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Umbrella-like helical structure of alpha-synuclein at the air-water in-
terface observed with experimental and theoretical sum frequency 
generation spectroscopy. 
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ABSTRACT:	The	misfolding	of	⍺-synuclein	(aS)	into	amyloid	aggregates	is	associated	with	severe	brain	disorders.	Aggre-
gated	copies	of	aS	are	found	in	the	amyloid	aggregates	observed	in	brain	tissues	from	Parkinson’s	patients.	Surfaces	are	
known	to	catalyze	the	formation	of	amyloid	aS	aggregates.	Despite	the	importance	of	the	role	of	 interfaces	and	several	
decades	of	structural	studies,	the	3D	structure	of	aS	when	bound	to	interfaces	is	still	not	completely	clear.	Hydrophobic	
interfaces	are	particularly	 important	here.	We	report	 interface-specific	sum-frequency	generation	(SFG)	experiments	to	
determine	how	monomeric	aS	binds	to	the	air-water	interface,	a	model	system	for	hydrophobic	surfaces	in	general.	We	
model	the	SFG	data	by	combining	the	experimental	data	directly	to	theoretical	spectra	calculations	from	molecular	dynam-
ics	simulations.	We	find	that	aS,	which	is	an	intrinsically	disordered	protein	in	solution,	folds	into	a	defined,	mostly	helical,	
secondary	structure	at	the	air-water	interface.	The	binding	pose	is	reminiscent	of	an	umbrella-shape,	where	the	C-terminus	
represents	the	‘pole’	and	protrudes	into	the	water	phase,	while	the	N-terminus	and	the	NAC	region	span	the	canopy	at	the	
interface.	In	this	binding	pose,	aS	is	prone	to	aggregate,	which	could	explain	the	catalytic	effect	of	hydrophobic	interfaces	
and	air	bubbles	on	aS	fibrillation.			

α-Synuclein	 (αS)	 is	 an	 intrinsically	 disordered	 protein	
with	no	discernible	and	stable	secondary	structure	in	solu-
tion.1	Interfaces	can	catalyse	the	folding	of	aS	and	can	sta-
bilise	a	secondary	and	tertiary	structure.2,3	Misfolding	and	
aggregation	 into	 oligomers	 and	 fibrils	 at	 such	 interfaces	
has	 been	 associated	 with	 serious	 neurological	 diseases	
such	as	Parkinson’s	disease.4–7	Understanding	the	molecu-
lar	details	of	the	interaction	of	aS	with	surfaces	will	be	an	
important	step	towards	finding	a	cure	and	treatment.	The	
folding	of	aS	at	lipid	interfaces	has	been	studied	with	vari-
ous	methods,	such	as	nuclear	magnetic	resonance	(NMR)8–
13,	 electron	paramagnetic	 resonance	 (EPR)8,11,	neutron	 re-
flectometry14	and	SFG15–17.	The	results	draw	a	picture	of	ef-
fective	catalysis	of	aS	into	oligomers	and	fibrils	at	lipid	sur-
faces.	
Hydrophobic	 interfaces	 are	 another	 type	 of	 interface	

that	is	omnipresent	in	biology.	Furthermore,	in	bio-lab	set-
tings	when	handling	aS	in	reaction	and	storage	containers,	
tubes	and	sample	cells	 there	are	many	hydrophobic	 sur-
faces	involved.	In	addition,	the	air	water	interface	(AWI),	a	

model	hydrophobic	interface,	plays	an	important	role	for	
the	interaction	of	aS	with	solvated	air	bubbles	in	the	sam-
ple	 solution	and	 in	 vivo.18,19	A	 limited	number	of	 studies	
have	explored	the	potential	importance	of	aS	aggregation	
at	 the	 AWI	 using	 NMR,20	 infrared	 reflection	 absorption	
spectroscopy	 (IRRAS),21,22	 atomic	 force	 microscopy	
(AFM),23,24	and	fluorescence	microscopy25	but	with	limited	
structural	resolution.	The	lack	of	information	about	the	in-
terfacial	 folding	 of	 aS	 is	 likely	 explained	 by	 the	 limited	
number	of	methods	available	 to	observe	 the	structure	of	
interfacial	proteins	in	the	presence	of	many	more	proteins	
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Figure	1.	The	lab	frame	SFG	geometry	of	the	measurement	of	
α-synuclein	at	the	air-water	interface.	

in	 solution.	SFG	spectroscopy	has	been	developed	 into	a	
reliable	tool	to	do	just	that	-	probe	proteins	at	interfaces.26–
28	The	method	is	based	on	mixing	infrared	and	visible	laser	
pulses	 at	 the	 interface	 to	 obtain	 a	 vibrational	 spectrum.	
Since	SFG	is	a	second	order	nonlinear	process,	the	signal	is	
exclusively	generated	at	the	interface	and	only	bound	and	
ordered	proteins	will	contribute	to	the	signal.	SFG	is	a	co-
herent	method	and	therefore	signal	coming	from	different	
locations	within	a	protein	structure	can	interfere	in	com-
plex	ways.28	This	can	lead	to	the	challenge	that	spectra	can-
not	be	analysed	by	inspection,	fitting	and	direct	peak	as-
signment.	We	have	recently	developed	a	suite	of	computa-
tional	methods	to	extract	structural	information	from	SFG	
amide-I	spectra	by	modelling	experimental	SFG	data	with	
theoretical	 spectra	 calculated	 from	 molecular	 dynamics	
(MD)	simulations.	Here,	we	use	the	VISCA-select	package	
to	determine	how	monomeric	αS	binds,	folds,	and	orients	
at	the	AWI.	
Figure	1	displays	the	geometry	of	the	setup	used	in	the	

SFG	experiments.	A	3.9	mL	Teflon	trough	is	filled	with	PBS	
buffer	solution	after	which	0.40	mL	of	a	200	µM	aS	solution	
is	 injected	 into	the	subphase.	The	solution	was	prepared	
using	D2O	to	avoid	spectral	overlap	of	the	amide-I	region	
with	the	water	bending	mode.	The	resulting	concentration	
was	19	µM,	a	concentration	close	to	the	physiological	value	
of	22	µM	observed	in	the	synapses	of	rats.29	aS	was	allowed	
to	bind	and	assemble	at	the	interface	for	20	min	before	the	
first	spectra	were	collected.	
Figure	2A	shows	an	overview	of	spectra	recorded	in	the	

ssp	 (s-polarized	 SFG,	 s-polarized	 visible	 and	 p-polarized	
infrared),	ppp,	sps	and	psp	polarization	combinations.	The	
ssp	and	ppp	spectra	show	a	dominant	feature	near	1645	cm-

1.	 In	 ssp,	 a	 broad	double	 peak	 is	 visible	with	 resonances	
near	1630	cm-1	and	1645	cm-1.	No	significant	signal	was	ob-
served	above	the	noise	level	for	the	psp	combination.	The	
selection	 rules	 of	 SFG	dictate	 that	 only	molecular	 layers	
with	a	degree	of	order	are	visible	in	the	spectra.	Disordered	
and	highly	dynamic	protein	structures	would	not	generate	
discernible	SFG	peaks.	The	fact	that	these	spectra	are	gen-
erated	at	the	AWI	directly	shows	that	aS	binds	the	interface	
and	assumes	an	ordered	structure	unlike	what	has	been	re-
ported	 for	 aS	 in	 solution29,30.	 The	 data	 show	 that	 aS	 be-
comes	 ordered	 when	 interacting	 with	 the	 hydrophobic	
AWI.		

To	gain	insight	into	details	of	the	structure	of	aS	in	its	
interfacial	state,	we	compared	the	experimental	data	with	
theoretical	spectra	using	the	frame-selection	method.	We	
first	ran	MD	simulations	to	create	a	large	number	of	hypo-
thetical	structures.	Then,	we	used	spectra	calculations	to	
determine,	which	frames	in	the	simulation	match	the	ex-
perimental	data	best.	 In	 this	way,	 it	 is	possible	 to	deter-
mine	the	surface	structure	without	the	need	for	computa-
tionally	expensive	equilibrium	simulations.	The	simulation	
were	 run	 until	 an	 ensemble	 of	well	matching	 structures	
were	found.	
MD	simulations	were	performed	using	GROMACS	ver-

sion	2021.4	 31–39	with	the	a99SB-disp	force	field	40.	Details	
about	the	MD	simulations	can	be	found	in	the	supporting	
information	document.	Five	copies	of	α-synuclein	crystal	
structures	 (from	 PDB	 ID:	 2KKW11)	 were	 arranged	 into	 a	
cross	 shape	 with	 their	 hydrophobic	 surfaces	 facing	 the	
same	direction.	The	 system	was	 solvated	 such	 that	 their	
hydrophobic	surfaces	were	flush	with	the	edge	of	the	box.	
Six	independent	simulations	were	run	in	the	NVT	ensem-
ble	at	300	K	for	roughly	100	ns	each.	The	vacuum-water	in-
terface	was	 observed	 to	be	 stable	 over	 the	 course	 of	 the	
simulations,	and	in	each	independent	simulation	at	 least	
five	of	the	six	proteins	remained	at	the	interface	for	the	en-
tire	simulation	runtime.		
Spectral	 calculations	were	performed	on	 the	MD	sam-

pled	α-synuclein	 structures	using	 the	 excitonic	Hamilto-
nian	 approach	 to	 frequency	 mapping	 developed	 previ-
ously.26,41	The	model	maps	the	protein	structure	and	orien-
tation	to	the	SFG	spectrum	in	the	amide-I	region	by	con-
structing	an	excitonic	Hamiltonian.		

Figure	 2.	 (A)	 Experimental	 SFG	 spectrum	 (thin	 line)	 of	 α-
synuclein	at	the	air-water	interface	in	the	amide-I	region,	the	
simulated	 SFG	 spectrum	 (thick	 line)	 of	 structure	 “A”	 corre-
sponding	 to	 the	 lowest	 residual	 sum-of-squares	 (RSS).	 The	
shaded	area	marks	the	upper	and	lower	bounds	of	the	simu-
lated	spectra	from	the	best	matching	ensemble.	(A)	The	RSS	
estimating	the	deviation	between	simulated	and	experimental	
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spectra	for	each	frame	in	the	six	MD	simulations.	The	RSS	cut-
off	 value	 (dashed	 horizontal	 line)	 is	 chosen	 such	 that	 the	
standard	 variation	 in	 the	 simulated	 spectra	 matches	 the	
standard	variation	in	the	series	of	experimental	spectra.	It	re-
sults	 in	 a	 best	 matching	 ensemble	 consisting	 of	 8	 protein	
structures	with	RSS	below	 the	 cutoff	 1.561	whereof	 the	best	
matching	structure	“A”	is	marked	with	a	red	arrow.	

The	 construction	 combines	 structural	 parameters	 and	
physical	parameters	such	as	the	C=O	bond	lengths,	orien-
tations	and	distances	to	calculate	the	local	mode	frequen-
cies	including	hydrogen	bond	shifts42,43	and	couplings	be-
tween	the	local	modes44–46	(see	SI	for	more	details).		
The	 match	 between	 experimental	 and	 calculated	 SFG	

spectra	 was	 evaluated	 for	 each	 structure	 from	 the	 com-
bined	500	ns	of	MD	simulations	by	calculating	the	residual	
sum-of-squares	(RSS)	value.	Figure	2B	shows	the	RSS	val-
ues	 for	 all	 frames	of	 the	 simulations.	The	 spectral	 shape	
and	polarization	ratios	are	highly	dependent	on	the	orien-
tation	and	conformation	as	evident	by	the	highly	fluctuat-
ing	RSS	values	shown	in	Figure	2B.	This	shows	SFG	spectra	
have	potential	to	discriminate	between	different	structural	
states.	This	is	an	advantage	of	such	a	SFG	spectral	analysis,	
which	 has	 previously	 been	 observed	 for	 other	 pro-
teins.26,47,48	
Even	 though	 aS	 is	 proposed	 to	 obtain	more	 structure	

when	interacting	with	hydrophobic	 interfaces11,21,	 it	 is	ex-
pected	to	retain	a	high	degree	of	flexibility.	To	embrace	this	
in	the	simulations	we	generated	an	ensemble	of	the	match-
ing	structures	instead	of	focusing	on	a	single	best	matching	
pose.	The	size	of	the	ensemble	was	determined	such	that	
the	variance	in	the	modelled	spectra	was	equal	to	the	vari-
ance	in	the	series	of	experimental	spectra.	We	define	a	RSS	

cut-off,	for	which	the	ensemble	of	structures	with	RSS	val-
ues	below	the	cut-off	have	a	spectral	standard	variation	in	
the	simulated	spectra	that	matches	the	standard	variation	
in	the	series	of	experimental	spectra.	Based	on	this	crite-
rium,	the	cut-off	RSS	value	in	our	analysis	was	1.561.	The	
cut-off	 is	 indicated	 in	Figure	2B	as	a	horizontal	 line.	We	
obtained	 a	 matching	 ensemble	 consisting	 of	 8	 protein	
structures	with	an	RSS	value	below	the	RSS	cut-off	value	
(See	Figure	3).		
The	ensemble	shows	that	aS	is	somewhat	flexible	at	the	

interface	but	also	that	the	matching	structures	have	several	
structural	 features	 in	 common.	 It	 is	 reassuring	 that	 the	
frame	selection	method	is	selecting	snapshots	with	com-
mon	structural	features.	All	snapshots	clearly	show	that	aS	
undergoes	a	 structural	 transition	 from	the	previously-re-
ported	disordered	state	in	solution	to	a	folded	state	when	
interacting	with	the	hydrophobic	interface.		
For	a	closer	look	at	the	interfacial	folding,	it	is	instructive	

to	examine	the	different	domains	of	aS.	The	N-terminal	do-
main	(blue)	is	thought	to	anchor	aS	to	membrane	surfaces	
and	help	stabilize	interfacial	folding.10,12	The	non-amyloid-
β	 component	 (NAC,	 labeled	 yellow)	 of	 aS	 is	 the	 region	
which	has	been	identified	as	the	main	driver	of	amyloid	ag-
gregation	 and	 fibril	 formation.49	 The	C-terminal	 domain	
(red)	is	typically	very	mobile	even	in	aS	oligomers,	and	is	
thought	 to	 remain	 unbound	 at	 membrane	 surfaces	 and	
available	 to	bind	 to	presynaptic	vesicles.	At	 the	AWI,	all	
snapshots	show	that	both	the	N-terminus	and	the	NAC	re-
gion	bind	the	surface	in	a	helical	fold	with	the	long	helix	
axis	parallel	to	the	surface.	As	can	be	seen	in	the	side	views	
if	the	snapshot	plots,	in	this	conformation,	the	C-terminal	
domain	 remains	 unbound	 and	 unfolded	 and	 protrudes	
into	the	aqueous	phase.	The	only	exception	here	is	struc-

Figure	3.	The	best	matching	ensemble	of	structures	identified	by	the	RSS	below	1.561.	The	general	structural	motif	is	identified	
by	two	α-helices	in	the	N-terminal	(blue)	and	NAC	region	(yellow)	respectively	with	both	lying	parallel	to	the	interface.	A	small	
amount	of	α-helix	is	found	to	orient	perpendicular	to	the	interface.	The	C-terminal	region	(red)	is	disordered	and	stays	solvated.		
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ture	“E”,	where	the	C-terminus	is	located	in	moderate	prox-
imity	to	the	surface.	However,	even	in	this	geometry	the	C-
terminus	remains	unfolded,	indicating	limited	interaction	
with	the	AWI.		
Figure	3B	highlights	the	general	folding	motif	for	the	best-
matching	structure	“A”.	The	spectral	calculations	on	Figure	
2A	show	a	very	good	match	of	the	relative	intensities	of	the	
different	polarization	combinations.	For	ssp	and	ppp,	the	
spectra	shapes	are	captured	well	by	the	simulations.	The	
spectra	shape	of	the	modes	in	sps	polarization	is	shifted	by	
ca.	15	cm-1.	It	should	be	noted	that	the	overall	spectral	sig-
nal	 to	noise	ratio	 is	also	highest	 for	 the	 three	non-chiral	
contributions.	The	chiral	psp	combination	yields	no	signal	
in	experiment	and	simulations,	which	is	expected	for	am-
ide-I	SFG	of	⍺-helical	structures.28	
For	structure	“A”,	the	N-terminal	and	NAC	regions	fold	

into	helices	at	the	interface.	While	both	domains	together	
assume	a	U-shape	at	the	surface,	the	C-terminus	is	not	at-
tached	 to	 the	 interface	 and	 is	 protruding	 into	 the	 bulk	
phase.	The	C-terminus	is	fully	solvated	and	remains	largely	
unstructured.	Together,	 the	 three	domains	 form	an	um-
brella-like	 tertiary	 structure,	 where	 the	 N-terminus	 and	
the	NAC	region	span	a	canopy	and	the	C-terminus	repre-
sents	the	pole.	This	umbrella	structure	motif	is	repeated	in	
almost	all	structures	in	the	best	matching	ensemble.		
	The	exposure	of	 the	aggregation-prone	NAC-region	at	

the	interface	in	a	folded	state	likely	promotes	oligomeriza-
tion	 within	 the	 aS	 layer,	 because	 the	 NAC	 regions	 are	
brought	in	close	proximity.	An	α-helical	secondary	struc-
ture	 has	 often	 been	 observed	 as	 an	 early	 intermediate	
structure	in	αS	aggregation.50,51	The	umbrella	structure	can	
explain	the	induction	of	aS	aggregation	by	hydrophobic	in-
terfaces	and	air	contacts	in	particular.	It	could	also	provide	
an	explanation	for	accelerated	fibril	formation	by	shaking	
of	aS	solutions.	Shaking	is	a	central	method	in	aS	research	
to	 obtain	 fibrils	 and	 oligomers	 within	 reasonable	 time	
frames,	but	at	the	molecular	level,	the	process	is	still	de-
bated.	It	is	clear	that	shaking	of	protein	solutions	creates	
microscopic	air	bubbles.18,19	In	view	of	the	binding	geome-
try	at	 the	AWI,	binding	of	aS	 to	 the	 interfaces	of	micro-
scopic	 air	 bubbles	 in	 solution	 will	 promote	 aggregation	
and,	consequently,	fibrillation.	
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