Type	A	and	Type	A*	αS	oligomers	(respectively,	~0.4	and	~0.5,	Figures	5.1	c	and	5.2)	it	

is	 found	 that	 the	 Type	 A*	 are	 even	more	 destructured	 and	 dynamic	 than	 Type	 A.	 It	 is	

possible,	however,	 that	 in	Cremades	et	al	 the	simoultaneous	characterisation	of	Type	A	

and	Type	B,	i.e.	the	first	being	on-pathway	for	the	second,	could	have	enriched	the	FRET	

efficiency	of	Type	A	with	that	of	Type	B,	thereby	overestimating	the	FRET	efficiency	of	the	

first.	 Besides	 this	 possibility,	 the	 present	 result	 is	 highly	 encouraging	 for	 showing	 that	

Type	A*	has	comparable	structural	properties	to	those	of	Type	A	and,	most	importantly,	

very	different	features	from	those	of	Type	B*.	

We	 then	 compared	 the	 size	 distribution	 of	 the	 Type	 A*	 and	 Type	 B*	 using	 analytical	

ultracentrifugation	(AUC).	The	distributions	of	the	two	types	of	oligomers	resulted	similar	

(Figure	5.3),	with	the	sedimentation	coefficient	 identifying	an	 initial	peak	for	monomers	

and	a	distribution	of	species	up	to	20S.		In	the	oligomers	of	Type	B*	αS	oligomers	a	dual	
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distribution	 of	 sizes	was	 identified,	with	 peaks	 at	 10S	 and	 16S.	 In	 Chen	et	 al	 (204)	my	

colleagues	 showed	 that	 by	 treating	 the	 oligomers	 with	 urea,	 it	 is	 possible	 to	 isolate	 a	

more	homogenous	species	around	 the	10S	peak	 (Figure	5.3,	 red).	When	analysing	Type	

A*	 αS	 oligomers	 we	 found	 a	 more	 continuous	 distribution	 of	 states	 ranging	 from	 the	

monomer	to	a	peak	centred	at	13S	and	extending	up	to	26S	(Figure	5.3,	green).	On	the	

contrary,	 the	 Type	 B*	 show	 a	 phase	 separation	 between	 the	 oligomers	 and	 the	

monomers	with	no	significant	distribution	of	 species	between	1S	and	6S.	This	 is	due	 to	

the	fact	that	the	Type	B*	are	fibrilar	oligomers	and	therefore	require	a	certain	number	of	

copies	 to	 form	 a	 critical	 β-sheeted	 steric	 zipper	 nucleus	 for	 being	 stable	 (204).	 On	 the	

other	 hand,	 Type	 A*	 αS	 oligomers,	 by	 having	 putatively	 a	 more	 disordered	 and	

amorphous	core,	can	be	formed	also	at	intermediate	species	in	between	1S	and	6S.	

 

Figure	 5.3.	 Sedimentation	 velocity	 analysis	 of	 the	 αS	 oligomeric	 samples.	 The	 plots	
report	the	size	distribution	of	sedimenting	species	obtained	by	c(s)	analysis	(See	Methods).	
Black,	red	and	green	lines	correspond	to	Type	B*,	Type	B*	10S	(i.e.	obtained	using	4.5M	of	
urea	Chen	et	al	(204),	and	Type	A*.		
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Despite	having	similar	sizes	and	morphologies,	the	two	types	of	αS	oligomers	exhibit	very	

different	 abilities	 to	 disrupt	 lipid	 bilayers,	 as	 shown	by	 the	 induction	 of	 calcein	 release	

upon	 incubation	with	 calcein-loaded	 small	 unilamellar	 vesicles	 (SUVs)	 composed	of	 the	

acidic	 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine	 (POPS)	 in	 vitro	 (204).	 In	

particular,	when	incubated	with	SUVs,	Type	A*	oligomers	induce	only	a	marginal	release	

of	calcein,	with	the	extent	of	membrane	disruption	being	comparable	to	that	induced	by	

monomers	and	mature	 fibrils	of	αS	 (Fig.	5.4a).	By	contrast,	Type	B*	oligomers	 induce	a	

very	 significant	 level	 of	 release	 of	 calcein	 from	 the	 vesicles	 (~14	 times	 the	 values	

measured	 for	Type	A*	 oligomers),	 indicating	 that	 these	 oligomers	 are	 able	 to	 generate	

significant	disruption	of	lipid	bilayers	(Fig.	5.4a).	We	also	verified	that	the	two	types	of	αS	

oligomers	employed	in	this	investigation	(Type	A*	and	Type	B*)	present	very	significantly	

different	 levels	of	cellular	 toxicity.	This	 test	has	been	performed	by	our	collaborators	 in	

the	 lab	 of	 Prof.	 Fabrizio	 Chiti	 in	 Florence	 (IT).	 Upon	 incubation	 with	 human	

neuroblastoma	SH-SY5Y	cells	and	with	primary	cortical	neurons	from	rats,	the	Type	B*	αS	

oligomers	 induce	 similar	 loss	 of	membrane	 integrity	 to	 the	 cells	 as	 that	 observed	with	

POPS	 vesicles	 in	 vitro.	 In	 particular,	 the	 incubation	with	 both	 cell	 types	 resulted	 in	 the	

level	 of	 intracellular	 calcein-derived	 fluorescence	 being	 reduced	 to	 ~30	 %	 of	 that	 of	

untreated	 cells	 (Fig.	 5.4b).	 By	 contrast,	 only	 marginal	 disruption	 of	 the	 cellular	

membranes	 was	 observed	 in	 both	 cell	 types	 upon	 incubation	with	 Type	 A*	 oligomers,	

monomers	 and	mature	 fibrils	 of	 αS,	 resulting	 in	more	 than	 90%	of	 the	 calcein-induced	

fluorescence	 relative	 to	 that	 measured	 in	 untreated	 cells	 (Fig.	 5.4b).	 The	 significant	

disruption	of	 synthetic	and	cellular	membranes	by	Type	B*	αS	oligomers,	 in	contrast	 to	

the	negligible	effects	of	Type	A*	species,	have	been	found	to	be	strongly	correlated	with	

the	different	levels	of	cellular	toxicity	induced	by	these	types	of	oligomers.	In	particular,	

Type	 B*	 oligomers	 were	 found	 to	 reduce	 significantly	 the	 mitochondrial	 activity	 of	

neuroblastoma	 cells	 and	 primary	 cortical	 neurons,	 as	 probed	 by	 the	 reduction	 of	

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	 bromide	 (MTT,	 Fig.	 5.4c).	 By	

contrast,	 only	 very	 small	 effects	 on	 the	 mitochondrial	 activity	 were	 observed	 upon	

incubation	of	 SH-SY5Y	 cells	 or	 primary	 cortical	 neurons	with	 type-A*	oligomers	 or	with	

monomers	 of	 αS,	 while	 mature	 αS	 fibrils	 (30)	 generated	 an	 intermediate	 level	 of	

mitochondrial	 damage.	 The	 incubation	 of	 SH-SY5Ycells	 with	 Type	 B*	 αS	 oligomers	 was	

also	found	to	induce	a	very	significant	increase	(nearly	4	fold	relative	to	untreated	cells)	
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of	 intracellular	 reactive	 oxygen	 species	 (ROS,	 Fig.	 5.4d),	 whereas	 Type	 A*	 oligomers,	

monomers	 and	 fibrils	 of	 αS	 induced	 only	 marginal	 levels	 of	 intracellular	 ROS	 in	 these	

experiments.		

Overall,	 the	 initial	 investigation	 presented	 in	 this	 paragraph	 suggest	 that	 we	 have	

identified	 two	 oligomers	 (Type	 A*	 and	 Type	 B*)	 showing	 remarkably	 different	 FRET	

efficiencies	 (Figure	 5.2),	 which	 are	 compatible	with	 those	 identified	 by	 Cremades	 et	 al	

(60),	 having	 similar	 size	 distributions	 (Figure	 5.3)	 and	 very	 different	 toxicity	 to	 cellular	

cultures	 (Figure	5.4).	Based	on	 this	 initial	 study,	 this	Chapter	has	 the	ambitious	 goal	 to	

achieve	a	highly	detailed	characterisation	of	the	structural	properties	of	these	oligomers,	

particularly	in	view	of	the	mechanisms	that	enable	Type	B*	to	have	a	selective	interaction	

with	lipid	membranes	that	enable	this	oligomers	type	to	generate	cellular	toxicity.		

 

 

Figure	5.4	Toxicity	of	Type	A*	and	Type	B*	αS	oligomers.	a)	In	vitro	calcein	release	essay	
from	POPS	SUVs	 incubated	 for	2h	with	monomers,	 Type	A*	and	Type	B*	oligomers	and	
mature	fibrils	of	αS	at	a	ratio	of	1:100	protein:lipid	molecules.	The	signal	obtained	when	
the	 detergent	 Triton	 X-100	 was	 added	 to	 the	 SUVs	 was	 taken	 as	 100%	 release.	 b-c)	
Intracellular	calcein-induced	fluorescence	(b)	and	mitochondrial	activity	monitored	by	the	
reduction	of	MTT	 (c)	measured	on	human	neuroblastoma	SH-SY5Y	cells	 (filled	bars)	and	
rat	primary	cortical	neurons	(striped	bars)	upon	incubation	with	the	various	αS	species.	d)	
Measurement	of	 the	 intracellular	ROS	 in	SH-SY5Y	cells	 induced	upon	1h	 incubation	with	
monomers,	 Type	 A*	 and	 Type	 B*	 oligomers	 and	mature	 fibrils	 of	 αS.	e)	 Representative	
confocal	 scanning	 microscopy	 images	 of	 SH-SY5Y	 cells	 (scale	 bar	 30	 μm)	 showing	 the	
different	 levels	 of	 intracellular	 calcein-induced	 fluorescence.	 Cellular	 experiment	 were	
performed	by	 the	 lab	of	 Prof.	 Fabrizio	Chiti,	 using	oligomers	 produced	by	me	 (Type	A*)	
and	Ms.	Serene	Chen	(Type	B*).	
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5.2	Materials	and	Methods	

5.2.1	αS	purification.		

αS	 was	 purified	 in	 E.	 coli	 using	 plasmid	 pT7-7	 encoding	 for	 the	 protein	 as	 previously	

described(82).	See	Chaper	II	for	further	details.	

5.2.2	Preparation	of	Type	A*	and	Type	B*	αS	oligomers.		

Type	B*	αS	oligomeric	samples	were	prepared	as	previously	described	(204).	Briefly,	6	mg	

of	 lyophilised	 protein	 was	 resuspended	 in	 PBS	 buffer	 using	 a	 pH	 of	 7.4	 and	 at	 a	

concentration	of	 12	mg/mL.	 The	 solution	was	 filtered	using	 a	 0.22-μm	 cutoff	 filter	 and	

subsequently	 incubated	at	37	°C	for	24	h	 in	stationary	mode	and	without	any	source	of	

shearing	to	avoiding	the	acceleration	of	the	fibril	formation	(204).	Despite	this	precaution,	

a	small	number	of	fibrillar	species	are	typically	formed	during	this	incubation	and	require	

removal	by	ultracentrifugation	for	1	h	at	90,000	rpm	(using	a	TLA-120.2	Beckman	rotor;	

288,000	×	g).	The	excess	of	monomers	and	small	oligomers	are	also	removed	by	means	of	

several	filtration	steps	using	100-kDa	cutoff	membranes,	which	result	 in	the	enrichment	

of	the	sample	 in	pure	oligomeric	species	of	αS.	Type	B*	oligomeric	samples	prepared	 in	

this	way	have	been	found	to	remain	stable	for	many	days,	although	we	have	used	them	

within	 the	 first	 two	 days	 after	 their	 production.	 To	 estimate	 the	 concentrations	 of	 the	

final	 oligomers	 we	 monitored	 the	 absorbance	 at	 275	 nm	 by	 using	 a	 molar	 extinction	

coefficient	of	5,600	M−1·cm−1	(i.e.	same	as	for	the	monomeric	protein).			

Type	 A*	 oligomers	 are	 prepared	 by	 incubating	 at	 37°C	 for	 48h	 αS	 samples	 at	 a	

concentration	of	3mg/mL	with	10	molar	equivalents	of	EGCG	in	PBS	buffer	at	a	pH	of	7.4.	

After	incubation,	monomers	of	αS	are	removed	with	multiple	steps	of	filtering	using	100-

kDa	cutoff	membranes,	which	 is	done	typically	before	performing	any	measurement	on	

these	oligomers.	

5.2.3	Preparation	of	fluorescently	labelled	αS	for	FRET.		

The	 A90C	 mutant	 variant	 of	 αS	 was	 purified	 as	 a	 monomeric	 fraction	 from	 E.Coli	 as	

described	 above.	 Labelling	 with	 fluorescent	 molecules	 was	 performed	 via	 maleimide	

reaction	using	either	maleimide-modified	AF488	or	AF647	dyes	(Invitrogen,	Carlsbad,	CA,	

USA).	These	fluorescent	molecules	were	allowed	to	react	with	the	thiol	moiety	of	Cys	90	

using	 a	well-established	 reaction	protocol	 (Thirunavukkuarasu	et	al.,	 2008).	 The	 labeled	



	 115	

proteins	 were	 purified	 from	 the	 excess	 of	 free	 dye	 by	 a	 P10	 desalting	 column	 with	

Sephadex	 G25	 matrix	 (GE	 Healthcare,	 Waukesha,	 WI,	 USA)	 and	 concentrated	 (Amicon	

Ultra	 Centricons	Millipore,	 Billerica,	MA,	USA)	 before	 being	 aliquoted	 and	 flash	 frozen.	

Stocks	were	stored	at	−80°C.	

5.2.4	Magic	angle	spinning	measurements	using	ssNMR.		

MAS	experiments	 in	 this	 chapter	were	 carried	out	 using	 a	 14.09T	Bruker	AscendTM	

Spectrometer	 powered	 by	 Avance	 III	 HD	 console	 and	 mounting	 a	 3.2	 mm	 EFree	 probe	

(Imperial	 College	 London)	 or	 using	 a	 14.09T	 Varian	 (University	 of	 Southampton).	 See	

Chaper	III	for	further	details	on	MAS	experiments.	

5.2.5	Solution	NMR	samples	and	CEST	experiments.		

Solution	 NMR	 experiments	 in	 this	 chapter	 were	 carried	 out	 at	 10	 °C	 on	 a	 Bruker	

spectrometer	(University	of	Cambridge)	operating	at	1H	frequencies	of	700	MHz	equipped	

with	 triple	 resonance	HCN	 cryo-probes.	 CEST	 experiments	were	 based	 on	 1H-15N	HSQC	

experiments	by	applying	constant	wave	saturation	in	the	15N	channel.	As	the	exchange	is	

probed	 between	 monomeric	 αS	 (having	 sharp	 resonances)	 and	 the	 slow	 tumbling	

oligomeric	 states	 (having	 significantly	 broad	 resonances),	 a	 series	 of	 relatively	 large	

offsets	 was	 employed	 (-9,	 -8,	 -7,	 -6,	 -5,	 -4,	 -3,	 -1.5,	 0,	 1.5,	 3,	 4,	 5,	 6,	 7,	 8	 and	 9	 kHz)	

resulting	 in	 CEST	 profiles	 of	 symmetric	 shape	 (Figure	 3a).	 An	 additional	 spectrum,	

saturated	 at	 -100	 kHz	 was	 recorded	 as	 reference.	 CEST	 experiments	 were	 performed	

using	 one	 continuous	wave	 radio	 frequency	 of	 400Hz	 to	 saturate	 1H-15N-HSQC	 spectra	

recorded	using	 a	 data	matrix	 consisting	 of	 2048	 (t2,	
1H)	 ×	 440	 (t1,	

15N)	 complex	 points.	

Assignments	of	the	spectra	resonances	in	for	1H-15N-HSQC	spectra	in	solution	NMR	were	

obtained	from	previous	works	of	the	lab(15,	19,	73).	

5.2.6	Foster	Resonance	Transfer	(FRET)	measurements.		

Bulk	 FRET	 experiments	 were	 performed	 in	 the	 Ying	 lab	 at	 the	 Imperial	 College	

London.	Excitation	was	made	by	via	a	488	nm	laser	using	a	total	laser	power	of	47.5	mW.	

Photon	counts	were	collected	using	 two	avalanche	photodiode	detectors	with	2	ms	bin	

times	 over	 8,000	 channels	 on	 two	 MCS	 cards	 PC-implemented	 (MCS-PCS,	 Ortec).	

Background	noise	was	removed	by	setting	an	optimised	threshold	value	for	each	channel	

(20	 photon/ms	 bin	 for	 the	 donor	 channel	 and	 a	 10	 photon/ms	 bin	 for	 the	 acceptor	
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time point, a 2 ml aliquot was diluted 105-fold by serial dilution with 0.022 mm-

filtered buffer (Tris 25 mM [pH 7.4] and 0.1 M NaCl) for smFRET analysis at

room temperature. Glass slides were treated by incubation for 1 hr with BSA

at 1 mg/ml to prevent aS aggregates from adsorbing to the surface (as shown

by TIRF, see Extended Experimental Procedures), and immediately after

removal of the BSA solution, 500 ml of diluted sample was placed on the slide

for analysis.

For the disaggregation experiments, fibrils formed from a mixture of protein

labeled with each fluorophore were washed by two cycles of centrifugation

and resuspension in 500 ml of fresh buffer. Then, 300 ml of fresh monomer-

free buffer solution was added to the fibrillar pellet, which was then gently

resuspended and incubated at 37!C without shaking for 4 weeks. The total

protein concentration in the fibril disaggregation samples was estimated to

be %1 mM.

Single-Molecule Data Collection and Analysis
The instrumentation used for TCCD and smFRET experiments has been

described in detail previously (Orte et al., 2006). For smFRET, only the

488 nm laser was used to excite the sample (Figure 1B), with a total laser power

of 47.5 mW. PC-implemented multichannel scalar cards (MCS-PCS, Ortec)

were used to collect photon counts from two avalanche photodiode detectors

with 1 ms bin times over 8,000 channels on both MCS cards. Typically, 999

frames of 8,000 ms were collected for a total measurement time of 3 hr per

aliquot. During the measurements, the microscope stage was moved at

a constant scanning rate of 200 mm/sby two orthogonal DC motors

(M-112.IDG, Physik Instrumente) so that the encounter rate does not depend

on the size of the observed species. The photon time traces were analyzed by

first setting an optimized threshold value for each channel under our conditions

of measurement to remove the background noise: a 20 photon/ms bin for the

donor channel and a 10 photon/ms bin for the acceptor channel. We analyzed

the event data to derive the distributions of oligomer sizes and FRET values.

Based on the average intensity from a bluemonomer, the approximate number

of monomers per oligomer event can be extracted after correcting the blue

intensity of the oligomer for the fact that it is reduced by FRET and also taking

into account the fact that 50% of the monomers are donors (confirmed by

TCCD experiments, see Extended Experimental Procedures), using the

following equation:

Apparent oligomer size= 2$

!
IDA + IA=g

ID monomer

"
; (Equation 1)

where IA and IDA correspond to the acceptor fluorescence intensity and to

the donor fluorescence intensity in the presence of acceptor, respectively;

ID_monomer corresponds to the average intensity of donor monomers (ca. 30

counts), and g corresponds to a correction factor that accounts for different

quantum yields and detection efficiencies of the donor and acceptor

(g = 0.26). We chose a relatively large oligomer bin size of five (i.e.,

2–5 mers, 5–10 mers, etc.), both to present and analyze the data.

The FRET efficiency for each oligomer was calculated from the following

expression:

EFRET =
IA

gIDA + IA
: (Equation 2)

Because oligomers of a wide distribution of sizes were observed, a signifi-

cant number of oligomer events occupied more than one time bin (1 ms).

For these cases, themaximumbrightness recorded per bin (i.e., the brightness

recorded during 1 ms when the oligomer crosses the center of the confocal

volume) was used to calculate both their size and FRET efficiency. Large

species, that is, those corresponding to events occupying more than five

bins or calculated to be more than 150 mers, were assumed to be fibrillar

species and then were excluded from the analysis.

A full description of the methodology used in this study is presented in the

Extended Experimental Procedures.

Live-Imaging Studies
Confocal images were obtained using a Zeiss 710 vis CLSM equipped with

a META detection system and a 403 oil immersion objective. The 488nm

Argon laser line was used to excite AF488-labeled aS and fluorescence

emission collected between 505–550 nm (green channel) and 630–650nm

(red channel). FRET measurements (excitation of AF488 and emission of

AF647) were used to quantify the uptake of oligomeric and fibrillar aS because

monomers are unable to undergo FRET. Illumination intensity was kept to

a minimum (at 0.1%–0.2% of laser output) to avoid phototoxicity and the

pinhole set to give an optical slice of "2 mm. We recorded from a single focal

plane and specifically selected regions within the cell to measure cellular

uptake of labeled aS species. For confirmation, we checked that the recorded

aS signal was intracellular at the end of each experiment by z-stack scanning

and three-dimensional reconstruction using Zeiss software.

ROS Measurements
Fluorescence measurements were obtained on an epifluorescence inverted

microscope equipped with a 203 fluorite objective. For HEt and MitoSOX

measurements, a ratio of the oxidized/reduced formwasmeasured: Excitation

at 540 nm and emission recorded above 560 nm were used to quantify the

oxidized form (ethidium), whereas excitation at 360 nm and emission collected

from 405 to 470 was used for the reduced form (hydroethidium). All data

reported in this study were obtained from at least five coverslips and 2–3

different cell and sample preparations.

For measurement of mitochondrial ROS production, cells were preincu-

bated with MitoSOX (5 mM; Molecular Probes, Grand Island, NY, USA) for

10 min at room temperature. For measurement of cytosolic ROS production,

dihydroethidium (2 mM) was present in the solution during the experiment.

No preincubation (‘‘loading’’) was used for dihydroethidium to limit the intracel-

lular accumulation of oxidized products. Animal husbandry and experimental

procedureswere performed in full compliancewith the United KingdomAnimal

(Scientific Procedures) Act of 1986.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,

six figures, and one table and can be found with this article online at

doi:10.1016/j.cell.2012.03.037.
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channel).	We	analyzed	 the	 event	 data	 to	derive	 the	distributions	of	 oligomer	 sizes	 and	

FRET	values.	Analysis	assumed	a	50/50	balance	of	donors	and	acceptors	in	the	oligomers,	

as	previously	verified	(60).	FRET	efficiency	in	each	oligomer	sample	was	calculated	as		

	

	 	 	 	 	 	 	 (eq.	5.1)	

	

Where	IA	and	IDA	are	the	fluorescence	intensity	of	the	acceptor	and	donor	in	the	presence	

of	 acceptor,	 respectively,	 and	 γ	 is	 the	 correction	 coefficient	 to	 account	of	 the	different	

quantum	yields	and	detection	efficiencies	of	the	donor	and	acceptor	(γ	=	0.26).	

	

5.2.7	Sedimentation	Velocity	Experiments	by	Analytical	Ultracentrifugation	(AUC).		

Sedimentation	 velocity	 measurements	 were	 carried	 out	 at	 20	 °C	 for	 Type	 A*	

oligomers	 only	 (AUC	 on	 Type	 B*	 was	 previously	 performed	 in	 Chen	 et	 al	 (204)),	 with	

spinning	at	38,000	to	43,000	rpm	(106,750	to	136,680	×	g)	by	using	a	Beckman-Coulter	

Optima	 XL-I	 analytical	 ultracentrifuge.	 The	measurements	 of	 Type	 A*	 were	 performed	

using	 an	 An50Ti	 rotor	 and	 the	 detection	mode	 based	 on	 the	 changes	 in	 the	 refractive	

index	(Rayleigh	Interference	Optics).	This	 is	because	the	presence	of	EGCG	prevents	the	

employment	 of	 standard	 detection	 based	 on	 UV-visible	 absorbance.	 Type	 A*	 protein	

samples	(40–80	μM)	were	incubated	in	their	respective	buffers	for	48	h	before	the	start	

of	 the	 sedimentation	 velocity	 experiments.	 The	 sedimentation	 coefficient	 distributions,	

corrected	to	standard	conditions	by	using	the	SEDNTERP	program	(210),	were	calculated	

via	least-squares	boundary	modeling	of	sedimentation	velocity	data	using	the	c(s)	and	

lsg*(s)	methods,	as	implemented	in	the	SEDFIT	program	

(www.analyticalultracentrifugation.com).	

5.2.8	Fourier	Transform	InfraRed	(FT-IR)	spectroscopy.	

FT-IR:	 FT-IR	 spectra	 of	 monomeric	 αS	 and	 Type	 A*	 oligomers	 were	 performed	 on	

solutions	of	100	μM	and	400	μM,	respectively,	in	PBS	at	pH	7.4	using	a	Bruker	BioATRCell	

II	and	a	Bruker	Equinox	55	FT-IR	spectrophotometer	(Bruker	Optics	Limited,	UK)	equipped	

with	 a	 liquid	 nitrogen	 cooled	mercury	 cadmium	 telluride	 (MCT)	 detector	 and	 a	 silicon	

internal	reflection	element	(IRE).	For	each	spectrum,	we	collected	256	interferograms	and	

co-added	at	2	cm–1	resolution.	Buffer	contribution	to	the	signal	(i.e.	PBS	buffer	and	EGCG)	
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was	 independently	 measured	 and	 subtracted	 during	 data	 analysis	 of	 each	 protein	

spectrum	and	before	curve	fitting	of	the	amide	I	region	(1720-1580	cm-1).	The	analysis	of	

the	data	was	performed	with	the	Opus	software	package	(Bruker	Optics	Limited,	UK)	and	

included	these	steps:	atmospheric	compensation,	baseline	subtraction,	second	derivative	

analysis,	 and	 deconvolution	 with	 Gaussian/Lorentzian	 curves	 using	 a	 Levenberg-

Marquardt	 algorithm.	 Data	 presented	 are	 a	 result	 of	 the	 fitting	 of	 3	 independent	 FTIR	

spectra	for	each	protein	sample.	For	comparison	all	absorbance	spectra	were	normalized.	 	
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5.3	Structural	properties	of	toxic	and	non-toxic	αS	oligomers	

In	order	to	identify	the	major	structural	differences	between	Type	A*	and	Type	B*	αS	

oligomers,	 we	 employed	 ssNMR	 experiments	 to	 probe	 both	 rigid	 (CP	 regime)	 and	

disordered	 regions	 (INEPT	 regime)	 of	 the	 oligomers.	 Both	 types	 of	 oligomers	 could	 be	

pelleted	into	a	MAS	rotor	by	ultracentrifugation	of	4	h	at	90,000	rpm	(using	a	TLA-120.2	

Beckman	 rotor;	 288,000	 ×	 g).	 Experiments	were	 performed	 using	 a	 1.6mm	MAS	 rotor,	

which	 requires	 minimal	 amount	 of	 material	 (only	 8	 μL	 of	 pellet)	 at	 the	 University	 of	

Southampton.	MAS	experiments	were	performed	at	5	°C	and	by	spinning	the	sample	at	

12.5	 kHz.	 We	 first	 analysed	 the	 disordered	 regions	 of	 both	 Type	 A*	 and	 Type	 B*	 αS	

oligomers	(Figure	5.5)	by	using	INEPT	experiments	to	probe	the	C-H	cross-peaks	of	highly	

mobile	regions	in	the	sample.	INEPT	experiments	are	extremely	sensitive	in	the	analysis	of	

the	 structural	 differences	 of	 these	 two	 types	 of	 oligomers	 as	 they	 rely	 on	 disordered	

regions	 likely	 exposed	 on	 the	 surface	 of	 the	 oligomers	 and	 therefore	 promoting	

macromolecular	interactions	by	these	aggregates.	Interestingly,	the	INEPT	spectra	of	the	

two	types	of	oligomers	 indicate	 the	 two	assemblies	expose	some	different	segments	of	

the	protein.	As	expected,	both	 INEPT	spectra	can	be	completely	overlapped	 the	 1H-13C-

HSQC	 of	 the	 monomeric	 and	 disordered	 αS	 in	 solution	 NMR	 (Figure	 5.6).	 This	 data	

confirm	that	the	highly	mobile	regions	of	the	oligomers	maintain	the	disordered	nature	of	

the	monomeric	αS	precursor	molecules.	The	correspondence	with	the	solution	NMR	1H-
13C-HSQC	enables	a	rapid	assignment	of	the	resonances	of	the	INEPT	spectrum	of	the	two	

oligomers.	Overall,	 the	assignment	suggests	 that	 the	C-terminal	 region	of	 the	protein	 is	

exposed	in	both	the	oligomers	(Figure	5.6	c).	The	major	difference	in	the	two	is	that	toxic	

Type	 B*	 oligomers	 expose	 also	 resonances	 belonging	 to	 residues	 at	 the	 N-terminus.	

Another	major	difference	 is	 that	 the	non-toxic	Type	A*	 species	 feature	 the	exposure	of	

peaks	from	the	central	region	of	the	protein,	including	the	NAC	region,	whereas	no	peaks	

belonging	to	the	NAC	are	 identified	 in	 the	 INEPT	spectra	of	Type	B,	 suggesting	that	 this	

fragment	represent	a	part	of	the	core	of	the	oligomer.	This	indication	is	also	in	line	with	

the	FRET	data	(Figure	5.2).	

We	also	recorded	the	13C-13C-DARR	spectra	on	these	oligomeric	samples	 to	provide	

structural	 information	of	the	rigid	core	regions	of	the	oligomers.	The	comparison	of	the	

DARR	 spectra	 of	 Type	 A*	 and	 Type	 B*	 oligomers	 suggests	 that	 the	 two	 cores	 are	

fundamentally	 different	 in	 their	 structure	 (Figure	 5.7).	 In	 particular,	 it	 is	 clear	 that	 the	
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shifts	 in	 the	 cross	 peaks	 in	 the	DARR	 spectra	 of	 these	 two	 oligomers	 indicate	 that	 the	

Type	 B*	 primarily	 features	 a	 shift	 of	 its	 resonances	 toward	 the	 beta	 sheet	 structures	

compared	to	the	Type	A*,	 the	 latter	showing	chemical	shifts	 that	approach	the	random	

coil	 ranges	 (Figure	 5.8).	 As	 a	 result	 the	MAS	 experiments	 in	 cross	 polarisation	 regime	

indicate	 that	 the	 core	 of	 Type	 A*	 αS	 oligomers	 lacks	 specific	 secondary	 structure	

conformations	whereas	that	of	Type	B*	αS	oligomers	feature	beta-sheet	conformations.	

This	 indication	 is	 in	agreement	with	FT-IR	experiments	on	these	oligomers	compared	to	

fibrillar	species	(Figure	5.9).	In	particular,	FT-IR	of	Type	A*	αS	oligomers	shows	a	peak	in	

the	1654	cm-1,	which	is	overlappable	with	the	peak	of	the	random	coil	αS	monomers.	The	

FT-IR	data	of	Type	A*	are,	 therefore,	 in	agreement	with	the	ssNMR	measurements	 that	

indicate	 that	 both	 core	 (13C-13C-DARR,	 Figure	 5.7	 a)	 and	 surficial	 regions	 (1H-13C-INEPT,	

Figure	5.5)	of	these	oligomers	lack	specific	elements	of	secondary	structure.	Similarly	FT-

IR	data	of	Type	B*	oligomers	show	the	presence	of	antiparallel	β-sheet	structures	in	the	

assembly,	which	 is	 in	 agreement	with	 the	 chemical	 shifts	 in	 the13C-13C-DARR	 spectrum	

indicating	β-sheet	structure	in	the	core	of	the	oligomers	(Figure	5.7	b).	FT-IR	also	shows	

random-coil	 peak	 in	 Type	 B*	 oligomers,	 which	 is	 in	 line	 with	 1H-13C-INEPT	 spectra	

indicating	 disordered	 conformations	 at	 the	 N-	 and	 C-	 termini	 of	 the	 protein	 in	 these	

oligomers	(Figure	5.5).	
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Figure	5.5.	MAS	 ssNMR	 INEPT	 spectrum	of	αS	oligomers	 Type	A*	and	Type	B*.	 1H-13C	
correlation	 spectra	 via	 INEPT	 transfer	 recorded	 at	 5oC	 at	 a	MAS	 rate	 of	 12.5	 kHz.	 The	
experiments	were	performed	at	a	600	MHz	Varian	using	a	1H/13C	1.6-mm	probe.		
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Figure	5.6	Comparison	of	 solution	NMR	 1H-13C-HSQC	 	and	 ssNMR	 INEPT.	a)	Overlay	of	
the	 ssNMR	 INEPT	 of	 Type	 A*	 oligomers	 (green)	 and	 solution	 NMR	 1H-13C-HSQC	 (black)	
spectra.	b)	Overlay	of	 the	ssNMR	INEPT	of	Type	B*	oligomers	 (green)	and	solution	NMR	
1H-13C-HSQC	(black)	spectra.	Assigned	ssNMR	INEPT	of	Type	A*	(green)	and	Type	B*	(red).	
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Figure	5.7.	 13C-13C	DARR	spectrum	of	Type	A*	and	Type	B*	αS	oligomers.	13C-13C	DARR	
correlation	 spectrum	 of	 a	 sample	 of	 Type	 A*	 (left	 panel)	 and	 Type	 B*	 (right	 panel)	 αS	
oligomers	 was	 recorded	 using	 a	 contact	 time	 of	 1ms,	 mixing	 time	 of	 50ms,	 at	 a	
temperature	of	5	oC	at	a	MAS	rate	of	12.5	kHz.	The	measurements	were	performed	using	
a	14.09T	NMR	spectrometer	(Varian)	and	1.6mm	MAS	probe.	

 
Figure	5.8.	Overlay	of	13C-13C	DARR	spectra	of	Type	A*	and	Type	B*	αS	oligomers.	13C-13C	
DARR	 correlation	 spectrum	 of	 a	 sample	 of	 Type	 A*	 has	 been	 drawn	 as	 in	 Figure	 5.6	
whereas	 for	clarity	of	 the	overlay	and	Type	B	has	been	drawn	on	a	single	black	contour	
line.	Chemical	shift	“virtual	moves”	are	indicated	by	arrows.	In	particular:	mark	1	reports	
the	 Ca-Cb	 correlation	 of	 Val	 residues,	mark	 2	 reports	 the	 Ca-Cb	 correlation	 of	 GLN/LYS	
residues,	mark	3	reports	the	Ca-Cg	correlation	of	THR	residues	and	mark	4	reports	the	Ca-
Cg	correlation	of	Val	residues.	All	the	“virtual	moves”	from	Type	A*	to	Type	B*	indicate	a	
difference	between	random-coil	conformations	and	beta-sheet	structures.	 
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Figure	5.9.	FT-IR	Type	A*	and	Type	B*	αS	oligomers.	FT-IR	spectra	of	Type	A*	(red)	and	
Type	B*	(green)	αS	oligomers	studied	in	this	investigation.	The	spectrum	of	the	non-toxic	
Type	A*	oligomers	shows	a	single	band	centered	at	1654	cm-1	that	overlaps	clearly	with	
the	 signal	 of	 the	 disordered	 αS	 monomers	 (black).	 The	 spectrum	 of	 the	 Type	 B*	 αS	
oligomers	(green)	shows,	 in	addition	to	the	same	band	at	1654	cm-1	that	 is	 indicative	of	
disordered	 regions,	 the	 characteristic	 absorption	 band	 for	 antiparallel	 β-sheet	 structure	
(highlighted	in	grey	background).	This	band	is	absent	in	the	fibrillar	form	of	αS	(cyan).		
	

The	 fast	 relaxation	 of	 the	 ssNMR	 signals	 in	 MAS	 experiments	 of	 these	 oligomer	

samples	prevented	 the	multidimensional	 spectra	 to	be	measured	 in	order	 to	perform	a	

canonical	 assignment	 of	 their	 13C-13C-DARR	 in	 order	 to	 identify	 the	 core	 regions	 of	 the	

oligomers,	 however,	 we	 combined	 information	 from	 solution-state	 chemical	 exchange	

saturation	 transfer	 spectra	 (CEST,	 see	 Methods)	 with	 the	 known	 assignments	 of	 the	

fibrillar	(54)	and	monomeric	(114)	states	of	αS;	this	procedure	led	to	the	identification	of	

33	 and	 18	 residues	 in	 the	 13C-13C-DARR	 spectra	 of	 Type	 A*	 and	 Type	 B*	 oligomers,	

respectively.	 More	 specifically,	 in	 the	 case	 of	 the	 non-toxic	 type-A*	 species,	 CEST	

experiments	showed	a	significant	degree	of	saturation	for	the	40	N-terminal	residues	of	

the	protein	(Figure	5.10	a-c),	which	indicates	a	strong	association	of	this	region	with	the	

rigid	core	of	the	oligomers.		By	contrast,	the	lowest	levels	of	saturation	were	observed	for	

the	C-terminal	region	and	the	segment	between	residues	70	and	90,	indicating	a	minimal	

association	of	these	regions	with	the	rigid	core	of	the	non-toxic	Type	A*	αS	oligomers.	In	
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the	case	of	the	toxic	Type	B*	αS	oligomers,	CEST	experiments	showed	a	generally	 lower	

degree	of	saturation	transfer	throughout	the	sequence	compared	to	the	non-toxic	Type	

A*	oligomers,	with	no	saturation	associated	with	either	the	N-	or	C-	terminal	regions	of	

the	protein	or	with	residues	of	three	of	the	four	major	hydrophobic	segments	of	the	αS	

sequence	 (residues	36-41,	47-56,	88-95,	Fig.	5.10	d).	This	 finding	 indicates	 that	none	of	

these	 regions	 is	 strongly	 associated	 with	 the	 core	 of	 the	 toxic	 Type	 B*	 oligomers,	 in	

contrast	 to	 the	 situation	 observed	 for	 the	 hydrophobic	 segment	 70-79,	 for	 which	

significant	saturation	was	detected	in	the	CEST	experiments	(Fig.	5.10	d).		

	

	

Figure	5.10.	Identification	of	core-associated	and	solvent	exposed	dynamical	regions	in	
αS	oligomers	using	CEST.	CEST	experiments	were	recorded	at	a	1H	frequency	of	700MHz	
using	a	saturation	RF	band	of	400	Hz	placed	at	different	offsets	(-9,	-8,	-7,	-6,	-5,	-4,	-3,	-
1.5,	0,	1.5,	3,	4,	5,	6,	7,	8	and	9	kHz).	(a)	CEST	study	of	the	non-toxic	type-A*	αS	oligomers	
measured	at	10	°C.	The	spectrum	measured	with	the	saturation	RF	at	an	offset	of	-1.5	kHz	
(red)	 is	overlaid	onto	the	reference	spectrum	(blue).	Labels	 identify	peaks	with	very	high	
(black)	 and	 very	 low	 (orange)	 level	 of	 saturation	 transfer.	 (b)	 CEST	 profiles	 of	 non-toxic	
type-A*	 αS	 oligomers	 measured	 at	 different	 saturation	 frequencies	 are	 shown	 as	 a	
function	of	 the	residue	number.	The	plot	 reports	 the	average	values	of	CEST	saturations	
measured	using	offsets	of	+1.5	kHz	and	 -1.5	kHz	 (blue),	+3.0	kHz	and	 -3.0	kHz	 (orange),	
and	+4.0	kHz	and	-4.0	kHz	(green).	(c)	CEST	surface	for	non-toxic	type-A*	αS	oligomers.	(d)	
CEST	profiles	of	toxic	type-B*	αS	oligomers	measured	at	different	saturation	frequencies.	
Color	code	as	in	panel	b.		
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5.4	The	selective	interaction	with	cellular	membranes	promote	the	toxicity	

of	αS	oligomers	

The	interaction	of	protein	oligomers	with	cellular	membranes	has	been	individuated	as	a	

key	factor	to	distinguish	between	toxic	and	non-toxic	species	(202,	203).	This	interaction	

can	 result	 into	 lipid	 extraction,	 loss	 of	 membrane	 integrity	 and	 selective	 membrane	

permeability	 (203).	 We	 first	 analysed	 the	 binding	 affinity	 of	 Type	 A*	 and	 Type	 B*	 αS 

oligomers	 for	 DOPE:DOPS:DOPC	 SUVs	 (as	 used	 in	 Chapter	 III)	 using	 fluorescence	

correlation	spectroscopy	(FCS).	To	this	end,	we	produced	oligomers	of	the	two	types	by	

mutating	αS	Alanine	90	with	a	Cysteine	residue	and	subsequently,	 labelling	 this	protein	

using	 maleimide-modified	 AF488.	 Oligomers	 produced	 with	 AF488	 αS	 are	 therefore	

fuorescent	and	can	be	used	in	FCS.	The	advantage	of	using	this	approach	(e.g.	rather	than	

DLS)	 is	 that	 this	 enables	 to	 specifically	 monitor	 the	 diffusion	 properties	 of	 the	

fluorescently	 labelled	 species,	 regardless	 of	 the	 presence	 of	 other	 species.	 In	 our	

application,	we	aimed	at	assessing	the	strength	of	interaction	between	the	two	types	of	

oligomers	and	SUVs	by	monitoring	their	diffusion	properties	upon	incubation.	In	principle	

an	extremely	 strong	binding	would	 result	 in	 the	oligomers	 adopting	 the	 same	diffusion	

properties	of	the	slower	SUV	species.	The	data	(Figure	5.11)	evidence	that	the	diffusion	

properties	of	Type	A*	and	Type	B*	αS oligomers	are	similar,	with	residence	time	“τ”	in	the	

confocal	volume	of	0.86	ms	and	1.15	ms,	respectively.	By	incubating	the	oligomers	with	

0.5	mg/ml	of	SUVs,	both	oligomers	showed	higher	residence	times	in	the	confocal	volume	

(2.61	ms	and	3.52	ms	for	Type	A*	and	Type	B*	αS oligomers,	respectively).	The	changes	in	

the	 diffusion	 properties	were	 however	 stronger	 in	 the	 case	 of	Type	 B*,	 indicating	 that	

these	 oligomers	 interact	 more	 tightly	 with	 the	 membrane	 surface	 than	 Type	 A*.	

Interestingly,	by	increasing	the	concentration	of	SUVs	to	5.0	mg/ml,	the	residence	time	of	

Type	B*	αS oligomers	 (6.93	ms)	approached	 the	 limit	of	 the	 residence	 time	of	 the	SUV	

(7.48	ms),	which	 indicates	 that	 the	 interaction	between	Type	B*	αS oligomers	 and	 the	

membrane	is	extremely	tight	such	that	these	oligomers	behave	almost	as	an	integral	part	

of	the	SUVs.	On	the	contrary,	under	the	same	conditions,	Type	A*	αS oligomers	have	a	

residence	time	of	4.58	ms,	which	indicates	that	Type	A*	have	a	non-negligible	affinity	for	

membranes	but	the	membrane-interaction	is	weaker	than	that	of	Type	B*	αS oligomers.	
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Figure	5.11.	Fluorescence	correlation	spectroscopy	of	Type	A*	and	Type	B*	αS	oligomers	
at	the	surface	of	SUVs.	FCS	was	performed	on	Type	A*	and	Type	B*	αS-AF488	oligomers	
by	exciting	the	fluorophores	at	488nm	(AF488)	and	by	recording	autocorrelation	function	
of	 the	 fluorescence.	a)	 Type	 A*	 αS-AF488.	 b)	 Type	 B*	 αS-AF488.	 c)	 Table	 reporting	 the	
residence	time	in	all	the	analysed	samples.	
	
	

	
To	gain	a	deeper	understanding	of	this	selective	interaction	we	measured	PREs	between	

lipids	and	oligomers	by	doping	the	lipid	bilayers	with	2%	of	lipids	containing	paramagnetic	

centres	 (114).	 PREs	 are	 highly	 sensitive	 probes	 of	macromolecular	 interactions	 and,	 by	

using	lipids	having	paramagnetic	centres	at	the	hydrophilic	heads	or	bottom	hydrophobic	

tails	of	the	lipids,	we	characterised	the	levels	of	insertion	of	the	oligomers	in	the	bilayers	

(see	also	reference	114).		We	first	measured	PRE	using	the	spin	label	at	the	surface	of	the	

membrane,	 i.e.	 by	 doping	 the	 DOPE:DOPS:DOPC	 bilayer	 with	 2%	 of	 1,2-dimyristoyl-sn-

glycero-3-phosphoethanolamine-N-DTPA	 (gadolinium	 salt,	 which	 carries	 an	 unpaired	

electron	in	the	hydrophilic	head	of	the	lipid,	Figure	5.12).	In	line	with	the	FCS,	this	analysis	

showed	 that	 the	 spectra	 of	 both	 types	 of	 oligomers	 are	 affected	 by	 the	 paramagnetic	

groups,	 indicating	that	Type	A*	and	Type	B*	αS oligomers	are	both	associated	with	the	
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surface	of	 the	membrane.	 Selective	quenching	was	 clear	 in	both	aliphatic	and	carbonyl	

regions	in	these	experiments	(Figure	5.12).		

We	then	performed	PRE	experiments	by	doping	the	lipid	bilayer	with	2%	of	1-palmitoyl-2-

stearoyl-[16-doxyl]-sn-glycero-3-phosphocholine,	 which	 carries	 an	 unpaired	 electron	 at	

the	 position	 of	 the	 carbon	 16	 of	 the	 lipid	 tail	 (Figure	 5.13).	 In	 this	 case,	 however,	 we	

observed	 no	 selective	 quenching	 of	 the	 DARR	 resonances	 of	 Type	 A*	 αS oligomers,	

indicating	that	these	oligomers,	as	 in	the	case	of	αS monomers	(114),	remain	mainly	at	

the	 top	 of	 the	 membrane	 and	 do	 not	 experience	 any	 specific	 membrane	 insertion.	 A	

different	 scenario,	 however,	 was	 found	 in	 the	 case	 of	 Type	 B* αS	 oligomers,	 which	

showed	 PRE	 effects	with	 some	 specific	 resonance	 broadening	 (Figure	 5.13),	 suggesting	

that	the	structured	regions	of	Type	B* αS	oligomers do insert up to a certain extent into 

the hydrophobic region of the membrane bilayer. 	

	

	

	
Figure	 5.12.	 PRE	 experiments	 of	 Type	A*	 and	 Type	B*	αS	 oligomers	 at	 the	 surface	 of	
SUVs.	Top	and	bottom	panels	 for	Type	A*	and	Type	B*	αS	oligomers,	as	 indicated.	PRE	
were	 measured	 by	 incubating	 the	 two	 types	 of	 ligomers	 with	 DOPE:DOPS:DOPC	 SUVs	
doped	with	2%	of	1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-DTPA	(gadolinium	
salt,	which	carries	an	unpaired	electron	 in	 the	hydrophilic	head	of	 the	 lipid.	The	 13C-13C-
DARR	spectra	the	membrane-bound	oligomers	were	measured	as	described	 in	figure	5.7	
at	spinning	rate,	mixing	and	contact	times	of	12.5	kHz,	50	ms	and	1	ms,	respectively,	and	
in	 the	 presence	 (green)	 and	 absence	 (red)	 of	 paramagnetic	 labelled	 lipids.	 Cross-
correlations	between	aliphatic	and	carbonyl	groups	(left	side	of	the	spectra)	and	aliphatic-
aliphatic	groups	(right	side	of	the	spectra)	are	reported.	
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Figure	5.13.	PRE	experiments	of	Type	A*	and	Type	B*	αS	oligomers	in	the	interior	of	lipid	
bilayers	 of	 SUVs.	 Top	 and	 bottom	 panels	 for	 Type	 A*	 and	 Type	 B*	 αS	 oligomers,	 as	
indicated.	 PRE	 were	 measured	 by	 incubating	 the	 two	 types	 of	 ligomers	 with	
DOPE:DOPS:DOPC	SUVs	doped	with	2%	of	1-palmitoyl-2-stearoyl-[16-doxyl]-sn-glycero-3-
phosphocholine,	which	carries	an	unpaired	electron	at	the	position	of	the	carbon	16	of	the	
lipid	 tail.	 The	 13C-13C-DARR	 spectra	 the	 membrane-bound	 oligomers	 were	 measured	 as	
described	in	figure	5.7	at	spinning	rate,	mixing	and	contact	times	of	12.5	kHz,	50	ms	and	1	
ms,	 respectively,	and	 in	 the	presence	 (blue)	and	absence	 (red)	of	paramagnetic	 labelled	
lipids.	Cross-correlations	between	aliphatic	and	carbonyl	groups	(left	side	of	the	spectra)	
and	aliphatic-aliphatic	groups	(right	side	of	the	spectra)	are	reported.	
	

	

In	order	to	characterise	further	the	structural	nature	of	the	membrane	binding	by	the	two	

types	of	αS	oligomers,	we	measured	13C-13C-DARR	spectra	at	-19°C,	a	condition	that	has	

been	shown	to	enhance	the	signal-to-noise	ratios	of	the	resonances	of	the	regions	of	αS	

that	are	 tightly	bound	 to	DOPE:DOPS:DOPC	 lipid	bilayers	 (114).	 In	 the	 case	of	 the	 toxic	

Type	 B*	 species,	 this	 analysis	 revealed	 a	 set	 of	 well-defined	 resonances	 that	 are	

additional	 to,	 and	 distinct	 from,	 those	 observed	 in	 the	 13C-13C-DARR	 spectra	 of	 the	

isolated	oligomers	(Figure.	5.14).		These	additional	resonances	match	closely	those	of	t	6	

the	N-terminal	region	of	monomeric	αS	bound	to	DOPE:DOPS:DOPC	membranes	(Figure	

3.2	 b),	 where	 the	 protein	 adopts	 an	 amphipathic	 α-helical	 conformation	 (114),	 and	

indicate	 that	 the	 N-terminal	 region	 of	 the	 protein	 is	 strongly	 associated	 with	 the	 lipid	

bilayer	 in	the	membrane-bound	state	of	the	toxic	Type	B*	oligomers.	 In	the	case	of	the	
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non-toxic	 Type	 A*	 oligomers,	 however,	 these	 experiments	 revealed	 a	 different	 set	 of	

additional	 13C-13C-DARR	peaks	 (Figure	 5.14),	whose	 chemical	 shifts	 are	 characteristic	 of	

the	 13Cα-13Cβ	 cross	 correlations	 of	 lysine	 residues.	 The	 low	 intensities	 and	 the	 broad	

linewidths	of	these	resonances	indicate	the	absence	of	a	specific	and	well-defined	region	

of	the	protein	that	is	tightly	bound	to	the	membrane,	and	suggest	that	the	binding	of	the	

non-toxic	 Type	 A*	 oligomers	 to	 the	 bilayer	 involves	 lysine-rich	 segments	 located	

randomly	throughout	the	first	97	residues	of	the	αS	sequence.		

	

	

Figure	5.14.	13C-13C	DARR	of	Type	A*	and	Type	B*	αS	oligomers	at	the	surface	of	SUVs.	
Left	 and	 right	 panels	 report	 the	 analyses	 of	 Type	 A*	 and	 Type	 B*	 αS	 oligomers,	
respectively.	Each	oligomer	was	incubated	with	DOPE:DOPS:DOPC	SUVs	and	spun	down	at	
68000	rpm	to	create	the	pellet	for	filling	the	MAS	rotor.	13C-13C	DARR	of	oligomers	in	the	
absence	 (red)	 and	 presence	 (green)	 of	 lipids	 were	 measured	 at	 -19	 °C	 to	 enable	 the	
transition	 of	 the	 lipids	 in	 gel	 phase	 (145).	 Under	 these	 conditions,	 the	 13C-13C	 DARR	 of	
monomers	of	αS	in	the	presence	of	SUVs	detects	peaks	corresponding	to	the	membrane-
anchor	region	in	an	amphipathic	helix	conformation	(Chapter	III),	which	are	reported	here	
using	 black	 contour	 lines.	 Arrows	 in	 the	 left	 panel,	 Type	 A*,	 show	 resonances	
corresponding	to	Lys	and	Gln	residues	that	are	enhanced	in	the	presence	of	lipids	at		-19	
°C.	In	the	case	of	Type	B*,	right	panel,	the	resonances	that	are	enhanced	in	the	presence	
of	lipids	at		-19	°C	correspond	to	those	of	the	membrane-anchor	region,	as	in	the	case	of	
the	monomeric	state	of	αS	bound	to	SUVs.	
 

	

Overall,	therefore,	our	study	of	the	binding	of	the	toxic	Type	B*	and	non-toxic	Type	A*	αS	

oligomers	to	the	SUVs	has	revealed	that	the	two	types	of	oligomers	have	different	modes	
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of	binding	to	acidic	membranes	(Figure	5.15).	The	Type	A*	αS	species	appear	to	interact	

only	 with	 the	 head	 groups	 of	 the	 lipid	 bilayers	 via	 multiple	 lysine-rich	 regions	 of	 the	

protein	 sequence	 (Figure	 5.15).	 By	 contrast,	 the	 toxic	 Type	 B*	 oligomers	 are	 anchored	

onto	the	membrane	surface	by	a	highly	specific	region	of	the	αS	sequence,	the	exposed	

N-terminal	 region	 that	 adopts	 an	 amphipathic	 helical	 conformation	 upon	 membrane	

binding	(Figure	5.14).	Moreover,	the	highly	structured	and	rigid	regions	of	the	toxic	Type	

B*	oligomers	insert	to	a	significant	degree	into	the	interior	of	the	bilayer	(Figure	5.13).		

	

	

Figure	5.15.	Structural	basis	of	membrane	binding	of	αS	oligomers.	a)	Non-toxic	type-A*	
αS	 oligomers	 are	 represented	 in	 disordered	 conformations	 using	 grey	 ribbons.	 ssNMR	
experiments	show	that	non-toxic	Type	A*	αS	oligomers	bind	to	the	surface	of	acidic	lipid	
bilayers	 (PRE,	 Figure	 5.12)	 via	 various	 lysine	 rich	 segments	 randomly	 exposed	 to	 the	
surface	 of	 the	 oligomer	 (membrane-bound	 13C-13C-DARR,	 Figure	 5.14)	 and	 without	
inserting	 into	 the	 core	 of	 the	 bilayer	 (PRE,	 Figure	 5.13).	b)	 Toxic	 Type	 B*	 αS	 oligomers	
feature	both	structured	 (red)	and	disordered	 (grey)	 regions	and	bind	the	surfaces	of	 the	
lipid	bilayers	via	 the	exposed	N-terminal	 regions	of	αS	molecules	 in	 the	oligomer,	which	
fold	into	amphipathic	α-helices	(blue)	upon	membrane	binding	(membrane-bound	13C-13C-
DARR,	Figure	5.14).	 In	contrast	to	Type	A*	rigid	regions	of	Type	B*	oligomers,	which	are	
rich	in	β-sheet	structure,	insert	into	the	lipid	bilayers	(PRE	experiments,	Figure	5.13).	
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5.5	Discussion	

The	 characterisation	 of	 transient	 toxic	 αS	 oligomers	 that	 form	 under	 the	 pathological	

conditions	leading	to	PD	is	a	major	challenge	for	current	biochemistry.	In	this	Chapter	we	

have	 identified	 an	 approach	 to	 characterise	 structural	 properties	 and	 mechanisms	 of	

membrane	 interaction	 of	 two	 types	 of	 αS	 oligomers	 exhibiting	 significantly	 different	

toxicity	 levels	 (Figure	 5.4).	 The	 toxic	 αS	 oligomers	 (Type	 B*)	 have	 been	 previously	

characterised	 at	 low	 resolution	 in	 the	 Dobson	 group	 (60,	 204)	 for	 their	 toxicity	 and	

general	 properties	 of	 secondary	 structure,	 shape	 and	 size.	 Unfortunately	 the	 non-toxic	

Type	 A	 identified	 by	 Cremades	 et	 al	 (60)	 (Type	 A)	 cannot	 be	 isolated	 in	 significant	

quantities	 to	 enable	 biophysical	 characterisations.	 To	 circumvent	 this	 problem,	 in	 my	

thesis	 I	explored	 the	possibility	of	using	oligomers	 formed	by	αS	 in	 the	presence	of	 the	

natural	molecule	EGCG,	designated	as	Type	A*.	We	showed	that	Type	A*	oligomers	have	

similar	 properties	 to	 those	 of	 the	 original	 Type	 A	 identified	 by	 Cremades	 et	 al	 (60),	

including	 consisting	 FRET	 efficiency	 (Figure	 5.2),	 size	 distribution	 (Figure	 5.3)	 and	 low	

toxicity	 (Figure	 5.4).	 Having	 identified	 two	 types	 of	 αS	 with	 similar	 low-resolution	

structural	properties	but	very	different	neuronal	 toxicity,	we	aimed	at	higher	resolution	

characterisation	in	order	to	achieve	a	structure-toxicity	relationship	through	the	analysis	

of	Type	A*	and	Type	B*	oligomers.		

ssNMR	 experiments	 using	 cross	 polarisation	 and	 INEPT	 regimes	 suggested	 major	

differences	 in	 these	 two	 types	 of	 oligomers.	 In	 particular,	 non-toxic	Type	A*	 oligomers	

showed	 INEPT	 resonances	 from	residues	 from	the	C-terminal	negatively	 charged	 region	

and	part	of	the	NAC	region,	suggesting	that	these	regions	compose	the	outer	part	of	the	

oligomers.	Conversely,	INEPT	experiments	of	Type	B*	showed	that	the	dynamical	regions	

of	the	oligomers	include	both	N-	and	C-	terminal	regions	(Figure	5.6	c).	Both	oligomers	are	

disordered	in	their	dynamical	regions,	as	indicated	by	chemical	shifts	from	INEPT	spectra	

(Figure	 5.6).	Using	CP	experiments,	we	obtained	 13C-13C-DARR	 spectra	 that	 are	 sensibly	

different	in	the	two	types	oligomers,	with	Type	A*	having	rigid	moieties	that	lack	specific	

signatures	of	relevant	secondary	structure	elements	and	Type	B*	having	core	regions	that	

are	rich	 in	β-sheet	structure	 (Figures	5.7	and	5.8).	These	data	are	 in	general	agreement	

with	FT-IR	experiments	(Figure	5.9),	but	provide	a	residue-specific	characterisation	of	the	

protein	conformations	in	the	oligomers.		
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One	of	the	interesting	results	of	the	ssNMR	analysis	is	that	Type	A*	αS	oligomers	possess	

rigid	regions	that	are	entirely	devoid	of	secondary	structure	(Figure	5.7).	This	 is	 likely	to	

be	associated	with	the	intrinsic	affinity	of	EGCG	for	coil	regions.	In	Figure	5.16	it	is	shown	

indeed	 that	EGCG	binds	 the	most	exposed	and	unstructured	 loops	 in	human	Lysozyme.	

This	is	consisting	with	the	spectra	of	another	folded	protein,	namely	mAcP	(Figure	5.17),	

for	 which	 EGCG	 binds	 its	 catalytic	 loop	 that	 in	 the	 apo	 form	 is	 highly	 dynamical	 and	

exposed	 to	 the	 solvent.	When	mAcP	 is	 unfolded	 by	 6M	 of	 guanidinium	 hydrochloride,	

however,	the	binding	of	EGCG	is	extended	to	the	whole	protein	sequence,	indicating	that	

this	molecule	has	no	sequence	specificity	but	a	conformational	specificity	toward	random	

coil	 states.	 It	 is	 therefore	 likely	 that	 the	 effect	 of	 EGCG	 on	 αS	 assembly	 into	 Type	 A*	

oligomers	 is	 to	 stabilise	 random	 conformations	 and	 prevent	 the	 protein	 to	 forming	

secondary	 structures.	 This	 indication	 could	 be	 useful	 in	 future	 strategies	 to	 design	

molecules	 that	 could	 redirect	 the	 aggregation	 of	 proteins	 toward	 non-toxic	 oligomers	

within	the	mechanisms	leading	to	neurodegenerative	diseases.	It	is	however	important	to	

stress	that	finding	to	small	molecules	that	bind	disordered	proteins	with	high	specificity	is	

a	very	ambitious	challenge.	

	

	
Figure	 5.16.	 Binding	 of	 EGCG	 to	 human	 Lysozyme. 1H-15N-HSQC	 spectra	 of	 human	
Lysozyme	isolated	(red)	and	in	the	presence	of	5	equivalents	(blue)	of	EGCG.	The	spectra	
were	 measured	 at	 the	 proton	 resonance	 of	 700MHz,	 by	 using	 a	 BRUKER	 avance	 III	
spectrometer	 with	 cryoprobe	 TXO.	 The	 experiments	 have	 been	 measured	 at	 298K	 in	
50mM	 phosphate	 buffer	 and	 pH	 5.5.	 The	 structure	 of	 human	 lysozyme	 is	 shown	 using	
green	 ribbons	 by	 highlighting	 in	 orange	 the	 residues	 that	 have	 major	 chemical	 shift	
changes	in	the	presence	of	EGCG.	
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Figure	 5.17.	 Binding	 of	 EGCG	 to	 human	 mAcP. 1H-15N-HSQC	 spectra	 of	 human	 mAcP	
isolated	 (red)	 and	 in	 the	 presence	 of	 5	 equivalents	 (blue)	 of	 EGCG.	 The	 spectra	 were	
measured	at	the	proton	resonance	of	700MHz,	by	using	a	BRUKER	avance	III	spectrometer	
with	 cryoprobe	 TXO.	 The	 experiments	 have	 been	 measured	 at	 298K	 in	 50mM	 acetate	
buffer	 and	 pH	 5.5.	 The	 structure	 of	 human	 lysozyme	 is	 shown	 using	 green	 ribbons	 by	
highlighting	in	orange	the	residues	that	have	major	chemical	shift	changes	in	the	presence	
of	EGCG.	Right	panel	reports	the	same	experiments	but	in	the	presence	of	6M	guanidine	
hydrochloride.	
	

	

In	addition	to	the	characterisation	of	the	structural	differences	of	the	toxic	and	non-toxic	

αS	 oligomers,	 this	 chapter	 provides	 key	 information	 on	 the	 nature	 of	 their	 interaction	

with	lipid	membranes.	First,	we	could	observe	that	both	oligomers	bind	with	the	surface	

of	 DOPE:DOPC:DOPS	 SUVs	 (Figure	 5.13).	 Thus	 even	 the	 non-toxic	 oligomers	 bind	 lipid	

membranes.	 This	 result	 should	 not	 surprise	 as	 αS	 is	 a	 strongly	 lipophilic	 protein,	

therefore,	even	in	the	case	of	the	formation	of	non-toxic	oligomers,	it	is	very	unlikely	that	

the	 protein	 would	 loose	 completely	 its	 affinity	 for	 membranes.	 However,	 while	 both	

oligomers	bind	the	membranes,	only	Type	B*	αS	oligomers	can	bind	the	lipid	bilayers	with	

sufficient	 strength	 to	 initiate	 significant	 levels	 of	 insertion	 as	 indicated	 by	 PRE	

measurements	with	a	paramagnetic	label	at	the	position	of	the	carbon	16	of	the	lipid	tail.	

It	 is	worth	to	recall	 that	 in	 the	case	of	 the	monomeric	αS,	PRE	measurements	with	 this	

spin	did	not	produce	any	significant	broadening	of	the	NMR	resonances	(Chapter	III).	This	
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evidence	 clearly	 shows	 that	 the	 nature	 of	 the	 membrane	 interaction	 is	 significantly	

changed	when	αS	aggregates	into	Type	B*	oligomers.	

We	 could	 also	 characterise	 the	different	 binding	modes	of	 the	 two	 types	of	 oligomers.	

Type	 A*	 αS	 oligomers	 interact	 with	 the	membranes	 via	 electrostatic	 interactions	 from	

sparse	 lysine	 residues	 on	 the	 protein	 sequence	 (Figure	 5.15)	 whereas	 Type	 B*	 αS	

oligomers	employ	the	specific	N-terminal	to	bind	the	vesicles	in	a	structured	manner	that	

involves	the	membrane-anchor	region	(Chapter	III).	By	considering	the	cooperative	effect	

generated	by	the	amount	of	N-terminal	regions	exposed	on	a	single	Type	B*	αS	oligomer,	

these	 data	 show	why	 the	membrane	 affinity	 is	 extremely	 high	 in	 these	 oligomers.	 The	

specific	binding	through	the	N-terminus	and	the	insertion	of	the	structured	NAC	region	in	

the	 lipid	 bilayer	 (Figure	 5.15)	 provide	 an	 explanation	 for	 the	 observed	 membrane	

disruption	 properties	 of	 Type	 B*	 αS	 oligomers,	 which	 is	 a	 property	 that	 is	 directly	

correlated	to	their	ability	to	impair	the	viability	of	the	cells	and	induce	neuronal	toxicity	

(Figure	5.4).	
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Chapter	VI	

Discussion	

	

6.1	Insight	into	the	functional	role	of	αS	

Although	it	is	now	generally	recognised	that	the	formation	of	fibrillar	aggregates	by	αS	is	

a	 hallmark	 of	 Parkinson’s	 disease,	 much	 remains	 to	 be	 understood	 about	 the	

physiological	role	of	this	protein	(4).	αS	possesses	an	eclectic	character	and	the	ability	to	

adopt	 different	 conformations	 resulting	 in	 a	 variety	 of	 cytosolic,	membrane-bound	 and	

aggregated	states.	In	aqueous	solutions	(15)	as	well	as	in	cellular	milieu	(16),	αS	has	been	

shown	to	behave	as	an	intrinsically	disordered	protein,	although	there	has	been	evidence	

for	 and	against	 the	possible	existence	of	more	highly	 structured	 forms	of	 soluble	αS	 in	

some	 environments	 and	 in	 complexes	 (26,	 27).	 Considerable	 attention	 has	 also	 been	

focused	 on	 the	membrane-associated	 state	 of	 αS,	 which	 has	 been	 suggested	 to	 be	 of	

great	significance	in	both	physiological	and	pathological	contexts.	It	is	indeed	evident	that	

αS	exists	 in	vivo	 in	an	equilibrium	between	cytosolic	and	membrane-bound	states,	with	

membrane	partitioning	being	tightly	regulated	(3,	164).		

A	particularly	intriguing	issue	in	this	context	is	the	mechanism	by	which	the	affinity	of	αS	

to	 lipid	membranes	 is	modulated.	 There	 is	 strong	 evidence	 that	 the	 population	 of	 the	

bound	 state	 is	 regulated	 by	 the	 intrinsic	 structural	 properties	 of	 αS	 and	 on	 the	

composition	 and	 the	 physical	 properties	 of	 the	 membrane	 bilayer,	 such	 as	 curvature,	

charge,	packing	defects	and	surface	hydrophobicity	(20,	118,	119,	146,	165).		

We	 explored	 this	 fundamental	 issue	 by	 probing	 the	 structure	 and	 conformational	

dynamics	 of	 αS	 bound	 to	 membranes	 in	 its	 physiological,	 non-aggregated	 state.	 This	

membrane-bound	 state	 is	 effectively	 intractable	 to	 current	 X-ray	 crystallography	

techniques	 but	 the	 success	 of	 solution	 state	 NMR	 spectroscopy	 in	 describing	 the	

disordered	 soluble	 proteins	 (15,	 16,	 18-21,	 118,	 146,	 166,	 167)	 and	of	 solid	 state	NMR	

studies	in	defining	the	structural	properties	of	the	polymorphic	forms	of	the	aggregated	

state	of	αS	(57,	168-170)	has	prompted	us	to	explore	the	use	of	a	combination	of	these	

techniques	to	define	the	structures	and	dynamics	of	αS	bound	in	its	non-aggregated	state	

to	lipid	membranes.		
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Our	approach	could	directly	probe	the	interaction	with	lipid	mixtures	that	mimic	those	of	

synaptic	 vesicles	without	 requiring	 alterations	of	 the	protein	 sequence	or	 any	 chemical	

modification.	We	have	found	that,	in	line	with	the	metamorphic	nature	of	αS(171),	three	

distinct	regions	of	this	protein	(the	N-terminal,	central,	and	C-terminal	segments)	interact	

in	 very	 different	 ways	 with	 lipid	 bilayers	 as	 a	 result	 of	 their	 different	 structural	 and	

dynamical	properties.		

The	N-terminal	25	residues,	which	we	denote	as	 the	membrane	anchor	region,	adopt	a	

well-defined	and	highly	motionally	 restricted	α-helical	 conformation	 that	appears	 to	be	

largely	independent	of	lipid	composition.		We	have	characterised	the	molecular	nature	of	

the	 protein-lipid	 interactions	 that	 this	 region	 of	 αS	 establishes	 with	 the	 surface	 of	

synaptic-like	 lipid	 vesicles.	 The	 finding	 that	 the	 resonances	 of	 this	 segment	 of	 αS	 are	

detectable	in	cross	polarisation	spectra	measured	at	the	magic	angle	indicates	that	the	N-

terminal	 anchor	 of	 αS	 associates	 with	 the	 lipid	 bilayer	 with	 significantly	 high	 affinity,	

despite	 being	 in	 rapid	 equilibrium	 between	 its	 bound	 and	 unbound	 states	 (exchange	

constant	 of	 ca	 200	ms	 (19)).	We	 have	 probed	 the	 local	 topology	 of	 this	 region	 of	 the	

protein	with	 respect	 to	 the	 lipid	 bilayer	 by	 using	 both	 simulations	 and	 experiments	 of	

oriented	 ssNMR	 and	 PRE.	 These	 studies	 indicate	 that	 the	 membrane	 anchor	 region	

adopts	 a	 topology	 in	 its	 bound	 state	 that	 involves	 a	 partial	 insertion	 of	 the	 initial	 12	

residues	in	the	lipid	bilayer.	This	insertion	is	likely	to	contribute	significantly	to	the	overall	

ability	of	αS	to	bind	tightly	to	the	vesicles,	however,	by	remaining	largely	on	the	surface	

of	 the	 vesicles	 in	 a	 amphipathic	 helical	 conformation,	 the	 membrane-anchor	 region	

enables	 αS	 to	 exist	 in	 rapid	 equilibrium	 between	 membrane-bound	 and	 membrane-

detached	states.	

By	contrast	to	the	N-terminal	membrane-anchor,	the	central	segment	of	the	protein	

(residues	26-97),	which	can	be	described	as	a	membrane-sensor	region,	has	intermediate	

dynamical	 properties.	 This	 region	 is	 indeed	 too	 flexible	 to	 be	 detected	 by	 cross-

polarization	experiments	but	too	rigid	to	be	seen	by	INEPT-type	transfer	experiments.		It	

is	 legitimate	 to	 assume,	 based	 on	 EPR	measurements	 (119,	 121)	 and	 transferred	 NOE	

data	(19),	that	this	membrane-sensor	region	adopts	α-helical	structure	when	transiently	

bound	to	a	lipid	membrane	surface.	The	present	results	indicate	that	the	NAC	sequence,	

which	has	been	shown	to	play	a	role	in	the	mechanisms	of	αS	aggregation	(4,	172-174),	
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being	included	in	the	membrane-sensor	region	is	also	likely	to	have	functional	relevance,	

specifically	 in	defining	the	affinity	of	αS	for	 lipid	membranes	and	therefore	to	modulate	

the	 partitioning	 between	membrane-bound	 and	 membrane-free	 states	 in	 the	 synaptic	

termini.	 Finally,	 we	 have	 found	 from	 PRE	 experiments	 that	 the	 C-terminal	 domain	

(residues	 99-140),	 which	 has	 been	 reported	 to	 be	 highly	 unstructured	 and	 extremely	

flexible,	experiences	weak	and	transient	interactions	with	the	membrane	surface.	

A	number	of	studies	support	an	emerging	view	that	a	key	biological	role	of	αS	 is	to	

mediate	 interactions	 and	 assembly	 of	 vesicles	 (177,	 178).	 Vesicle	 clustering	 by	 αS	 has	

been	 shown	 to	 be	 a	 vital	 step	 in	many	 functional	 processes,	 including	 the	 ER-to-Golgi	

vesicle	 trafficking	 (71,	 176)	 and	 SVs	 recycling	 within	 the	 mechanisms	 of	 neuronal	

communication	 (40).	 In	 the	present	PhD	work	we	provided	 the	details	of	 the	 structural	

mechanism	underlying	the	αS-induced	SUVs	interactions	and	assembly	by	characterising	

the	membrane	binding	 properties	 of	 two	mutational	 variants	 of	 αS	 linked	with	 familial	

Parkinson’s	disease.	This	analysis	evidenced	that	two	key	regions	of	the	protein,	namely	

the	 N-terminal	 membrane-anchor	 (initial	 25	 residues)	 and	 the	 central	 region	 of	 the	

sequence	 (residues	 65	 to	 97),	 have	 independent	 membrane	 binding	 properties	 and	

therefore	are	not	only	able	to	interact	with	a	single	SUV,	but	can	also	simultaneously	bind	

to	two	different	vesicles	(Figure	4.6)	thereby	promoting	their	interaction	and	assembly	as	

shown	in	vitro	and	in	vivo	(19,	177,	178).	The	resulting	double-anchor	mechanism	explains	

the	 evidence	 that	 either	 the	 deletion	 of	 the	 hydrophobic	 residues	 in	 the	 NAC	 or	 the	

impairment	of	 the	membrane	affinity	at	 the	N-terminal	 region	 reduces	 significantly	 the	

ability	of	αS	to	induce	vesicular	clustering	in	vivo	(178).		

We	 tested	 this	 molecular	 mechanism	 by	 engineering	 a	 mutational	 variant	 of	 αS,	

called	αSSc,	which	was	designed	to	enhance	the	probability	of	αS	to	bind	simultaneously	

two	different	vesicles.	Our	 studies	of	 the	αSSc	 variant	have	provided	 strong	evidence	 in	

support	of	 the	proposed	mechanism	by	showing	that	enhanced	exposure	of	 the	central	

region	 spanning	 residues	65	 to	97	 in	 the	membrane-bound	 state	of	αS	promotes	more	

strongly	the	interaction	and	assembly	of	the	vesicles,	as	shown	by	the	fusion	of	SUVs	 in	

vitro	 (Figure	 4.13).	 It	 has	 previously	 been	 suggested	 that	 a	 broken	 α-helix	 structural	

topology	 of	 αS	 (118,	 193),	 which	 is	 a	 conformation	 that	 αS	 adopts	 upon	 binding	 to	

detergent	micelles,	could	play	a	role	 in	vesicle-vesicle	 interactions	stimulated	by	αS	(80,	

194).	The	present	study,	however,	shows	experimentally	that	the	underlying	mechanism	
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by	 which	 αS	 mediates	 the	 interactions	 between	 lipid	 vesicles	 relies	 on	 the	 balance	

between	 ordered	 (membrane-bound)	 and	 disordered	 (membrane-detached)	

conformational	states	of	the	region	spanning	residues	65	to	97	of	the	protein.	Perturbing	

this	balance,	as	we	have	done	rationally	with	αSSc,	or	upon	alteration	of	 the	expression	

levels	 of	 αS,	 can	 dramatically	 affect	 its	 ability	 to	 promote	 the	 physiological	 vesicle	

assembly	in	vivo	leading	to	defects	in	the	regulation	of	vesicle	trafficking	(40,	68-71,	176,	

195,	196).		

Other	 studies	 also	 suggest	 that	 αS	 could	 act	 as	 a	 molecular	 chaperone	 for	 the	

formation	 of	 SNARE	 complexes,	 which	 appears	 to	 result	 from	 the	 direct	 interaction	

between	αS	and	synaptobrevin-2	at	the	surface	of	SVs	(65,	177).	Such	an	interaction	was	

shown	 to	 be	 independent	 of	 the	NAC	 region,	 suggesting	 that	 this	 region	 has	 no	 direct	

functional	role	in	this	particular	process	(197).	The	present	data,	however,	show	that	the	

NAC	region	is	not	only	involved	in	αS	aggregation,	as	extensive	evidence	has	indicated	(4,	

35,	173),	but	also	has	a	specific	 role	 in	a	key	molecular	mechanism	associated	with	 the	

normal	 function	of	αS.	 This	 study	provides	 evidence	 that	 the	membrane	 affinity	 of	 the	

NAC	region	of	αS	 is	 finely	 tuned	to	ensure	an	optimal	degree	of	 local	detachment	 from	

the	 membrane	 surface	 to	 enable	 binding	 to	 occur	 between	 different	 vesicles.	 The	

conformations	that,	in	the	membrane-bound	state	of	αS,	feature	an	exposed	region	65	to	

97	 are	 shown	 to	be	 the	 active	 states	 for	mediating	 vesicle	 interactions	via	 the	double-

anchor	mechanism.		

	

6.2	Molecular	role	of	αS	in	Parkinson’s	Disease	

In	the	first	part	of	this	thesis,	we	have	pointed	out	the	possible	role	of	the	NAC	region	in	

the	function	of	αS.	Indeed	this	region	is	an	integral	part	of	the	sensor	that	determines	the	

affinity	of	αS	 for	 lipid	binding	 (Chapter	 III)	 and	also	works	 as	 an	 “antenna”	 to	promote	

vesicle-vesicle	interactions	(Chapter	IV)	in	the	context	of	synaptic	vesicle	clustering.	Thus	

the	intermediate	level	of	binding	of	the	NAC	when	αS	is	bound	to	the	surface	of	synaptic	

vesicles	is	not	trivial	and	has	a	very	specific	functional	role.	We	note,	however,	a	possible	

aberrant	 behaviour	 associated	 with	 this	 functional	 mechanism,	 as	 by	 increasing	 the	

accessibility	of	the	amyloidogenic	NAC	region,	these	states	can	also	be	vulnerable	to	self-

association	 leading	 to	 αS	 aggregation	 at	 membrane	 surfaces	 (40,	 75,	 198-200).	 Taken	
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together,	these	findings	provide	therefore	a	new	mechanistic	link	between	functional	and	

pathological	roles	of	αS.	

The	aggregation	of	αS	via	the	NAC	regions	is	compatible	with	the	generation	of	Type	B*	

αS	oligomers,	whose	properties	were	characterised	in	the	Chapter	V	of	this	thesis.	Using	a	

combination	 of	 solution	 NMR	 and	 ssNMR,	 we	 found	 indeed	 that	 the	major	 difference	

between	 toxic	 (Type	 B*)	 and	 non	 toxic	 (Type	A*)	 αS	 oligomers	 is	 in	 the	 regions	 of	 the	

protein	 composing	 the	 core	 and	 those	 that	 are	 exposed	 to	 the	 solvent.	Moreover,	we	

evidenced	that	the	toxic	oligomers	have	a	well-defined	core	composed	of	the	segment	70	

to	 88	 (which	 is	 an	 integral	 part	 of	 the	 NAC).	 This	 segment	 includes	 the	 sequence	

VVTGVTAVAQ	recently	 characterised	 in	amyloid	 fibrilliar	 conformation	by	 the	Eisenberg	

group	(35).	On	the	other	hand,	the	non	toxic	Type	A*	αS	oligomers	have	core	regions	that	

lack	specific	secondary	structure	motifs	and	include	the	N-terminus	of	the	protein.	

Thus	 the	 accessibility	 of	 the	 N-terminus	 to	 the	 solvent	 is	 an	 important	 element	 to	

enhance	 the	 toxicity	 of	 Type	 B*	 αS	 oligomers.	 Indeed	we	 could	 show	 that,	 by	making	

accessible	 the	 region	 of	 the	membrane	 anchor,	Type	 B*	 αS	 oligomers	 are	 able	 to	 bind	

strongly	 lipid	 membranes	 with	 a	 specific	 mechanism	 that	 takes	 advantage	 of	 the	

cooperative	effect	based	on	the	exposure	of	many	copies	of	the	N-terminal	membrane-

anchor	 at	 the	 surface	 of	 the	 assembly.	On	 the	 other	 hand,	Type	A*	αS	 oligomers	 bind	

membranes	in	a	weaker	manner	that	is	based	on	aspecific	electrostatic	interactions	that	

do	 not	 require	 conformational	 rearrangements	 of	 the	 protein.	 As	 a	 result	 of	 this	

specificity,	Type	B*	αS	oligomers	are	the	only	species	able	to	show	PRE	effects	when	the	

paramagnetic	 label	 is	 positioned	 in	 the	 centre	 of	 the	 membrane	 (both	 Type	 A*	 and	

monomeric	 αS	 do	 not	 reach	 this	 level	 of	 insertion	 and	 give	 no	 PRE	 effect	 with	 these	

labels),	 suggesting	 that	 its	 fibrilar	 core	 is	 able	 to	 insert	 in	 the	 lipid	 bilayer	 thereby	

disrupting	the	integrity	of	the	membrane.	Thus	the	data	produced	in	this	thesis	provide	a	

detailed	 structural	mechanism	by	which	 toxic	oligomeric	 species	of	αS	are	able	 to	alter	

the	 properties	 biological	membranes	 and	 cause	 influx	 of	molecules	 and	 ions	 thorough	

these	membranes,	a	mechanism	that	has	downstream	effects	on	mitochondrial	function,	

generation	of	ROS	and	other	mechanisms	generating	cellular	toxicity.		
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6.3	Challenges	in	αS	research		

The	research	in	αS	features	a	number	of	key	open	questions,	including	understanding	its	

function	and	its	role	in	the	underlying	mechanisms	of	Parkinson’s	disease	(PD).	One	of	the	

major	 challenges	 in	 this	 study	 is	 to	 characterise	 biomolecular	 processes	 that	 are	

heterogeneous	 and	 disordered	 in	 nature,	 as	 the	 plasticity	 of	 αS	 drives	 its	 ability	 to	

generate	 biological	 activity	 under	 both	 physiological	 and	 pathological	 conditions.	 By	

combining	solution-state	and	solid-state	NMR	techniques,	my	PhD	work	has	contributed	

to	study	of	some	of	the	key	structural	mechanisms	of	membrane	 interaction	by	αS.	We	

could	 show	 the	manner	 in	which	 disorder	 to	 order	 transitions	 dominate	 the	 biological	

properties	 of	 αS	 at	 the	 surface	 of	 lipid	membranes.	 The	 conformational	 heterogeneity	

associated	 with	 these	 mechanisms,	 however,	 can	 be	 detrimental	 as	 it	 may	 favour	

conformations	of	αS	in	which	the	amyloidogenic	NAC	region	(4,	35,	173)	is	accessible	to	

establish	 protein-protein	 interactions	 inducing	 aberrant	 aggregation	 into	 amyloids,	 as	

found	in	the	case	of	the	active	state	of	αS	that	promotes	vesicle-vesicle	interactions.	We	

also	observed	that	the	N-terminal	region	plays	key	roles	for	both	the	membrane	binding	

by	 the	 monomeric	 αS	 and	 the	 mechanism	 by	 which	 its	 oligomers	 disrupt	 neuronal	

membranes	thereby	inducing	neuronal	toxicity.	We	therefore	begin	to	uncover	the	bridge	

between	 physiological	 and	 pathological	 forms	 of	 αS,	 showing	 these	 states	 are	 not	

extremely	different	in	their	nature.	The	connection	between	functional	and	pathological	

mechanisms	 in	 αS	 holds	 important	 insights	 to	 set	 the	 key	 questions	 in	 Parkinson’s	

research.	 Understanding	 this	 balance	 is	 a	 fundamental	 challenge	 that	 requires	 new	

multidisciplinary	 approaches	 to	 overcome	 intrinsic	 limitations	 in	 studying	 such	 a	

dynamical	and	metamorphic	protein.	
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