
I	metalli	e	le	mala)e	neurodegenera0ve	
Un	rapporto	sinergico	tra	esperimento	e	simulazioni	numeriche	

Colloquio	Interdisciplinare	sulla	Biologia	

Dipartimento di Fisica 
Silvia Morante 



XAS - EXAFS 

Structural 
information 

Ab initio 
calculations 

Structural 
model 

metal 

2 



Biological	challenge		
	understanding	the	molecular	basis	of		
	Protein	Conforma0onal	Diseases	(PCD’s)		
	among	which	the	Alzheimer	disease	(AD)	

	
•  misfolding	and	aggrega0on	
•  the	Aβ-pep0de	
•  metal	ions	and	brain	

	
Scien&fic	instruments		

	focused	experiments	+	numerical	approaches	
	

•  XAS	spectroscopy	
•  classical	and	ab	ini&o	molecular	dynamics	

	
Results		

	unveiling	the	(relevant)	role	of	metal	ions		
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Disease 

 

 
Misfolded Protein 

 
Alzheimer’s Disease Aβ-peptide 

Transmissible Spongiform Encephalopathies (TSE) Prion protein 

Parkinson’s disease α-synuclein 

Type II diabetes Amylin 

Thyroid carcinoma Procalcitonin 
Atrial amyloidosis Atrial natriuretic factor 
Amyotrophic lateral sclerosis Superoxide dismutase 
Huntington disease Glutamine 
Primary systemic amyloidosis Ig light chains 

Secondary systemic amyloidosis Serum amyloid A 

Senile systemic amyloidosis Transthyretin (wild tipe) 

Familial amyloidotic polyneuropathy I Transthyretin (mutant) 
Familial amyloidotic polyneuropathy II Apolipoprotein A1 

Familial Mediterranean fever Serum amyloid A 
Hemodialysis-related amyloidosis b2-microglobulin 
Finnish hereditary systemic amyloidosis Gelsolin (mutant) 
Lysozyme systemic amyloidosis Lisozime 

Insulin-related amyloidosis Insulin 

Fibrinogen systemic amyloidosis Fibrinogen α chain 
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Protein	misfolding	

Understanding	misfolding	is	as	complex	as	understanding	folding		

From	a	stable	func0onal	structure			
to	a	non-func0onal	(or	even	infec0ous)	stable	structure	
Misfolding	is	not	limited	to	“special”	proteins	or	pep0des	
Almost	all	proteins	can	undergo	misfolding	and	aggrega0on	
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Sequences	that	do	not	(easily)	misfold	and	aggregate		
have	been	evolu&onally	selected	to	become	proteins		



Crescenzi	et	al.	(2002)	Eur.	J.	Biochem.	269,	5642–5648	
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They	can	easily	and	quickly	form	complexes	with	enzymes	and	other	biological	molecules	

They	are	involved	in	a	wide	range	of	biological	processes	
	

≈	¼	÷	⅓	of	all	proteins	are	es&mated	to	require	metals	to	func&on		

 Metalloproteins have many different functions in cells 
 

•   storage and transport  
•   enzymatic activity  
•   signalling and transduction  
•   … 
•   …  

Metal	ions	are	essen0al	cell	components	7 



Central	Nervous	System		

In	presence	of	dyshomeostasis,	metal	ions	may	
	
•  interfere	with	normal	nervous	cells	ac0vi0es	

•  disrupt	brain	electrochemical	balance		

•  ���	

•  promote	protein	misfolding	and	aggrega0on	(?)			

Metals	should	cross	the	blood-brain	barrier  
•  Metals	are	essen0al	for	neurochemical	ac0vity		

•  Fe,	Cu	and	Zn	are	fairly	abundant	in	grey	mager	

•  during	neuro-transmission	processes,	high	concentra0ons		
	of	Zn	(~300	µM)	and	Cu	(~30	µM)	are	normally	released		

	
•  Fe,	Cu	and	Zn	are	con0nuously	trafficked	whithin	the	cell		

	and	also	into	and	out	of	it	
	
•  Metals	 deficiency	 may	 cause	 dysfunc0onality	 and	 metal	

excess	may		lead	to	toxicity	
	
•  Failure	 of	 metal	 trafficking	 (dyshomeostasis)	 is	 known	 to

	occur	both	in	AD	and	in	Parkinson	diseases	
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α-,	β-	and	γ-secretases		



C 

N 

A
P

P 

The	amyloid	β-pep&de	

β-secretase	

γ-secretase	
harmful	pep&de	

extracellular	dom
ain	

cytoplasm
a&c	

	dom
ain	

cell	membrane	

…KMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKKQY… 
β cut γ cuts 

Aβ

11 

α-,	β-	and	γ-secretases		

APP	(amyloid	precursor	protein):	transmembrane	770	a.a.’s	protein		



C 

N 

A
P

P 

The	amyloid	β-pep&de	

APP:	transmembrane	770	a.a.’s	protein		

β-secretase	

γ-secretase	
harmful	pep&de	

extracellular	dom
ain	

cytoplasm
a&c	

	dom
ain	

cell	membrane	

Aβ

	
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV	
 

Aβ1-40	
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α-,	β-	and	γ-secretases		



Aβ
(25 µM)	

Aβ+Zn2+	

Chen	et	al.	J.	Biol.	Chem.	2011,	286:9646-9656.	

Metals	affect	Aβ-pep&de	aggrega&on	

Aβ+Cu2+	
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__ 200 nm 

Aβ:	25	µM		 Zn2+/CU2+:	5,	25,	100	µM			
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Amyloid forms in the zinc-enriched 
layers of the neocortex

Stoltenberg, M., Bush, A.I., Bach, G., Smidt, K., Larsen, A., Rungby, J., Lund, S., 
Doering, P., and Danscher, G. (2007). Amyloid plaques arise from zinc-enriched 
cortical layers in APP/PS1 transgenic mice and are paradoxically enlarged with 
dietary zinc deficiency. Neuroscience 150, 357-369.

Human Genome

-23 chromosomes ~ 22,000 genes

-30-50% of proteins use metal to function

Examples;
Hemoglobin(Fe), Ferritin (Fe), Matrix metalloprotease (Zn), 
Xanthine Oxidase (Mo) ….etc. 
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Normal	aging	and	increased	brain	metal	level		14 



•  The	number	of	people	aged	60	and	over	has	doubled	since	1980	

•  The	 number	 of	 people	 aged	 80	 years	 or	 older	 will	 be	 almost	
quadrupled	to	about	400	millions	between	2000	and	2050	

•  The	 risk	 of	 demen0a	 (like	 Alzheimer	 disease)	 rises	 sharply	with	 age	
with	 an	 es0mated	 25-30%	of	 people	 aged	 85	 or	 older	 having	 some	
degree	of	cogni0ve	decline.	

Horizon	2020:	improve	healthy	ageing 

World	Health	Organiza&on 

7/9/2013
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The	challenge	is:	
understand,	control	and	(possibly)	stop	

PCD’s	evolu&on		



X-ray	Absorp&on	Spectroscopy	-	XAS 

Photons	are	produced	by	
synchrotrons	

X-ray	mirror	
White	beam	

Synchrotron	
	

X-ray	source	
Monochroma&c	beam	

Solid	State	Detector	

Sample 

measure	I0	&		I		

measue	IF		

Incident	energy	selec0on	
monochromator		

Ioniza&on	chambers	
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•  It	 can	 be	 used	 to	 study	 samples	 in	 any	 aggrega0on	 state	 (not	
necessarily	crystallized,	frozen	or	transparent)		

proteins	can	be	studied	in	physiological	or	
controlled	solu&on	condi&on	

•  There	are	no	selec0on	rules	for	absorp0on	
a	XAS	spectrum	can	always	be	obtained		

	
•  Spectra	registered	in	a	rela0vely	short	0me	(few	min’s	to	few	msec’s)	

limited	radia&on	damage	

•  High	chemical	selec0vity	-		
local	atomic	environment	around	a	selected	absorber		

	

	 				1s	ioniza0on	energy	(K-edge)			
	 					 					26Fe	≈	7112	eV	;	29Cu	≈	8993	eV;	30Zn	≈	9673	eV 

	

X-ray	Absorp&on	Spectroscopy	-	XAS 17 



●	red	dot:					the	absorber	
●	green	dot:	the	scagerer	

Absorp0on	coefficient,	µ,	behaviour	as	a	
func0on	of	emiged	photon	energy 

XAS	of	a	mul&	atomic	system 
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CPMD	(Car	Parrinello	Molecular	Dynamics)	a	(smart)	parallelized	implementa0on	of	DFT		
(Density	Func0onal	Theory)	that	uses	the	Kohn	and	Sham	reformula0on	of	the	Schroedinger	

equa0on	for	the	calcula0on	of	the	electron	ground-state	energy	

Numerical	simula&ons	 

Density	Func0onal	Theory	->	the	electronic	structure	(in	the	ground	state)	

[ ] ∫+Γ= rdrVrnrnE HKDFT
!!!! )()()(

The	electronic	energy	is	a	func0onal	of	the	electronic	density,	 )(rn !

the	poten0al	seen	by	the	atoms	can	be	determined	by	E[n]	
The	value	of	n(r)	at	which		E[n]	is	minimum	is	the	ground-state	electronic	density.	
	
The	mimimum	can	be	found	by	solving	the	Kohn-Sham	equa0ons	
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www.quantum-espresso.org	
Quantum-ESPRESSO	package	

1  “prepare”	the	ini0al	state	of	the	system	(classical	MD)	
	 	type	of	atoms:	number	of	electrons	and	bands	à	pseudopoten0als	
	 	atomic	coordinates	
	 	dimension	of	system	cell	
	 	cut-offs	à	plane	wave	expansion		
	 	FFT	grid	spacing		

2  electronic	minimiza0on	(Steepest	Descent,	SD)	with	fixed	ions	à	ground	state		
3  ionic	posi0ons	minimiza0on	(SD	or	damped	dynamics	)	à	to	relax	the	system		
4  start	the	Car-Parrinello	dynamics		

	 		
	
NOTE:	in	order	to	reach	the	desired	temperature		
ions	are	coupled	to	Nosè-Hoover	thermostat	

CP	simula&ons	 
The	simula0on	strategy	

20 



MD	simula&ons	 

1  “prepare”	the	ini0al	state	of	the	system	
	 	atomic	coordinates	
	 	atomic	veloci0es		
	 	force	field	choice	(effec0ve	poten0al)	
	 	dimension	of	system	box	
	 	water	
	 	…		

2  system	equilibra0on:	poten0al	energy	minimiza0on	(T=0	K)	
3  system	hea0ng:	rise	temperature	to	the	desired	value	
4  start	MD:	solve	the	Newton’s	equa0on	of	mo0on	for	the	atoms		

The	simula0on	strategy	

21 



1.	Zn-ion-induced	aggrega&on	paeern 

XAS	has	allowed	to	iden0fy	the		Zn2+-binding	site	sequence	in	Aβ1-40	

minimal	 fragment	 containing	 His6,	 His13,	 and	 His14,	
suggested	to	be	involved	in	metal	binding		

complementary	 to	 the	 previous	 sequence:	 no	 His	 is	
present		

besides	the	three	His’s,	it	contains	a	long	hydrophobic	
region	 believed	 to	 be	 relevant	 in	 the	 aggrega0on	
process	

Zn2+-	Aβ1-16	

Zn2+-	Aβ17-40	

Zn2+-	Aβ1-28	

V.	Minicozzi	…	S.M.	et	al.,	J	Biol	Chem	(2008)	283:	10784	
F.	Stellato	…	S.M.	et	al.,	Eur	Biophys	J	(2006)	35:	340	

Besides	the	whole	pep0de,	we	measured	the	XAS	spectra	of	the	following	samples		

22 
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1°		Zn-ion-induced	aggrega&on	paeern 

	Synopsis	of	XAS	results:	comparing	spectra		

Zn2+-	Aβ17-40	=	Zn2+-	buffer	 	 	 	à	Zn2+	is	unable	to	bind	Aβ17-40			
	
Zn2+-	Aβ1-16	=		Zn2+-	Aβ1-28	=	Zn2+-	Aβ1-40	à	Zn2+	always	bind	to	the	first	16	a.a.	fragment	

	Zn2+	always	binds	with	the	same	(very	crowded)	binding	structure	to	the	first	16	a.a.’s	

Zn2+-Aβ1-16	

• 	4	his0dines	
• 	1	water	

0 1 2 3 4 5

Data
Fit

r(Å)

|FT| 

Zn2+-Aβ1-16	
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Many	cases	where	Cu	(not	Zn)	is	coordinated	to	four	His's	side-chains	belonging	
to	the	same	monomer…	
	
…but	ALL	of	them	concern	proteins	belonging	to	the	wide	class	of	Cu,Zn-SOD	
proteins.		
	(Actually	a	fully	Zn-subs0tuted	SOD	enzyme	has	been	shown	to	be	at	least	as	stable	as	the	

wild-type	heterodinuclear	protein)		
		

5854	PDB	entries	containing	at	least	one	Zn		
	
in	only	one	case	Zn	is	coordinated	to	four	His	side-chains	belonging	to	the	same	
protein	monomer		
•  PDB	code	1PB0:	Organism:	E-Coli;	Func0on:	unknown	
		
in	two	more	instances	the	four	His	side-chains	coordinated	to	Zn	belong	to	
different	monomers:	
•  PDB	code	1HWT:	Organism:	Saccharomyces	Cerevisiae;	Func0on:	gene	

regula0on/DNA	and		
•  PDB	code	1QP9:	Organism:	Saccharomyces	Cerevisiae;	Func0on:	

transcrip0on/DNA	

1°		Zn-ion-induced	aggrega&on	paeern 



Ques0on:		
	which	structure	stabilizes	this	(very	crowded),	4	His’s	-	Zn2+	coordina0on?	

		
•  XAS:	structure	informa0on	only	within	5-6	Å	from	the	absorber	
•  ab-ini&o	simula0ons:		structural	informa0on	up	to	a	longer	distance	without	

enforcing	Zn	coordina0on	mode	

Models	and	ab-ini&o	calcula0ons		
1°		Zn-ions-induced	aggrega&on	paeern 

Model	building	
	

1.  XAS	à	4	His’s	coordina0on	à	two	Aβ1-16	–	pep0des	(denoted	A	and	B)		
	with	a	single	Zn	atom	bridging	Nδ(His14(A))	and	Nδ(His14(B))	

2.  minim	+	Monte	Carlo	Random	Walk	(MCRW)	(“bad”	contact	discarded)	à		
								only	configura0ons	that	fulfill	structural	constraints	of	point	1.	are	retained	
3.  Aβ1-16	truncated	to	Aβ11-16	and	put	in	a	cell	with	periodic	condi0ons	filled	with	

TIP3P		water	molecules	
4.  Four	trial	binding	geometries	are	chosen	for	ab	ini&o	computa0ons	

25 



Name	 Ini0al	configura0on	

S1	 Zn:	4NHis	+	1OW	

Besides	the	two	His14,	also	the	
two	His13	happen	to	be	within	

3	Å	from	Zn	

1°		Zn-ion-induced	aggrega&on	paeern 

S1	
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Name	 Final	configura0on	

S1	 Zn:	3NHis	+	1OW	

S1	
A 

B 

His14 

His14 

His13 His13 



Only	three	His’s.	One	of	the	
His’s	is	also	bound	by	the	main	

chain	oxygen	

1°		Zn-ion-induced	aggrega&on	paeern 

S2	
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Name	 Ini0al	configura0on	

S2	 Zn:	3NHis	+1OHis	+	1OW	

Name	 Final	configura0on	

S2	 Zn:	3NHis	+	1OW	

S2	

His13 His14 

His14 

OHis13 

H2O 



modified	S1:	the	Hε	of	a	
His14	is	subs0tuted	by	a	

second	Zn	

Name	 Ini0al	configura0on	

S3	 Zna:	4NHis	+	1OW	
Znb:	1NHis	+	2OGlu	

1°		Zn-ion-induced	aggrega&on	paeern 

S3	

S3	

Znb	

Zna	

S3	
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Name	 Final	configura0on	

S3	 Zna:	4NHis	+	1OW	
Znb:	1NHis	+	1OGlu+	2OW	

S3	

His13 

His13 

His14 

His14 

H2O 

H2O 

OGlu 



1°		Zn-ion-induced	aggrega&on	paeern 

modified	S3:	a	third	
pep0de	is	bound	to	the	

second	Zn	

ZnA	

ZnB	

S4	
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Name	 Ini0al	configura0on	

S4	 Zna:	4NHis	+	1OW	
Znb:	3NHis	+	1OGlu	

Name	 Final	configura0on	

S4	 Zna:	4NHis	+	1OW	
Znb:	3NHis	+	1OGlu	

S4	

A 

B 

C 



Zn	site	structures	in	the	four	
models	

Our	favorite	model	
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Comparing the experimental XAS 
spectrum with the theoretical one 

of the S4 model 

Comparison	 between	 the	 atomic	
structure	 of	bovine	 SOD	 enzyme	
(PDB	1SXA),	in	green,	and	the	last	
S4	configura0on	

1°		Zn-ion-induced	aggrega&on	paeern 

His’s “crowding” in SOD enzymes is helped by the presence of two metal ions 
bridged by the His imidazole (in the unusual form of an imidazolate anion) 

31 



1°		Zn-ion-induced	aggrega&on	paeern 

Conclusions	

•  Zn	promotes	oligopep0des	forma0on	

Aβ
(25 µM)'

Aβ+Zn2+'

Chen'et'al.'J.#Biol.#Chem.#2011,#286:964659656.'

Metals'affect'Aβ+pep-de'aggrega-on'

Aβ+Cu2+'

Aβ
(25 µM)'

Aβ+Zn2+'

Chen'et'al.'J.#Biol.#Chem.#2011,#286:964659656.'

Metals'affect'Aβ+pep-de'aggrega-on'

Aβ+Cu2+'

Aβ Zn-Aβ

•  XAS	cannot	discriminate	among	different	structural	models,	but	
	
•  empirical	+	first-principle	simula0ons	à	stable	Zn-His-Zn	structure	(≈	SOD)	

•  Zn	binding	stability	 largely	depends	on	the	 forma0on	of	a	Zn–His–Zn	bridge	
assisted	by	an	unusual	deprotonated	imidazole	ring	(imidazolate)	(≈	SOD)	
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XAS	measurements:	Cu	and	Zn	K-edge	
Sample	

name	

Aβ1-16:Cu:Zn	 	K-edge	

energy	
Metal	ions	

addi0on	order	

	Cu	 Zn	

S1	 1:1:1	 P	 P	 Simultaneously	

S2	 1:1:4	 P	 P	 Simultaneously	

S3	 1:1:1	 P	 P	 Cu	first	

S4	 1:1:1	 P	 P	 Zn	first	

S5	 1:1:4	 P	 P	 Cu	first	

S6	 1:1:4	 P	 P	 Zn	first	

bCu	 Cu	in	buffer	 P	 Only	Cu	

bZn	 Zn	in	buffer	 P	 Only	Zn	

2°		Cu2+-Zn2+	cross	modula&on	in	Aβ
the second m

etal is added after  
15 hours of incubation of the first one 
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The	order	in	which	metals	are	added	magers	
	

•  When	Zn2+	is	added	first,	it	prevents	Cu2+-Aβ	complex	forma0on	

•  When	Cu2+	is	added	first,	it	does	not	completely	prevent	Zn2+-Aβ	complex	forma0on	

•  Cu2+	and	Zn2+	bind	to	the	pep0de	through	different	numbers	of	his0dines	(2/1	and	3)	

Conclusions	… 

…	but 
it	would	be	of	the	utmost	importance	to	know	what	happens,		

to	the	whole	pep0de	structure	as	a	result	of	the	metal	binding	compe00on,	…	
	

…	we	are	going	toinves0gate	this	problem	via	MD	and	CPMD	simula0ons	

2°		Cu2+-Zn2+	cross	modula&on	in	Aβ 34 

E.	De	San0s,	V.	Minicozzi,	,	S.	Morante,	O.	Proux,	G.	C.	Rossi,	S.		Saxena,	K.	I.	Silva,	F.	Stellato	
	“Cu(II)-Zn(II)	cross-modula0on	in	Ab	pep0de	binding:	an	X-ray	Absorp0on	Spectroscopy	study”	
	(2015)	J.	Phys.	Chem.	B.	119(52):	15813-20	



•  Aβ1-40		

•  Soto	breaker	 	 	 	=	Ac-LPFFD-NH2	

•  Soto	breaker	+	taurine	 	=	Tau-LPFFD-NH2	

•  Soto	breaker	D	à	N 	 	=	Ac-LPFFN-NH2	

Simulated	systems		

abeta						=			Aβ1-40	+	3	Na+	+	water	

lpffd 							=			Aβ1-40	+	10	LPFFD	+	13	Na+	+	water	

taulpffd		=			Aβ1-40	+	10	Tau-LPFFD	+	13	Na+	+	water	

lpffn 							= 	Aβ1-40	+	10	LPFFN	+	3	Na+	+	water	

	

immersed	in	~	122,300	H2O	

[Aβ1-40]:[BSBp]	=	1:10	

[Aβ1-40]	~	400mM	

Na+	added	to	neutralize	the	systems 		

	

Note:	D:	Aspar0c	acid	(hydrophilic);	N:	Asparagin	(hydrophobic) 		

MD	simula0ons	

Taurine 

Already	studied	in	the	literature	

Newly	tested	

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils35 



1  “prepare”	the	ini0al	state	of	the	system	
	 	atomic	coordinates	
	 	atomic	veloci0es	
	 	force	field	choice	
	 	dimension	of	system	box	
	 	water	
	 	…		

2  system	equilibra0on:	poten0al	energy	minimiza0on	(T=0	K)	
3  system	hea0ng:	rise	temperature	to	the	desired	value	
4  start	MD:	solve	the	Newton’s	equa0on	of	mo0on	for	the	atoms		

	 		
	

The	simula0on	strategy	

36 

MD	Simula<ons	

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils



1  

2  
3  

4  

5  

6  

7  

8  

9  

10  

Aβ		

BSB’s	are	located	at	the	same	(randomly	chosen)	star0ng	posi0ons		

inside	the	simula0on	box		

37 

Step	1:	prepare	the	ini<al	state	
3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils



abeta 

A�er	2-3	equilibra0on	steps	

lpffd 

tau-lpffd 

lpffn 

A�er	step	4:	80	ns	NpT	MD	@300	K		
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Colour	code	
purple:	a-helix;	steel	blue:	turn;	light	yellow:	b-helix;		
orange:	isolated	bridge;	red:	p-helix;	white:		coil			

<0ns÷10ns> 

abeta	

<10ns÷20ns> <20ns÷30ns> <30ns÷40ns> 

<40ns÷50ns> <50ns÷60ns> <60ns÷70ns> <70ns÷80ns> 

In agreement with Ito et al. (PLoSONE, 2012, 7/1:e30510; PLoSONE, 2011, 6/3:e17587) 
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depicted
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Fig. 3. The
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evolution
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structure

of
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in
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(Fig.
3a)
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that

the
segm

ents
10–24
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adopt
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of
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the
region

10–24,
then

they
recover

to
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It

is
suggested

that
H

FIP
can

stabilize
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H
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3)

m
entioned
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is, the

resi-

dues
10–14
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conform
ation
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the

sim
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the
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iddle
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of Ab(1–42), the
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Phe 19–Asp 23

are
about

0.3
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(in
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and
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w

ater)
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5b),
respectively,

suggesting

Fig. 4.
Representative

structures
of the

peptide
for

initial and
final structures

obtained
from

20
ns

sim
ulations

(the
C-term

inal residue
is

located
at

the
bottom

of each

structure). (a) Initial Ab(1–42) structure; (b)–(e) final structures
of Ab(1–42) in

H
FIP, TFE, w

ater, and
DM

SO, respectively.

4

C. Yang
et al. / Journal of M

olecular Structure: THEOCHEM
895

(2009) 1–8
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40 

(80÷90) ns (90÷100) ns 



lpffd	
<0ns÷10ns> <10ns÷20ns> <20ns÷30ns> <30ns÷40ns> 

<70ns÷80ns> <60ns÷70ns> <50ns÷60ns> <40ns÷50ns> 

Colour	code	
purple:	a-helix;	steel	blue:	turn;	light	yellow:	b-helix;		
orange:	isolated	bridge;	red:	p-helix;	white:		coil			
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tau-lpffd	
<0ns÷10ns> <10ns÷20ns> <20ns÷30ns> <30ns÷40ns> 

<70ns÷80ns> 

<60ns÷70ns> <50ns÷60ns> <40ns÷50ns> 

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils

Colour	code	
purple:	a-helix;	steel	blue:	turn;	light	yellow:	b-helix;		
orange:	isolated	bridge;	red:	p-helix;	white:		coil			
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lpffn	

<70ns÷80ns> <60ns÷70ns> <50ns÷60ns> <40ns÷50ns> 

<0ns÷10ns> 

<10ns÷20ns> 

<20ns÷30ns> 

<30ns÷40ns> 

5 
8 

1 
9 
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Colour	code	
purple:	a-helix;	steel	blue:	turn;	light	yellow:	b-helix;		
orange:	isolated	bridge;	red:	p-helix;	white:		coil			
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coordinates {ri(t); i ! 1, . . . , N} in Equation 1 were obtained
after minimizing r.m.s.d.(t) over the rigid roto-translations of
the current atomic configuration. r.m.s.d. was computed with
the help of the g_rms (39) GROMACS tool.

In Fig. 1 the time behavior (from 30 ns on) of the r.m.s.d. of
the A!1– 40 backbone atoms is displayed. For completeness, in
the right panel of Fig. 1 we show the whole evolution where the
transient phase is also visible.

We note that A!1– 40 in the lpffn system (green curve) shows
the lowest values of r.m.s.d. This finding confirms that the
A!1– 40 backbone undergoes the smallest structural change
when in the presence of Ac-LPFFN-NH2.

It is interesting to note that around 50 ns the r.m.s.d. of
A!1– 40 in the abeta system suddenly jumps to a higher value
that remains the highest till the end of our simulation. The
r.m.s.d. jump occurs in coincidence with the appearance of a
short !-sheet strand (see panel a of Fig. 2). Taken together, the
two results suggest that the intramolecular !-sheet forms at the
expense of a quite dramatic change of the global A!1– 40 con-
figuration. Such a change was not observed when, as shown in
panels b and c of Fig. 2, an intermolecular !-sheet formed
between A!1– 40 and one of the BSBps in the lpffd and taulpffd
systems or when an intermolecular !-sheet was formed
between two BSBps, as happens in the case of the lpffn system
(see panel d of Fig. 2). As will be confirmed under “Secondary
Structure Analysis” below, this short !-sheet strand is located
in front of the conserved 17–21 A!1– 40"-helix segment.

Residue Mobility—The residue mobility, #R, of each amino
acid along the sequence can be computed from the formula,

#R!!1
T"

i

1
NR
"

i
#rj"t# $ $rj%#2$1/ 2

(Eq. 2)

where T is the time length of the MD trajectory (here the last 50
ns), {rj(t); i ! 1, . . . , NR} are the positions of the NR atoms
belonging to the residue R at time t, and $rj% is the average
position of each residue atom along the trajectory. The residue
mobility was computed making use of the g_rmsf GROMACS
tool.

In Fig. 3, #R was plotted against the residue position along
A!1– 40 sequence. The color code used for the four panels is the

same as in Fig. 1. It is pretty clear that the abeta system shows
the highest #R values all along the sequence. In other words, one
can say that A!1– 40 residue mobility is always reduced by the
presence of any of the three BSBps. In this respect, again the
most effective BSBp seems to be Ac-LPFFN-NH2.

BSBp Docking—An important related structural question is
where along the A!1– 40 sequence BSBps preferentially come in
interaction with the peptide. In many existing numerical stud-
ies (40) simulations are started from configurations where
BSBps, or other similar molecules, are located in the vicinity of
preassigned peptide segments. In view of the strong biasing
effect that such an a priori decision can have on simulation
results, it is of the highest importance to examine the reliability
of this strategy.

FIGURE 1. Left panel, the last 50 ns of the r.m.s.d. time evolution of all systems are shown. The Protein Data Bank structure is taken as reference configuration.
The sum in Equation 1 is restricted to the A!1– 40 backbone atoms. Right panel, the full r.m.s.d. evolution where the initial time transient is also visible. Color code
(see Table 1) is blue for A!; red for lpffd, light blue for taulpffd, and green for lpffn.

FIGURE 2. For each one of the four simulated systems (see Table 1) a rep-
resentative structural configuration (as defined by the g_cluster
GROMACS tool) is drawn. The time intervals where these structures were
taken were selected among those within which a stable !-sheet structure was
visible. These are 50 – 60 ns for systems abeta (a), lpffd (b), and lpffn (d) and
70 – 80 ns for the taulpffd system (c). The numbers in panels b– d identify the
BSBps lying nearer to A!1– 40 (see also Fig. 4).
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5 - 8 7 1 - 5 

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils

BSB’s	within	(backbone-backbone)	8	Å	from	Aβ1-40	



5 8 5 1

T: trajectory length (30÷80 ns) 
R: amino acidic residue 
NR: number of atoms belonging to R residue side chain       
{ri(tk); i: 1, . . . , NR} : position of the R residue nth atom           
<r(tk)> : mean residue position at time tk 

Residue	Mobility	

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils

!!! =
1
!

1
!!!

!! !! − !(!!) !
!!

!!!
	

	



ThT	fluorescence	

ThT	fluorescence	intensity		increases	propor0onally	to	Aβ1-40	fibril	forma0on	

all	BSBp’s	lengthen	the	lag	phase	dura0on	
	

a:	Aβ1-40	alone	 			 	:	600	min	
b:	Aβ1-40	+Ac-LPFFD-NH2	:	1000	min		
c:	Aβ1-40	+Ac-LPFFN-NH2	:	3000	min	

The	 longer	 the	 lag	 phase,	 the	 higher	
the	inhibi0on	of	Aβ1-40	fibril	forma0on	

Ac-LPFFN-NH2		
The	most	effec0ve	one	

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils



Conclusions	… 

…	but 

		LPFFN	is	the	most	“efficient”	BSB	
	
•  Highest	number	of	BSB’s	stay	near	Aβ

•  Highest	α-helix	content	stably	conserved	in	Aβ
	
•  Strongest	effect	on	Aβ	mobility	

•  Smallest	RMSD	à	smallest	Aβ	structural	modifica0ons	
		

It	would	be	of	great	interest	to	study	how	BSB’s	affect	metals-Aβ	interac0on	
	

	…	we	are	on	the	way	of	performing	experimental	studies		
of	the	same	systems	in	the	presence	of	Cu	or/and	Zn		

3°		Beta	sheet	breakers:	targe&ng	Aβ	fibrils48 
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•  Gel	and	foam	produc0on	(drugs,	food	integrators,	…)	

•  Bio-material	and	bio-electronic	device	developments	(nanowires,	
bio-sensors,	…)	

	
•  Food	preserva0ves	and	taste	enhancers,	…	

•  …	

Aggrega&on	&	Misfolding:	industrial	applica&ons

Outlook…already	started

Amyloid-like	 aggregates	 are	 now	 widely	 studied	 also	 in	 non-medical	
contexts:	food	science,	pharmacology,	nanomaterials	…	



It	 is	 the	most	 abundant	 protein	 in	 the	milk	
whey	(mainly	as	a	dimer).	38%	is	in	a	β-sheet	
secondary	structure.		
It	 is	 considered	 a	 poten0al	 new	 food	
ingredient	 both	 as	 an	 enhancer	 of	 gel	
propensity	and	as	a	nutri0onal	ingredient.	

In	extreme	condi0ons	 (@	pH=2	&	80-110	 °C	
for	>	20	h)	it	is	able	to	form	amyloid	fibrils	

An	important	example:	β-lactoglobulin	
Outlook…already	started

M.	Carbonaro,	A.	DiVenere,	A.	Filabozzi,	P.	Maselli,	V.	Minicozzi,	S.	Morante,	E.	Nicolai,	A.	Nucara,	E.	
Placidi,	F.	Stellato	“Role	of	dietary	an0oxidant	(-)-epicatechin	in	the	development	of	b-lactoglobulin	
fibrils”	(2016)	BBA	proteins	and	proteomics,	submiged		



CS(M):	molar	protein	concentra0on	
		
C(g/l):	NaCl	concentra0on		
	
(pH=7)	

Ako	K,	Nicolai	T,	Durand	D,	Brotons	G.	 (2009)	“Micro-phase	separa0on	explains	the	abrupt	
structural	change	of	denatured	globular	protein	gels	on	varying	the	ionic	strength	or	the	pH”	
SoQ	MaRer	5(20):4033–41.	

Outlook…already	started
Phase	diagram
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