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Amplificacion ciclica del mal-plegamiento de proteinas
Enfermedad por mal-plegamiento de proteinas
Polimetilmetacrilato

Proteina pridnica

Politetrafluoroetileno

Radio hidrodinamico
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SDS
SEC
SNpc
sSNMR
SOD1
SUV
T2D
TFE
ThT
Tiag
Tris
TSEs
uv

WT

Lauril Sulfato Sodico

Cromatografia de exclusion molecular
Parte compacta de la sustancia negra
Resonancia magnética nuclear de estado solido (espectroscopia)
Superoxido dismutasa

Vesicula unilaminar pequefia

Diabetes mellitus tipo Il
2,2,2-Trifluoroethanol

Tioflavina T

Fase de latencia
Tris(hidroximetil)aminometano
Encefalopatias espongiformes transmisibles
Ultra-violeta

Tipo salvaje
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a-sinucleina (aS) es una proteina neuronal presindptica intrinsecamente desordenada
cuyo mal plegamiento y agregacion en forma de fibras amiloides es el sello distintivo de
diferentes trastornos neurodegenerativos conocidos como sinucleinopatias. Entre estos
trastornos cabe destacar especialmente la enfermedad de Parkinson, asociada tipicamente al
envejecimiento y que constituye la segunda enfermedad neurodegenerativa mas comdn en el

mundo.

Crecientes evidencias experimentales sugieren que oS puede generar diferentes tipos de
polimorfos amiloides con diferentes toxicidades y grados de infectividad, lo que sugiere un
vinculo potencial entre la estructura y la patologia de estas especies. Comparaciones
estructurales entre polimorfos han sugerido recientemente que los polimorfos de oS que se han
generado in vitro hasta ahora difieren notablemente de los que se obtienen a partir de extractos
de cerebro de pacientes, lo que sugiere que las condiciones utilizadas hasta la fecha para inducir
agregacion de la proteina in vitro no recapitulan los mecanismos y rutas amiloides que tienen
lugar in vivo, siendo éstos aun desconocidos. En este sentido sélo se han explorado hasta la
fecha condiciones de agregacion de aS in vitro en las que el proceso se inicia mediante
nucleacion heterogénea a través de interfases hidrofobicas/hidrofilicas, quedando por

esclarecer si aS es capaz de autoensamblarse a través de una nucleacion homogénea.

En esta tesis se ha logrado ampliar nuestro conocimiento sobre los mecanismos
moleculares y los factores, tanto intrinsecos como extrinsecos, que desencadenan el
autoensamblaje de aS, asi como caracterizar diferentes rutas de agregacion amiloide de esta
proteina y los polimorfos generados a través de las mismas. Hemos podido descubrir que el
grado de hidratacion de la proteina es un factor decisivo para el control de la velocidad de
nucleacion, siendo excesivamente lenta en condiciones de alta hidratacion o acelerandose en
varios 6rdenes de magnitud al reducirse la actividad de agua. Ademas, el grado de hidratacion
también dictamina la preferencia por el tipo de nucleacion primaria, siendo la nucleacion
homogénea el proceso mas favorable en condiciones de hidratacion limitadas, como las que
tendrian lugar en el interior de condensados biomoleculares generados por separacion de fases
liquido-liquido. Dependiendo del tipo de nucleacion mas favorable segln las condiciones en
las que se encuentra aS, se formaradn polimorfos estructurales amiloides drasticamente
diferentes, que difieren en todos los niveles posibles de variabilidad estructural, desde su

contenido estructural secundario y orientacion peptidica hasta la organizacion cuaternaria de

29



los protofilamentos constituyentes. Por otro lado, hemos identificado el papel que juegan las
diferentes regiones de aS en el mecanismo de nucleacion primaria heterogénea, hallando la
existencia de dos regiones clave, un en torno a los residuos 1-20 y que se encuentra involucrada
en la interaccion de la proteina con las interfases y otra en torno a los residuos 70-90 que se
haya involucrada en el establecimiento de los puentes de hidrogeno intermoleculares que daran
lugar a la formacion del ndcleo amiloide. Asi mismo, hemos logrado comprender la
importancia, para la nucleacion primaria heterogénea, de la configuracion de la cadena
peptidica, y concretamente de la region NAC, al adsorberse a superficies hidrofébicas y el papel

que juega la region C-terminal en modularla.

Estos hallazgos contribuyen en gran medida a comprender el complejo paisaje
conformacional de la agregacion amiloide de aS y abren la puerta al estudio de nuevas rutas de

agregacion amiloide que pueden tener una mayor relevancia fisioldgica.
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1.1. Plegamiento de proteinas

Las proteinas son polimeros lineales de aminoacidos unidos por enlaces covalentes
(enlaces peptidicos), que, en un gran numero de casos, en condiciones fisiologicas nativas,
tienden a adoptar una estructura tridimensional compacta con una disposicion precisa y Unica
en el espacio, la cual determina su funcion®. El proceso por el cual una proteina adopta su
estructura nativa funcional, se conoce como plegamiento y en muchos casos lo hace de forma
espontanea, sin necesidad de otros accesorios celulares, lo que supone uno de los ejemplos de
autoensamblaje mas relevantes en la Naturalezal?. La estructura tridimensional concreta que
adopta una proteina viene determinada por su secuencia primaria de aminoacidos (cadena
polipeptidica), en concreto por el tipo y disposicion de los aminoacidos y por las interacciones
no covalentes entre ellos, principalmente puentes de hidrégeno, interacciones electrostéaticas,
fuerzas de Van der Waals e interacciones entre grupos aromaticos, asi como con el solvente,
que en gran medida determinan el empaquetamiento hidrofébico del ndcleo de plegamiento®*.
La proteina se plegara en su configuracién de minima energia, para minimizar la cantidad de
energia libre a su alrededor, de acuerdo a las leyes de la termodinamica, por ejemplo, evitando

la exposicion de grupos hidrofobicos al solvente acuoso y de ese modo aumentando la entropia

del agua®.

A

Proteina plegada Proteina intrinsecamente desordenada

A 4

Conformacion
Figura 1.1. Representaciones esquematicas de los paisajes energéticos de una proteina globular y de
una intrinsecamente desordenada. (A) Ejemplo de un posible “tinel o embudo de plegamiento”
caracteristico de una proteina globular. (B) Paisaje energético tipico de una proteina desestructurada en su
estado nativo. Figura adaptada de Burger et al.®.
En la busqueda de la conformacidn termodinamicamente mas estable, la proteina podria
adoptar aleatoriamente todas las posibles configuraciones de su cadena polipeptidica, y dado el
nimero total de posibles conformaciones (por ejemplo 20*%° conformaciones para una proteina

compuesta por 100 aminoacidos), el tiempo que le llevaria transitar por su paisaje
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conformacional, de forma aleatoria, hasta llegar al estado nativo funcional seria tan elevado
que haria este proceso cinéticamente inviable”®. Sin embargo, la proteina, en su proceso de
plegamiento, solo rastreara aquellas posibles conformaciones energéticamente accesibles, hasta
encontrar el estado termodindmicamente mas estable del sistema; es lo que se conoce como
“tinel 0 embudo de plegamiento”®%! (Fig. 1.1 A). Si una proteina no forma correctamente su
estructura nativa, esta no podra realizar su funcién bioldgica; por lo que determinar la estructura
y la disposicion conformacional de proteinas y complejos de proteinas es esencial para

comprender tanto su funcién bioldgica como su relacion con ciertas patologias®?.

1.1.1. Papel del agua en la estructura y plegamiento de proteinas

Las proteinas han evolucionado en soluciones acuosas durante millones de afios, siendo
el agua el lugar de origen de la vida en nuestro planeta; lo que hace del agua, y sus propiedades
especificas, un elemento absolutamente indispensable para la vida en la Tierra. El papel del
agua es fundamental para entender el comportamiento de moléculas biolégicas como las
proteinas o los acidos nucleicos. Las moléculas de agua que solvatan la proteina (capa de
hidratacidn), son cruciales para mediar el plegamiento, estructura y funcién de las proteinas en
el medio bioldgico. La capa de hidratacion de las proteinas se extiende tipicamente en torno a
5-10 A desde la superficie de la proteina, y las moléculas de agua en este entorno, debido a sus
interacciones con la superficie de la proteina, muestran propiedades diferentes en comparacion
con el agua en el seno de la solucion'®!4, Se ha observado que el agua de la capa de hidratacion
tiene tiempos de reorientacion mas lentos y, por lo tanto, una dinamica mas lenta que el agua
del seno de la solucion. De hecho, la capa de hidratacion puede estar muy estructurada, con
algunas moléculas de agua tan fuertemente unidas a la superficie de la proteina que llegan a
cristalizar juntas durante el proceso de cristalizacién de esta y, por lo tanto, ocasionalmente se

consideran que forman parte de la estructura de la proteina®.

La funcionalidad de la proteina esta relacionada con su movilidad, que, a su vez, esta
acoplada al movimiento del agua. Las fluctuaciones del solvente en el seno de la solucion
controlan la forma y los movimientos globales de las proteinas, mientras que las fluctuaciones
de la dinamica de la capa de hidratacion modulan los movimientos internos de las proteinas,
que son los que en udltima instancia determinan la funcion de las mismas. El agua, ademas,
juega un papel clave en el proceso de plegamiento de las proteinas, asegurando que los residuos
hidrofébicos se encuentren predominantemente enterrados en el interior de la proteina y las

moléculas de agua excluidas del ndcleo hidrofébico, lo que da como resultado un nudcleo
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proteico esencialmente seco y empaquetado en la gran mayoria de los casos***>’. De manera
simultanea, el plegamiento de la proteina va acompafiado de una gran disminucion en el area
superficial accesible al agua, lo que lleva a que muchas de las moléculas de agua que formaban
parte de la capa de hidratacion de la proteina en su estado desplegado sean liberadas al seno de
la solucion haciendo el proceso de plegado entropicamente mas favorable!®!®. Ademas, el agua
participa en la estabilizacion de la estructura plegada mediante el establecimiento de
interacciones directas mediante puentes de hidrogeno con la superficie de la proteina, a veces
generando redes de puentes de hidrogeno, o de forma més indirecta mediante el cribado de
interacciones electrostaticas, o0 mediante la estabilizacion de cavidades hidrofobicas esenciales

para la funcion bioldgica en algunas proteinas?.

1.2. Proteinas intrinsicamente desordenadas

No todas las proteinas se encuentran plegadas, formando una estructura globular, en su
estado fisiologico. Un gran numero de proteinas no adquieren una estructura terciaria definida,
ni incluso secundaria, en su estado nativo, sino que se encuentran desordenadas y aun asi
desarrollan su funcién bioldgica. A estas proteinas se las denomina proteinas intrinsecamente
desordenadas (IDPs, por sus siglas en inglés)?2?2, De hecho, se sabe que alrededor de un tercio
(23-28%) del proteoma en eucariotas®® y mas del 70% de las proteinas de sefalizacion®* se
encuentran completamente desordenadas o de forma parcial, con regiones intrinsecamente
desordenadas (IDRs, por sus siglas en ingles) de mas de treinta residuos de longitud. Esto es
debido a las particularidades de la secuencia primaria de este tipo de proteinas, caracterizada
por una baja hidrofobicidad, asi como la presencia de regiones de baja complejidad (LCRs, por
sus siglas en inglés) y en algunos casos con regiones de carga neta opuesta alternante?>?2, Estas
LCRs, caracteristicas de algunos tipos de IDPs, son fragmentos de secuencia en los que hay
una baja complejidad compositiva de aminoacidos en comparacion con las secuencias tipicas
de proteinas globulares?>?®, Estas proteinas o regiones carecen de residuos que promuevan el
orden estructural, como el triptéfano, fenilalanina, cisteina, o tirosina, y contienen un alto
namero de residuos que promueven el desorden, como la prolina, glicina, arginina o lisina. En
ocasiones, presentan unidades estructurales repetitivas, donde cominmente se repiten residuos
de glutamina, serina, prolina o residuos acidicos?®. Estas repeticiones a veces tienen una funcion
biolégica aparente, como en el caso de las repeticiones de glutamina y alanina que son
frecuentes en proteinas de unién a ADN?"28, Sin embargo, la expansion de estas repeticiones

puede resultar en enfermedades neuroldgicas como la enfermedad de Huntington?*3°. De
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hecho, un ndmero importante de IDPs que contienen LCRs se han relacionado con

enfermedades neurolégicas y con ciertos tipos de cancer®.,

Las IDPs muestran una gran diversidad estructural®?, pudiendo alcanzar
conformaciones desestructuradas totalmente extendidas o adoptar conformaciones colapsadas
globalmente, en algunos casos con regiones de estructura secundaria fluctuante
(conformaciones de globulo fundido)®. De hecho, su paisaje energético es relativamente plano,
pero accidentado, con multiples minimos locales con similar energia, separados por pequefias
barreras energéticas® (Fig. 1.1 B). Como consecuencia de este tipo de paisaje conformacional,
variaciones moderadas en temperatura, pH o fuerza idnica pueden provocar cambios
estructurales significativos®®. La ausencia de estructura ordenada hace que de forma general las
IDPs no tengan actividad enzimatica ya que, normalmente, la organizacién espacial de los
residuos del sitio activo, pertenecientes a regiones distantes en la secuencia primaria, requiere
de la adquisicion de una estructura tridimensional rigida que este tipo de proteinas no pueden
proporcionar®®. No obstante, la plasticidad estructural que les caracteriza les permite adoptar
diferentes conformaciones estructurales a través de transiciones de desorden a orden con el fin
de interaccionar con otras macromoléculas?*"*8, De hecho, la versatilidad de las IDPs para
adaptarse a multiples parejas de union hace de ellas unas excelentes “proteinas centrales” o
“proteinas eje” (definidas como aquellas que interactian con més de 10 macromoléculas,
normalmente proteinas) en redes complejas de proteinas®’. Se ha visto que, en general, las
proteinas centrales tienen un mayor grado de desorden, lo que se ha relacionado con su
funcion®. De esta manera, la versatilidad estructural de estas proteinas o regiones desordenadas
les permite adquirir la conformacién estructural mas adecuada para favorecer su interaccién
con una macromolécula especifica, la cual sera diferente dependiendo de la macromolécula con
la que tenga que interaccionar en cada momento. Estas secuencias desordenadas pueden actuar
como union de dos dominios globulares, confiriendo a estos un espaciador flexible en proteinas
multidominio, o como proteinas de union con alta especificidad a varias dianas/parejas que
puede ser ADN, ARN, otra proteina o una variedad de ligandos pequefios. También pueden
modificar la actividad de la proteina a la que se asocian, o ayudar en el ensamblaje de grandes
complejos multiproteicos como el ribosoma, el citoesqueleto, el complejo de preiniciacién de
la transcripcion, la cromatina e incluso la matriz extracelular®*3¢4%, En algunos casos, las IDPs
pueden adquirir una conformacion parcialmente plegada al interaccionar con otras
macromoléculas y asi realizar su funcion bioldgica?!, aunque en otros casos, puede permanecer

totalmente desordenada en el complejo*2. En otras ocasiones, sin embargo, la gran plasticidad
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estructural de estas proteinas o regiones puede facilitar su autoensamblaje en agregados

amiloides con una estructura en lamina B, que mas adelante definiremos*.

Un tipo especial de LCR con esta preferencia de asociacion en estructuras amiloides
son los dominios tipo pridn, tipicamente ricos en residuos polares no cargados como glutamina
y asparragina***°, Estos dominios ademas son frecuentes en proteinas que pueden formar
condensados biomoleculares, también denominados organulos sin membrana, mediante
procesos de separacion de fases liquido-liquido*®4’ (LLPS, por sus siglas en inglés). De hecho,
la formacidn de condensados biomoleculares podria ser un proceso anterior y necesario para la

nucleacion de ciertos agregados amiloides patoldgicos en el interior celular®,

1.3. Mal plegamiento y agregacion amiloide de proteinas

Se pueden dar, de forma natural, procesos de mal plegamiento durante el proceso de
plegamiento de proteinas, a través de rutas alternativas iniciadas por la formacién o
acumulacion de estructuras metaestables intermedias. Estas estructuras representan trampas
cinéticas con un minimo de energia local dentro del embudo de plegamiento de las proteinas*
(Fig. 1.1 A y Fig. 1.2) y pueden presentar caracteristicas idéneas, como por ejemplo la
exposicion de regiones hidrofobicas, que llevan a su autoensamblaje y la formaciéon de
agregados insolubles tipo amiloide. El proceso de agregacion amiloide en estos casos, por tanto,
es generalmente precedido por un desplegamiento parcial de la proteina, en el que ciertos
dominios de la proteina parcialmente desplegados exploran conformaciones alternativas con
propension a adoptar estructura en ldmina B, promovido por mutaciones o ciertos ambientes
celulares®. Este seria el caso de la superdxido dismutasa (SOD1), relacionada con la esclerosis
lateral amiotrofica (ALS, por sus suglas en inglés)>°. Por otro lado, un gran ndimero de proteinas
gue forman agregados amiloides, tanto funcionales como patoldgicos, se encuentran altamente
desordenadas y para este tipo de proteinas los mecanismos por los que inicia su autoensamblaje
estdn menos establecidos que para las proteinas plegadas. En algunos casos, se ha propuesto
que, debido a su alta flexibilidad estructural, es posible que se puedan formar estructuras en
lamina B propensas a la agregacion dentro de sus fluctuaciones estructurales transitorias®?, las

cuales se verian favorecidas en ciertos ambientes. Un ejemplo de IDP amiloidogénica es la a-

sinucleina (a.S), relacionada con la enfermedad de Parkinson (PD, por sus siglas en inglés)>2.

El término "amiloide" fue acufiado originalmente por Rudolph Virchow en 1854, quien

encontro densas inclusiones en muestras de cerebro que podian tefiirse con yodo y, por lo tanto,
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las denomind almidon (amiloide). En 1859 Friedreich, y Kekule luego, demostraron que estas
inclusiones estaban compuestas por proteinas en lugar de carbohidratos, por lo que fueron los
que primero definieron amiloide como agregados de proteinas®. El proceso de agregacion
amiloide de proteinas conduce a un aumento en la proporcion de laminas f en la estructura de
la proteina que agrega, independientemente de su secuencia de aminoacidos y de su topologia
en el estado nativo funcional, resultando tipicamente en estructuras fibrilares muy regulares y

altamente estables.

Cl g ~
A s k
3

{
el e U - - :
A Rty A \-/

2
2 / “ A !

v, " A [ 1/\
'C_" f ' ! \ J ! A \
2#7 L J G N v y | b
\ \ | | (I ‘
) , J

Intermedios | | " “Q\\m ! . A ( '/l

plegados ’ _ Estados ‘ J ﬁ} l', | v
4~ parcialmente ' Oligémeros 1 ¢
Feiads plegados ' ‘
natrvo | P

(» % Az \ J) v - t_ /
A =5 d ! Fibras
?n?o?focs)s Amiloides

>

- > € -
Contactos intramoleculares Contactos intermoleculares

Figura 1.2. Representacion esquemaética de la relacion entre los paisajes energéticos de los procesos
de plegamiento y agregacion en una proteina globular. Ejemplo de un posible paisaje energético
caracteristico de una proteina globular, en el que se puede observar en azul el “tiinel o embudo de plegado”
de una proteina hacia su estado nativo, mediante contactos intramoleculares, y en morado el paisaje
energético que lleva a su mal plegamiento y agregacion, a través de contactos intermoleculares. Figura
adaptada de Salahuddin 20155,

Se ha propuesto que la formacion de agregados amiloides no es un evento raro
restringido a unas pocas proteinas, sino que cada cadena polipeptidica tiene una cierta tendencia
a formar estructura en ld&mina p amiloide como alternativa a su estado nativo (Fig. 1.2), lo que
hace que sea una propiedad general de las proteinas®. Efectivamente, a lo largo del tiempo se
estuvo pensando que el estado nativo funcional de una proteina, ya sea una proteina
estructurada o una IDP, era la conformacion mas estable que ésta podia adoptar. Por el
contrario, en la actualidad, se considera que el estado nativo funcional de las proteinas es un

estado meta-estable aislado de la conformacion amiloide por grandes barreras energéticas (Fig.
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1.2), que seria el estado termodinamicamente mas estable, incluso en condiciones
fisiologicas®>’. De hecho, se ha logrado demostrar teéricamente que la conformacion amiloide
es la estructura termodindmicamente mas estable para todos los polipéptidos posibles, tanto en
vacio como en entornos acuosos, mediante calculos por primeros principios®®; y también se ha
podido demostrar experimentalmente para multitud de proteinas y péptidos®’. No obstante, pese
a que cualquier proteina tiene la potencia de adquirir estructura amiloide, lo cierto es que unas
secuencias polipeptidicas tienen mas facilidad que otras. Las secuencias amiloidogénicas
tienden a carecer de prolinas y glicinas, presumiblemente porque desestabilizan la estructura
en lamina B>, y suelen contener residuos hidrofobicos®® o dominios tipo prion®. Se ha
demostrado también que tripéptidos de ciertos residuos aminoacidicos®?, e incluso aminoacidos
aislados como fenilalanina®, cisteina o metionina® son capaces de formar fibras amiloides in

vitro.

En el caso de polipéptidos naturales desestructurados, se ha demostrado que la longitud
de la cadena polipeptidica juega un papel importante en la estabilidad del estado amiloide
respecto del estado nativo funcional de la proteina. En un estudio reciente® se observo que,
para péptidos cortos, el estado amiloide es mucho mas estable y que la diferencia de energia
entre el estado amiloide y nativo se reduce al aumentar la longitud de la cadena polipeptidica.
Esto explicaria por qué las fibras amiloides patégenas in vivo estan formadas, en gran medida,
por péptidos, fragmentos de proteinas o0 pequefias proteinas. Probablemente, este
comportamiento se deba a las limitaciones topolégicas asociadas con la incorporacién de largas
cadenas polipeptidicas en el agregado amiloide, y daria una posible razén por la cual la
evolucion biolégica ha tendido a generar proteinas de gran tamafio. Esta propension intrinsica
de las cadenas polipeptidicas a formar agregados amiloides, no obstante, es modulada por
varios factores como las condiciones en las que se encuentra la proteina, su concentracion, o la
presencia de ciertas mutaciones en su secuencia. Dado que la conversion de proteinas de su
estado soluble a una conformacion amiloide implica la formacion de interacciones
intermoleculares, la estabilidad termodindmica del estado amiloide aumenta con la
concentracion de la proteina. Esto hace que haya, por tanto, una concentracion de proteina en
unas condiciones determinadas en la que la estabilidad del estado amiloide sea la misma que la
del estado nativo, y por encima de esta concentracion de proteina critica, la proteina adoptara
la conformaciéon amiloide a menos que existan barreras cinéticas altas para la conversion

estructural®. Para proteinas cuya concentracion in vivo esta proxima a la concentracion critica,
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pequefias perturbaciones en los niveles de expresion de proteinas pueden conducir a la

formacion de fibras amiloides en la célula.

1.3.1. Mecanismos de agregacion amiloide

El proceso por el cual una proteina monomeérica pasa de su estado nativo al estado
amiloide implica, por parte de esta, un proceso de autoensamblaje asociado a una reordenacion
molecular y estructural compleja. Se pueden distinguir tres grupos distintos de especies
proteicas una vez que ha comenzado el proceso de autoensamblaje: mondémeros, oligomeros y
especies fibrilares (Fig. 1.3 C). Cada uno de estos conjuntos abarca una serie de especies
individuales, particularmente en el caso de los oligdmeros intermedios de la reaccion, que
globalmente pueden mostrar una heterogeneidad muy alta en términos tanto de tamafio como
de estructura®. La agregacion de una proteina generalmente sigue un proceso de
polimerizacion dependiente de nucleacién (Fig. 1.3 C), donde el primer paso es la formacion
de nicleos competentes que luego pueden polimerizar reclutando nuevos mondmeros®’. La
formacion de los primeros nucleos amiloides a partir del ensamblaje de mondmeros
normalmente requiere superar una barrera de energia muy alta®® (Fig. 1.3 B). Es por este
motivo, que para la gran mayoria de las proteinas amiloidogénicas en condiciones diluidas in
vitro, la cinética de formacion de agregados amiloides se caracteriza por un paso de nucleacion
lento, que generalmente limita la velocidad total del proceso®’ %", La nucleacion, cuando se
da sin la participacion de agregados amiloides previos, se denomina nucleacion primaria®”.>"3
(Fig. 1.3 A). Por otro lado, la formacién de ndcleos competentes puede favorecerse por la
existencia previa de agregados amiloides, dandose un proceso de catélisis del autoesamblaje
del mondmero sobre la superficie de estos, lo que se conoce como nucleacion secundaria’ ™
(Fig. 1.3 Ac).

El mecanismo de agregacion amiloide de IDPs mas aceptado, conocido como
mecanismo de conversion conformacional nucleada fue originalmente propuesto por el grupo
de Susan Lindquist’® para el caso del prionoide Sup35. Algunas otras IDPs y proteinas con
IDRs que siguen este modelo en condiciones tipicas in vitro son el péptido ABs.’’, la proteina
prionica (PrP)®, huntingtina exon 17°, amilina® o oS8, En este mecanismo, la proteina
monomérica comienza formando especies oligoméricas relativamente desordenadas, que
comienzan a adquirir una minima estructura en lamina  mediante una lenta conversion

estructural®. Estos oligdmeros con cierta estructura en lamina B reclutan nuevos monémeros
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en un proceso de elongacion que conlleva un incremento de la estructura en lamina 3 global,
resultando en oligdbmeros mas estables, hasta formar los primeros nucleos amiloides
competentes. Es en este momento cuando, generalmente, los procesos de elongacion de estos
nticleos amiloides por la adicion de nuevas moléculas de proteina monomérica’™ (Fig. 1.3 A b)
o de nucleacion secundaria sobre la superficie de estos nicleos™” (Fig. 1.3 A ¢) dominan la
reaccion®’, lo que da como resultado las caracteristicas cinéticas sigmoidales con una larga fase
de latencia seguida de una fase de crecimiento exponencial hasta alcanzar el equilibrio (Fig.
1.3 C). Este modelo también parece ser relevante para la agregacion de algunas proteinas
globulares, donde el proceso se inicia desde conformaciones similares a las conformaciones
nativas. En estos casos, las cadenas polipeptidicas pueden mantener la estructura nativa del
mondmero en los oligdmeros inicialmente formados, para después adquirir una estructura de

lamina B en etapas posteriores del proceso de autoensamblaje®2-8°,
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Figura 1.3. Esquema de los procesos microscopicos que pueden dominar diferentes etapas de la
agregacion, diagrama energético de la nucleacion primaria y curva cinética caracteristica del
proceso de agregacion amiloide. (A) Procesos microscopicos subyacentes a la formacion de agregados
amiloides: nucleacion primaria a partir de monédmeros en solucién (a), elongacién por adicién de
mondmeros a agregados existentes (b), nucleacion secundaria de mondmeros catalizada en la superficie de
agregados amiloides existentes (c) y fragmentacién de fibras (d). (B) Diagrama de energia libre (G) de la
formacion de fibras amiloides, en donde el nucleo es el estado con mayor energia libre, las fibras y los
monomeros pueden tener una energia libre similar, y la concentracion total de monoémero determina qué
estado domina en el equilibrio. (C) Esquema cinético caracteristico de un proceso de agregacion amiloide,
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en el que existe una fase de latencia, una fase exponencial y una etapa de agotamiento de mondmero,
caracterizada por una fase de plateau que viene definida por el equilibrio entre las especies. Figura adaptada
de Arosio et al.5” y Marvian et al ..

Ademéas de procesos de elongacion y nucleacién secundaria, pueden existir otros
procesos secundarios adicionales que influyen en la cinética de agregacion amiloide. Una vez
que se forman las primeras fibras, estas pueden fragmentarse, aumentando asi el nimero de
extremos de agregados fibrilares accesibles para la elongacion®’. Este mecanismo se Ilama
fragmentacion de fibras (Fig. 1.3 A d) y conduce a un aumento en la velocidad de agregacion,

ya que las fibras pequefias actian como semillas de agregacion altamente eficientes®,

1.3.2. Seguimiento del proceso de agregacion amiloide mediante la sonda
fluorescente tioflavina T

Resultan cruciales, para el estudio del proceso de agregacion amiloide in vitro, los
métodos que permiten la deteccion de agregados amiloides y su seguimiento con el tiempo.
Como se dijo anteriormente, Rudolph Virchow logr6 en 1854 el primer método de tincion y
deteccidn de agregados amiloides en muestras histologicas. Este método usaba una tincién con
yodo, lo que plantea el problema de no ser especifica para los agregados de proteinas amiloides,
ya que suele ser un método de tincion para el almidon. No fue hasta 1927 que Divry y Florkin
descubrieron un método de tincion especifico de amiloide, la tincion con rojo Congo®, que
sigue usandose hasta nuestros dias como técnica estandar de tincion de agregados amiloide en
muestras histoldgicas. No obtante, en la actualidad, especialmente para detectar la agregacién
amiloide in vitro, se usa cominmente el método descubierto en 1959 por Vassar y Culling®
que emplea la molécula fluorescente tioflavina T (ThT, por sus siglas en inglés). Esta molécula
tiene la capacidad de unirse a las fibras amiloides y de aumentar con ello su rendimiento
cuantico de fluorescencia muy significativamente, en comparacion al que presenta en su estado
libre debido a procesos de apantallamiento de fluorescencia. ElI aumento de intesidad de
fluorescencia, ademas, es proporcional a la masa de agregados amiloides en la solucion®%2,
Las especies amiloides capaces de unir ThT con suficiente afinidad como para producir este
incremento en el rendimiento cuantico de fluorescencia son, generalmente, las especies finales
de la reaccion de agregacion®. Es por esto que las cinéticas tipicas de agregacion amiloide
seguidas mediante fluorescencia de ThT reflejan una caracteristica fase de latencia, que se da
al comienzo de la agregacion amiloide y en dénde las especies mayoritarias son monémero vy,
en mucha menor proporcion, especies oligoméricas y nucleos fibrilares (tipicamente menos del

5-10% en masa), lo que lleva a que no se aprecie aumento de sefial de fluorescencia de ThT
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(Fig. 1.3 C). En el momento en el que se forman un namero significativo de ndcleos amiloides
competentes, la generacion de agregados amiloides es exponencial, como normalmente se
aprecia en las cinéticas seguidas por ThT (Fig. 1.3 C). Una vez que se da un equilibrio en la
agregacion, inicamente la ThT que se encuentre unida a agregados amiloides dara una emision
fluorescente elevada, de tal manera que cesara el incremento de la sefial de sonda con el cese

de la formacion de agregado, dandose la clasica fase de plateau (Fig. 1.3 C).

1.3.3. Papel del agua en el proceso de agregacion amiloide

Al contrario que en otros muchos procesos en los que intervienen proteinas, las
interpretaciones de estudios tanto experimentales como computacionales de los procesos de
agregacion de proteinas suelen hacerse desde una perspectiva centrada en las proteinas,
obviando el papel del agua que las rodea. Sin embargo, cada vez se aprecia mas la necesidad
de su consideracion para comprender los diferentes procesos de la formacion de fibras
amiloides®%. El papel del agua no se puede limitar a una de las multiples etapas en las que
dividimos la cascada amiloide, sino que, por el contrario, probablemente desempefie diversas
funciones en las diferentes etapas de la agregacion. Se apunta a que, tanto el crecimiento de las
fibras como el ensamblaje de protofilamentos pueden ser favorecidos termodinamicamente por
un cambio favorable en la entropia asociado con la liberacion de moléculas de agua confinadas
desde la superficie de la proteina al seno de la solucion; lo que ha sido apoyado tanto por
estudios experimentales como computacionales para diversos péptidos y proteinas® 2, En el
caso del proceso de elongacion fibrilar, se ha descrito la expulsion al medio de parte del agua
de la capa de hidratacién del monémero a la vez que se da su reconfiguracion en el proceso de
unién a un agregado amiloide preexistente; esta liberacion de agua permite el bloqueo del
mondémero a la semilla fibrilar'®2. De una manera similar, el ensamblaje de los protofilamentos
para formar la fibra madura pasa por la liberacién de las moléculas de agua de la capa de
hidratacion de la superficie de interaccion de los protofilamentos para generar una interfase

Seca98,103.

Estos estudios mencionados, y las conclusiones que aportan, ofrecen una informacién
muy util a la hora de entender el papel del agua en la elongacion de las fibras y la formacion de
la fibra madura, pero no entran en los procesos de nucleacion primaria. Realmente, sélo un
pequefio nimero de estudios han abordado los efectos del agua sobre la nucleacion primaria en

la agregacion amiloide®* %1% La mayoria de estos estudios se han realizado mediante
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simulaciones computacionales. Por ejemplo, para el péptido AP (AB1-42), mediante una
combinacion de simulaciones por dinamina molecular (MD, por sus siglas en inglés) con
andlisis de termodinamica fluctuante, se encontrd que la interaccion de la proteina con el agua
circundante, esto es la energia libre de solvatacion, juega un papel critico en su agregacion;
sugiriendo que esta energia libre de solvatacion es la fuerza impulsora de la dimerizacion en el
seno de la solucion®®. Los estudios experimentales que han considerado el papel del agua en
los procesos de agregacion de proteinas son incluso mas escasos, dadas las dificultades
experimentales para controlar directamente la actividad del agua durante el proceso de
autoensamblaje de proteinas. En un estudio muy interesante se observé como variaban las
cinéticas de agregacion de los péptidos amiloides ABis-22 Y Sup357.13 dependiendo de su grado
de hidratacién mediante su encapsulamiento en micelas inversas de diferente tamafio, lo que
permitia el control de la cantidad de moléculas de agua por molécula de péptido%. Su principal
conclusion es que la deshidratacion de las proteinas promueve su agregacion al reducir la capa
de agua que brinda proteccién a los péptidos monoméricos. Experimentos llevados a cabo
afiadiendo co-solventes a la solucion de aS, en particular trifluoroetanol (TFE), demostraron
que la agregacién mejoraba particularmente en condiciones en las que se minimizaban las
interacciones protectoras entre proteina y solvente!?’. Se propuso que en las condiciones en que
se disminuyen estas interacciones protectoras con el agua, se favorecen las interacciones
proteicas tanto intramoleculares como intermoleculares. Mé&s recientemente, investigando el
papel que desempefia la capa de hidratacion en las estructuras de oS en estado monomérico,
oligomérico y fibrilar, se ha podido observar que la mitad de la fraccion de agua de solvatacion
movil de oS monomérica se pierde tras la formacion de oligémeros o fibras'®, Este efecto se
ha propuesto también para otras proteinas, como tau®®, PrP® e insulina'’, las cuales
experimentan la expulsion de moléculas de agua confinadas en la superficie del monémero tras

la formacion del agregado amiloide.

El efecto de los procesos de desolvatacién en la agregacion amiloide, ademas, podria
explicar una de las razones por las que las IDPs parecen ser mas propensas a este proceso que
las proteinas globulares. Las IDPs presentan una mayor area de superficie accesible al
disolvente en comparacién con las proteinas globulares plegadas. Ademas, presentan moléculas
de agua atrapadas alrededor de los segmentos hidrofébicos expuestos al solvente y, en los casos
de tipicas IDPs amiloidogénicas, también en el interior de conformaciones de tipo glébulo
colapsado adoptadas en condiciones que promueven la agregacion®. Todo ello conduciria a

una gran contribucion favorable de la entropia de solvatacion a la energia libre total de
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agregacion amiloide por la liberacion de moléculas de agua al seno de la solucion durante el
proceso de autoensamblaje’®. Se ha reportado que ciertas IDPs amiloidogénicas, como Sup35,
polyQ, tau y aS, adoptan una conformacién de glébulo colapsado en condiciones que favorecen
la agregacion amiloide!!*14: aunque para el caso de la proteina tau, también se ha propuesto
que su agregacion esta relacionada con la estabilizacion de conformaciones extendidas!*>11°,
Esta contribucion entrdpica de los procesos de desolvatacion favoreceria termodinamicamente
la agregacion amiloide en las IDPs en comparacion a las proteinas plegadas, las cuales, por otro
lado, poseen barreras de energia libre de desplegamiento adicionales para que tenga lugar la
nucleacion®. Ademas, las propiedades de las moléculas de agua de hidratacion de las IDPs son
notablemente diferentes a las de las proteinas globulares. Las primeras presentan una dindmica
mucho mas rapida, lo que a su vez se refleja en una dindmica mas répida de estas
proteinas!t’118, Esto explica que la capa de hidratacion de las IDPs sea mas susceptible a los
cambios en la solucion, y que pequefias variaciones en las condiciones de la solucion afecten
fuertemente a su capa de hidratacion y al conjunto conformacional de las IDPs. De hecho, esta
caracteristica de las IDPs puede que esté ligada a su plasticidad funcional y se ha propuesto que
estos cambios en el medio podrian favorecer configuraciones mas propensas a la agregacion

que otras'?®,

La mayor tendencia de las IDPs a agregar, por la contribucidn entropica que se produce
con la liberacion al medio de las moléculas de agua atrapadas, vendra condicionada por su
secuencia de aminoacidos y el caracter de estos. La abundancia de residuos polares y cargados
caracteristica de las IDPs da lugar a un mayor nimero de interacciones entre las cadenas
polipeptidicas y las moléculas de agua de solvatacién. Esto condiciona la barrera de energia de
desolvatacion que debe de superarse para el autoensamblaje inicial de la proteina, ya que las
interacciones que se producen entre los residuos polares y las moléculas de agua de solvatacion
son mayores que los apolares con estas, haciendo que las proteinas mas hidrofilicas se
encuentren mas solvatadas. Esto pudo ser observado por simulaciones de MD, que mostraron
como la formacidn de protofilamentos es 1.000 veces més lenta para un polipéptido altamente
hidrofilo que para uno altamente hidrofobo®®. Asi pues, puede verse como el agua tiene, al
menos, un doble efecto sobre la nucleacion primaria en la agregacion amiloide. Por un lado, la
iniciacion del autoensamblaje estaria termodinamicamente favorecida en soluciones acuosas
debido a la gran contribucion de la entropia de solvatacion, de modo que cuanto mas solvatada
estd la conformacién monomérica, mas favorable termodinamicamente es su autoensamblaje.

Pero, por otro lado, la velocidad de autoensamblaje inicial, asociada con la barrera de energia

45



que las moléculas de proteina deben superar para la nucleacion, podria ser muy alta para las

IDPs altamente solvatadas, como lo indican varias observaciones experimentales®-120,

1.3.4. Laseparacion de fases liquido-liquido como mediadora de la nucleacién
primaria

El proceso de LLPS es un proceso que se ha estudiado tradicionalmente en fisica de
polimeros, especialmente, en mezclas acuosas de dos o mas componentes poliméricos,
principalmente sintéticos!?!. Hace unos pocos afios, se ha demostrado que este proceso se da
también entre proteinas o entre proteinas y acidos nucleicos, tanto en el tubo de ensayo como
dentro de las células'?*!%, Estas proteinas pueden ser bien proteinas globulares modulares,
multivalentes, o ciertos tipos de IDPs que, en muchos casos, se asocian con moléculas de
ARN/ADN de forma transitoria y multivalente!?*12°. El proceso de LLPS es un proceso
reversible por el que una solucion homogénea se separa en dos fases liquidas distintas, una
condensada y otra diluida, donde la fase condensada mantiene las propiedades de liquido
debido a la naturaleza multivalente y transitoria de las interacciones de sus componentes. En el
contexto celular, a la fase densa, rica en proteina, que se genera por este proceso de LLPS, en
forma de gota liquida, se le denomina condensado biomolecular u organulo sin membrana®?’128,
La formacion de estos organulos, asi como su contenido y la proporcion relativa de este, se
encuentra estrechamente regulada por la célula en condiciones fisiologicas'?®, ya que éstos
organulos realizan funciones esenciales en ella, tanto en la catalisis bioguimica, la regulacion
de la transcripcion de ARN, el ciclo celular o el control de la autofagia?®, como en la
organizacion citoesquelétical®. Estos condensados se pueden formar tanto por segregacion,
cuando se componen por macromoléculas idénticas que maximizan asi las interacciones
favorables entre ellas y minimizan las interacciones con el solvente; como por asociacion, en
donde diferentes tipos de macromoléculas se separan de la fase diluida maximizando asi las
interacciones favorables entre ellas. Este comportamiento se explica tipicamente por la teoria
de Flory-Huggins, que propone que la fuerza impulsora que da lugar a los procesos de LLPS
en soluciones acuosas es la relacion de fuerzas entre las interacciones entre macromoléculas
por un lado y entre las macromoléculas y el agua por otro lado™*%*3, Sin embargo, también se
ha propuesto que el ordenamiento de las moléculas de agua de hidratacion en estas proteinas
también es clave para su separacion de fases®**!3!, por lo que el aumento de la entropia del
disolvente por la liberacion de moléculas de agua desde la superficie del soluto al seno de la
solucion, al separarse de fase y generar una fase condensada, probablemente juegue un papel

importate en este proceso'®. De esta manera, se ha propuesto que la alteracion de las
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propiedades del agua inducidas por las IDPs podria modular la separacion de fases en la
célula®®3*13 De hecho, se ha postulado que el proceso de LLPS es una propiedad mas asociada
a las IDPs y a proteinas con IDRs para permitirles la realizacion de diversas funciones en el
medio celular®>1%, Por tanto, las alteraciones en el comportamiento de separacion de fases de
los componentes biomoleculares o un fallo en la regulacion de la formacion/disolucion de estos
condensados biomoleculares puede provocar efectos patoldgicos. Una de estas consecuencias
no deseadas es la transicidon de liquido a solido de los condensados biomoleculares, lo que dara
lugar a la formacion de hidrogeles, en donde el intercambio de sus componentes con el
medio/fase diluida y el movimiento interno de las macromoléculas constituyentes son mucho
menores, dandose lugar de forma simultanea, en muchos casos, a la formacion de agregados

amiloides?,

Evidencias experimentales recientes sugieren un papel de estos condensados
biomoleculares de IDPs amiloidogénicas en su agregacion in vivo y en la induccion de
patologia’®” 4%, Entre las proteinas amiloidogénicas asociadas con enfermedad a las que
experimentalmente se ha observado que su agregacion amiloide puede venir precedida por un
proceso de LLPS podemos encontrar a tau*!, TDP-43'%2, FUS* y, mas recientemente, a oS3
145 aunque esta relacion entre los procesos de LLPS y la agregacion amiloide in vivo esta por

establecerse de manera mas robusta.

1.4. Estructura de los agregados amiloides

Todos los agregados amiloides se caracterizan por poseer una arquitectura genérica que
es rica en estructura en lamina 3 y con unas caracteristicas estructurales distintivas que son en
gran medida independientes de la secuencia de la proteina®®®. Los agregados amiloides son
tipicamente estructuras fibrilares largas, no ramificadas, de s6lo unos pocos nandémetros de
diametro y compuestas generalmente por dos o tres protofilamentos que se enrollan entre si
(Fig. 1.4 D). Estos protofilamentos individuales estan compuestos por moléculas de proteina
apiladas una encima de otra, en forma de hebras  perpendiculares al eje de las fibras, lo que
genera laminas B intermoleculares que recorren la longitud del agregado (Fig. 1.4 A). La
separacion entre las hebras que forman las laminas B a lo largo del eje de las fibras es
independiente de la secuencia de aminoacidos del polipéptido y por ello es constante, con un
valor cercano a 4.7 A. Este valor viene determinado por las interacciones por puentes de

hidrogeno intermoleculares entre grupos de la cadena principal, de ahi que su valor sea muy
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constante. Por el contrario, el espaciado entre laminas B (en la direccion perpendicular al eje de
las fibras) es variable dentro de un rango que tipicamente oscila entre 9 y 11 A, y viene
determinado por las interacciones intramoleculares, por lo que es altamente dependiente de la
naturaleza de las cadenas laterales!#®147 (Fig. 1.4 C). Esta estructura es conocida, por tanto,
como estructua en lamina B cruzada'®-*°1, Una caracteristica observada en muchas estructuras
resueltas de fibras amiloides es la interdigitacion entre ldminas B de los protofilamentos,
conocida como cremallera estérica'®, generando interfases secas en las fibras maduras.
Dependeindo de la disposicion de las ldminas B en el empaquetamiento de la fibra, la estructura
de ésta variard, generando diferentes polimorfos de estructura amiloide. La complementariedad
y el empaquetamiento de las hebras 3, asi como la matriz continua de puentes de hidrégeno que
se forma a lo largo de la direccion del eje de las fibras en la estructura lamina  cruzada explica

la alta estabilidad de la estructura amiloide en relacion con otras estructuras proteicas™®?.

A lo largo del proceso de autoensamblaje de cualquier cadena polipeptidica, pese al
caracter genérico de la arquitectura B cruzada, pueden darse alteraciones en la organizacion
jerarquica de las fibras amiloides. Estas variaciones pueden darse en diferentes etapas del
proceso de autoensamblaje, lo que resulta en variaciones tanto a nivel molecular como
ultraestructural de la fibra!®!31% Estas pueden ir desde la longitud de las hebras B, su
configuracién y disposicion en laminas (3 (paralela frente a antiparalela y en registro frente a
fuera de registro), el nmero y grado de empaquetamiento de las laminas B en protofilamentos,
hasta el ensamblaje de estos en filamentos y finalmente fibras maduras!®*>31>* (Fig. 1.4 A).
La configuracion de las hebras B en el nucleo de las fibras es un tema recurrente en el analisis
de las diversas estructuras de los polimorfos. Las hebras generalmente interacttian para formar
laminas B con una disposicion en registro paralela, esto es que todas las hebras individuales
tienen la misma orientacion amino terminal (N-terminal) a carboxilo terminal (C-terminal) y el
residuo i de una hebra interactia con el residuo equivalente i de la siguiente hebra. Esta
configuracion se ha observado hasta la fecha en todos los polimorfos de fibras de Ap40 y AB42
caracterizadas hasta ahora'®>'®! (a excepcion de algin mutante patoldgico, donde se ha
reportado otra configuracion), de aS*621%¢ taulé”168 amilinal®®’® B2-microglobulinal’, y de
varios fragmentos de PrP"2174, La configuracion en registro paralela maximiza el nimero de
puentes de hidrégeno e interacciones hidrofobas a lo largo del eje de las fibras, a diferencia de
la configuracion fuera de registro, que necesariamente da lugar interacciones alternativas de
residuos hidréfobos-hidréfilos en la direccion de las fibras y, por lo tanto, es probable que dé

lugar a estructuras menos estables. Esta es la razén por la que la disposicion en registro paralela
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se ha propuesto como la favorecida, tanto termodinamica como cinéticamente, en la mayoria
de los polimorfos'®. También se han encontrado configuraciones antiparalelas en polimorfos
de algunas proteinas como es el caso de calcitonina®”, algunos polimorfos de transtiretina®17
y el mutante D23N de AB40*7".

Parece que, pese a que la contribucidn de las interacciones entre los grupos de la cadena
lateral a la energia total de la estructura amiloide son menos relevantes, podrian ser cruciales
para la definicion del tipo de polimorfo amiloide preferido durante el proceso de nucleacion®#’,
Ademas, la preferencia por uno u otro polimorfo vendria dada por las condiciones de la
solucion’®17® o por ciertas mutaciones'®8!, En algunas condiciones, para ciertos polipéptidos,
se ha observado la coexistencia de mas de un polimorfo a la vez!®218, La estabilidad
termodinamica de los diferentes polimorfos analizados no varia en gran medida, y es, por tanto,
la relacion de velocidades de los diferentes procesos de autoensamblaje la que parece que
determina el o los polimorfos que se forman en esas condiciones, asi como la abundancia
relativa de estos. La razén es que, dentro de todos los polimorfos termodindmicamente estables
en un determinado ambiente y que podrian formarse, las barreras energéticas de las diferentes
etapas del proceso de agregacion haran que unas rutas de agregacion sean cinéticamente mas
favorables que otras; lo que llevara a que prevalezcan los polimorfos de las rutas con cinéticas
mas rapidast®!%. Dependiendo de los tipos celulares e incluso en de los diferentes
microambientes dentro de la misma célula, seria muy plausible, por tanto, que se pudieran

formar polimorfos amiloides alternativos.

1.4.1. Caracteristicas estructurales de las especies oligoméricas pre-fibrilares

En el proceso de formacién de agregados amiloides se produce una serie de especies
intermedias conocidas como oligébmeros. Estos son extremadamente dificiles de aislar y
estudiar debido a su naturaleza transitoria y a su baja poblacion en cualquier momento de la
reaccion (en torno al 5-10% como maximo). Poseen una alta heterogeinidad de tamafios (desde
dimeros hasta multimeros de orden superior), de contenido en lamina B (desde especies
desordenadas hasta un contenido en lamina  similar al observado en las especies fibrilares) y
estabilidad variable, al menos durante las primeras etapas de la reaccion de agregacion
(especialmente en la fase de latencia)®”®!. Ademas, el proceso de autoensamblaje de la proteina
para formar el agregado amiloide puede darse a través de una multiplicidad de rutas, que

dependeran de factores como las condiciones de la solucion o de la introduccion de
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mutaciones'®®° 'y cada una de las cuales genera una multiplicidad de especies
oligoméricas®®182190.191 'Consecuentemente, se han reportado una gran variedad de estructuras
y morfologias de oligdbmeros generados durante la agregacion amiloide de proteinas y péptidos.
Desde oligémeros desestructurados®1%? (Fig. 1.4 B 1), a oligdmeros con estructura regular y
con morfologias esféricas o alargadas!®® (Fig. 1.4 B Il), en forma tubular o con forma de

199

anillo®1%+1% (Fig. 1.4 B 111), asi como oligdmeros con un nicleo s6lido**® o con una cavidad

interna como la que presentan los anulares o tubulares.

Con el fin de estudiar en mayor detalle las estructuras de estas especies oligoméricas
que se dan de forma transitoria y en baja proporcion durante la reaccion de agregacion, se han
desarollado protocolos para lograr atrapar cinéticamente ciertas especies y poder
aislarlas®.93198200-202 - Algunas de las estrategias usadas hasta la fecha para atrapar estas
especies involucran un cambio en las condiciones fisicoquimicas bajo las cuales ocurre la
agregacion con el fin de promover rutas amiloides alternativas, mientras que otras involucran
la modificacion covalente de la proteina o la adicion de compuestos quimicos capaces de
interactuar con ciertos tipos de oligémeros e inhibir su elongacion y conversion en fibras?%,
Caben destacar las estrategias que involucran un paso clave de liofilizacién de la muestra de
proteina y, por tanto, de una deshidratacion significativa de las moléculas de proteina, con las
que se ha logrado atrapar y enriquecer muestras que contienen un tipo de especies oligoméricas
particularmente toxicas, que en algunos casos se demostré que presentaban propiedades
analogas a un tipo estructural de oligdbmeros generados durante la fromacion de fibras
amiloides?04205202.206.199.93207 - Djyersos estudios apuntan a que los oligomeros asociados a
toxicidad tienen una gran superficie hidrofobica expuesta al solvente!t2201208.209 'con yn niicleo
estructurado ordenado, tipicamenete en lamina B%1°. Para el caso de los oligémeros citotoxicos
del pétido AP, se han encontrado varias estructuras ricas en laminas [ asociadas a especies
toxicas, por ejemplo, una estructura en lamina B antiparalela?®>?1:212 yna conformacion de
barril 3233 y una con una arquitectura p cruzada similar a las fibras de amiloide?'4. En cuanto a
aS, también se han podido observar formas oligoméricas ricas en ldminas B antiparalelas
asociadas a citotoxicidad®%32%2 |0 que contrasta con la estructura en laminas B paralelas propia

de las fibras de esta proteina.
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Figura 1.4. Estructuras de las diferentes especies existentes en el proceso de agregacion amiloide. (A)
Estruturas a resolucion atémica de la jerarquia de motivos implicados en el autoensamblaje de las fibrillas
amiloides y su polimorfismo. (B) Estructura de diferentes especies oligométicas amiloides: oligbmero
desordenado (I) de oS, globular (IT) de ABa2 y anular o tubular (III) de aBcristalina. (C) Patron de difraccion
de rayos X caracteristico de un agregado con una arquitectura tipicamente de lamina B cruzada. (D)
Arquitectura de un caracteristico polimorfo amiloide en el que la fibra estd compuesta por tres filamentos,
cada uno de ellos a su vez formados por pares de protofilamentos con estructura B cruzada, cada uno
compuesto por pares de laminas B que interactiian con otros protofilamentos a través de interacciones
especificas mediadas por agua establecidas entre las cadenas laterales de los residuos de la proteina que
forma el nicleo de la fibra. Esta imagen fue obtenida mediante la combinacion de imégenes crio-
microscopia electrénica (cryo-EM, por sus siglas en inglés) con anélisis de resonancia magnética nuclear
de estado sélido (SSNMR, por sus siglas en inglés). La barra de escala en la imagen de cryo-EM es de 50
nm. Figuras adaptadas de Fitzpatrick et al.*>, Breydo and Ubersky?'® y Fusco et al.?°.

1.4.2. Toxicidad de los agregados amiloides

Como se dijo anteriormente, la agregacion de proteinas es perjudicial para las células
de forma directa e indirecta. Indirecta por el agotamiento de la proteina funcional nativa, cuya
ausencia implica la inhibicién de su funcion fisioldgica; y de forma directa porque el proceso
de mal plegamiento puede llevar a que las proteinas adopten conformaciones patdgenas dafinas
para el organismo. Ademas, la agregacion de una determinada proteina también puede
desencadenar la agregacion de otras proteinas propensas a ello, multiplicando asi el efecto
perjudicial?’®?’. Ya se dijo que la sefial de identidad de muchas enfermedades
neurodegenerativas es la presencia de cimulos de proteina mal plegada en forma de agregados
amiloides, como los cuerpos de Lewy (LBs, por sus siglas in inglés) en la enfermedad de
Parkinson (PD)?8, o las placas de amiloide en la enfermedad de Alzheimer (AD)?*°. Esto llevd
a gque durante mucho tiempo se creyese que los acimulos de fibras amiloides podian ser los
responsables de la toxicidad que daban lugar a la enfermedad®®, ya que las especies

monomeéricas no poseen ninguna toxicidad celular directa a concentraciones fisioldgicas!*’. Sin
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embargo, cada vez mas estudios han demostrado que ciertas especies de oligdbmeros
intermedios y fibras aisladas cortas son las especies mas dafiinas®??%2?°, De hecho, se ha
encontrado una fuerte correlacion entre los niveles de oligomeros amiloides solubles en el
cerebro de pacientes con AD y PD y el grado de deterioro cognitivo??2°-233 o que concuerda
con que los oligdbmeros amiloides solubles interfieren con la funcion sindptica contribuyendo a
la disfuncion cognitiva en las enfermedades neurodegenerativas?*. Por otro lado, se ha llegado
a proponer que la formacion de fibras amiloides podria ser un proceso fisioldgico detoxificante
ya que ayudaria a la eliminacion de especies intermedias solubles mas toxicas!#’. Asi, los LBs
en la PD o las placas amiloides en la AD serian los sumideros detoxificantes de especies

amiloides toxicas.

Se ha propuesto que muchas de las formas oligoméricas que presentan toxicidad
poseerian hebras f dispuestas alrededor de una cavidad central, lo que podria favorecer la rotura
de la membrana celular y la induccion de apoptosis por el flujo incontrolado de iones tras su
insercion en esta membrana a través de un mecanismo similar a poros®1°4198:235-240  Otrog
grupos apuntan a la desestabilizacion de la membrana sin la necesidad de la formacién de poros
especificos en esta?*~243, También hay estudios en donde se observa como la interaccion de
ciertos oligomeros amiloides, en particular los de AP, con receptores de membrana especificos,
podrian ser el origen de sus efectos toxicos?424¢, De hecho, aunque actualmente no esta claro
el mecanismo exacto por el cual ciertos oligomeros solubles podrian presentar toxicidad,
multiples estudios apunta a que la perturbacion de la membrana celular podria ser un paso
inicial generalizado en el proceso de neurodegeneracion. Esta perturbacion,
independientemente del mecanismo especifico que siga el oligdmero en su interaccién con la
membrana celular, puede dar lugar a una desregulacion de la transduccién de sefiales, cambios
en la homeostasis ionica en la célula, aumentos en los niveles de calcio intracelular e induccion
de estrés oxidativo, probablemente como resultado de la entrada de calcio extracelular e iones
metalicos con actividad redox en las células?®"247-2%,

Aparte de la toxicidad asociada a la interaccion entre determinados oligomeros y las
membranas celulares, se han propuesto otros efectos citotoxicos producidos por oligbmeros
amiloides y que contribuirian al mecanismo de neurodegeneracion. Entre otros estaria incluida
la induccion de estrés oxidativo?®2%!, disfuncion de las mitocondrias?®2?%, deterioro del
complejo de proteasoma®* y bloqueo del trafico en el reticulo endoplasmatico y el aparato de

Golgi?®. Este bloqueo provoca una acumulacion de proteinas (de membrana) desplegadas y
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mal plegadas, que ya no pueden modificarse de forma postraduccional y/o transportarse a la

membrana celular. Este estrés persistente finalmente resulta en autofagia y apoptosis®®.

Pese a que diferentes estudios apuntan a que las fibras amiloides presentan una toxicidad
muy baja>>’ %0, otros estudios han observado que ciertas fibras amiloides si que pueden
presentar toxicidad!8>261-264 En estos estudios, los mecanismos de toxicidad observados para
las fibras son en muchos casos idénticos a los que se han asociado con las especies
oligoméricas®®2%, Una observacion interesante es que las fibras pueden ser una fuente
potencial de oligémeros toxicos, dado el equilibrio termodindmico existente entre fibras,
oligbmeros y monomeros®1-229269270  De hecho, estudios in vivo han informado de un halo de
oligémeros solubles que rodea las placas amiloides?’, y dada su naturaleza soluble y difusiva,
éstos podrian alcanzar regiones distantes y dar lugar a dafios celulares. En una publicacion
reciente nuestro grupo ha demostrado que esta propiedad de las fibras de liberar oligdmeros
toxicos se ve potenciado en el ambiente celular y es la responsable de inducir disfuncién

neuronal?®.

Las fibras amiloides, por tanto, parece que no son intrinsicamente tan toxicas como los
oligbmeros, pero, dado su elevado nimero, en comparacién con las especies oligoméricas, y su
capacidad de elongacidon, podrian tener un papel importante en procesos de propagacion de
neurodegeneracion®®*. En este sentido, cabe destacar que las fibras de ciertas proteinas como
aS?", tau?’?, o SOD127 pueden fragmentarse y trasmitirse entre neuronas, llegando asi a
neuronas sanas en las que actuardn como semillas para desencadenar nuevos procesos de
autoensamblaje. Este proceso constituye un mecanismo del proceso neurodegenerativo y

favorece que los procesos de agregacion amiloide se diseminen por todo el cerebro®:274,

1.5. Amiloidosis o enfermedades relacionadas con la agregacion amiloide de
proteinas
En la Naturaleza hay diferentes mecanismos para mantener el proteoma soluble, entre
los que caben destacar algunos propios de las IDPs, como la presencia de aminoacidos
resistentes a la agregacion??. También dentro de la célula existe una serie de mecanismos para
evitar procesos de mal plegamiento y agregacion de proteinas, entre los que se incluyen la
accion de chaperonas como las de la familia de las chaperonas de estrés térmico (Hsp70,
Hsp90), asi como mecanimos de degradacion de proteinas, particularmente la ruta del

proteasoma y la de autofagia®’®. Pero estos mecanismos no siempre son lo suficientemente
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efectivos o se encuentran comprometidos en condiciones de estrés o envejecimiento, llevando
en ocasiones a la formacion de especies citotoxicas, y como consecuencia de esto, al desarrollo
de ciertas patologias conocidas globalmente como enfermedades por mal plegamiento de
proteinas (PMD, por sus siglas en inglés). Entre estas PMD pueden diferenciarse un grupo
particular de desérdenes caracterizados por la presencia de agregados amiloides, denominados
enfermedades amiloides o amiloidosis. Hoy en dia se conocen alrededor de 50 PMD diferentes
relacionadas con la acumulacion de agregados amiloides'®, que van desde varias enfermedades
neurodegenerativas como la AD, la PD o las encefalopatias espongiformes transmisibles, hasta
amiloidosis sistémicas como la amiloidosis de cadena ligera o amiloidosis localizadas como la
diabetes mellitus tipo Il (T2D, por sus siglas en inglés)**’. La AD, la PD y la T2D por si solas
representaron alrededor de 3 millones de muertes en 2013, lo que constituye el 5.6% de todas
las muertes en el mundo?’®. Y en los paises desarrollados, de altos ingresos, la AD se encuentra
entre las cinco causas principales de muerte, lo que se convertird en un problema

socioecondémico aun mayor, a medida que la sociedad envejezca y no haya terapia disponible.

En las enfermedades amiloides, el proceso de mal plegamiento de las proteinas se
considera un evento causal central que inicia la patologia. Esto esta respaldado por estudios
genéticos, donde las mutaciones que conducen a un aumento de la produccién de la proteina o
las mutaciones que aumentan la propension a la agregacion de la proteina causan formas graves
y de aparicion temprana de la enfermedad. Se han descrito alteraciones genéticas asociadas a
patologias amiloides por ejemplo para la AD?"’, PD?"®, la ALS?”® y la enfermedad de
Huntington°. En el caso de la AD, este proceso central de agregacion de proteinas se denomina

cascada amiloide y ya fue formulado en 1992 por Hardy y Higgins?®.

1.5.1. Enfermedad de Parkinson

La enfermedad de Parkinson (PD, por sus siglas en inglés) es una neuropatia descrita
por primera vez en 1817 por el médico inglés James Parkinson, en su “Ensayo sobre la paralisis
temblorosa”?®. Esta considerada como una enfermedad asociada tipicamente al envejecimiento
y afecta a entre el 1 y el 2% de la poblacién mayor de 60 afios, aunque esta proporcion sube al
3-4% a partir de 80 afios o para individuos con antecedentes familiares?®3?%4, Se desconoce la
etiologia concreta de la enfermedad en la mayoria de los pacientes, pero se han identificado
diferentes causas genéticas en aproximadamente el 5% al 10% de los casos?®*. En Europa

surgen de 9 a 22 nuevos casos por 100 000 habitantes cada afio, y Dorse et al. estimaron que el

54



numero de pacientes con PD en Europa occidental y los 10 paises méas poblados del mundo en
2005 era entre 4.1 y 4.6 millones; postulando que para el afio 2030 se alcanzaria mas del doble,
de 8.7 a 9.3 millones?®>?% o que la convierte en el segundo trastorno neurodegenerativo
humano mas comuin después de la AD?’. Los factores de riesgo incluyen la edad, el factor mas
importante, el sexo, siendo la incidencia mas acusada en varones, con un riesgo moderado?®,
y algunos factores ambientales, como la exposicion frecuente a ciertos pesticidas?®. Por contra,
otros factores ambientales, como el consumo de cafeina, anti-oxidantes o la toma de

antiinflamatorios no esteroides podrian ser factores protectores de la PD?42%,

La PD se trata de una enfermedad cronica, caracterizada por sintomas que incluyen
temblor en reposo en las extremidades, bradiquinesia o lentitud de movimiento, rigidez
muscular e inestabilidad postural, asi como alteraciones del estado de animo, el habla, la
memoria y la cognicion?®!. Estos surgen de una pérdida progresiva de neuronas, principalmente
de neuronas dopaminérgicas en la parte compacta de la sustancia nigra (SNpc, por sus siglas
en inglés), una region del mesencéfalo (Fig. 1.5 A) que participa en el control motor. Esta
pérdida estd acompafiada por la deposicion de agregados amiloides de la proteina oS (Fig. 1.5
D) en los conocidos como cuerpos de Lewy (LBs, por sus siglas en inglés) y neuritas de Lewy
(LNs, por sus siglas en inglés), que son inclusiones intracelulares solidas en las neuronas
supervivientes?03.218292293 Estag inclusiones llevan el nombre de Friederich Heinrich Lewy,
quien las identifico por primera vez en el tejido cerebral de pacientes con PD, pero existen otras
enfermedades con LBs, como la demencia con cuerpos de Lewy (DLB, por sus siglas en
inglés)?®42%, Las inclusiones se denominan “cuerpos” o “neuritas” dependiendo de si estan
ubicadas en los cuerpos de las células neuronales o en axones o dendritas, respectivamente, y
también tienden a diferir en forma, pero en todos los casos contienen aS agregada como
principal constituyente proteico®®, junto con varias otras moléculas como chaperonas
moleculares, lipidos y componentes de sistemas de degradacion de proteinas®®’:2%,

Recientemente se ha descrito una gran abundancia de membranas lipidicas en LBs?®°.

Se estima que alrededor del 70% de las neuronas mueren antes de que se observen los
sintomas claros®®. En la actualidad, la inica forma de un diagndstico certero es la confirmacion
post mortem, mediante un examen histopatolégico de la pérdida neuronal y la presencia de LBs
y LNs?!8, La pérdida de neuronas dopaminérgicas en la sustancia nigra se puede ver facilmente

en el andlisis post-mortem del cerebro de un paciente con PD, ya que la region de la sustancia
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nigra, que suele ser de color oscuro, estd muy destefiida debido a la pérdida celular®®* (Fig. 1.5
ByCQC).
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Figura 1.5. Representaciones del cerebro, de una seccion de mesencéfalo, representacion
esquematica de la via nigroestriatal en estado normal y afectada por enfermedad de Parkinson y
corte histologico de la sustancia negra mostrando cuerpos de Lewy y neuritas de Lewy. (A)
Representacion del cerebro y de una seccion del mesencéfalo en dénde podemos localizar la SNpc. (B)
Esquema de la via nigroestriatal en estado normal (en rojo), compuesta por neuronas dopaminérgicas cuyos
cuerpos celulares estan ubicados en la SNpc (ver flechas). Estas neuronas se proyectan (lineas rojas
continuas gruesas) a los ganglios basales y hacen sinapsis en el cuerpo estriado (es decir, el putamen y el
nacleo caudado). La fotografia demuestra la pigmentacion normal del SNpc, producida por neuromelanina
dentro de las neuronas dopaminérgicas. (C) Esquema de la via nigroestriatal en un paciente de PD (en
rojo), en el que se observa la degeneracidn de la via nigroestriatal. Hay una marcada pérdida de neuronas
dopaminérgicas que se proyectan al putamen (linea discontinua) y una pérdida mucho mas modesta de las
que se proyectan al caudado (linea delgada roja sélida). La fotografia demuestra la despigmentacion (ver
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flechas) del SNpc debido a la pérdida marcada de neuronas dopaminérgicas. (D) Tejido de sustancia negra
de paciente con LBD que muestra LBs (1 y 1) y LNs (I y 1) positivos para aS; barras de escala a 100 um
(1), 210 um (1) y a 90 pum (I11). Figura adaptada de Blausen.com staff (2014). «Medical gallery of Blausen
Medical 2014». WikiJournal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 2002-4436; de Dauer and
Przedborski®®?; y de Spillantini et al.®2.

1.6. a-Sinucleina

Como se dijo anteriormente, aS agregada en forma de fibras amiloides es el principal
componente de los LBs, lo que ha llevado a la comunidad cientifica a hipotetizar que los
mecanismos moleculares que originan la PD estdn asociados con la agregacion amiloide de
aS3033%4  Ademas, en 1997 se descubrié que mutaciones puntuales en el gen SNCA, que
codifica oS, estdn fuertemente asociadas con formas familiares hereditarias, al igual que
duplicaciones y triplicaciones del locus de este gen, provocando una aparicién temprana de la
enfermedad asi como una elevada agresividad, lo que aumenté significativamente el interés
sobre esta proteina?’®3%, Ademas, un estudio de asociacion de todo el genoma ha demostrado
que individuos con ciertos polimorfismos del gen SNCA, algunos de los cuales se han
relacionado con una mayor expresion de aS en neuronas®®, tienen un mayor riesgo de

desarrollar PD y MSA esporadicos®?73%,

aS es una proteina de 140 residuos y 14460 Da que se encuentra intrinsecamente
desordenada en su forma nativa, codificada por un Gnico gen que consta de siete exones
ubicados en el cromosoma 4 3%°. S se expresa abundatemente en el cerebro y constituye hasta
el 1% de las proteinas del citosol de las neuronas®®3!!, Fue descrita por primera vez por
Maroteaux et al. en 1988, tras su estudio con pez Torpedo californica, como una proteina
neuronal que se localiza en los terminales presinapticos de los axones, asi como en el nucleo,
lo que llevd a su denominacion como sinucleina®2. Sin embargo, su localizacion nuclear ha
sido debatida a lo largo de los afios, e investigaciones en cerebro de rata y humano sugieren su
ubicacion principalmente en la region citosolica de neuronas®?®, creyendo que una fraccion
importante, en torno a un tercio de la misma, se encontraria unida a membranas. En el cerebro
humano, aS es abundante en la sustancia negra, el tdlamo, la amigdala, el nacleo caudado, el
hipocampo y el neocdrtex®%3!* y recientemente también se ha localizado como proteina
abundante en el intestino, con una conexion intestino-cerebro, a través del nervio vago, que
podria ser relevante para la enfermedad®. Se sabe que se localiza especificamente en las
terminaciones nerviosas presinapticas, en proximidad con vesiculas sinapticas, y por esta razon
se la denomina frecuentemente como "proteina presinaptica3!%31’. Ademas, se cree que tiene

algin papel en la homeostasis de las vesiculas sindpticas, aunque su funcién o funciones
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fisiologicas estan por concretar*®31°, Se ha propuesto que participa en el almacenamiento,

320 311

transmision y biosintesis de dopamina®<”, asi como en el trafico®** y estabilizacion de vesiculas
sinapticas®?'. Ademas, se le han asociado otras funciones como de ferrireductasa celular®??, de
trasportador de acidos grasos entre el citosol y la membrana®?® o de reguladora del complejo |

de la mitochondria®?*

, aunque el papel de aS en estas otras funciones esta por aclararse.
Ademas, se ha propuesto que oS interactia con al menos 30 proteinas diferentes, 1o que se ha

relacionado con un papel importante en la sefializacion celular3*432°,

Se ha demostrado la importancia de las sinucleinas en el correcto funcionamiento
cerebral. La familia de las sinucleinas en los vertebrados consta de las tres isoformas a-, - y
y- sinucleinas (Fig. 1.6 A) y de sironetina®®. Se sabe que las funciones de aS pueden ser
suplidas, en ausencia de esta, por sus isoformas B-sinucleina (BS) y y-sinucleina (yS)3/,
habiéndose encontrado que la ausencia de todas las isoformas conduce a una disfuncién
neuronal dependiente de la edad y muerte prematura, lo que indica que las sinucleinas son
contribuyentes importantes para el funcionamiento a largo plazo del sistema nervioso®?332°, No
obstante, la ausencia de la isofoma a, como consecuencia de su agregacion, no es suficiente

para explicar los efectos asociados a las alfasinucleopatias (ver apartado siguiente).

1.6.1. Caracteristicas del monémero de a-sinucleina

La secuencia de aminoacidos de la aS se puede dividir en tres regiones (Fig. 1.6 B)

atendiendo a las caracteristicas que presenta cada una de ellas:

e Regién N-terminal

La region N-terminal se encuentra localizada en los residuos 1-60 y posee un gran
namero de lisinas (Fig. 1.6 A), lo que le confiere carga neta positiva a pH neutro. Ademas,
contiene cuatro repeticiones imperfectas completas de 11 residuos con un motivo hexamérico
bastante conservado (KTKEGV), que favorecen gque esa seccion de la proteina adquiera una
conformacion de hélice a anfipatica (Fig. 1.6 B) en determinadas condiciones®3%3%, Las hélices
a formadas por estas repeticiones coinciden con precision con el motivo de hélice de clase A2
de las apolipoproteinas®®, conocidas por su capacidad de unién de manera reversible a las
superficies de las membranas lipidicas®**. De hecho, mdltiples estudios confirman que aS se
une a las membranas lipidicas®**=3% y lo hace a través de su region N-terminal, que adopta una

estructura de hélice o al unirse a estas®*®3* (Fig. 1.7 A). Cabe destacar también que, en la
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region N-terminal podemos encontrar una seccion comprendida entre los residuos 45-57, donde
se localizan la mayoria de los sitios de mutacion patologicos encontrados en pacientes: A30P,
E46K, A53T3*2, H50Q%*? y G51D3*, lo que enfatiza la importancia de sus modificaciones en
el comportamiento de la aS. Ademas, en esta region, concretamente en el extremo N-terminal,
se encuentra la modificacion post-traduccional mas importante de la proteina en su estado
fisioldgico. De hecho, un 90% de oS se encuentra en células eucariotas acetilado en el extremo

N-terminal®*.

e Region NAC

La region central de la proteina, del residuo 61 al 95, es conocida como componente 3
no amiloide (NAC, por sus siglas en inglés), y se caracteriza por su caracter hidrofébico y su
carencia de cargas (Fig. 1.6 A). Esta region tiene predisposicion tanto a plegarse en una
conformacion de hélice o al interactuar con membranas lipidicas altamente cargadas
negativamente®*®347 como consecuencia de la existencia de otras tres repeticiones imperfectas
completas de 11 residuos semejantes a las del N-terminal, como a hacerlo en una estructura de
lamina B al autoensamblarse®*® (Fig. 1.6 B). De hecho, se la considera como la region minima
e indispensable para la agregacion de aS y la formacion de estructuras en laminas p34°3%°,
Multiples estudios estructurales muestran que esta region de la proteina se encuentra formando
parte del nicleo de la fibra y que los residuos 1-30 y 110-140 se encuentran mdviles y
desestructurados!®?348:351-3%3 Esto hace a la region NAC el segmento clave para la agregacion
de oS, y las alteraciones en su secuencia influyen en su capacidad de autoensamblaje. Ejemplos
de la importancia de esta region para la agregacion los podemos ver en estudios en que se
truncan secciones completas como los 12 residuos que van de los aminoacidos 71 al 82 3%, o
los 9 que van de los aminoécidos 66 al 74 %4, y que inhiben por completo la agregacion; o los
aminoéacidos 67-71, que llevaron a una reduccion significativa en la agregacion sin abolirla por
completo®®®. Ciertas mutaciones puntuales en esta region tienen comportamientos similares*®,
lo que ha llevado a proponer que la region entorno a residuos 68-82 es esencial y suficiente

para agregar>*°,

e Region C-terminal

La region C-terminal de aS se localiza entre los residuos 96 y 140, y posee carga neta
negativa como consecuencia de la presencia de 10 residuos de &cido glutdmico y 5 de acido

aspartico (Fig. 1.6 A). Debido a la alta densidad de carga y a la presencia de 5 residuos de
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prolina, esta region permanece desordenada en todas las conformaciones de la proteina hasta
ahora desccritas®®" %, y es responsable de su termosolubilidad®®*. En la estructura de las fibras
amiloides, por tanto, esta region permanece desordenada decorando la superficie de las fibras,
lo que muy probablemente resulte en una desestabilizacion de la estructura fibrilar por
repulsiones electrostaticas entre estas regiones. De esta manera, la eliminacion de esta regién

362

favorece el autoensamblaje®* y ha sido relacionada con un estado patoldgico, ya que se han

encontrado fragmentos truncados del C-terminal en LBs de pacientes de PD y DLB*®,
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Repeticiones de KTKEGV imperfectas

Figura 1.6. Secuencia de o-sinucleina y regiones en las que se divide. (A) Secuencia aS con las 7
repeticiones inperfectas de KTKEGV subrayadas en verde, las lisinas (cargadas positivamente) en azul,
los acidos asparticos y glutdmicos (cargados negativamente) en rojo y los residuos hidrofébicos en
amarillo. (B) Representacion esquematica de las regiones de la aS, localizacion de 1os siete motivos
imperfectos (en azul) de secuencia KTKEGV repetidos entre los primeros 100 residuos N-terminales de
esta proteina y las cinco regiones (en amarillo) que se determinaron que adquirian estructura en hebra 3 en
un polimorfo de fibra amiloide3“. Figura adaptada de Cremades et al.?%,

Las propiedades especificas de cada una de estas regiones determinan el
comportamiento global de la proteina. Por ejemplo, la isoforma S (Fig. 1.7 A) tiene un elevado
grado de identidad de secuencia en la region N-terminal, pero varia en el segmento 73-83 de la
region NAC, que se encuentra ausente en esta isoforma, lo que impide su agregacion®17-349:365,
vS presenta también una alta identidad de secuencia en la region N-terminal, pero varia
significativamente en la region NAC y C-terminal, en todo caso, altamente acidica, lo que
también resulta en una reduccion muy considerable de su agregacion®3-365-368 De hecho, se ha
observado que la introduccion de mutaciones en la region NAC de BS, con intencion de
asemejarla mas a la de oS, puede promover que la BS agregue in vitro en las mismas
condiciones en que lo hace su homélogo aS®%°. Asi mismo, tampoco se han identificado

agregados de BS ni de yS en las inclusiones de proteina de los LBs ni de las LNs en pacientes
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de PD o de LBD3°3037  Ademas, cabe destacar que en presencia de BS y yS se observa la

inhibicion de la agregacion in vitro de a.S%67372,
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Figura 1.7. Comparativa de las secuencias de las sinucleinas a, g y y; proyeccion de rueda helicoidal
de a-sinucleina y estructuras en hélice a de a-sinucleina al unirse a membranas lipidicas. (A)
Comparacion de las secuencias de aminoacidos de las sinucleinas o, B y v en las que se muestran los
residuos conservados en cada secuencia, siendo el tono mas oscuro de azul el que corresponde a posiciones
en donde se conserva el aminoacido y el blanco el de posiciones donde no se conserva. (B) Rueda con las
7 repeticiones inperfectas de KTKEGV en donde se muestran las lisinas (cargadas positivamente) en azul
y los residuos de glutdmico en naranja. aS interacta principalmente a través de interacciones
electrostaticas entre residuos de lisina y grupos de cabeza lipidica cargada negativamente, asi como
interacciones hidrofébicas entre residuos no polares y las cadenas de acilo alifaticas. (C) Conformacion en
herradura de aS con estructura secundaria en hélice a; se encuentra dividida en dos hélices, N-hélice (3-
37) y C-hélice (45-92), separadas por un bucle desordenado (38-44). (D) Conformacion de hélice extendida
de oS con estructura secundaria en hélice o; con una hélice continua que abarca los primeros residuos ~90.
Figuras adaptadas de Choi et al.33, Ulmer et al.3", Robotta et al.*”® y Georgieva et al.>*, La estructura C
puede encontrarse en el PDB37,

Como se dijo anteriormente, se ha propuesto que la region NAC es el segmento clave
en la agregacion amiloide de la sinucleina, por lo que el control de las interacciones de regiones
NAC de diferentes mondmeros entre si seria fundamental para mantener a la proteina en estado
monomeérico. En principio, dado el caracter no polar de esta regién, cabe esperar que tiendan a
interaccionar entre si preferentemente antes que con el solvente acuoso. Sin embargo, se
desconocen los residuos concretos y el tipo de interacciones que facilitan los primeros
contactos entre moléculas de aS. En este mismo sentido, y a nivel de monomero, se ha
observado que la region C-terminal en la conformacion desordenada de oS estaria
estableciendo interacciones transitorias de largo alcance con las otras dos regiones de la
proteina, protegiendo asi a la region NAC del solvente acuoso y evitando su

autoensamblaje®’73"8, Este podria ser un mecanismo de proteccion desarollado evolutivamente
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por la proteina para evitar su agregacion en condiciones fisioldgicas®’®. Estas interacciones
transitorias de largo alcance se podrian dar en condiciones fisioldgicas entre la region 120 a
140 del C-terminal y el segmento 30 a 100 comprendido entre las regiones N-terminal y
NAC39-38L Es por ello que, cuando la interaccion entre el C-terminal y las otras dos regiones
de la proteina se debilita por un pH bajo, o por la adicion de policationes o un aumento de la
fuerza ionica de la solucion, aumenta la exposicion de la region NAC y se observa una

aceleracion de la agregacion363%2,

Se han observado repeticiones de secuencia en diferentes proteinas asociadas con
enfermedades neurodegenerativas. La huntingtina, relacionada en su forma expandida con la
enfermedad de Huntington, normalmente contiene una repeticion de poliglutamina. Existe una
fuerte correlacion entre la longitud del tracto de poliglutamina expandido, la edad de inicio de
la enfermedad y la tasa de formacién de fibras in vitro por péptidos modelos que contienen
poliglutamina®®3°. Tau, una proteina asociada con la demencia frontotemporal y la AD, también
contiene repeticiones que afectan su tasa de polimerizacion3®3%4, Otro ejemplo se da en una
forma de enfermedad genética por priones que es causada por la insercion de copias adicionales
de una repeticion de octapéptidos cerca del extremo N-terminal de PrP38%387 No se conocen
las funciones bioldgicas de estas repeticiones en la secuencia de ciertas proteinas, pero se cree
que han de tenerlas al haberse convervado evolutivamente. En el caso de aS, a lo largo de las
regiones N-terminal y NAC, su secuencia presenta un total de 7 repeticiones imperfectas
completas de 11 residuos con un motivo conservado KTKEGV. Como se dijo antes, 4 de estas
repeticiones se encuentran en la region N-terminal y las otras 3 se extienden a lo largo de la
region NACS3®, Estas 7 repeticiones favorecen que, en contacto con interfases
hidrofébicas/hidrofilicas (interfases H/H), la proteina adquiera una conformacion de hélice a
en la que los residuos mas hidrofobicos se disponen preferentemente en una cara, limitada por
dos bandas laterales de lisinas (cargadas positivamente), y opuesta a una cara en la que se
disponen preferiblemente los residuos mas hidrofilicos (Fig. 1.7 B), lo que aporta a la hélice un
fuerte caracter anfipatico3®. Estsa hélices anfipaticas son fundamentales para permitir la union
de la aS a membranas lipidicas, lo que formaria parte de sus funciones fisiologicas®>>%°, La
hélice puede aparecer como una hélice extendida®*3% (Fig. 1.7 C) entre los residuos 3 y 92,
generalmente cuando el area de la membrana es lo suficientemente grande y no presenta
demasiada curvada. En presencia de vesiculas lipidicas pequefias, con una gran curvatura, como
374

es el caso de las vesiculas sinapticas, la proteina adopta una estructua en hélice de herradura

(Fig. 1.7 D) con dos hélices que abarcan los residuos 3-37 y 45-92, separadas por un bucle que
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abarca los residuos 38-44. Se conoce la estrecha relacion que existe entre la aS y las vesiculas
sinapticas®33°, cuya membrana externa estd formada por lipidos entre los que destacan
colesterol, fosfolipidos fosfatidilcolina (32%), fosfatidilserina (12%), fosfatidiletanolamina
(54%), fosfatidilinositol (2%) y esfingomielina®®. Dada la elevada afinidad de la proteina por
este tipo de vesiculas, su unién genera un complejo estable sin que se promueva la agregacion
de la proteina®¥?3%, Se sabe ademas que oS se une preferentemente a lipidos anidnicos en
comparacion a los neutros®30%43% o que tiene sentido dadas las caracteristicas bandas de
lisinas alineadas a cada lado de la hélice formada (Fig. 7 B), favoreciendo su interaccion con
las cabezas cargadas negativamente de los lipidos anionicos de las membranas con las que

interacciona®’33%,

1.6.2. Caracteristicas de los agregados amiloides de a-sinucleina

Una vez se relaciond la agregacion amiloide de a.S con la PD®?, se multiplicaron tanto
los estudios orientados a caraterizar este proceso, como los que pretendian caracterizar

estructuralmente y bioguimicamente los propios agregados.

El proceso de agregacion amiloide de oS se ha podido reproducir in vitro, en el tubo de
ensayo, Yy las fibras amiloides generadas eran, a priori, morfoloégicamente, tintorialmente y
bioquimicamente indistinguibles de las que se habian encontrado en pacientes'®3, aunque como
se ha visto muy recientemente por comparacion de estructuras tridimensionales obtenidas por
cryo-EM, existen diferencias estructurales importantes3®®. Los estudios in vitro permiten
controlar los factores que dan origen a la agregacion y seguir el proceso de mal plegamiento,
lo que aporta gran informacion de las condiciones en que se generan los agregados y los detalles
del mecanismo en si'%"1843% Con el reciente desarrollo logrado en técnicas de determinacion
estructural como la resonancia magnética nuclear de estado sélido (SSNMR, por sus siglas en
inglés)t%® o la cryo-EM?*%°4%1 se han podido resolver varias estructuras a resolucion atdmico de
diferentes polimorfos de fibras de a.S generadas in vitro con proteina recombinante (Fig. 1.8
D). En la mayor parte de los estudios llevados a cabo se ha comprobado que el nacleo de la
fibra se encuentra comprendido aproximadamente entre los residuos 35 y 100 162166351400 gjp,
embargo, se han observado diferencias estructurales significativas entre la variedad de
polimorfos de fibras estudiados. El numero y la ubicacion de las hebras 3 dentro de esta region
varia de unos polimorfos a otros, segtn las condiciones de la solucién en que se han generado.

La fuerza ionica, la presencia de polianiones o el pH de la solucion son los principales factores
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para la variabilidad de la estructura de las fibras, lo que muestra la relevancia de las
interacciones electrostaticas en las fuerzas intramoleculares e intermoleculares que definen la
estructura general de los diferentes polimorfos amiloides®®: 4%, Pese a esta variadad de
configuraciones de las hebras f en el protofilamento y las diferencias que surgen en el
empaquetamiento de estos dentro del filamento, en algunas estructuras, el ndcleo del
protofilamento es similar, con una estructura de llave griega®®®4%* (Fig. 1.8 D). Entre toda la
diversidad de polimorfos cabe destacar que los tipicamente obtenidos in vitro en PBS con un
pH entonto a 7.4 por agitacion a 37 °C poseen una morfologia alargada formada por dos
filamentos que pueden enrollarse entre si presentando o no una simetria de giro o simetria
helicoida levogira (Fig. 1.8 B). Que presente 0 no esta simetria de giro depende del
empaquetamiento de los dos protofilamentos que forman el filamento, que al acoplarse para
dar la fibra llevaran a que esta presente una u otra morfologia®®* (Fig. 1.8 A). Es importante
resaltar que diversos estudios han investigado el comportamiento de polimorfos amiloides de
oS generados in vitro tanto en cultivos celulares como en animales, mostrando la variedad de
capacidades de sembrado y propiedades neurotdxicas de los diferentes polimorfos
analizados®18>229262 - Estos y otros estudios apuntan a la idea de que las diferentes
conformaciones de los polimorfos de aS contribuyen al tipo de enfermedad neurodegenerativa
que presenta el paciente, asi como al pronostico de la enfermedad; lo que ha llevado a establecer

una relacidon entre polimorfo amiloide de aS y tipo de sinucleinopatia especifica.

Recientemente se han resuelto las estructuras de fibras amiloides de oS extraidas post
morten de muestras de pacientes*®4%, y, muy recientemente, se ha reportado que las fibras
generadas en reacciones de siembra in vitro con nucleos de fibras obtenidas de pacientes no
mantienen las propiedades estructurales de las fibras parentales, sino que se asemejan mas a las
estructuras amiloides generadas in vitro*'%. A partir de estos hallazgos cabe preguntarse si los
agregados amiloides generados in vitro a partir de oS recombinante son realmente comparables
a los que se extraen de pacientes con diferentes sinucleinopatias. En un estudio reciente se
compar6 mediante cryo-EM la estructura de las fibras de las inclusiones de aS extraidas post
morten del putamen de pacientes con atrofia multisistéemica (MSA, por sus siglas en inglés)
con las extraidas post morten de la corteza y la amigdala de pacientes con DLB, sin tratamiento
previo de amplificacion. Los resultados que arrojaron este estudio son muy interesantes: todos
los agregados analizados extraidos de pacientes con MSA tenian estructuras similares entre si,

muy diferentes a los agregados extraidos de pacientes de DLB, y en ambos casos notablemente
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diferentes a los polimorfos formados in vitro con proteinas recombinantes que han sido

reportados hasta la fecha3®®

. A semejantes conclusions llegaron en un estudio anterior en que
también analizaban, aunque con menor resolucion mediante resonancia magnética nuclear
(NMR, por sus siglas en inglés) y resonancia paramagnética de electrones (EPR, por sus siglas
en inglés), agregados amiloides extraidos de muestras de cerebro de pacientes con MSA y con
PD*%, Lo que lleva a destacar la urgente necesidad de encontrar condiciones de agregacion de
aS in vitro que realmente emulen las vias de agregacion que se desarrollan in vivo, en el interior
de la célula, para cada sinucleinopatia. Ademas, debemos recordar que la diversidad de
polimorfos, sobre todo los que son muy divergentes, podria deberse a la existencia de una
variedad de rutas de agregacion amiloide que podrian tener diferentes mecanismos de
nucleacion primaria que impongan una estructura significativamente diferente en los primeros
nacleos de agregacion y que, por tanto, diferentes rutas se encuentren favorecidas en diferentes
condiciones patoldgicas, algunas de las cuales no tienen por qué generar las tipicas fibras

amiloides largas.

1.6.3. Caracteristicas de las especies oligoméricas pre-fibrilares de a-sinucleina

Tras la multitud de estudios llevados a cabo para aislar y caracterizar especies
intermedias en el proceso de agregacion de qS81:93199-202.204.207.411 ' cahen descacar dos tipos de
oligbmeros que han podido ser descritos en mayor detalle: un tipo de oligbmeros
predominantemente desestructurados y benignos!®? (Fig. 1.8 C 1) y otros con cierto grado de
estructura en lamina B y toxicos®® (Fig. 1.8 C I1I). Ademas, mediante el uso de técnicas de
molécula Unica se ha podido observar la conversion de las especies inicialmente formadas,
desestrucutradas y no toxicas, en oligdmeros mas estables, resistentes a proteinasa K, mas
compactos y altamente toxicos, antes de la formacion de fibras®l. Estos oligdmeros
desestructurados pueden ser atrapados cinéticamente bloqueando la fibrilogénesis aS por
medio de un compuesto polifendlico llamado epigalocatequina-3-galato, que evita la
conversion conformacional de la proteina desde su desestructuracion inicial a una estructura
amiloidogénica de lamina p1%2#12, Estas especies oligoméricas no son toxicas'®2#12, a pesar de
que son capaces de unirse a membranas lipidicas*'. Por otro lado, mediante la liofilizacion de
soluciones de proteina, se ha logrado atrapar y enriquecer muestras que contienen un tipo de
especies oligomeéricas toxicas®199202204207 '19 que ha permitido su caracterizacion estructural
y biofisica detallada®. Estas especies enriquecidas estan formadas por oligémeros con un rango

de tamarios promedio de aproximadamente 25-30 moléculas de proteina® %44 Con un
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contenido de lamina  intermedio entre el de los mondémeros intrinsecamente desordenados y
el de la estructura fibrilar®®. Se ha encontrado que estos oligdémeros tienen una estabilidad
notable®*?” y pueden asociarse con bicapas lipidicas induciendo permeabilidad en la
membrana®“!®> mediante el plegamiento de las regiones N-terminales en hélices o anfipaticas

y la insercion del ntcleo pequefio y flexible de lamina B en la bicapa lipidica®t®.

B CI)

D 25 36
. 138 H i,
95 L& 0 83 deov L R
S ey “asf fde
6 | on L e SR 6 S ¢ 0c14
% ) a8 - o (o g ¢
(:/’ y) 95 43 g3 G’»,.: LA xé
38 | 5
36 25
Polimorfo 1a Polimorfo 1b Polimorfo 2a Polimorfo 2b

Figura 1.8. Estructuras de diferentes especies autoensambladas de a-sinucleina. (A) Esquema de un
posible pliegue propuesto para aS monomérica dentro de un protofilamento (b) y de la incorporacion de un
protofilamento en una fibra recta (a) y una con Simetria de giro (b). (B) Representacion en 3D de una
fibra de aS medida por cryo-EM, barra de escala: 10 nm. (C) Estructuras de RMN de los oligdmeros tipo
A (1) y tipo B (1) de aS. (D) Estructuras de los polimorfos de aS resueltas por cryo-EM. Figuras adaptadas
de Vilar et al.®4, Fusco et al.?1? y Guerrero-Ferreira, R. et al.*%%,

1.7. Mecanismos de nucleacion primaria en a-sinucleina

Si la formacion de los nacleos amiloides en el proceso de agregacién del mondmero se
da sin la intervencion de fibra amiloide previamente formada, estariamos ante un proceso
denominado nucleacion primaria. Este, como cualquier proceso de nucleacion, podria darse
tanto en el seno de la solucion, referido como nucleacion homogénea, como sobre una
superficie o interfase de caracteristicas especificas capaz de catalizar la interaccion entre
mondmero-mondmero, referido como nucleacion heterogénea®’. Para el caso de oS, no se habia
reportado ningun estudio experimental que asegurase haber logrado la agregacion in vitro a
través de una etapa de nucleacion homogénea*'® hasta la presente tesis. De hecho, los ensayos
in vitro tipicamente utilizados en la actualidad para estudiar agregacion amiloide favorecen la

nucleacion heterogénea de las proteinas/péptidos20417:418,
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En particular, las interfases H/H parecen ser fundamentales para acelerar la nucleacion
primaria en un gran numero de proteinas y péptidos amiloidogénicos relacionados con
enfermedades, como oS24 el péptido AB*® o insulina®®. La tendencia natural de estas
proteinas y péptidos, ya sea desplegadas o en elementos estructurales helicoidales, a presentar
anfipaticidad, explica que tiendan a adsorberse en las interfases H/H. De esta manera
maximizan simultdneamente las interacciones hidrofilicas con el ambiente acuoso y las
hidrofdbicas con la superficie hidrofobica®32. Es en este tipo de interfases donde estas proteinas
iniciarian su autoensamblaje!2041641942L422 15 que hace que el inicio de la nucleacion primaria
heterogénea dependa en gran medida de las afinidades relativas de las diferentes especies de
proteinas (monoméricas frente a oligoméricas) por la interfase. Como se ha dicho varias veces,
la alta barrera energética que suele presentar el proceso de nucleacion homogénea constituye
el paso limitante en los procesos de agregacion. En la nucleacién primaria sobre una interfase,
la barrera de energia libre asociada a la nucleacion se reduce considerablemente,
probablemente, en parte, por un aumento en la concentracion local de proteina y a una seleccién
de orientaciones adecuadas y conformaciones propensas a la nucleacion de las cadenas
polipeptidicas en la interfase?°. De hecho, se ha demostrado que en condiciones diluidas, a pH,
temperatura y fuerza idnica fisiologicas, en el péptido AP y en aS, la nucleacion primaria
heterogénea domina sobre la nucleacion homogénea*'841°, La agregacion de estos polipéptidos,
por ejemplo se veia favorecia por la presencia de barras magnéticas de agitacion de la muestra,
tipicamente recubiertas de material hidrofébico, o de bolas de politetrafluoroetileno (PTFE), o
incluso por las paredes del propio recipiente contenedor de la muestra*'%41°. Asi mismo, la
interfase aire/agua (A/W, por sus siglas en inglés) puede actuar también como una interfase
H/H y promover la nucleacion amiloide in vitro en soluciones de proteinas'?°. Otro sistema que
a priori incluiria otro tipo de interfase H/H serian las vesiculas lipidicas, aunque, para el caso
de aS, las composiciones lipidicas fisiologicas no favorecen su agregacion, sino que ésta solo
es favorecida en presencia de vesiculas lipidicas pequefias o grandes compuestas en su totalidad
por lipidos cargados negativamente y con cadenas de hidrocabonos cortas, como son los lipidos
1,2-dimiristoil-sn-glicero-3-fosfo-L-serina (DMPS, por sus siglas en inglés) o 1,2-dilauroil-sn-
glicero-3-fosfo-Lserina (DLPS, por sus siglas en inglés)*?3, evitando la presencia de sales
adicionales al tampon fosfato®??. La especificidad de la agregacion de aS por este tipo de
vesiculas y por su composicion tan especial se desconoce en la actualidad, asi como su posible

relevancia fisiologica.
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Por otro lado, la elevada dinamica conformacional de aS, y en general de las IDPs,
podria ser un factor importante a la hora de determinar la propension de la proteina a nuclear
en agregados amiloides. En condiciones en las que la proteina tenga una velocidad de
intercambio conformacional superior a la velocidad de encuentro entre moléculas de proteina,
se dificultaria el establecimiento del numero adecuado de interacciones intermoleculares
necesarias para el proceso de autoensamblaje. Esta elevada dinamica de reconfiguracion
conformacional est4, como ya se dijo, asociada a las propiedades de la capa de hidratacion y
por ello a las condiciones de la solucion, de tal manera que determinados cambios en la solucion
pueden ralentizar las dinamicas de reconfiguracion de los monémeros, y con ello favorecer la
asociacion entre éstos en el tiempo necesario. Factores que pueden disminuir la movilidad del
agua, y con ello la de la capa de hidratacién y la de la proteina, serian por ejemplo la presencia
de iones***, osmolitos*?>*?® membranas o por aglomeracion celular o un entorno celular con
escasa actividad del agua*?’. Un estudio propuso que éste era un factor clave para la nucleacion
primaria de aS y que la agregacion de la proteina se veia favorecida al disminuir el pH debido
a una reduccion de la tasa de reconfiguracion del monomero en esas condiciones*?®. De hecho,
en ese mismo estudio se sugiere que las tasas relativas entre la reconfiguracion de la cadena
principal de la proteina monomeérica y la asociacién bimolecular es lo que dicta la probabilidad
y, por lo tanto, la tasa de autoensamblaje amiloide inicial. Estos estudios, sin embargo, no tienen
en cuenta que la nucleacion en las condiciones experimentales que se estudiaron ocurre en la
interfase A/W y que, por tanto, los tiempos de reconfiguracion del monémero seran muy
diferentes en la interfase a los que se midieron en el seno de la solucién, ya que se asumio

errbneamente que la agregacion tenia lugar mediante nucleacién homogénea.
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2.0Dbjetivos






El presente trabajo se enmarca en la agregacion amiloide de oS y pretende ampliar
nuestro conocimiento sobre los mecanimos moleculares y factores que inician el
autoensamblaje, asi como determinar las diferentes rutas de agregacion amiloide de esta
proteina, con el fin ultimo de identificar aquellas que tengan mayor relevacia fisioldgica. Para
ello nos planteamos los siguientes objetivos especificos:

e Identificar los factores extrinsecos desencadenantes de la agregacion, para lo cual
pretendiamos hacer un barrido de las condiciones experimentales que llevan a la
agregacion de la proteina, un estudio estructural y morfolégico de los agregados finales, y

una busgueda de condiciones reproducibles in vitro que sean fisiolégicamente relevantes.

e Caracterizar los diferentes mecanismos de agregacion identificados y determinar si la
proteina puede agregar mediante una nucleacién homogénea y en qué condiciones se veria

favorecida.

e Establecer relaciones entre los diferentes mecanismos de nucleacién identificados con el

fin de establecer las rutas principales de agregacion de aS.
e Desentrafar el papel de las diferentes regiones de la proteina en la nucleacion heterogénea

de formacion de agregados amiloides con el fin de proponer un modelo mecanistico de este

tipo de nucleacion.
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3.Materiales y metodos






3.1. Preparacion de las muestras de proteina
3.1.1. Expresiony purificacion de las diferentes variantes de a-sinucleina

El gen que codifica para la proteina aS humana, tanto el tipo salvaje (WT, por sus siglas
en inglés), como el de las delecciones A2-9 y A103-140, asi como el de la proteina S humana
WT, se encuentra insertado en el plasmido pT7-7 (pT7-7 asyn; Addgene, Teddington, Reino
Unido). Los plasmidos con los genes que codifican para las variantes de oS humana con las
delecciones A1-29, A4-64 fueron amablemente cedidas por el profesor Arturo Muga y por la
Dra. Begofia Sot*?°, respectivamente. La expresion de las diferentes variantes se realizo en
cepas de Escherichia coli BL21 (DE3). Para ello, primero se transformaron las bacterias
mediante choque térmico, incubando 25 uL células y 1 pL del plasmido que contenia el gen
que codificaba cada una de las variantes de proteina a 42 °C durante 20 segundos e
inmediatamente después incubando la mezcla en hielo durante 2 minutos. Tras el choque
térmico, las muestras de células se resuspendieron en 500 pL de medio Luria Bertani (LB) y se
incubaron a 37 °C y 220 rpm durante 1 hora para que se recuperasen del choque térmico.
Finalmente se sembro una placa que contenia LB con agar y 100 pg/mL de ampicilina (Amp)
con 200 pL de células con el fin de poder seleccionar una Unica colonia tras la incubacién de
la placa a 37 °C durante la noche. Se selecciond una colonia de esta placa y se prepar6é un
precultivo en medio LB con 100 pg/mL de Amp que se incub6 a 37 °C y 220 rpm de agitacion
durante unas 10 h. Al dia siguiente se escald el cultivo inoculando 30 mL del precultivo por
cada a 1 L de medio LB con 100 pg/mL Amp. Se dejo crecer a 37 °C y 200 rpm hasta una
densidad 6ptica a 600 nm de entre 0.6 y 0.9 y, a continuacion, se indujo la expresién de la
proteina afiadiendo isopropil-B-D-1-tiogalactopiranésido a los cultivos hasta una concentracion
final de 1 mM. Estos se dejaron incubar durante unas 10 h a 28 °C y 200 rpm. Al dia siguiente
los cultivos celulares se centrifugaron en tubos de centrifugacion de 500 mL durante 10 minutos
a 4 °C en una centrifuga Beckman Coulter (Beckman; California, EEUU) con un rotor JA-10
(Beckman; California, EEUU) a 9700 rpm (16 650 g) y se lavaron las células con tampon
fosfato salino (PBS, por sus siglas en inglés), un tampon con 10 mM de fosfato de sodio y 150
mM de cloruro de sodio (NaCl) con un pH de 7.4, para eliminar los restos del medio. Las células
se resuspendieron en 20 mL de tampdn de lisis por cada litro de cultivo. EIl tampo6n de lisis
estaba compuesto por una solucion de tris(hidroximetil)aminometano (Tris) a1 M a un pH de
7.7 con 0.5 M de &cido etilendiaminotetraacético y coctel inhibidor de proteasas cOmplete™
(Merkc, Darmstadt, Alemania). A continuacion, se indujo la rotura de las membranas celulares

por ultrasonicacion en bafio de hielo, con 7 ciclos de 1 minuto de duracién, con 1 minuto de
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recuperacion entre ciclos, utilizando un ultrasonicador Vibra-Cell™ Ultrasonic Liquid
Processors (SONICS®, Connecticut, EEUU). Los restos celulares se eliminaron por
centrifugacion a 13000 rpm (20 442 g) a a 4°C en una centrifuga Beckman Coulter (Beckman;
California, EEUU) con un rotor JA-20 (Beckman; California, EEUU). El sobrenadante, con el
contenido citoplasmatico de las células (extracto crudo), se incubd en un bafio a 95 °C durante
20-25 minutos. Al ser una IDP, aS permanece soluble a temperaturas tan elevadas a diferencia
de un gran numero de proteinas del extracto crudo que, en tales condiciones, precipitan. El
resultado de la incubacién se volvid a centrifugar con el mismo protocolo que antes y el
sobrenadante se trat6 con sulfato de estreptomicina, afiadiendo 10 mg por cada 1 mL de extracto
crudo, para precipitar el ADN presente en la solucidn. Tras incubar durante 15 minutos a 4 °C
con una leve agitacion, se elimino el precipitado de ADN por centrifugacion en las mismas
condiciones que en el paso anterior. Este proceso de precipitacion de ADN se repitio una vez
mas para maximizar la eliminacion de ADN de la muestra. Posteriormente, se realizd una
precipitacion salina afiadiendo 361 mg de sulfato amdnico por cada 1 mL de solucién proteica,
y se incub6 durante 30 minutos a 4 °C y con agitacion suave. Tras centrifugar la muestra en las
mismas condiciones que antes, aS se encontraba esta vez en el precipitado, que fue
resuspendido en 6-7 mL de Tris a 25 mM, a un pH de 7.7 por cada litro de cultivo ,y
posteriormente, dializado frente a 2 L de tampon de dialisis (Tris a 25 mM, pH 7.7) con una
membrana de 3500 Da de poro. La didlisis se realiz6 a 4°C. La solucion de 2 L de dilisis se
cambi6 dos veces tras 2-10 h de intercambio por paso de dialisis. A continuacion, la muestra
de proteina se filtr6 por una membrana de 0.2 um de paso y, dependiendo de la variante de
proteina a purificar, se cargo en una columna cromatografica de intercambio aniénico HiPrep™
Q FF 16/10 (GE Healthcare Bio-Sciences AB, Uppsala, Suecia). La elucion de aS se llevo a
cabo en Tris a 25 mM, con un pH de 7.7 con un gradiente de 1.5 M de NaCl. La muestra de
proteina eluida se concentré mediante filtros de 15 mL 10 kDa (Merkc, Darmstadt, Alemania),
posteriormente se filtr6 por una membrana de 0.2 pm de paso y se cargd en una columna
cromatografica de exclusion molecular HiLoad 26/600 Superdex 75 prep grade (GE Healthcare
Bio-Sciences AB, Uppsala, Suecia). Se recogieron las fracciones de la elucion asignadas a aS
monomeérica y se confirmo su identidad y pureza a través de la medicion de la masa real de la
proteina por medio de la técnica de espectrometria de masas MALDI-TOF (Matrix Assisted
Laser Disorption/lonization-Time Of Flight) en el SCT de Proteémica del CIBA (IACS-
Universidad de Zaragoza). El proceso de purificacién se basa en protocolos previamente

descritos*30:43L,
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La variante aS WT A103-140 se purifico con un protocolo similar al anteriormente
descrito salvo que en el paso de cromatogréafica de intercambio ionico se utilizé una columna
de intercambio catidnico, concretamente una columna HiTrap™ SP HP de 5 mL (GE

Healthcare Bio-Sciences AB, Uppsala, Suecia).

Para la variante N-terminal acetilada de aS WT, se llevo a cabo una transformacion
doble simultanea con el plasmido pT7-7 asyn y el plasmido pNatB (pACYduet-naa20-naa25;
Addgene, Teddington, Reino Unido). La sobreexpresion y purificacion de esta variante se

realizd tal y como hemos descrito para la WT.

La concentracion de las diferentes variantes de proteina generada fue determinada en
todos los casos espectrofotométricamente por medida de la absorbancia a 275 nm, usando un
coeficiente de extincién molar de 5600 Mt.cm™ para todas las variantes, excepto aS WT A4-
64 y oS WT A103-140, para las que se usaron los coeficientes de extincion molar de 4200
Mt.cm™ y 1400 Mt.cm™, respectivamente®®#%?, Las soluciones puras de proteina se
congelaron en nitrogeno liquido y se guardaron en alicuotas a -80 °C. Las alicuotas de proteina
se descongelaron generalmente una Unica vez para su utilizacion y por norma general se
filtraron con filtros de 0.5 mL y 100 KDa (Merkc, Darmstadt, Alemania) como paso previo a

su utilizacion en experimentos de cinéticas de agregacion.

3.1.2. Preparacion de nucleos de fibras amiloides para experimentos de siembra

Las muestras de fibras amiloides de oS fueron inicialmente generadas con proteina a
100 uM en PBS. Soluciones de proteina de 300 pL en viales de 1.5 mL se incubaron a 37 °C a
300 rpm de agitacién durante 4-5 dias. Posteriormente se eliminaron los restos de monémero
de la muestra mediante lavados de las fibras en el tampdn deseado. Para ello, las muestras de
fibras se ultracentrifugaron durante 90 minutos a 120 000 rpm (627 000 g) en una
ultracentrifuga Beckman Coulter Optima® TLX (Beckman; California, EEUU) a temperatura
ambiente, usando un rotor TLA 120.2 (Beckman Coulter). Las muestras de fibras lavadas
fueron después ultrasénicas durante 40 segundos, con 1 segundo de recuperacion por cada
segundo de ultrasonicacion, a 80% de potencia maxima en un ultrasonicador Vibra-Cell™
Ultrasonic Liquid Processors (SONICS®, Connecticut, EEUU). El tamafio de las fibras en la
muestra tras la ultrasonicacion fue de alrededor de 300 + 140 nm de longitud, segln analisis
por microscopia de fuerza atomica. La concentracion de fibras en la muestra se calculo por
métodos espectrofotométricos (ver apartado 3.1.1) midiendo la concentracion de monémero

resultante al llevar una alicuota de la solucion de fibras a una concentracién final de 4 M cloruro
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de guanidinio (Gn-HCI). Los experimentos de siembra se prepararon incubando a 37 °C una
mezcla de una concentracion determinada de proteina monomérica con el porcentaje deseado
de semillas de fibra. Las semillas de fibra siempre se generaron inmediatamente antes de su

uso.

3.2. Caracterizacion biofisica

3.2.1. Electroforesis en gel de poliacrilamida en presencia de Lauril Sulfato
Sédico (SDS-PAGE)

Se realizaron electroforesis con geles desnaturalizantes de acrilamida mediante el
método de Laemmli“* para la separacion de las proteinas presentes en una muestra de proteina.
En este método la migracion de las proteinas no viene determinada por su carga eléctrica sino
por su peso molecular gracias al efecto del lauril sulfato sddico (SDS, por sus siglas en inglés)
sobre las proteinas, formando micelas cargadas negativamente alrededor de las cadenas
polipeptidicas desnaturalizadas. EI complejo micela-proteina con carga negativa adquiere una
estructura de varilla rigida, de longitud proporcional al peso molecular de la proteina, que
migrara dentro de la matriz de poliacrilamida a una velocidad determinada Unicamente a su
peso molecular. Se us6 un gel apilador al 4 % de acrilamida y uno separador al 15 %. Se
cargaron en cada muestra unos 10 pg de proteina para la medida. Tras la electroforesis el gel
fue tefiido con Coomassie para poder identificar las bandas resultantes. Ademéas de la
utilizacion de geles de acrilamida para la comprobacion de la identidad y pureza de las
diferentes variantes de aS, se utilizaron, también, para la cuantificacion del rendimiento de

agregacion a punto final de las reacciones de agregacion.

3.2.2. Espectroscopia de fluorescencia

El fluordforo tioflavina (ThT, por sus siglas en inglés) se caracteriza por su capacidad
de unidn a agregados amiloides, dando lugar a un incremento de su rendimiento cuantico de
fluorescencia a causa una restriccion rotacional del enlace central entre carbonos que une los
anillos de benzotiazol y anilina. Este enlace gira libremente cuando el fluoroforo se encuentra
libre en solucidn, lo que provoca un apantallamiento de su fluorescencia. Estas caracteristicas
han convertido a la ThT en una de las sondas mas comunes para el estudio de la agregacion

amiloide®2.
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El sulfato 8-anilinonaftaleno (ANS, por sus siglas en inglés) es capaz de unirse de forma
no covalente a regiones hidrofobicas de las proteinas que se encuentran expuestas al solvente
y por tanto accesibles al ANS, lo que aumenta significativamente su fluorescencia, al
encontrarse en un entorno apolar o rigido, respecto de la que presenta en solucién acuosa. Este
caracter convierte en ANS en una sonda adecuada y muy usada para el estudio del caracter

hidrofdbico de una proteina®3,

Las medidas de fluorescencia se realizaron en un espectofluorimetro Cary Elipse
Variant (Agilent technologies, California, EEUU) con control de temperatura por efecto Peltier,
usando para ello una cubeta de 5x10 mm de paso de luz. Los espectros de emisién de la ThT
unida a fibra amiloide se pudieron medir excitando la muestra a 440 nm y recogiendo el
espectro de emision entre 460 y 600 nm, en ambos casos con un ancho de rendija de 5 nm. La
concentracion de la solucién madre de ThT se determiné diluyendo una alicuota de la misma
en etanol puro y midiendo su absorbancia a 416 nm, longitud de onda a la que la muestra
presenta un coeficiente de extincion molar de 26620 Mtcm™ 4%, La unién de la sonda a la fibra
se hizo incubando 100 uM de muestra con 20 uM de ThT durante 30 minutos a 37 °C. En el
caso de los estudios cinéticos de agregacion seguidos por ThT el protocolo de medida varia
ligeramente (ver siguiente seccién). Por otra parte, los espectros de emision de ANS en
muestras de fibras de aS se midieron excitando la muestra a 350 nm y recogiendo el espectro
de emision entre 400 y 650 nm, en ambos casos también con un ancho de rendija de 5 nm. La
concentracion de la solucion madre de ANS se determind midiendo su absorbancia a 350 nm,
en la que presenta un coeficiente de extincion molar de 5000 Mtcm™ 434, Los espectros de
fluorescencia se recogieron en muestras que contenian 50 uM de fibras con 250 uM de ANS

tras incubacion de la muestra durante 2 horas a 37 °C.

3.2.3. Cineticas de agregacion

En los ensayos de agregacion seguidos por ThT se incubaron 100 uM de mondmero de
aS en tampon fosfato soédico 10 mM a un pH de 7.4 o PBS en presencia de las concentraciones
indicadas de co-solvente o de sales a 37 °C hasta completar la reaccion de agregacién. Para
seguir la reaccion se us6 ThT a una concentracion de 50 uM. Para las agregaciones con
agitacion (700 rpm usando agitacion orbital in situ en el lector de placas) en ausencia de co-
solventes o sales se usd una concentracion de 500 uM de monomero de oS en PBS a pH 7.4.

Para prevenir el crecimiento de bacterias durante los experimentos de agregacién se incluyd un
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0.01% de acida sodica en las muestras. Para el resto de agregaciones (en reposo) la concetracion
de mondmero fue de 100 uM. En ciertos casos se emplearon esferas de teflon (Polyballs-Teflon,
1/8” Diameter; Polysciences, In.; Pensilvania, EEUU). Los ensayos de agregacion fueron
realizados en microplacas de baja capacidad de union de 96 pocillos (uClear®, Black, F-
Bottom/Chimney Well; Greiner bio-one North America Inc.; Monroe, EEUU) y estas fueron
selladas con una hoja adesiva AMPLIseal™ 80.0/140 MM (Greiner bio-one North America
Inc.; Monroe, EEUU) para evitar la evaporacion de los solventes. Las medidas de las cinéticas
se realizaron en dos lectores multimodo de microplacas, FLUOstar (BMG Labtech; Ortenberg,
Alemania) y CLARIOstar (BMG Labtech; Ortenberg, Alemania), indistintamente.
Puntualmente también se utilizaron microplacas estandar de 96 pocillos PCR, (white wells,
black frame; Brooks Life Sciences; Manchester, Reino Unido) y microplacas de 96 pocillos
con recubrimiento de vidrio (Well Glass-Coated Microplates, Flat-Bottom; Thermo Fisher;
Massachusetts, EEUU). Los analisis cinéticos de los datos se llevaron a cabo usando ecuaciones

sigmoidales estandar (ver seccion de analisis de las cinéticas de agregacion).

3.2.4. Cinéticas de agregacion en placas con tapones hidrofilicos

La interfase A/W se elimind de las muestras de forma individual en cada pocillo de la
microplaca mediante la insercion manual de unos tapones hechos a medida de manera similar
a otros estudios!?°. Estos tapones fueron fabricados, mediante fresado, con polimetilmetacrilato
(PMMA, por sus siglas en inglés). Se eligio el PMMA como material para la fabricacion de los
tapones al tratarse de un polimero acrilico transparente, relativamente hidrofilico, y que se ha
mostrado ineficiente para promover la agregacion de aS*®. Se depositd 150 pl de muestra en
los pocillos en que se deseaba eliminar la interfase A/W. Los tapones de PMMA, previamente
humedecidos con tampdn, se colocaron verticalmente en la parte superior de cada pocillo y se
dejo que se insertase suavemente por su propio peso. Después, los tapones fueron empujados
cuidadosamente hasta lograr su completa insercion en el pocillo. Parte de la muestra se derramé
durante la insercion de los tapones, dejando tan solo 110-120 ul en el pocillo una vez este fue
sellado con el tapdn. Para minimizar la perdida de muestra por evaporacién y evitar la aparicion
de burbujas en el pocillo a causa de un sellado ineficiente, los tapones fueron sellados con metil

cianocrilato.
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3.2.5. Calculo del rendimiento de la agregacion al final de la reaccion

La fraccion de oS agregada se determind cuantificando la concentracion relativa de las
fracciones de proteina insoluble y soluble. Tras que la reaccidon se completara (en la fase
conocida como de plateau), las muestras fueron ultracentrifugadas a temperatura ambiente,
como se describe en la seccion 3.1.2. Se tom0O una muestra de la fraccion soluble y la
concentracion de proteina fue determinada espectrofotomeétricamente (ver apartado 3.1.1) para
muestras en ausencia de ThT. Para muestras que contienen ThT, se cargd una alicuota de la
fraccion soluble en un gel de acrilamida (ver apartado correspondiente), junto con una alicuota
de la muestra inicial de proteina, antes de que comenzase la agregacion; y la concentracion de
proteina en la fraccion soluble al final de la agregacion se estimé comparando las intensidades

de las bandas, usando el programa ImageJ (NIH Image; Maryland, EEUU).

3.2.6. Andlisis de las cinéticas de agregacion
Los datos cinéticos de las agregaciones fueron ajustas a la siguiente ecuacion sigmoidal:

B (Fg+mg- t)
F—Fi+mi't+Tt50) (Eq. 1)
1+e =

donde F es la intensidad de fluorescencia a cualquier tiempo, Fi es la sefial de fluorescencia a
tiempo cero, Fr + me.t describe la linea base final en la fase de plateau, tso es el tiempo en el
cual F alcanza el valor de la mitad de la intensidad maxima y z es una contante de tiempo
caracteristica que representa la inversa de la contante aparente de crecimiento. El tiempo o fase
de latencia (tiag) S€ estima como tso — 27 **¢. Esta ecuacion es cominmente usada para analizar
cinéticas de formacién amiloide sin asumir ningin modelo especifico, de tal manera que no
refleja la complejidad real del proceso de agregacion amiloide que se esta analizando, pero

aporta parametros empiricos y descriptivos que pueden ser usados en estudios comparativos.

3.2.7. Dispersion dinamica de luz

La dispersion dinamica de luz (DLS, por sus siglas en inglés) da informacion sobre el
tamafio molecular de las particulas presentes en una solucién. Un equipo de DLS proporciona
la funcidn de correlacion de la intensidad de la luz dispersada durante un periodo de tiempo.
Esta funcion se obtiene mediante la medicion de la variacion entre una sefial adquirida en un
momento dado y la misma sefial medida un tiempo después. La funcion de correlacion expresa

la tasa de fluctuacion de la intensidad de la luz dispersada debido a los movimientos brownianos
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de las particulas. EI analisis de esta funcion de fluctuacién nos da informacién del radio

hidrodinamico de la particula o conjunto de particulas presentes en la disolucion*3/:43%,

Los radios hidrodinamicos del monoémero o de los agregados de aS fueron determinados
en un equipo DynaPro NanoStar (Wyatt, Santa Béarbara, EE UU) equipado con control de
temperatura por efecto Peltier de la muestra. Las medidas se realizaron a 25 uM de proteina y
a 25 °C usando para ello una cubeta de 2x10 mm de paso de luz. Cada medida const6 de 20
adquisiciones y se realizaron una media de 15 medidas por cada muestra. Los tampones fueron
previamente filtrados con un filtro de 0.22 um de poro para eliminar toda particula suspendida

en el mismo.

3.2.8. Espectroscopia de dicroismo circular en el ultravioleta lejano

La espectroscopia de dicroismo circular (CD, por sus siglas en inglés) es una técnica
Util para estudiar propiedades conformacionales de proteinas y acidos nucleicos en solucion®®,
basandose en las diferencias de absorcion de luz polarizada circularmente al incidir sobre los
diferentes centros quirales de una muestra dada. Las bandas de CD que podemos observar en
las proteinas estan situadas en dos regiones del espectro electromagnético: en el ultravioleta
(UV) lejano, entre 190 y 250 nm, donde la mayor contribucion a las bandas de absorcién
proviene de los enlaces peptidicos; y en el UV cercano, entre 250 y 320 nm, donde las bandas
se derivan de los aminoacidos con grupos aromaticos en sus cadenas laterales. Cada region da
una informacién diferente y complementaria sobre la estructura de las proteinas. En el UV
lejano la sefial de CD se relaciona con la estructura secundaria de las proteinas: hélices a,
laminas B, giros B y regiones desordenadas*®, mientras que en el UV cercano encontramos

informacidn sobre la estructura terciaria de la proteina.

Los espectros de CD fueron adquiridos en un espectropolarimetro Chirascan™
(AppliedPhotophysic, Surrey, Reino Unido) equipado con control de temperatura por efecto
Peltier de la muestra. Las medidas se realizaron en el rango que va desde 190 nm a 250 nm
(UV lejano), usando una velocidad de barrido de 50 nm/min, una anchura de banda de 1 nmy
10 acumulaciones. La concentracion final de la proteina fue de 25 uM y se uso para la medida
una cubeta de 1 mm de paso de luz. Para purgar y refrigerar el sistema se uso un flujo de
nitrogeno. Los espectros de CD normalizado se expresan como elipticidad molar [8] en

grado-cm?-dmol™. Para ello se emplea la ecuacion:
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Donde 6 es el grado de elipticidad, C es la concentracion de la muestra (en molar), N es
el nimero de residuos de la proteina, | es el paso de luz de la cubeta (cm) y 10 es un factor que

convierte el paso de luz, I, a milimetros.

3.2.9. Espectroscopia de infrarrojo

La espectroscopia de infrarrojo (IR) de proteinas aporta informaciéon sobre los diferentes
tipos complejos de vibracion del grupo amida del enlace peptidico. Las proteinas presentan
diferentes bandas amida, siendo las méas utilizadas para el estudio de la conformacion de
proteinas, las denominadas amida | y amida Il. La banda amida | (comprendida en la region
entre 1600 y 1700 cm™) presenta una mayor intensidad, es mas sensible a la conformacion y
tiene una menor contribucion de cadenas laterales, lo que la hace la mas util e interesante para
nuestro estudio. La banda amida 11 (comprendida en la region entre 1500 y 1600 cm™) suele
ser de interés para estudiar el grado de accesibilidad de la proteina al disolvente. La sensibilidad
de la banda amida | a la conformacion de la proteina lleva a que varie su posicién, dentro del
rango anteriormente indicado, segin se encuentre el grupo amida en cuestion formando parte
de una u otra estructura secundaria. Esto hace que a su vez la banda amida | de una proteina
esté constituida por la banda amida I de todos los grupos amida de sus residuos, generando una
envolvente en la que contribuirdn las diferentes estructuras secundarias (tales como hélice a,
lamina B, giros B, desordenada, etc.) dando una banda con una posicion caracteristica para cada
una de ellas y con una intensidad que sera proporcional a la cantidad de esa estructura en la

muestra**?.

La composicion en estructura secundaria de los agregados de aS al final de las diferentes
reacciones de agregacion se analizaron por espectroscopia de IR. Para ello, la muestra fue
sometida a ultracentrifigacion a temperatura ambiente, como se describid en el apartado 3.1.2,
y los agregados fueron resuspendidos en el correspondiente tampon deuterado (grado de
deuteracion > 99.90; Merkc, Darmstadt, Alemania) en dos ciclos de centrifugacion-
resuspension, con el objetivo de eliminar de la muestra tanto todo el monémero que no hubiese
agregado, como la mayor parte de las moléculas de H.O de la solucion original. Se
resuspendieron las muestras con un volumen adecuado para que quedase una concentracion

final de agregados de al menos 4 mg/mL. Las muestras fueron depositadas entre dos ventanas
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pulidas de CaF. (Harrick Scientific Products Inc.; Nueva York, EEUU) separadas por un
espaciador de PTFE (Harrick Scientific Products Inc.; Nueva York, EEUU). Los espectros se
midieron en modo transmision a temperatura ambiente usando un equipo VERTEX 70 FTIR
Spectrometer (Bruker; Massachusetts, EEUU) equipado con un detector criogénico de telururo
de mercurio y cadmio enfriado mediante nitrégeno liquido. El sistema fue continuamente
purgado con nitrégeno seco para evitar la sefial atmosférica del vapor de agua. Los espectros
de IR se procesaron y analizaron mediante rutinas estandar en los programas OPUS (Bruker;
Massachusetts, EEUU), RAMOPN (NRC, National Research Council of Canada;) y Spectra-
Calc-Arithmetic© (Galactic Inc.; Alabama, EEUU)*, La deconvolucion de los espectros fue
realizada usando las rutinas de ajuste en los programas de analisis de IR anteriormente
mencionados y fijando las posiciones de las diferentes bandas de absorcion que se han obtenido
previamente realizando la segunda derivada del espectro de IR.

3.2.10. Estimacion de la fraccion de lamina  paralela y antiparalela en los
agregados al final de las reacciones de agregacion a diferentes
concentraciones de MeOH por analisis global de espectros de infrarrojo

Se realizé un analisis de ajuste global de los espectros de IR de los agregados generados

a diferentes concentraciones de MeOH en el rango que va de 5-40 % MeOH (ver apartado 4.1.7
en resultados). Esto permitid la estimacion de la fraccidn de lamina beta paralela y antiparalela
presente en los agregados al final de las reacciones de agregacion en las diferentes condiciones.

Para esto se uso la ecuacion:
Xi=X,,-a;-(A+B-[MeOH]) + X,,- (1 —a;) - (C+D-[MeOH]) (Eq.3)

donde se asume que el valor de absorbancia observado para cada frecuencia, X;, es una
combinacion lineal de los valores de cada uno de los dos tipos estructurales de agregados puros
a esa frecuencia (paralelo, X,,, 0 antiparalelo, X,,) y su poblacion (a;, y 1-—a;j,
respectivamente). Ademas, sélo se obtuvieron buenos ajustes cuando se asumio que la sefial de
las estructuras paralela y antiparalela variaban linealmente con la concentracién de MeOH, una

asuncion gue coincidia con los datos experimentales obtenidos.

3.2.11. Estudios de estabilidad de agregados de a-sinucleina

La estabilidad de la estructura amiloide de un agregado va a venir caracterizada por las
condiciones ambientales en las que se encuentre este. Para estudiar la estabilidad de un

determinado polimorfo de aS al cambio de medio se tomd una muestra del polimorfo en
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cuestion y se dividio en dos o tres alicuotas, segun el nimero de medios en los que se desease
estudiar la estabilidad de la muestra. Una de las alicuotas se dejé en el medio original en el que
se formo y las demaés fueron ultracentrifugadas y los agregados resuspendidos en los medios en
lo que se deseaba estudiar su estabilidad. Para una correcta resuspension de los agregados en
el nuevo medio se procedid a una primera resuspension por agitacion con la micropipeta y un
posterior bafio de ultrasonidos a temperatura ambiente. Los agregados se incubaron 20 h a 37
°C en el medio a estudiar, tras lo cual se trataron, al igual que la alicuota que se dejo6 en el medio
original, de igual modo que se describio anteriormente para muestras que iba a ser estudiadas

por espectroscopia de IR.

3.2.12. Difraccion de rayos X

La técnica de difraccion de rayos X permite identificar la estructura en lamina 8 cruzada,
propia de los agregados amiloides, generando un patrén de difraccion caracteristico para esta
estructura. Este patrén se distingue por una sefial de difraccion en la zona meridional con una
distancia muy constante de 4.7 A, independientemente del tipo de polimorfo y proteina que
compone la fibra, ya que corresponde a la distancia entre los protdbmeros dentro de la misma
lamina B (por tanto, caracteristica de las interacciones entre las cadenas principales de las
proteinas). Ademas, aparece otra sefial de difraccion en la zona ecuatorial del patrén de
difraccion, correspondiente a la distancia promedio entre las ldminas B que forman la fibra
(caracteristica esta de las interacciones entre las cadenas laterales de los aminoacidos) y, por
tanto, mas variable, en torno a 9-12 A. La calidad de este patron de difraccion dependera de la

correcta alineacion de las fibras en la muestra a difractar?%6442,

Los agregados de aS se ultracentrifugaron a temperatura ambiente, como se describe
arriba, y a continuacion se resuspendieron a una concentracion final de unos 800 uM. Se
deposité un volumen de 10 ul de la solucién deseada entre dos capilares de vidrio, depositados
en una placa de Petri, cuyos extremos opuestos fueron sellados con cera, y se dejo secar a
temperatura ambiente durante 2 o 3 dias, como se describe en la bibliografia®¥. Los patrones
de rayos X fueron recogidos a temperatura ambiente en la linea BL13-XALOC del Sincrotron
ALBA (Cerdanyola del Vallés, Barcelona, Espafia) a una longitud de onda de 0.97 A. La
distancia al detector fue de 61.5 cm y la resolucion fue de 3 A. Los datos se analizaron usando
el programa iMOSFLM (CCP4; Reino Unido).
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3.2.13. Microscopia de fuerza atomica

La microscopia de fuerza atomica (AFM, por sus siglas en inglés) es una técnica
topografica tridimensional que da una alta resolucién de la rugosidad de una superficie gracias
a la interaccion entre una punta afilada (de apenas unos atomos de grosor en su extremo
inferior) y los atomos de la muestra en estudio. El barrido de la superficie de la muestra permite
la caracterizacion topografica de proteinas individuales, fibras o células adheridas a la
superficie. La interaccion de la punta con la muestra también permite la caracterizacion de sus

propiedades mecénicas**3.

Las muestras de agregados de aS fueron diluidas hasta una concentracion de proteina
entre 0.1-0.5 uM (equivalente de monémero). Un volumen de 10 pL de cada muestra se
depositd sobre laminas limpias de Muscovite Mica V-5 (Electron Microscopy Sciences;
Pensilvania, EEUU) de aproximadamente 1 cm? de superficie cada unay se dejo adherir durante
un periodo de 30 minutos. A continuacion, las laminas de mica fueron lavadas con agua
doblemente destilada y se dejaron secar a temperatura ambiente toda la noche. Las imagenes
de AFM se tomaron con un equipo NanoWizard Il AFM (Bruker; Massachusetts, EEUU)
usando puntas FMGO1 gold probe (NT-MDT Spectrum Instruments Ltd.; Moscow, Rusia) en
modo de contacto intermitente en aire. Fueron procesadas usando el programa Gwyddion
(https://www.gwyddion.net). El grosor de la punta usada para la medida era de 10 nm, asi que
para compensar el error que introduce la medicion en el plano horizontal, se restaron 10 nm a
los valores de las medidas de longitud de las fibras obtenidas directamente de las imagenes del

AFM para asi hacer el estudio estadistico para el analisis de la morfologia de los polimorfos.

3.2.14. Medida de tensiones superficiales

Para la medida de la tension superficial se recurrié al método de Wilhelmy**+44 que
determina la tension superficial utilizando una sonda en la que uno de los extremos se encuentra
en contacto con la interfase, mientras que el otro esta unido a una electrobalanza. Asi se puede
medir directamente la fuerza que la superficie ejerce sobre la sonda y determinar la tensién

superficial de la interfase mediante el analisis correspondiente.

La tension superficial de las soluciones de PBS en presencia o ausencia de diferentes
concentraciones de MeOH y aS se midio usando un tensidmetro DeltaPi 4-channel Langmuir
(Kibron Inc., Helsinki, Finlandia). No fue posible el desarrollo de experimentos similares a alta
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concentracion de sales por las caracteristicas del sistema de medida. Antes de los experimentos,
los pocillos del equipo fueron limpiados con etanol y agua doblemente destilada y secados
mediante el uso de un sistema de vacio. Previamente al experimento y tras su finalizacion se
guemaron las sondas empleadas en la medida, con un mechero de tipo soplete, para limpiar por
pirolisis la superficie da las mismas. El tensiometro fue calibrado con PBS a 25 °C bajo
agitacion constante a 400 rpm y posteriormente al calibrado del equipo se adicion6 el MeOH a
la concentracién deseada en aquellos experimentos en los que era necesario. Se agregd la
proteina en las concentraciones adecuadas despues del equilibrado del equipo con el tampon.
La tension superficial de las diferentes soluciones se recogio hasta que el sistema alcanzd el
valor de equilibrio (entre 30 minutos y 2 horas dependiendo de las condiciones de la solucién)
dentro de la precision de la medida (x 0.01 mN/m). Las medidas del instrumento pueden
expresarse como valores de tensidn superficial (y), o como valores de presion superficial (7);
donde m (mN/m) = 72.8 mN/m —y (mN/m), siendo 72.8 mN/m el valor de la tension

superficial de la interfase A/W de una muestra de agua pura.

3.2.15. Sistema de microfluidica

El sistema de microfluidica que se utiliz6 para comprobar la naturaleza de la nucleacién
en agregados amiloides de oS en determinadas condiciones estaba fabricado de un material
hidrofilico, polieteretercetona (PEEK, por sus siglas en inglés), y se encontraba formado por

los siguientes componentes:

1) Tubos capilares para la entrada de los aditivos, con didmetros externo e interno de 0.06 y
0.04 pulgadas, respectivamente.

2) Micromezclador con forma de T (IDEX Health and Science; Massachusetts, EEUU) con un
volumen muerto de 0.95 pL para permitir una mezcla de los componentes eficiente y rapida.

3) Tubo capilar para la incubacion de proteina, con didametros externo e interno de 0.06 y 0.04
pulgadas, respectivamente, y una longitud de 280 mm.

4) Una valvula de dos pasos para garantizar un cierre correcto y evitar la entrada de aire al

sistema.

Los reactivos se inyectaron en el sistema a un flujo de 300 pL/min usando una bomba
para jeringas Harvard PHD Ultra® Syringe Pump (Harvard Apparatus; Massachusetts, EEUU).

La relacion superficie volumen (S/V) para el tubo de PEEK, en el que se realizaron las
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incubaciones, fue de 3.93 mm*; mientras que, en los pocillos de las microplacas, en que se

realizaron el resto de experimentos de agregacion, la relacion S/V fue de 0.77 mm™.

3.3. Experimentos bioquimicos
3.3.1. Preparacion de vesiculas unilaminares pequefias

Se prepararon soluciones de vesiculas unilaminares pequefias (SUV, por sus siglas en
inglés) a partir de DMPS (Avanti Polar Lipids, Alabama, EEUU) por ultrasonicacién en el
tampon deseado, ultrasonicando 40 minutos con una alternancia de 1 segundo de recuperacion
por cada segundo de ultrasonicacion, al 40 % de la potencia maxima en un ultrasonicador
Vibra-Cell™ Ultrasonic Liquid Processors (SONICS®, Connecticut, EEUU), en oscuridad y
con el vial de muestra en un bafio de hielo. La concentracion de las soluciones madre de lipido
y de la solucién final de SUV en tampodn a base de acido 2-[4-(2-hidroxietil)-1-piperacinil]-
etanosulfonico (HEPES) a un pH de 6.5 se estimo a partir de un ensayo de Fiske**®, En este se
hace un analisis colorimétrico incubando con una mezcla de soluciones de heptamolibdato
amonico y de acido ascorbico tanto con el fosfato inorganico procedente de la digestion del
lipido durante 45 minutos a 200 °C en &cido perclorico al 60%, como con las alicuotas
correspondientes a una resta patrén hecha con diferentes concentraciones conocidas de fosfato
inorganico durante 7 minutos a 100 °C. Finalmente se miden las absorbancias a 812 nm de las
muestras finales tanto de la resta patron como de las muestras de lipido, y de la comparacion
se extrapola la concentracion inicial de lipido en la solucion. De esta manera se valido el
protocolo para la generacién de SUV, que tenia una eficacia del 100%. Una vez validado el
protocolo de generacién de SUV en HEPES, se utilizé el mismo protocolo para la generacién
de SUV en tampodn fosfato sédico 20 mM, pH 6.5, condiciones en las que se realizaron los

experimentos de agregacion®?2,

3.3.2. Medida de la concentracion de los agentes de aglomeracion
macromolecular
La medida de la concentracion de los agentes de aglomeracion macromoleculares
utilizados se realizd midiendo el incremento del indice de refraccion de las soluciones de
agentes de aglomeracion con un refractdbmetro digital automéatico AR200 (Reichert
Technologies, Nueva York, EEUU). Los citados incrementos son de 0.152 mL/g, 0.141 mL/g
y 0.136 mL/g para dextrano 70, ficol 70 y polietilén glicol (PEG) 8, respectivamente**’. El
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numero que acomparia a cada uno de estos tres polimeros sintéticos indica su peso molecular
en kDa.

3.3.3. Estimacidn de la concentracion efectiva de proteina o de la fuerza idnica
en soluciones con agentes de aglomeracion macromolecular

La concentracion efectiva o corregida de oS y de fuerza idnica de la solucion de proteina
es consecuencia de la reduccion de la fraccion de volumen disponible al solvente por la
presencia de 150 mg/mL de dextrano 70 o ficol 70. Esta se estimd, como se describe en la
bibliografia*®, y resultd ser de 110.8 M y de 166.2 mM, respectivamente, para una solucion
de aS a 100 uM con 150 mM de NaCl; estas diferencias pueden ser obviadas en los analisis
cinéticos de las agregaciones de aS en nuestras condiciones de estudio ya que esos cambios son

inapreciables en las cinéticas de agregacion resultantes.
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4.Resultados






4.1. Bloque I: Caracterizacion de las diferentes rutas de nucleacion primaria de o-
sinucleina: En la busqueda de condiciones que favorezcan la nucleacion
homogénea de la proteina

La formacion de agregados amiloides es un proceso de autoensamblaje, generalmente a
partir de proteinas monomeéricas, durante el cual la cadena polipeptidica sufre una reordenacion
estructural compleja. Existen diferentes procesos microscépicos que tienen lugar durante la
agregacion macroscoépica de la proteina, siendo el proceso de nucleacion primaria el paso

limitante de la reaccion, asi como el proceso del que menos informacion se tiene®”44°,

Tradicionalmente, las reacciones de agregacion de oS in vitro han requerido
concentraciones de proteina entre 50-100 uM a temperatura, pH y fuerza iénica fisioldgicas,
asi como la accion de una fuerte agitacion*1%4%° aunque no se entendia en profundidad las bases
de este requerimiento. Inicialmente se atribuyo a un efecto importante de la agitacion en la
fragmentacion de fibras y generacion de nuevos extremos de elongacion. Sin embargo, desde
un estudio publicado en 2014'%°, aunque ya se habia sugerido en el 2010*°, se puso de
manifiesto el papel de las interfaces H/H, tales como la interfase A/W o los recubrimientos
hidrofobos de las barras agitadoras o de los recipientes que contienen a la muestra, en el
desencadenamiento del autoensamblaje de oS, a través de un mecanismo de nucleacion
heterogénea. Lo que hizo replantearse el efecto de estas superficies y de la agitacion en las
primeras etapas de la agregacion, asi como el uso de determinados materiales para contener a

la muestra de proteina?332,

En las condiciones de agregacion de aS que mas se han utilizado, con diferencia, hasta
la fecha, la nucleacion primaria tiene lugar en la interfase A/W. Otras condiciones frecuentes
también incorporan otras superficies hidréfobas para acelerar la nucleacion primaria,
concretamente esferas de PTFE, vesiculas lipidicas sintéticas u otros materiales/agentes
tensioactivos>*>423451452 E| empleo de vesiculas lipidicas quizas podria representar, a priori,
la condicion fisiologicamente méas relevante en este contexto, aunque, a pH neutro, se ha
observado que las vesiculas sintéticas compuestas por lipidos fisiolégicamente relevantes no
inducen agregacion de aS*. Las condiciones que se han publicado hasta la fecha para que
vesiculas lipidicas promuevan, de forma reproducible, la agregacion amiloide de aS requieren
contenidos muy altos, normalmente del 100%, de lipidos de cadena corta y cargados
negativamente*?2423  lo que cuestiona la relevancia fisiologica de esta superficie como posible

inductor de la agregacion de oS en la célula. Hasta el presente trabajo, por tanto, sélo se han
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explorado rutas de agregacion de oS iniciadas por nucleacion heterogénea gque, ademas, no

encontrarian, aparentemente, una analogia en el interior celular.

Si todavia queda bastante por descifrar sobre los mecanismos que inician la agregacion
in vitro de aS, nuestro desconocimiento es incluso mayor sobre los procesos que la
desencadenan dentro de las células. La sobreexpresion de la proteina por si sola parece ser
insuficiente para desencadenar la nucleacion de novo de agregados amiloides de aS*3, lo que
sugiere que la proteina requiera de microambientes celulares particulares, todavia
desconocidos, para la acumulacion de agregados amiloide de a.S dentro de las células. Ademas,
evidencias experimentales recientes muestran que las estructuras amiloides de oS que se han
resuelto a alta resolucion, generalmente por RMN o cryo-EM?166:364401454 “an todos los casos
generadas in vitro mediante nucleacion heterogénea en la interfase A/W, difieren notablemente
de las estructuras amiloides obtenidas de extractos de cerebro de pacientes®3%, Estos
resultados, por tanto, sugieren que las rutas de agregacién amiloide in vivo difieren

notablemente de las exploradas hasta ahora in vitro.

En este contexto, nos propusimos comprender en mayor profundidad el papel de los
efectos de interfases H/H en la nucleacién primaria de la proteina con el fin de identificar los
factores clave para la iniciacion de los procesos de autoensamblaje, asi como explorar nuevas

rutas de nucleacion de la proteina.

4.1.1. Las condiciones comunmente utilizadas para la agregacion de a-sinucleina
in vitro requieren de interfases hidrofobicas/hidrofilicas
Para poder hacer comparables entre si todos los datos de las cinéticas de agregacion
realizadas a lo largo de todo este estudio, y evitar los posibles efectos que pudiese introducir el
material que compusiese la superficie de los diferentes recipientes**?, todas las agregaciones
mostradas en este estudio se realizaron con el mismo tipo de placas, tratadas con un
recubrimiento de PEG, que las hacia presentar una superficie hidrofilica. Este tipo de placas ha
sido ampliamente utilizada por otros grupos para estudiar las cinéticas de agregacion de
aS™4%5 No obstante, se realizé un estudio de la influencia del material contenedor de la

muestra en las cinéticas de agregacion como se explicard mas adelante.

Empezamos este estudio reproduciendo la agregacion de aS en las condiciones in vitro

comunmente mas empleadas en la bibliografia (PBS con una fuerza iénica de 150 mM a un pH
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de 7.4y 37 °C de temperatura). En estas condiciones, pudimos observar la formacién de fibras
amiloides, con la tipica curva cinética sigmoidea (Fig. 4.1 A), cuando la placa fue sometida a
agitacion fuerte (agitacion orbital de 700 rpm). Ademas, debido al tipo de agitacion en placa,
se requirieron también altas concentraciones de proteina (tipicamente 500 uM).
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Figura 4.1. Caracterizacion de la agregacion de a-sinucleina en interfases hidrofébicas/hidrofilicas
tipicas. (A) Cinética de agregacion de aS a 500 UM en condiciones de agitacion (700 rpm). (B) Cinética
de agregacion de aS a 100 uM en condiciones de reposo en presencia de una esfera de PTFE o (C) SUV
de DMPS. El recuadro muestra una imagen de AFM representativa de cada tipo de agregado. Barra de
escala: 200 nm. (D) Espectros de IR de los agregados formados con agitacién (linea continua), o en
presencia de una esfera de PTFE (linea discontinua) o SUV (linea punteada). Se muestran los espectros
normalizados para una mejor comparacion.

En estas condiciones, las cinéticas de agregacion obtenidas presentaban una gran
variabilidad, como ya se habia reportado en estudios anteriores*>°4%6:457 Este comportamiento
seria una consecuencia directa de la naturaleza estocastica y mutable del area de la interfase
A/W que presenta la solucion de la muestra durante la agitacion a alta velocidad. De hecho,
nosotros hemos podido observar que la naturaleza y curvatura de la interfase A/W es
determinante para la induccion de la agregacion de aS en estas condiciones. En experimentos
que realizamos utilizando tapones hidrofilicos para eliminar la interfase A/W, se observo que
en aquellos pocillos donde existian pequefias burbujas de aire en contacto con la solucién de

proteinas habia una aceleracion de la agregacion incluso en condiciones de reposo (Fig. 4.2 B);
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condiciones (100 uM aS en PBS) en las que no se pudo observar agregacion tras mas de 10
dias de incubacién cuando la solucion de proteina estaba en contacto con una interfase A/W
plana (Fig. 4.10 A, linea verde claro), en linea con resultados publicados por otros grupos*’.
Lo que nos llevd a pensar que realmente lo determinante para promover la nucleacion podria
ser la curvatura de esta interfase, y que la agitacion, al deformar la superficie, introduce

curvaturas en la interfase que promoverian la agregacion de la proteina.

Los agregados amiloides formados en la interfase A/W en condiciones de agitacion
fuerte y elevada concentracion de proteina mostraron la tipica morfologia de fibras no
ramificadas, largas y con simetria de giro o simetria helicoidal. Segun un anélisis de las
dimensiones de estas fibras medidas por AFM, mostraban una altura de 10 £ 1 nm, una longitud

de 600 £ 400 nm (n = 50) y mostraban una periodicidad de giro de 66 + 3 nm (n = 25).

Para analizar el efecto que tiene de la interfase A/W en el proceso de agregacion, tanto
en esta como en otras condiciones experimentales, procedimos a repetir los experimentos
eliminando la interfase. Para ello utilizamos unos tapones fabricados con un material
hidrofilico, PMMA, que encajaban en los pocillos de la placa y que eliminaban, por tanto, la
capa de aire que hay sobre la solucion de proteinal?’. Cuando se elimino la interfase A/W
utilizando los tapones hidrofilicos, no se observo agregacion durante 10 dias (Fig. 4.1 A linea
gris y Fig. 4.2 A), pero cuando finalmente se quitaron los tapones, se observé agregacion de
esas mismas soluciones de proteina con las cinéticas esperables (Fig. 2 A). Esto corroboraba,
como habia sido reportado previamente!?’, que en estas condiciones la induccion de la
agregacion ocurria por una nucleacién heterogénea en la interfase A/W accesible a la proteina.
Sin embargo, como ya se ha comentado, en algunos casos se formaron pequefias burbujas de
aire con el tiempo, como consecuencia del sellado imperfecto de los tapones, lo que producia
una aceleracion considerable de la nucleacion: se observo la agregacion de la proteina en menos
de 2 dias de incubacion en condiciones de reposo, mientras que en las mismas condiciones en
presencia de una interfase A/W plana no se observd agregacion por mas de 10 dias de
incubacion (Fig. 4.2 B). Por tanto, la agitacion es importante para generar curvatura en la
interfase A/W y ésta es importante para la nucleacion de oS en condiciones diluidas y de pH 'y

fuerza ionica fisioldgicas.
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Figura 4.2. Impacto de la interfase aire/agua en la cinética de agregacion de a-sinucleina. (A) Cinéticas
de agregacion representativas de oS a 500 UM en PBS a pH 7.4 (37 °C) en presencia de 50 pM ThT,
incubadas en condiciones de agitacion (700 rpm) y en presencia de tapones de PMMA. Tras diferentes
tiempos de incubacion, los tapones fueron quitados, lo que inicié la agregacion de aS. (B) Cinéticas de
agregacion representativas de dos triplicados de oS a 100 uM en PBS, pH 7.4 (37 °C), en presencia de 50
UM de ThT, en condiciones de reposo y con tapones de PMMA. Se muestra también una foto de los pocillos
correspondientes para los dos triplicados. La entrada de aire durante la incubacion de la muestra, debido al
sellado imperfecto los pocillos, provoco que se activase la agregacion de la proteina (las tres réplicas del
triplicado que muestra burbujas se corresponde con las cinéticas mostradas en azul oscuro v las tres réplicas
en azul claro corresponden al triplicado en que sélo un pocillo presentaba burbujas de aire, que fue en el
que se vio agregacién de la proteina).

Un método alternativo utilizado para lograr la agregacion de oS in vitro, que mejora la
gran variabilidad que presentan las cinéticas de agregacion iniciadas en la interfase A/W en
condiciones de agitacion, implica introducir otro tipo de interfases donde existe inherentemente
cierta curvatura. Un ejemplo es la adicion de esferas de PTFE a la solucion, aunque este método
se ha combinado generalmente con sistemas de agitacion®*®4*°. Nosotros hemos estudiado el
efecto de introducir en la solucion de proteina (100 uM de aS en PBS pH 7.4, 37 °C) una
esfera de PTFE (material hidrofobico) de un area superficial similar a la que presenta la
interfase A/W en el pocillo de las placas en que realizamos nuestros experimentos
(aproximadamente 32 y 38 mm?, respectivamente) en condiciones de reposo. En estas
condiciones, en ausencia de la esfera de PTFE, no se observa agregacion durante 10 dias. En
presencia de la esfera de PTFE, sin embargo, se observo agregacion en los dos primeros dias
de incubacion (Fig. 4.1 B). Las fibras formadas en estas condiciones, segun el analisis de las
imagenes de AFM, tienen 8.8 + 0.8 nm de altura y 360 £ 90 nm de longitud (n = 15), sin
presentar aparentemente simetria helicoidal.

Otra alternativa para inducir la agregacion de aS que se ha utilizado recientemente es
la incorporacion de vesiculas lipidicas sintéticas, aunque sélo se ha podido observar utilizando
SUV compuestos por un contenido artificialmente alto de lipidos de fosfatidilserina saturados,
tipicamente compuestas por un 100% de DMPS, a un pH ligeramente &cido y a muy baja fuerza
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ionica*??42, Sin embargo, a fuerza idnica fisiologica no se observa agregacion*??

, 'y ésta se ve
ralentizada a pH neutro®®. Reprodujimos la agregacion de aS a 100 pM en presencia de 800
MM de SUV compuestos por un 100% de DMPS en tampon fosfato a un pH de 6.5, a 37 °C, y
en condiciones de reposo (Fig. 4.1 C). Las especies fibrilares obtenidas mediante estas
condiciones de agregacion, tras el estudio morfoldgico de las imagenes obtenidas por AFM,
presentaban una altura de 6.3 + 0.6 nm, una longitud de 800 + 400 nm (n = 15) y no presentaban
simetria de giro. Los agregados amiloides generados en los tres tipos de interfases presentaron
una morfologia fibrilar, (Fig. 4.1 A-C), aunque con diferencias en el ensamblaje de las
protofibrillas, ya que unas fibras presentaban simetria helicoidal pero no otras. En todo caso, la
estructura de las protofibrillas era muy similar para las fibras generadas en los tres tipos de
interfases, mostrando espectros de IR esencialmente idénticos (Fig. 4.1 D), con la banda de
absorcién tipica asociada con la ld&mina B intermolecular de los agregados amiloides a

aproximadamente 1625-1615 cmt 441460461

4.1.2. Laadicion de concentraciones moderadas de alcohol acelera la nucleacion
amiloide de a-sinucleina

Es comdn encontrar en la bibliografia estudios que emplean co-solventes para
desencadenar cambios en la conformacion o el entorno de las proteinas que ayuden a
comprender los mecanismos de plegamiento o agregacion331462463 | os alcoholes,
particularmente el alcohol fluorado TFE, posiblemente sean el tipo de co-solventes mas
empleados para investigar la agregacion de proteinas. Para el caso de la agregacion de aS, el
efecto de ciertos alcoholes ha sido previamente analizado, aunque siempre en condiciones de
agitacion®14%4 Nosotros hemos realizado experimentos sin agitacion para poder estudiar mejor
el efecto de los co-solventes en la nucleacion primaria de la proteina. Al afiadir concentraciones
incluso moderadamente bajas (5%) de alcoholes como MeOH o TFE pudimos observar la
agregacion de aS durante los primeros dias de incubacion (a 100 uM en PBS pH 7.4, 37 °C;
salvo que se diga lo contrario, éstas fueron la concentracion de proteina y condiciones de pH,
fuerza idnica y temperatura que se han utilizado para todos los experimentos de agregacion). A
concentraciones crecientes de alcoholes la agregacién se daba con fases de latencia cada vez

mas cortas (Fig. 4.3 Ay B).
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Figura 4.3. Caracterizacion de la agregacion de a-sinucleina en presencia de concentraciones
crecientes de MeOH y TFE. (A-B) Cinéticas de agregacion de aS a 100 uM en presencia de diferentes
concentraciones de MeOH (A) o TFE (B). Se muestran tres réplicas representativas de mas de 10
experimentos con tres lotes de proteinas diferentes. (C) Espectros de IR de agregados formados en 10%
MeOH (linea continua roja), 35% MeOH (linea punteada roja), 5% TFE (linea continua naranja) o 15%
TFE (linea punteada naranja). (D-G) Imagenes de AFM de agregados formados en presencia de 10% MeOH
(D), 35% MeOH (E), 5% TFE (F) y 15% TFE (G). Barra de escala: 200 nm.

El estudio estructural mediante espectroscopia de IR de los agregados generados en
presencia 0 ausencia de bajas concentraciones de alcoholes muestra espectros de IR
notablemente similares, independientemente de la condicion en que se generaron. Todos ellos
presentan la tipica banda intensa a aproximadamente 1625 cm, caracteristica de estructura en
lamina B amiloide**! (Fig. 4.1 D, 4.3 C y 4.4 C-D). Pese a lo cual, tras los estudios morfoldgicos
realizados mediante AFM, si que se observaron variaciones en la morfologia de los diferentes
tipos de agregados segun las condiciones en que habian sido generado (Fig. 4.1 A-C, 4.3 D-G
y 4.4 E-H). Por ejemplo, en el caso de los agregados generados en presencia de un 5% de TFE,
muestran una morfologia fibrilar con un promedio de 10 = 1 nm de altura 'y 600 = 300 nm de
longitud (n = 20) y con una periodicidad de giro de 61 = 2 nm de longitud (Fig. 4.3 F). En
cambio, los agregados generados en 10% de MeOH muestran una morfologia preferentemente
globular, con alturas medias de 6 = 2 nm y didmetros de 47 + 8 nm (n = 50) (Fig. 4.3 D).
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Este mismo comportamiento se observd con otros alcoholes como isopropanol (i-
PropOH) (Fig. 4.4 A), 2-metil-2,4-pentanodiol (MPD) (Fig. 4.4 B) o etanol (los datos para éste

Gltimo alcohol no son mostrados).
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Figura 4.4. Caracterizacién de la agregacion de a-sinucleina en presencia de i-PropOH o MPD. (A-
B) Cinéticas de agregacion de oS a 100 uM en PBS apH 7.4, 37 °C en presencia de 50 uM ThT y diferentes
concentraciones de i-PropOH (A) o MPD (B). Se muestran tres réplicas representativas de méas de 10
experimentos con tres lotes de proteinas diferentes. (C-D) Espectros de IR de agregados formados en
presencia de i-PropOH (C) o MPD (D) (concentraciones indicadas en las figuras). (E-H) Iméagenes de AFM
representativas de los agregados amiloides de oS generados en presencia de 7% (E) 0 26% (F) de i-PropOH
0 en presencia de 6% (G) o 24% (H) de MPD. Barra de escala: 200 nm.

A partir de ciertas concentraciones de alcohol, que variaba segun el tipo de alcohol
utilizado, la fase de latencia de las cinéticas de agregacion disminuia abruptamente desde un
tiempo de latencia relativamente largo (tipicamente mayor a 20 h) a uno mucho mas corto
(menor a 5-10 min) (Fig. 4.3 Ay By 4.4 Ay B). Este fendmeno se observo, por ejemplo, al
pasar del 5% al 7.5% de TFE o del 15% al 25% de MeOH. Al analizar los espectros de IR de
los agregados generados en estas condiciones que presentan fases de latencia tan cortas,
pudimos comprobar que los espectros de IR de estos agregados exhiben peculiaridades
importantes que son comunes entre si (Fig. 4.3 C, lineas de puntos, Fig. 4.4 C, linea verde
oscuro y Fig. 4.4 D, linea marron oscuro), pero diferentes a los espectros observados para los
agregados a concentraciones de alcohol menores y, por tanto, con fases de latencia largas (Fig.
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4.1 D, 4.3 C, lineas continuas y 4.4 C, lineas verde y verde claro y D, lineas marrén y marron
claro). En particular, la tipica banda intensa caracteristica de estructura en lamina 3 amiloide,
que hasta ahora aparecia a aproximadamente 1625 cm™ para todos los agregados analizados
(todos ellos con fases de latencia largas), se desplaza a aproximadamente 1615 cm™. Ademas,
aparece una nueva sefial de baja frecuencia a aproximadamente 1690 cm™ (Fig. 43 Cy 4.4 C
y D). Respecto al estudio morfologico realizado por AFM de estos agregados generados en
condiciones que presentan fases de latencia cortas, los agregados formados eran
preferentemente globulares (Fig. 43 Ey Gy 4.4 F y H). Como ejemplos, las dimensiones de
los agregados formados en presencia de 15% de TFE eran de 5 + 1 nm de alturay 49 £ 17 nm
de diametro (n = 50), valores similares a los formados en presencia de 35% MeOH (6 + 2 nm
de altura y 44 = 12 nm de diametro (n = 50) (Fig. 4.3 E y G). En todos los casos,
independientemente del alcohol empleado y de si el agregado se ha obtenido en un régimen
con fase de latencia corta o larga, los agregados exhibieron caracteristicas amiloides. 1)
Capacidad de unir la sonda ThT, aumentando ésta su rendimiento cuantico de fluorescencia en
el complejo, aunque la intensidad de fluorescencia fue significativamente menor en los
agregados generados en regimenes con fases de latencia cortas en comparacion con los
agregados generados con fases de latencia mas largas. 2) Espectro caracteristico de IR, que en
todos los casos demostraba la presencia de estructura en lamina  intermolecular®*! (Tabla 4.1,
donde puede observarse el porcentaje de lamina p que presentaban los diferentes agregados
caracterizados en este trabajo). 3) Patron de difraccion de rayos X indicativo de estructura en
ldmina-p cruzada (Fig. 4.5). Esta estructura tan particular presenta tipicamente una difraccion
a 47 Ay otraentre 9y 11 A (Fig. 45 A). Tanto los agregados generados a bajas
concentraciones de alcohol con fase de latencia de horas, como los generados a concentraciones
de alcohol superiores con fase de latencia de segundos-minutos mostraron un patrén de
difraccion con estas caracteristicas (Fig. 4.5 B-C).

A B C
Agregados amiloides Agregados amiloides
Fibras tipicas generadas en generados en la interfase generados en el seno de la
la interfase aire/agua en PBS  aire/agua en PBS a pH 7.4, solucién en PBS a pH 7.4,
apH 7.4, 37°Cy agitacion 10 % MeOH, 37°C y 15 % TFE, 37°C y
en reposo en reposo

Figura 4.5. Patrén de difraccion de rayos X de los agregados amiloides de a-sinucleina. Patrén de
difraccion de rayos X de los agregados tipicos formados en PBS a pH 7.4 (37 °C) en la interfase A/W en
condiciones de agitacion (A) y los agregados generados con 10% de MeOH (B) o con 15% de TFE (C) en
condiciones de reposo. En todos los casos, los patrones de difraccidn de rayos X muestran el sello de
difraccion tipico de la estructura B cruzada con las dos distancias caracteristicas que corresponden a un
espaciado entre hebras en los agregados de 4.68 + 0.01 A (A), 4.68 +0.01 A (B) y4.58 +0.01 A (C) yuna
distancia entre laminas de 9.0 £ 0.1 A (A), 9.0+ 0.2 A (B) y9.3+0.3 A (C).
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Y 4) capacidad de inducir la agregacion de nuevos monomeros actuando como semillas. Tanto
los agregados generados en condiciones con un 10% de MeOH como los generados en
condiciones con un 35% de MeOH, muestran capacidades de siembra en su condicion de origen
(Fig. 6 A-B), un rasgo caracteristico de los agregados fibrilares de naturaleza amiloide. Es
importante sefialar aqui que los agregados generados a 35% MeOH no tienen morfologia
fibrilar, pero si que son capaces de actuar como semillas y cumplen el resto de propiedades
caracteristicas de los agregados amiloides. Cuando se repitieron estas reacciones de siembra en
condiciones en las que el otro polimorfo al usado como semilla es mas estable, no se observo
aceleracion de las cinéticas de agregacion con respecto a las cinéticas en ausencia de semillas
(Fig. 4.7 C y D), lo que sugiere que los agregados amiloides dejan de ser estables en esas otras
condiciones, como posteriormente se demostré (ver apartado 4.1.7). Estos resultados, por tanto,
sugieren que existen dos rangos de condiciones diferenciados en los que se producen diferentes

tipos de agregados, con diferentes estructuras y estabilidades.
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Figura 4.6. Capacidades de siembra de los pequefios agregados amiloides generados en PBS con 10%
de MeOH o con 35% de MeOH. Cinéticas de agregacion de aS a 25 uM con semillas a 3.75 uM (15%
de semilla) en experimentos de: (A) sembrado del agregado generado en condiciones con 10% de MeOH
sobre mondmero en condiciones con 10% de MeOH; (B) sembrado del agregado generado en condiciones
con 35% de MeOH sobre mondmero en condiciones con 35% de MeOH; (C) sembrado del agregado
generado en condiciones con 35% de MeOH sobre mondmero en condiciones con 10% de MeOH; (D)
sembrado del agregado generado en condiciones con 10% de MeOH sobre monémero en condiciones con
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15% de MeOH; (E) sembrado del agregado generado en condiciones con 10% de MeOH sobre mondémero
en condiciones con 35% de MeOH.

Para aclarar el papel que juega las variaciones en la polaridad de la solucion al afadir
los alcoholes con el aumento de la velocidad de nucleacion de oS, realizamos experimentos de
agregacion de aS con diferentes alcoholes a diferentes concentraciones de manera que la
constante dieléctrica de la solucién fuera siempre la misma, concretamente en torno a 73. Las
concentraciones de los diferentes alcoholes que se utilizaron fueron: 10% de TFE, 12% de i-
PropOH, 13% de MPD y 15% de MeOH. Los resultados que arrojan las cinéticas de estas
agregaciones muestran que diferentes alcoholes, para una misma constante dieléctrica de la
muestra, presentan diferencias muy notables en las fases de latencia (Fig. 4.7A). Ademas, los
agregados formados, segln su caracterizacion por espectroscopia de IR, no comparten una
misma estructura (Fig. 4.7 B). Puede apreciarse como el agregado generado al 10% de TFE, y
que cinéticamente mostrd una fase de latencia corta, muestra una estructura muy diferente, con
un pico a aproximadamente 1615 cm™ y otro de baja frecuencia a aproximadamente 1690 cm-
! a la que muestran los agregados generados con los otros alcoholes a las concentraciones
indicadas, todos ellos con fases de latencia largas en sus cinéticas, y con un espectro de IR con

un solo pico a aproximadamente 1625 cm™,
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Figura 4.7. Caracterizacion cinética y estructural de los agregados de a-sinucleina formados en
presencia de diferentes alcoholes, pero con la misma constante dieléctrica en solucion. Cinética de
agregacion (A) y espectros de IR (B) de los agregados generados con oS a 100 uM en PBS a pH 7.4 (37
°C) en presencia de 15% de MeOH (rojo claro), 13% de MPD (amarillo), 12% de i-PropOH (verde) o0 10%
de TFE (cian). Las concentraciones de los diferentes alcoholes se eligieron para dar como resultado una
solucién con una constante dieléctrica igual 0 muy proxima a 73.

En este punto se quiso estudiar si la forma N-terminal acetilada de oS, la forma
fisioldgica més relevante de la proteina, tenia este comportamiento a nivel de agregacion en

funcién de la concentracion de alcohol. Para ello, se realizaron experimentos analogos con esta
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variante de la proteina y no se vieron diferencias significativas con respecto a la variante sin
acetilar (Fig. 4.8).
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Figura 4.8. Comparacioén del comportamiento de agregacién de la variante de a-sinucleina acetilada
en el extremo N-terminal con la variante sin la modificacion. Cinética de agregacion de aS a 100 uM
en PBS a pH 7.4 (37 °C) en presencia de de ThT a 50 uM y (A) 5% o 15% de TFE o (B) 10% o0 35% de
MeOH. La proteina WT se muestra en naranja (5% de TFE) o marrén oscuro (15% de TFE) en (A) y en
rojo (10% de MeOH) o rojo oscuro (35% de MeOH) en (B), mientras que la variante de la proteina acetilada
en el extremo N-terminal se muestra en gris claro (concentraciones mas bajas de alcoholes) y oscuro
(concentraciones mas altas de alcoholes).

Por ultimo, se analiz6 el efecto que pudiese tener el material del contenedor de las
soluciones de proteina en la distincion de estos dos regimenes de agregacién observados, con
fase de latencia larga o corta. Para ello, se compararon los resultados obtenidos con las placas
utilizadas hasta ahora, que estan tratadas con un recubrimiento de PEG para hacer su superficie
hidrofilica, con otros dos tipos de placas con diferentes superficies de contacto con la muestra:
placas de poliestireno (superficie hidrofdbica) y placas con recubrimiento de vidrio (superficie
hidrofilica) (Fig. 4.9). A nivel de las cinéticas de agregacion hay que remarcar que, aungue se
observaron variaciones en las cinéticas al utilizar recipientes con diferentes superficies de
contacto con la solucién de muestra en las condiciones en las que domina la agregacién con
fase de latencia larga (Fig. 4.9 A-B), la aceleracién de la nucleacién en el régimen de fases de

latencia cortas (en el rango de minutos) es independiente del material de recubrimiento de la
placa (Fig. 4.9 C-D).
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Figura 4.9. Impacto del material del recipiente en la cinética de agregacién de a-sinucleina. (A-D)
Cinéticas de agregacion de aS a 100 UM en PB, pH 7.4, 37 °C, en presencia de 50 uM ThT y 10% MeOH
(A) 0 5% TFE (B) 0 35% MeOH (C) o 15% TFE (D). Cada condicién se evalu6 en placas revestidas con
un tratamiento de PEG (azul oscuro), placas revestidas con vidrio (azul estandar) o placas de poliestireno
sin revestimiento (cian).

4.1.3. Laadicion de altas concentraciones de sales, particularmente sales
cosmotroépicas, conducen a la aceleracion de la nucleacion de a-sinucleina

El estudio del efecto de la presencia de alcoholes sobre la nucleacion primaria de oS
demostro que los cambios que éstos producen en la polaridad de las soluciones de proteina no
eran el origen ultimo de la aceleracion de la nucleacion. Otra propiedad que tienen los alcoholes
en soluciones acuosas de proteinas es su efecto pronunciado en la reduccion de la tension
superficial de las proteinas y, por lo tanto, en la reduccién de su capa de hidratacion. Con el fin
de investigar si una disminucion en la hidratacion de las proteinas es un factor relevante para
acelerar la nucleacion de aS, analizamos el efecto de la adicion de diferentes concentraciones
de sales, particularmente sales cosmotrodpicas, en el proceso de agregacion de aS. Estas sales
se caracterizan por favorecer la red de puentes de hidrogeno entre las moléculas de agua de la
solucion, aumentando su estructuracion y dando lugar usualmente a un aumento en la
estabilidad de las formas plegadas de las proteinas y a una reduccion de la capa de hidratacion.

En oposicion a este tipo de sales existen las conocidas como sales caotropicas, que son
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conocidas como agentes inductores de desorden en la estructura tridimensional del agua de la
solucion y tienden a disolver o solvatar solutos y desnaturalizar proteinas (ya que la forma
desnaturalizada tiene mas area expuesta al solvente)*®®. Para hacer este estudio trabajamos con
tres sales: NaCl, con propiedades cosmotrépicas moderadas, sulfato de sodio (Na:SQs), con
propiedades muy cosmotrépicas, y tiocianato de sodio (NaSCN), con propiedades caotropicas
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Figura 4.10. Caracterizacion de la agregacion de a-sinucleina en presencia de sales cosmotrdpicas.
(A-B) Cinética de agregacion de aS a 100 uM incubado en presencia de diferentes concentraciones de
NaCl (A) o Na;SOs (B) (concentraciones expresadas en fuerza i6nica). Se muestran tres réplicas
representativas de mas de 10 mediciones con tres lotes de proteinas diferentes. (C) Espectros de IR de
agregados formados en 2 M de NaCl (linea continua verde), 3.5 M de NaCl (linea punteada verde), 2 M de
Na,SO4 (linea sélida marron) y 3 M de Na,SO4 (linea punteada marrén) (concentraciones expresadas en
fuerza iénica). Imagenes de AFM representativas de agregados formados en 2 M de NaCl (D) y 3.5 M de
NaCl (E). Barra de escala: 200 nm.

Los experimentos de agregacion se realizaron con 100 UM oS en tampon fosfato a 10
mM, pH 7.4, con la concentracion de la sal deseada, a 37 °C de temperatura y en condiciones
de reposo (sin agitacion). La proteina en presencia de una fuerza idnica de 0.15 M por la adicion

de NaCl (condiciones estdndar usadas anteriormente) no agrega de forma perceptible
transcurridas 200 horas de incubacion (Fig. 4.10 A), y tampoco lo hace si se encuentra a esa
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fuerza ionica por la accion de NaxSO4 (Fig. 4.10 B) o NaSCN (Fig. 4.11) en condiciones de
reposo. Al aumentar la concentracion de las diferentes sales en el rango de fuerza idnica entre
0.5-1 M se observé una aceleracion significativa de la agregacion de oS tanto en los
experimentos realizados con sales cosmotropicas (NaCl, Na.,SOs; Fig. 410 A y B,
respectivamente), como en con sales caotropicas (NaSCN; Fig. 4.11). En las cinéticas de
agregacion se aprecia una fase de latencia en el rango de horas a dias. Al incrementar mas la
fuerza ionica de la solucion, en el rango de 1-3 M para NaCl y 1-2 M para NaxSOs 0 NaSCN,
las tres sales utilizadas en este estudio se comportaron de manera similar, con una cinética de
agregacion que vario levemente con la concentracion de sal y con fases de latencia
caracteristicas mayores a 10 h. Sin embargo, al aumentar ain mas la fuerza iénica de la
solucion, se observaron comportamientos diferentes entre las sales cosmotropicas vy
caotropicas. Para las sales cosmotropicas empleadas, NaCl y Na>SOs, la cinética de agregacion
cambi0 drasticamente a concentraciones altas de sal, dando fases de latencia cortas (menores a
5-10 min). En el caso de NaCl, este cambio drastico en las cinéticas se aprecio a partir de
fuerzas idnicas de 3.5 M (Fig. 4.10 A); mientras que para Na2SOg, la transicién a un régimen
de fases de latencia cortas ya se pudo apreciar a partir de fuerzas iénicas iguales a 2.5 M (Fig.
4.10 B). Por otro lado, para el caso de la sal altamente caotropica NaSCN, se observé una fuerte
desaceleracion del proceso general de agregacion, con un fuerte incremento en los tiempos de

las fases de latencia a partir de fuerzas idnicas iguales o superiores a 3 M (Fig. 4.11 A).
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Figura 4.11. Caracterizacion cinética de la agregacion de a-sinucleina formada en presencia de
NaSCN, como ejemplo de sal caotrdpica. (A) Cinética de agregacion de aS a 100 uM en tampdn fosfato
a10 mM, a pH 7.4 (37 °C) en presencia de ThT a 50 uM y diferentes concentraciones de NaSCN. Tras
un aumento moderado en la concentracion de NaSCN hasta 2 M, hay un aumento significativo en la tasa
aparente de agregacion de oS, en linea con los efectos observados para NaCl y Na;SOa,. Por encima de 2
M de NaSCN, sin embargo, se observa una drastica desaceleracion de la agregacion, en marcado
contraste con el comportamiento encontrado para las sales cosmotrépicas (Fig. 4.10). (B) Espectros de
IR de agregados formados en 2 M de NaSCN (linea verde claro), 4 M de NaSCN (linea verde oscuro)
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Tras analizar los espectros de IR de los agregados de oS generados en las diferentes
condiciones de sal, tal y como se observo para las agregaciones promovidas por alcoholes, pudo
distinguirse claramente diferencias en la estructura secundaria que presentaban los agregados
que fueron generados en regimenes cinéticos de agregacion con fases de latencia largas frente
a los generados con fases de latencia cortas. Independientemente de la sal empleada y de la
fuerza ionica a la que se hubiese producido la agregacion, los agregados originados con
cinéticas con fase de latencia larga volvieron a presentar espectros de IR con un solo pico a
aproximadamente 1625 cm™; mientras aquellos otros que se formaron en procesos que
mostraban cinéticas con fases de latencia cortas nuevamente presentaron espectros de IR con
un pico a aproximadamente 1615 cm™ y otro de baja frecuencia a aproximadamente 1690
cm? (Fig. 4.10 C y 4.11 B). También pudo observarse, mediante analisis morfologico de los
agregados por AFM, que los formados en altas concentraciones de sal parecian poseer
preferentemente una morfologia globular pequefia para todas las sales. En el caso de agregados
generados en presencia de 2 M de NaCl, como ejemplo de agregados generados por una cinética
de nucleacion lenta, las dimensiones de los agregados eran 3.2 + 0.2 nm de altura 'y de 20 + 2
nm de didmetro (n = 50) (Fig. 4.10 D). Mientras que, para los agregados generados por cinéticas
de nucleacién rapida, como por ejemplo a 3.5 M de NaCl, los valores de tamafio observados

fueron muy similares:3.3 = 0.2 nm de altura y 23 + 3 nm de diametro (n = 50) (Fig. 4.10 E).

4.1.4. La adicién de agentes de aglomeracion macromolecular también acelera la
nucleacion primaria de a-sinucleina
El tercer tipo de co-solvente o aditivo mas utilizado para sondear cambios de hidratacion
de proteinas se trata de agentes de aglomeracién macromolecular, tipicamente polimeros
sintéticos inertes. Nosotros utilizamos tres polimeros diferentes usados cominmente como
agentes de aglomeracion en el estudio de agregacion amiloide de proteinas. Estos son: dextrano
70, ficol 70 y PEG 8. La agregacion de aS en presencia de concentraciones moderadas (150
g/L) de estos tres tipos de agentes de aglomeracidn dio lugar a una aceleracion de la nucleacion

de oS, dando fases de latencia en los tres casos de aproximadamente 10 h (Fig. 4.12 A).
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Figura 4.12. Caracterizacion de la agregaciéon de a-sinucleina en presencia de agentes de
aglomeracion macromolecular. (A) Cinéticas de agregacion de 100 uM aS incubada en presencia de 150
g/L de dextrano 70 (rosa), ficol 70 (violeta) y PEG 8 (gris). Se muestran tres triplicados representativos de
maés de 10 mediciones de tres lotes de proteinas diferentes. (B) Espectros de IR de agregados formados en
presencia de dextrano 70 (rosa), ficol 70 (violeta) y PEG 8 (gris). (C-E) Imagenes de AFM representativas
de los agregados formados en dextrano 70 (C), ficol 70 (D) y PEG 8 (E). Barra de escala: 200 nm.

En el caso de los agregados formados en las soluciones con dextrano 70 y ficol 70, tras
el analisis morfolégico por AFM, pudo comprobarse que presentaban una morfologia
preferentemente fibrilar, con dimensiones similares: 6.0 £ 0.8 nm de altura'y 380 £ 170 nm de
longitud (n = 30) en el caso del dextrano 70, y 6.3 = 0.5 nm de altura, 340 + 170 nm de longitud
(n = 15) para ficol 70 (Fig. 4.12 C y D). En el caso de PEG 8, sin embargo, se observaron
agregados de tipo mas globular (Fig. 4.12 E). En cualquier caso, los tres tipos de agregados
mostraron un aumento en la sefial de fluorescencia de ThT, caracteristica propia de los
agregados amiloides, y un solo pico a aproximadamente 1625 cm™ en sus a espectros de IR
(Fig. 4.12 B), como el resto de los agregados amiloides generados a través de procesos con
cinéticas que muestran fases de latencia largas (Fig. 4.1 D,4.3C,44CyD,4.10C,4.11By

4.12 B). Aunque, sin embargo, no se pudo lograr la difraccion de rayos X de estas muestras
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para poder comprobar que mostraban un patrén de difraccion caracteristico de conformacion
amiloide. Cabe destacar que, al aumentar la concentracion del agente de aglomeracion hasta
300-400 g/L, no se observaron cambios en los mecanismos de agregacion para ninguno de los
agentes de aglomeracion utilizados, dandose siempre fases de latencia largas (datos no

mostrados).

4.15. a-sinucleina forma agregados amiloides sin la presencia de una superficie
de nucleacion activa en condiciones de hidratacion limitadas

Se ha observado que, a partir de determinadas concentraciones de alcohol o de ciertas
fuerzas ionicas generadas por sales cosmotropicas, las cinéticas de agregacion de aS presentan
una reduccion dréstica en las fases de latencia (Fig. 4.13 y Tabla 4.1). Un analisis general de la
duracidn de las fases o tiempos de latencia (tiag) €n funcion de las concentraciones de aditivos
que promueven la nucleacién de la proteina (Fig. 4.13) refleja claramente la existencia de dos
regimenes principales que sugieren mecanismos diferenciados de nucleacion: un régimen en el
que la fase de latencia de las reacciones de agregacion abarca tipicamente mas de 10 h (Fig.
4.13, condiciones dentro del recuadro azul) y otro régimen cuya fase de latencia es al menos
dos érdenes de magnitud inferior que la fase de latencia tipica del régimen anterior (Fig. 4.13,
condiciones dentro del recuadro amarillo). Llegados a este punto, nos propusimos caracterizar
el tipo de nucleacion primaria que se favorece en cada uno de los dos regimenes observados en

este trabajo.
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Figura 4.13. Andlisis de la duracion aproximada de la fase de latencia de agregacion de a-sinucleina
con respecto a la concentracion de los diferentes tipos de aditivos. En ausencia de aditivos, no se
observo agregacion en las condiciones utilizadas en este estudio (oS a 100 uM en PBS a pH 7.4, a 37 °C,
en reposo), tras varios meses de incubacion de la proteina, como se habfa publicado anteriormente®’. Se
eligid un valor arbitrario de 1000 h (aproximadamente 40 dias) para la representacion gréfica con el fin de
visualizar la aceleracion de la nucleacion primaria en presencia de los aditivos seleccionados. Los valores
de fase de latencia aproximados para todas las condiciones, excepto el valor 0 de concentracion, se
estimaron a partir del analisis (Materiales y Métodos) de las curvas cinéticas que se muestran en las Fig.
4.3,4.10 y 4.12. La concentracion de sales viene dada en forma de concentracion de fuerza iénica.
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En primer lugar analizamos el efecto que ejercen diferentes condiciones de
deshidratacion leve sobre el monomero de aS. Para ello estudiamos la estructura secundaria
del monomero en las condiciones de interés mediante espectroscopia de CD. De los resultados
arrojados por esta técnica podemos concluir que no hay apenas variacion estructural apreciable
al someter al monémero a las condiciones de deshidratacion leve probadas (Fig. 4.14 A).
Ademas, estudiamos por DLS el radio hidrodindmico (Rn) de los mondmeros en estas
condiciones; observando que no hay una diferencia significativa en los Rn de los monémeros
sometidos a las distintas condiciones de deshidratacion leve testadas, estando todas en el rango
de 2.9-3.4 nm (Fig. 4.14 B).
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Figura 4.14. Evaluacion de las caracteristicas generales del conjunto estructural de la proteina
monomérica en presencia de co-solventes y sales a concentraciones que aceleran la agregacion de
amiloide de a-sinucleina. (A) Espectros de CD de UV lejano de oS en diferentes condiciones. (B) Analisis
del Ry de aS por DLS de aS en diferentes condiciones y valores medios aportados.

Con el fin de analizar el papel de las interfases en los dos tipos de nucleacion primaria
en presencia de aditivos, primero eliminamos cualquier interfase que pudiese promover la
nucleacion. En nuestras condiciones experimentales, la unica interfase H/H accesible a la
proteina era la interfase A/W, por lo repetimos los ensayos de agregacion de oS en condiciones
caracteristicas para cada uno de los dos regimenes de nucleacion en presencia de una interfase
H/H sustituyendo a la interfase A/W incorporando unos tapones hidrofilico, tal y como se hizo
en el apartado 4.1.1. Estos experimentos fueron bastante complejos ya que, debido al tiempo

que requerian las reacciones de agregacion en estas condiciones (aproximadamente 5-7 dias) y
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a que el ajuste de los tapones a los pocillos presentaba en muchas ocasiones un sellado
imperfecto, era inevitable la aparicion estocastica de burbujas de aire en un nimero elevado de
muestras (Fig. 4.2 B), lo que aceleraba la nucleacion de forma significativa. No obstante, en a
aquellas muestras donde no se formaron burbujas dentro de las primeras 100 h de incubacion,
no se observod agregacion de aS en condiciones de reposo para las condiciones de agregaciones
con fases de latencia largas en presencia tanto de alcoholes como de sales (Fig. 4.15), lo que
demostraba el papel de la interfase A/W en el mecanismo de nucleacion en estas condiciones.
En condiciones que favorecen una reduccion moderada de la capa de hidratacion de la proteina,
por tanto, se acelera la nucleacion heterogénea de aS, sin signos de nucleacién homogénea

significativa durante los tiempos de medida (aproximadamente 1 semana).
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Figura 4.15. La eliminacion de las superficies hidrofobica/hidrofilica accesibles a a-sinucleina

inhibe la agregacion de la proteina en condiciones de alta hidratacién de la proteina. Cinéticas de

agregacion de aS a 100 uM en PBS apH 7.4 (37 °C) en presencia de ThT a 50 uM y 10% de MeOH (A),

5% de TFE (B) y 2 M de NaCl (C) en presencia de la interfase de A/W, sin tapones de PMMA (curvas

de colores); y sin la interfase, con tapones de PMMA (curvas grises).

Para analizar el papel de la interfase A/W en las agregaciones con fases de latencia
cortas, a causa de la elevada velocidad del proceso de nucleacion, se tuvieron que buscar otras
alternativas experimentales. Primero, analizamos la capacidad de aS para adsorberse y
acumularse en la interfase A/W en estas condiciones en comparacion con las condiciones de
nucleacion heterogénea previamente analizadas. Para ello recurrimos al empleo de un
tensidémetro de Langmuir, con el que realizamos experimentos de tension superficial de la
interfase A/W en las condiciones mas significativas y con diferentes concentraciones de

proteina.

En ausencia de MeOH, la adicion de oS a la solucion condujo a la particion de la
proteina entre el seno de la solucion y la interfase A/W. La adsorcion de la proteina a la interfase
resultd en una reduccion de la tension superficial, que podia medirse directamente en el
tensiometro de Langmuir. En ausencia de oS en la solucidn, la interfase A/W presenté una

tension superficial de 72.8 + 2 mN/m (Fig. 4.16 A). Incrementos en la concentracion de proteina

112



en la solucion conducian a una disminucion en la tension superficial de la interfase A/W, hasta
alcanzar la concentracion de saturacion, en donde se llegaba a un minimo de tension superficial
en la interfase, que no disminuia con el aumento de la concentracion de proteina en la solucion.
En este punto de saturacion, que en nuestros experimentos fue de aproximadamente 60 nM de
aS para una interfase A/W estimada de 254.5 mm?, oS generaba una monocapa de proteina en

la interfase A/W, lo que disminuia la tension superficial a un valor de 52 + 2mN/m (Fig. 4.16
A).
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Figura 4.16. Propension de la a-sinucleina a agregar en ausencia de una interfase hidréfoba/hidrofila
activa. (A) Medidas de la tension superficial en la interfase A/W de soluciones de aS en PBS solo (azul),
con 10% de MeOH (rosa) o con 35% de MeOH (marron); error de medicion promedio 0.82, 1.15y 2.07
mN/m para cada condicién de solucién, respectivamente. (B) Esquema del sistema de microfluidica
utilizado para los experimentos que se muestran en los paneles C-D. (C-D) Cinética de agregacion de oS
a 100 puM en presencia de 15% de TFE (C) 0 3.5 M de NaCl (D) incubados en el sistema de microfluidica
(puntos negros). Las barras representan errores estandar para n = 3-4 mediciones por punto de tiempo de
agregacion. Las lineas s6lidas de colores muestran datos de agregaciones estandar en la placa.

Al repetir los experimentos en presencia de 10% de MeOH pudo verse como este co-
solvente inducia una disminucién en la tension superficial de la interfase A/W (59.5 + 0.8
mN/m; Fig. 4.16 A). Al hacer el barrido de concentraciones de proteina en la solucién se vio

gue la concentracion de saturacion de oS (aproximadamente 25 nM) disminuyd

significativamente con respecto al valor en ausencia de co-solvente, indicando que la proteina
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tiene mas preferencia por adsorberse a la interfase A/W en presencia de 10% de MeOH, a pesar
de la disminucién de la polaridad de la solucién por la presencia del MeOH. Esto se puede
deber, por tanto, a un aumento en la helipticidad de la region N-terminal de la proteina en
presencia de MeOH?33!. La monocapa de proteina en la interfase A/W en contacto con la
solucion al 10% de MeOH generaba una tension superficial constante de 52 £ 2 mN/m, lo que
mostraba que las propiedades de la monocapa eran similares en presencia o ausencia de 10%
de MeOH. Sin embargo, al aumentar la concentracion al 35% de MeOH en la solucion, ya en
ausencia de proteina, la tension superficial de la interfase A/W disminuy6 a aproximadamente

28 + 2 mN/m, por lo que la proteina ya no se adsorbia a la interfase (Fig. 4.16 A).

Los datos proporcionados por los experimentos de tension superficial indicaban que oS
no se adsorbia a la interfase A/W cuando habia una concentracion de 35% de MeOH, que es
representativa de las condiciones que generan agregaciones con fases de latencia cortas, lo que
sugeria que la nucleacion primaria de la proteina en estas circunstancias se estaba dando en el
seno de la solucion y, por tanto, mediante una nucleacion homogeénea. Para demostrar de forma
mas directa que la proteina agregaba mediante una nucleacién homogénea en estas condiciones,
utilizamos un dispositivo de microfluidica (ver esquema del sistema en la Fig. 4.16 B) en el
que la solucion de proteina es mezclada e incubada con la concentracion apropiada de aditivos
en contacto Unicamente con material hidrofilico (PEEK). Usando este dispositivo, logramos
reproducir las cinéticas de agregacion que habiamos observado previamente en los pocillos de
las placas en presencia de una interfase A/W tanto en presencia de alcohol como de sal como
co-solventes (Fig. 4.16 C y D). Es importante mencionar aqui que los dos tipos de experimentos
(en los pocillos de la placa y en el sistema de microfluidica), que dieron cinéticas casi
superponibles, presentan materiales en contacto con la solucién muy diferentes, asi como
relaciones de superficie/volumen considerablemente distintas (en el caso de la tuberia de
PEEK, la relacién de superficie/volumen es 5 veces mayor que en los pocillos de la placa), lo
que esta a favor de una nucleacion homogénea. Las pequefias desviaciones observadas entre la
cinética de agregacion de oS en presencia de 3.5 M de NaCl en la placa y en el sistema de
microfluidica (Fig. 4.16 D) probablemente estén relacionadas con una aceleraciéon de la
nucleacion heterogénea de la proteina en la interfase A/W en la placa bajo estas condiciones,
ya que, a 3.5 M de NaCl, y a diferencia de 35% de MeOH, se espera que la proteina se divida
entre el seno de la solucion y la interfase A/W donde la nucleacion heterogénea probablemente

se vea también acelerada en estas condiciones.
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Para asegurarnos de que las agregaciones realizadas en este dispositivo realmente
estaban dandose lugar a través de un proceso de nucleacién homogeénea, y que no pudiéramos
haber introducido en el sistema nucleos de agregacion previamente formados antes de la mezcla
con los co-solventes, realizamos una serie de comprobaciones en los lotes de aS que estaban
siendo empleados para estos experimentos (Fig. 4.17). La mayoria de los experimentos
presentados en este trabajo se realizaron con alicuotas de lotes de proteinas que se almacenaron
a -80 °C justo después de la purificacion por cromatografia de exclusion molecular y se
descongelaron sélo una vez inmediatamente antes de su uso. Para comprobar la ausencia de
trazas de nucleos preformados en estas alicuotas tras su descongelacion, re-purificamos por
SEC parte de uno de los lotes de aS congelada a -80 °C y comparamos el perfil de DLS que
presenta una alicuota inmediatamente después de la re-purificacion con una que acababa de ser
descongelada de uno de los lotes almacenado a -80 °C. El resultado fue que ambas muestras
contenian una Unica poblacion de particulas con un Ry de 3.1 £ 0.2 nm y 3.1 £ 0.1 nm,
respectivamente, que corresponde a la presencia Unicamente de especies monomeéricas de
proteina (Fig. 4.17 A). Simultdneamente, también se realizaron una serie de experimentos de
control, empleando diferentes concentraciones de NaCl como co-solvente, con las muestras re-
purificadas mediante SEC y muestras recién descongeladas de uno de los lotes almacenado a -
80 °C. Se hicieron tanto en tampdén fosfato 10 mM a pH 7.4 con 2.5 M de NaCl, como una
condicidn representativa de las agregaciones que dan lugar a cinéticas con una fase de latencia
larga, como en el mismo tampdn, pero con 3.5 M de NaCl, como una representativa de las
agregaciones que dan lugar a cinéticas con una fase de latencia corta. En ambos casos no hay
diferencia en el tipo de alicuota empleada, mostrando ambas soluciones de proteina cinéticas
completamente superponibles (Fig. 4.17 B).
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Figura 4.17. Evaluacion de la presencia/ausencia de nucleos preformados en las muestras de lotes de
proteinas. (A) Perfiles de DLS representativos de las soluciones de lotes de proteinas antes y después de
la re-purificacion por SEC y analizados/utilizados inmediatamente después de la elucién de la columna;
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lineas grises y negras, respectivamente. (B) Comparacion de los perfiles cinéticos de agregacion de la
proteina de un lote purificada por SEC y almacenada a -80 °C (las alicuotas se descongelan inmediatamente
antes de su uso) frente a una re-purificada por SEC y usada inmediatamente después de su elucion de la
columna; colores oscuros y claros, respectivamente; la comparacién se hizo tanto en una condicion del
régimen con fase de latencia larga (PBS con 2.5 M de NaCl) en color rojo, como en una del régimen con
fase de latencia corta (PBS con 3.5 M de NaCl) en color verde.

4.1.6. a-Sinucleina forma preferentemente agregados amiloides con lamina 8
paralela por nucleacién heterogénea y agregados amiloides con lamina 8
antiparalela por nucleacion homogénea

Cuando comparamos los espectros de IR de los agregados generados a través de

nucleacion primaria heterogénea u homogénea, hemos podido observar al menos dos
diferencias notables (Fig. 4.3 C, 4.4 Cy D y 4.10 C). La primera variacion observada fue la
aparicion de una banda adicional en la region de amida I, a aproximadamente 1690 cm™, en los
agregados generados a través de nucleacion homogénea. Esta banda es indicativa de la
presencia de una estructura de lamina p antiparalela®*14¢”. Ademas, notamos un desplazamiento
general en el pico de la banda caracteristica de amida | que se corresponde con la estructura en
lamina B intermolecular, que aparece a aproximadamente 1625 cm™ para los agregados
amiloides generados por nucleacion heterogénea, con lamina B intermolecular paralela,
mientras que para los generados por nucleacion homogénea aparece a numeros de onda mas

bajos, aproximadamente a 1615 cm™.

Con el fin de corroborar la disposicion paralela o antiparalela de la arquitectura en
lamina  de cada una de las dos clases estructurales de agregados amiloides de oS que hemos
podido distinguir en este trabajo, analizamos la formaciéon de excimero de fluorescencia
intermolecular de moléculas de pireno unidas a diferentes posiciones de la cadena
polipeptidica, particularmente en las posiciones 6, 24, 56, 69, 85, 90 y 140 en ambos tipos de
agregados amiloides. Estos experimentos fueron llevados a cabo por el doctorando Pablo José
Gracia Gonzélez, que realiz6 un analisis estructural detallado previo en fibras con lamina f3
paralela de aS'66364401 | as posiciones 56, 69, 85 y 90 se encuentran ubicadas en el nicleo
amiloide en lamina B de las fibras, la posicion 24 esta ubicada cerca de la parte N-terminal del
nicleo amiloide y las posiciones 6 y 140 estan ubicadas en los extremos N-terminal y C-
terminal de la secuencia de la proteina, respectivamente. Cuando se analizaron los espectros de
pireno de agregados de disposicion paralela y antiparalela, respectivamente, segun los espectros
de IR cuando se utilizaron las variantes de pireno en las posiciones 56, 69, 85y 90, en el primer
caso se observo la formacion de excimero de pireno (banda de emision alrededor de 470 nm),

ademas de las bandas de emision de pireno monomérico (375-395 nm) (Fig. 4.19 A, azul),
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mientras que para el segundo caso s6lo se observo emision de fluorescencia del monémero de
pireno. Este comportamiento se visualizé mejor cuando se uso la relacion de intensidades
excimero/monémero (E/M), que de hecho se puede usar como un indicador de proximidad
pireno-pireno®® (Fig. 4.18 B). Incluso en posiciones alejadas del niicleo amiloide se observd
formacion de excimero de pireno en los agregados generados con fase de latencia larga, lo que
implica una disposicion de lamina B intermolecular paralela. En el caso de los agregados
amiloides generados en condiciones con regimenes cinéticos con fases de latencia cortas, y que
mostraban una estructura en lamina B antiparalela por espectroscopia de IR, no se observo
formacion significativa de excimero de pireno para ninguna de las posiciones de aS analizadas
(Fig. 4.18 A, roja punteada y verde punteada) (Fig. 4.18 C y D, sombreados rojos y verdes).
Estos resultados, por tanto, estdn de acuerdo con una orientacion relativa antiparalela de los

mondmeros de aS dentro de este tipo de agregado amiloide.
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Figura 4.18. Andlisis de formacidn de excimeros de pireno intermolecular de los agregados amiloides
de a-sinucleina con diferentes laminas p. (A) Espectros de fluorescencia de pireno de agregados de oS,
marcados en la posicion 85 de la secuencia primaria de la proteina, formados en la interfase A/W en PBS
con agitacién (azul), o en reposo en PBS con 10% MeOH (linea roja continua), 0 2 M NaCl (linea verde
continua), asi como los agregados formados en la mayor parte de las soluciones en PBS con 35% MeOH
(linea roja punteada) o 3.5 M NaCl (linea verde punteada). (B-D) Valores de la relacidn de intensidad de
E/M de pireno obtenidos para los agregados de oS etiquetados con una relacion de aS-pireno/a.S-no-
etiquetada de 1:10 en diferentes posiciones de la secuencia primaria (6, 24, 56, 69, 85, 90 y 140) formadas
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en la interfase A/W en PBS con agitacion fuerte, en PBS con 10% MeOH (C, rojo), PBS con 35% MeOH
(C, sombreado en rojo), PBS con 2 M NaCl (D, verde) o PBS con 3.5 M NaCl (D, sombreado en verde), a
pH 7.4,

Para ahondar més en la razon por la que la agregacion a través de nucleacién primaria
homogénea produce siempre agregados con una estructura en lamina [ antiparalela
intermolecular, intentamos comprobar si la electrostatica de aS juega algin papel en la
orientacion de los mondmeros en el seno de la solucion durante el proceso de nucleacion. Para
ello, ademas de la informacion que nos aportan las agregaciones mediante nucleacion
homogénea realizadas a altas fuerzas ionicas, que ya sugieren un papel poco relevante de las
interacciones electrostaticas, recurrimos al empleo de una variante de oS en la que se
eliminaron los Gltimos 36 residuos de la proteina, donde se concentran la gran mayoria de las
cargas negativas (presentando esta variante una carga neta de -9 a pH fisiolégico que contrasta
a los -15 que presenta la WT). Esta variante, A104-140 aS, en presencia de alcoholes (TFE y
MeOH) en condiciones de nucleacion primaria homogénea (15% TFE y 35% MeOH) agrega
con cineéticas similares a las cinéticas de la proteina completa en las mismas condiciones (Fig.
4.19). Ademas, los agregados de la variante truncada generados en condiciones de nucleacion
homogénea presentaban una estructura en lamina 3 antiparalela similar a los formados por la
proteina completa (Fig. 4.19 C y D). Estos resultados descartan que las interacciones
electrostaticas sean relevantes para la disposicion paralela o antiparalela de las moléculas de
oS en los agregados amiloides. Sin embargo, cabe destacar que si que juegan un papel en la
elongacion de los agregados amiloides con arquitectura paralela, ya que la variante truncada
elonga més lentamente que la proteina completa segun las cinéticas de agregacion obtenidas.
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Figura 4.19. Comparacion entre el comportamiento de agregacion de WT y A104-140 a-sinucleina.
(A-B) Cinética de agregacion de aS a 100 uM en PBS a pH 7.4, 37 °C en presencia de 50 uM ThT y (A)
5% 0 15% de TFE o (B) 10% o 35% de MeOH. La proteina WT se muestra en naranja (5% de TFE) o
marrén oscuro (15% de TFE) en (A) y en rojo (10% de MeOH) o rojo oscuro (35% de MeOH) en (B),
mientras que la variante de la proteina A104-140 se muestra en verde claro para las agregaciones con menor
contenido de co-solvente y verde oscuro para las que tienen mayor contenido de co-solvente en cada panel.
(C-D) Espectros de IR de los agregados de A104-140 oS formados en presencia de 5% o 15% de TFE (C,
verde claro y verde oscuro respectivamente) y 10% o 35% de MeOH (D, verde claro y verde oscuro
respectivamente).

Por otro lado, dada la relacion constante entre cinéticas de agregacion con fases de
latencia cortas y agregados resultantes con una arquitectura en lamina 3 antiparalela, decidimos
comprobar el tipo estructural de agregados que se forman en condiciones de nucleacion
aparentemente homogénea (rango de 25-30% de MeOH) a una concentracion de proteina 20
veces menor a la utilizada anteriormente (5uM). Las cinéticas de agregacién obtenidas a esa
concentracion de aS presentaban una fase de latencia méas larga, en el rango de horas (Fig. 4.20
A), consecuencia de la menor probabilidad de contactos favorables entre monémeros de aS
para poder dar lugar a la formacion de un nicleo activo, aunque la organizacion estructural de
los agregados obtenidos se correspondia con una organizacion en lamina p antiparalela (Fig.
4.20 B, datos aportados por Pablo José Gracia Gonzalez). En este rango de concentraciones de
proteina, no se pudo observar agregacion en condiciones donde se favorece la nucleacion

heterogénea (datos no mostrados), indicando que cuando la nucleacion homogénea es favorable
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(condiciones de baja hidratacion de la proteina) esta se puede dar de manera muy eficaz en el
seno de la solucion sin la necesidad de una superficie activa, lo que lleva a que la concentracion
critica para la agregacion de la proteina sea significativamente menor que la que se necesita en

condiciones de nucleacion heterogénea.
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Figura 4.20. Agregacion de a-sinucleina a una concentracién de proteina 5 uM en PBS a pH 7.4,
30% de MeOH. (A) Cinética de agregacion de aS a5 uM en PBS a pH 7.4 (37 ° C) en presencia de 25%
y 30% de MeOH con ThT a 50 uM. (B) Espectros de fluorescencia de agregados de aS marcados con
pireno a 5 uM formados en presencia de 10% y 30% de MeOH. Solo se utilizé oS marcado, que llevaba el
pireno en la posicion 85. Los espectros se normalizaron a lszs.

4.1.7. Laagregacion a través de una nucleacion homogénea da lugar a
agregados amiloides con diferente estabilidad termodinamica con respecto a
los agregados generados por nucleacion heterogénea

Nuestros resultados indican que la agregacion de oS puede desencadenarse por

mecanismos de nucleacion alternativos, dependiendo del grado de hidratacion de la proteina, y
que conducen a distintos polimorfos amiloides con diferente estructura interna de los
protofilamentos. Estos mismos resultados parecen indicar que en medios en que la proteina
posee una hidratacion alta, si se desencadena la agregacién, se prefiere la formacion de
agregados con lamina B paralela, mientras que en condiciones en que la proteina tiene una
hidratacién limitada los agregados formados tienden a presentar una configuracion antiparalela.
Dado que esta divergencia en los mecanismos de mal plegamiento de los agregados parece estar
vinculada al estado de hidratacion del monomero de proteina, nos parecid interesante analizar
la influencia del grado de hidratacion de la proteina sobre la estabilidad de los agregados de oS
resultantes. Para ello, empleamos el alcohol MeOH como agente modificador de la capa de
hidratacion de aS y comparamos el porcentaje de agregados paralelos y antiparalelos formados
al final de las reacciones de agregacion a diferentes concentraciones de MeOH (Fig. 4.21 y

4.22). Este porcentaje se estimo tanto por analisis de los espectros de IR, como por analisis de
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los espectros de pireno (estos ultimos experimentos y su analisis fueron realizados por el

doctorando Pablo José Gracia Gonzélez).
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Figura 4.21. Analisis estructural de los agregados de a-sinucleina formados en presencia de
diferentes porcentajes de MeOH. (A-B) Espectros de IR (A) y de fluorescencia de pireno normalizados
por ls75 (B) de agregados formados con 100 uM aS en PBS, pH 7.4, 37 °C, en presencia de diferentes
concentraciones de MeOH.

Al aumentar la concentracion de MeOH en la solucién de proteina en el rango 5-40%,
puede observarse una variacion en los espectros que se corresponde con la aparicién de
estructura en lamina B antiparalela. Para determinar méas exactamente los limites entre los
rangos de concentraciones de MeOH donde coexisten agregados con estructura paralela y
antiparalela, realizamos un ajuste global de los espectros de IR mediante Python y un analisis
analogo de los espectros de pireno. Los resultados del anlisis aparecen recogidos en la Fig.
4.22 A, donde se puede distinguir que la disposicion de lamina B paralela se forma
preferentemente a concentraciones de MeOH menores a 15%, mientras que se prefiere la
orientacion antiparalela a concentraciones mayores a 25% de MeOH. Sin embargo, entre 15y
25% de MeOH, se observa una mezcla de ambos tipos de agregados, lo que indica que en este
régimen notablemente estrecho de concentraciones de MeOH vy, por lo tanto, de condiciones
de hidratacién de proteinas, ambos tipos de mecanismos de nucleacidn primaria compiten entre

s
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Figura 4.22. Impacto de la concentracion de alcohol en el comportamiento de agregacion de a-
sinucleina. (A) Fraccion de agregados antiparalelos encontrados al final de las reacciones de agregacion
de aS a 100 uM en PBS, pH 7.4, 37 °C, en presencia de diferentes concentraciones de MeOH obtenidas del
anélisis de la deconvolucidon de los espectros de IR (puntos negros) o de la relacion E/M de las bandas de
pireno (puntos grises). Para los datos de pireno, las barras de error muestran la desviacion estandar de
experimentos por triplicado, mientras que para los datos del analisis de los espectros de IR la incertidumbre
obtenida del ajuste de espectros globales fue 0.02 (ver capitulo de Materiales y Métodos). Se analiz6 la
estabilidad de los agregados con lamina [ paralela (generados al 10% MeOH) y antiparalela (generados al
35% MeOH) en condiciones en las que el otro tipo de agregado se forma preferentemente (marcados como
puntos y flechas azules y naranjas, respectivamente). (B) Estabilidad de los agregados indicados en el panel
A por espectros de IR.

Cuando los agregados con lamina P paralela, generados por nucleacion heterogénea a
bajas concentraciones de alcohol, se transfirieron a condiciones en las que domina la nucleacion
homogénea formando agregados con lamina [ antiparalela y viceversa (Fig. 4.22 A), se observo
que los agregados no se disociaban por completo en mondémeros de forma rapida (15 h de
incubacién a temperatura ambiente), siempre y cuando la concentracion de MeOH en la
solucién final fuera superior al 5%. En el caso de que los agregados se transfieren a PBS en
ausencia de alcohol, sélo los agregados formados con lamina [ paralela Se mantuvieron
estables, mientras que los que presentaban estructura en ldmina  antiparalela se desagregaron
instantaneamente. Esto pudo comprobarse a través de un analisis SDS-PAGE (no se muestra).
Por otro lado, cuando la disolucién contenia al menos un 5% de MeOH, se comprobd que todos
los agregados trasferidos mantenian su disposicion original de lamina f3, aunque sus estructuras
sufrian una severa desestabilizacion (Fig. 4.22 B y Fig. 4.23) dando un aumento significativo
en el contenido de estructura desordenada en ambos casos (Fig. 4.22 B), lo que afectd
fuertemente a sus capacidades de siembra en experimentos de elongacion (Fig. 4.6).
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Figura 4.23. Analisis de la estabilidad estructural de los agregados amiloides de a-sinucleina
generados al 10% de MeOH cuando se transfieren a soluciones con diferentes concentraciones de
MeOH. (A) Espectros de IR de agregados generados al 10% de MeOH vy trasferidos a diferentes
concentraciones de MeOH en el rango entre 0-40%, en condiciones por lo demas idénticas (PBS a pH
7.4, 25 °C), tras 15 h de incubacion a temperatura ambiente en las nuevas condiciones. (B) El contenido
de ldmina B en los agregados generados al 10% de MeOH vy trasferidos a las diferentes condiciones dichas
anteriormente, se obtuvo a partir del andlisis cuantitativo de los espectros de IR (panel A). (C)
Comparacién de los espectros de IR de los agregados generados al 10% MeOH cuando permanecen en
el 109% MeOH (verde), cuando se transfieren al 35% MeOH (marroén), cuando se transfieren de nuevo al
10% MeOH (verde oscuro) y espectro de los agregados generados al 35% MeOH. (linea de puntos de
color marrén oscuro). (D) Comparacion de los espectros de IR de los agregados generados al 10% MeOH
cuando permanecen en el 10% MeOH (verde), cuando se transfieren a PBS solo (marrén oscuro) y el
espectro de los agregados generados en la interfase A/W con agitacion y sélo PBS (linea de puntos de
color marrén oscuro).

Posteriormente, realizamos un estudio del contenido en ldmina B en funcion del
contenido de MeOH de los agregados con estructura en lamina [ paralela. Para ello, se
generaron agregados en presencia de 10% MeOH vy se transfirieron a soluciones con diferente
contenido de MeOH. Al transferir los agregados a condiciones de completa hidratacién de la
proteina (s6lo PBS), estos permanecieron estables y alcanzaron un contenido maximo de
lamina B (Fig. 4.23 A y B), ademés de mostrar un espectro de IR idéntico al de los agregados
que fueron generados en PBS, sin alcohol, con agitacion (Fig. 4.23 D). Al aumentar el
contenido en MeOH, se aprecia una disminucion progresiva en el contenido de la ldmina B,
concomitante con un aumento en la estructura desordenada (Fig. 4.23 A y B), llegando a un

maximo de la desestabilizacion estructural al transferirlos a un porcentaje igual o mayor al 35%
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de MeOH (Fig. 4.23 A y B). Sorprendentemente, cuando a estos agregados desestructurados
en 35% de MeOH se les vuelve a transferir a sus condiciones originales, en presencia de 10%
de MeOH, los agregados recuperan su estructura inicial (Fig. 4.23 C). Para ampliar la
informacion sobre la estabilidad de los diferentes agregados obtenidos, al ser transferidos a
PBS, consultar la Tabla 4.1.

4.1.8. Los agregados formados dentro de los condensados biomoleculares de a-
sinucleina generadas por separacion de fase liquido-liquido se asemejan a
los generados por nucleacion homogénea

Con el objetivo de dilucidar si la nucleacion primaria homogénea y, por lo tanto, la

formacion de agregados con lamina B antiparalela puede desencadenarse dentro de los
condensados biomoleculares de aS generados por LLPS, entorno que se presupone con una
actividad de agua reducida en comparacion a condiciones diluidas, hemos reproducido las
condiciones de formacién de condensados biomoleculares de aS in vitro que han sido

publicadas muy recientemente!** (Fig. 4.24 B).

Los experimentos fueron realizados por el doctorando Pablo José Gracia Gonzélez, que
emple6 aS a 200 uM, en 25 mM de Tris, pH 7.4, 50 mM NaCl y en presencia de 10% de PEG
8 en una configuracion de gota sobre un portaobjetos. Los resultados fueron primeramente
visualizados por microscopia de contraste de interferencia diferencial (DIC, por sus siglas en
inglés) y por microscopia de fluorescencia de campo amplio. Tras afiadir la proteina en estas
condiciones, la solucién muestra una distribucién homogénea de la proteina (Fig. 4.24 A).
Después de 20 minutos de incubacion, sin embargo, ya se aprecian condensados biomoleculares
de proteina (Fig. 24 B) los cuales con el tiempo llevan a la agregacion de a.S (dentro de las 2 h
de incubacidn), con una elevada fraccion de proteina agregada en menos de 20 h (Fig. 4.24 C).
Estos agregados unen ThT. En condiciones similares, pero sin la formacion de condensados
biomoleculares, no se observo agregacion en la misma escala de tiempo (Fig. 4.25). La tasa de
formacion de agregados, en los condensados biomoleculares es, por lo tanto, notablemente
rapida, lo que ya sugiere cinéticas con fases de latencia cortas, lo que a priori sugeriria un
mecanismo de nucleacion homogénea, segun nuestros resultados en condiciones diluidas.
Cuando investigamos la naturaleza de los agregados amiloides formados en los condensados
biomoleculares de aS por una transicion de fase liquido a sélido, observamos que éstos exhibian
una unién de ThT relativamente baja (no se muestra) y tenian tamafios relativamente pequefios

(se requirieron 2 h de ultracentrifugacion a 627 000 g para obtener un sedimento),
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caracteristicas compatibles con los agregados amiloides con lamina [ intermolecular
antiparalela. Es importante destacar que cuando caracterizamos el ensamblaje intermolecular
de las hebras B en los agregados utilizando la estrategia de formacion de excimero de pireno,
no se observo formacion de excimero cuando la sonda de pireno se ubicé en la posicion 85
(Fig. 4.24 D), la posicion que muestra la relacion E/M mas alta entre todas las disposiciones
paralelas caracterizadas. De hecho, el espectro de fluorescencia del pireno (Fig. 4.24 D) es
idéntico al de los agregados amiloides con lamina 3 antiparalela previamente caracterizados
(Fig. 4.19 A). En la Tabla 4.1 pueden comprarse las orientaciones intermoleculares de los

diferentes agregados caracterizados en este trabajo.
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Figura 4.24. Andlisis de los agregados amiloides formados por la transicion de liquido a sélido de los
condensados biomoleculares de a-sinucleina generados por separacion de fase liquido-liquido. La
formacidn de condensados biomoleculares oS se desencadend incubando proteina a 200 pM en 25 mM de
Tris, 50 mM de NaCl, a pH 7.4 en presencia de 10% de PEG 8 en un montaje de gota (Fig. 25). (A)
Imégenes representativas adquiridas, por DIC (paneles superiores) y microscopia de fluorescencia de
campo amplio (paneles inferiores), inmediatamente después de la preparacion de la muestra. (B) Imagenes
adquiridas después de 20 min de incubacidn. (C) Imagenes adquiridas después de 20 h de incubacion. Para
las imagenes de fluorescencia en los paneles A y B, se afiadid 1 pM de aS-AF488 a las soluciones de
proteina y se registro la sefial de fluorescencia de AF488. En la imagen de fluorescencia del panel C, toda
la proteina era no etiquetada y se afiadid ThT a 100 uM en el tiempo igual a 0. Se utilizé un conjunto de
filtros de excitacion/emision de GFP para las adquisiciones de microscopia de fluorescencia en todos los
casos. Barra de escala: 25 um. (D) Espectros de pireno representativos (arriba) y andlisis de la relacion
E/M (abajo) en el tiempo 0 h (gris) y 20 h (negro) de incubacién de una muestra de proteina tratada como
en los paneles superiores (A-C), que también contenia aS-pireno a 20 UM marcado en la posicion 85. Las
barras de error representan los datos obtenidos en dos experimentos independientes.
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Tabla 4.1. Resumen de las principales caracteristicas de la agregacion a-sinucleina en las diferentes
condiciones utilizadas en este estudio

Cinéticas de agregacion Agregados
Condicion! Duracion de lafase | Tipo aparente | Arquitectura % lamina p (N)? Estabilidad
de latencia de nucleacién | de lalamina g en PBS
PBS interfase A/W? Muy lenta (> 200 h) | Heterogénea Paralela 54 +4(9) Si
+Esferas de PTFE Lenta (= 10 h) Heterogénea Paralela 51+4(2) Si
+SUV4 Lenta (= 10 h) Heterogénea Paralela 46 + 3 (5) Si
+5% TFE Lenta (~ 20 h) Heterogénea Paralela 49+ 3 (3) Si
+6.4% MPD Lenta (~ 30-40 h) Heterogénea Paralela 42 +3 (4) Si
+7.5% i-PropOH Lenta (~ 50 h) Heterogénea Paralela 50 +8 (3) Si
+10% MeOH Lenta (~ 30-40 h) Heterogénea Paralela 41+9(7) Si
+15% TFE Rapida (<5-10 min) Homogénea Antiparalela 60.2 + 0.6 (8) No
+24.6% MPD Répida (<5-10 min) Homogénea Antiparalela 59+2(2) No
+26.2% i-PropOH Répida (<5-10 min) Homogénea Antiparalela 58 (1) No
+35% MeOH Répida (<5-10 min) Homogénea Antiparalela 576 (2) No
+2M NaCl Lenta (= 20 h) Heterogénea Paralela 43 (1) Si
+2M Na2S04 Lenta (=5 h) Heterogénea Paralela 51.4 (1) Si
+3.5M NaCl Rapida (<5-10 min) Homogénea Antiparalela | 27.95 £ 0.08 (2) No
+3M Na2S04 Répida (<5-10 min) Homogénea Antiparalela 19.5 (1) No
+150 g/l Dext 70 Lenta (= 10 h) Heterogénea Paralela 42 +4 (3) Si
+150 g/l Ficol 70 Lenta (=10 h) Heterogénea Paralela 45+1 (2) Si
+150 g/l PEG 8 Lenta (=5-10h) Heterogénea Paralela 40+9 (2) Si
+10 g/l PEG 8 (LLPS) Répida Homogénea® Antiparalela
Oligémero-B°® Antiparalela 355 Si

[1] Todas las condiciones contenian oS a 100 uM en PBS a pH 7.4 y las agregaciones se realizaron a 37 °C en

reposo, excepto por las condiciones referidas a "interfase PBS A/W" y "+ SUV". La concentracion de sales se
expresa en fuerza iénica. [2] N se refiere al nimero de réplicas utilizadas en el analisis; los nimeros representan
la desviacion estandar y promedio. [3] interfase A/W significa interfase A/W. En esta condicion no se observa
agregacion para oS a 100 uM y en condiciones de reposo (fase de latencia superior a 250 h), por lo que los
agregados se generaron con 500 UM de oS y agitacion. [4] La condicidn de la solucién en este caso fue tampén
fosfato a pH 6.5, 37 °C en reposo. [e] Los datos sobre el oligémero toxico de oS se obtuvieron
previamente®3202210469 y se incluyen aqui para comparacion. [5] El tipo aparente de nucleacion primaria no fue
directamente determinado por las diferentes evidencias experimentales que apuntan a una nucleacién homogénea
(ver texto principal del articulo). [6] Este tipo de oligbmero tiene una estructura intermedia entre los mondémeros
y las fibrillas completamente formadas y es altamente tdxico para las células. Recientemente demostramos que se
forman durante el proceso de liofilizacion de proteinas®.
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4.2. Bloque I1: Estudio del mecanismo de nucleacion primaria de a-sinucleina
mediada por interfases

Tras haber explorado diferentes rutas de nucleacién primaria en el bloque anterior, y
encontrar condiciones adecuadas (en reposo, con un mayor control del proceso y de su
reproducibilidad) para estudiar la nucleacion primaria heterogénea en la interfase A/W, nos
propusimos estudiar el mecanismo de nucleacidn heterogénea con mayor detalle, identificando

las regiones de la proteina que son relevantes para las diferentes etapas del proceso.

Los estudios hasta ahora realizados en este sentido no han logrado aportar mucha
informacion sobre los mecanismos de nucleacion heterogénea de oS debido a las dificultades
técnicas inherentes del estudio de proteinas en interfases. Trabajos precedentes han mostrado
el importante papel que desempefian las interfases H/H en el desencadenamiento de la
agregacion amiloide de aS*®. En particular la interfase A/W, presente en la mayoria de los
experimentos realizados in vitro, juega un papel crucial para la formacion de nucleos amiloides
en condiciones de alta hidratacidn, capaces de transferirse al seno de la solucion y actuar como
semillas en procesos de elongacion!?. Sin embargo, no esta claro el mecanismo por el cual la
agregacion esta catalizada en este tipo de interfases. Se ha propuesto que la nucleacion de aS
en la interfase se debe a un aumento local de la concentracion de proteina, lo que favoreceria
los contactos intermoleculares, ademas de posibles efectos, ain desconocidos, en el paisaje
conformacional de la proteina que podrian favorecer su agregacion*’®#’>, Nosotros hemos
identificado el papel clave que juega el agua en la induccién de la nucleacion de la proteina,
tanto en la nucleacion heterogénea como homogeénea. En las inmediaciones de la superficie
hidrofébica, la actividad del agua es menor que en el seno de la solucion, por lo que la presencia
de una superficie hidrofobica ayudara a disminuir la barrera de solvatacion de las moléculas de

proteina para iniciar su autoensamblaje.

Con el fin de elucidar con detalle el mecanismo por el cual oS inicia la agregacion por
medio de interfases, nos planteamos estudiar cuéles son los factores intrinsecos de la proteina
necesarios para cada uno de los pasos relevantes. Como modelo de interfase H/H hemos
trabajado principalmente con la interfase A/W, ya que nos permite obtener mas informacién a
través de técnicas de andlisis de superficies. Ademas, como modelo de interfase lipidica que
induce agregacion, hemos trabajado con muestras de SUV de 100% de DMPS*2, En el estudio

hemos utilizado una serie de variantes de oS, asi como la isoforma S con el fin de analizar el
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efecto de diferentes regiones de sinucleina que son fundamentales para la nucleacion

heterogénea y diseccionar su papel en las diferentes etapas del mecanismo de nucleacion.

4.2.1. Disefio de las variantes de sinucleina empleadas en este trabajo

Con el fin de comprender mejor el papel de las diferentes regiones de aS en el
mecanismo de la nucleacion heterogénea, nos centramos en primer lugar en la region N-
terminal de la proteina, ya que esta region es la responsable de la interaccion de la proteina con
las interfases, tanto H/H*32416 como con las superficies lipidicas**®3*1. En contacto con estas
interfases, la region N-terminal de aS adquiere una estructura en hélice a anfipatica, con una
disposicidon regular de las lisinas que se colocan en dos bandas laterales a cada lado de la cara
hidrofobica de la hélice, favoreciendo su interaccién con interfases H/H y con vesiculas
lipidicas anidnicas. Se ha reportado que aS adquiere una estructura en hélice o continua desde
el residuo 3 al 92, en caso de unirse a vesiculas con composicién lipidica fisioldgica y una
superficie no demasiado curva. Si las vesiculas son pequefias y la curvatura de la superficie de
la vesicula es elevada, sin embargo, se ha visto que la conformacién mas estable de la proteina
presenta dos hélices o que abarcan los residuos 3-37 y 45-92, separadas por una vuelta que
abarca los residuos 38-44 374 en una conformacion tipo herradura (Fig. 4.25 B I). En el caso de
la interfase A/W, se ha demostrado que la proteina en la interfase adopta una estructura en
hélice a, aunque no se ha caracterizado hasta la fecha los residuos involucrados en esta

interaccion®3,

Para definir con mayor detalle las secciones de la secuencia primaria que presentan una
tendencia mas elevada a formar hélice a en las condiciones en las que estudiaremos la
nucleacion heterogénea de la proteina, recurrimos al empleo de la espectroscopia de NMR. Las
técnicas de NMR seleccionadas fueron la de efecto nuclear Overhause heteronuclear (hetNOEs,
por sus siglas en inglés)*’® y experimentos HNCa y CPCa(co)NH. Los hetNOEs son
experimentos de NMR 2D en los que se obtiene una intensidad de las sefiales por transferencia
dipolar de la magnetizacion y parametros de relajacion del isdtopo °N. Esta técnica permite
obtener una medida de la dinamica de cada uno de los residuos en el rango del ps, ya que existe
una correlacion entre la atenuacion con el tiempo de la sefial de hetNOEs de un residuo y su
dindmica. Asi es que al hacer una representacion de las medidas de hetNOEs en base a la
secuencia de la proteina, puede observarse que los residuos que dan sefiales de hetNOESs bajas

tendran una mayor dinamica o flexibilidad, y los que dan hetNOEs maés altas indican que esos
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residuos forman parte de una estructura mas rigida. Simultaneamente, esta dinamica de los
residuos dentro de la proteina puede correlacionarse con la estructura en la que se encuentra
cada residuo*’’478, Primero, se obtuvieron los desplazamientos quimicos de los grupos carbono
a (Ca) y carbono B (CpB) mediante experimentos 3D en los que se transfiere la magnetizacion
a través de acoplamientos J desde el NH de cada residuo al Ca y CB del residuo anterior
(empleando experimentos HNCa y CBCa(co)NH). Asi, se pudo calcular los desplazamientos
quimicos secundarios por residuo, es decir, la diferencia entre los valores experimentales de
desplazamientos quimicos de Ca y CP por residuo respecto a los valores nominales tabulados
para cada residuo en conformacion desordenada*’’#"°4® o que proporcionaba una estimacion
del porcentaje de estructura secundaria. Las diferencias positivas se relacionan con una
adquisicion de estructura tipo hélice a por residuo (cuando el 100% de la poblacién esta en
conformacion de hélice a se espera un desplazamiento proporcional de 3.09 ppm), mientras
que diferencias negativas indican la adquisicién de hebra B. Estos experimentos fueron
realizados por el Dr. Javier Oroz, en colaboracion con el Prof. Douglas V. Laurents, en el
Instituto de Fisica Quimica Rocasolano (CSIC). Los espectros hetNOEs fueron realizados a 15
°C con una solucién de a.S a 200 uM en concentraciones de 0, 10 y 16% de MeOH, condiciones
en las que se vio un aumento de la proporcion en hélice o de la proteina, sin que ésta comience
a agregar en los tiempos de medida. Los datos indicaban que la proteina se encuentra
monomérica, principalmente en un estado desordenado, pero con una poblacion baja en otros
estados conformaciones con hélice o en determinadas secciones de la proteina, de manera que
en ausencia de MeOH, un 7 % de la poblacién de mondmero se encuentra en un estado con
estructura parcial en hélice o en la region mas N-terminal de la proteina (Fig. 4.25 A). Al
aumentar la concentracion de MeOH al 10%, la poblacion en este estado conformacional con
hélice a en la region N-terminal se incrementaba al 9.5% (Fig. 4.25 B) y cuando se aumentaba
la concentracion de MeOH al 16% la poblacion aumentaba a un 14% (Fig. 4.25 C). En esta
ultima condicion, por tanto, tenemos resolucién para determinar las dos secciones de la regién
N-terminal de la proteina que tienen mas tendencia a adquirir hélice a: una entre los residuos 3

y 30 y otra entre los residuos 54 y 66.
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Figura 4.25. Determinacion de la tendencia a formar hélice o de las diferentes regiones de a-
sinucelina. Representaciones de las diferencias entre los desplazamientos quimicos de Ca y CB por residuo
de los espectros HNCa y CBCa(co)NH de NMR tomados a 15 °C con aS a 200 pM en presencia de 0%
MeOH (A), 10% MeOH (B), 16% MeOH (C) con respecto a los valores tabulados para cada residuo en una
estructura desordenada®@,

Ademas de la localizacion y la longitud de las hélices a que pueden formarse en oS, es
fundamental considerar la anfipaticidad de las mismas ya que ésta determina la afinidad de la
proteina por las interfases H/H. Para conocer la anfipaticidad de las posibles hélices a,
recurrimos al servidor on-line HELIQUEST*®! que permite predecir esta magnitud para la
hélice o formada por una secuencia dada de proteina. El andlisis de la prediccion de la
anfipaticidad de una tedrica hélice o en conformacion 11/3, conformacion més favorable para
la region N-terminal de sinucleina de acuerdo a publicaciones anteriores*®?, sefiala tres regiones
cuya estructura en hélice seria altamente anfipatica: una entre los residuos 1-10, que seria la
que presenta mayor anfipaticidad, otra entre los residuos 45-65 y otra entre los residuos 70-80

130



que presentaria una anfipaticidad menor a las otras dos regiones (Fig. 4.26 B, recuadros en
rojo). La primera region estaria comprendida en la primera hélice descrita con mayor afinidad
por membranas lipidicas®*374 mientras que las dos Gltimas regiones abarcarian la segunda
hélice de la estructura en herradura descrita con menor afinidad por vesiculas lipidicas. Las dos
primeras regiones, con una mayor anfipaticidad, ademas, coinciden con las dos regiones con
mayor tendencia a adquirir estructura en hélice segun los datos que obtuvimos por NMR (Fig.
4.25). Si estudiamos en mayor detalle la anfipaticidad de la primera de las hélices a. observadas
por espectroscopia de NMR, podremos darnos cuenta de que la eliminacion de los primeros 10
residuos da lugar a una reduccion muy significativa de la anfipaticidad, quedando por detras de
las otras dos regiones, lo que invertiria la afinidad de las dos hélices por las interfases H/H (Fig.
4.26 C).

El conjunto de resultados presentado nos llevo a disefiar una deleccion de los 29
primeros residuos de a.S, eliminando asi la region entera que comprende la primera hélice mas
N-terminal con mayor afinidad por las interfases (A1-29 oS, donde la metionina inicial se
elimina postraducionalmente*®484), Dada la relevancia predicha de los primeros 10 residuos
en la anfipaticidad de esta primera hélice, se disefié otra variante en la que se eliminaron los
primeros 9 residuos (A2-9 aS). Por otro lado, vimos por RMN que la segunda region de la
proteina con mayor tendencia a formar hélice se encuentra entre los residuos 54-66, que
coincide con la seccion que presenta un alto valor de momento hidrofébico segun el predictor
de anfipaticidad. Con el fin de elucidar el papel de esta region, se propuso el uso de una variante
donde los primeros 64 residuos fueron eliminados (A4-64 aS). Por otro lado, incorporamos al
andlisis la isoforma BS, dado que esta variante de sinucleina tiene un elevada identidad de
secuencia en toda la region N-terminal con respecto a oS, pero presenta una deleccion en la
region que se ha propuesto como la mas amiloidogénica, residuos 71-8234°, ademas de presentar
otras variaciones de secuencia principalmente en la region NAC. Finalmente también incluimos
a la variante de oS sin la region C-terminal (A104-140 oS), con el fin de estudiar el
comportamiento de oS en ausencia de esta region caracterizada por su carga neta negativa y su

desorden intrinseco.
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Figura 4.26. Prediccion de la anfipaticidad de las hélices a de WT aS y A2-9 a-sinucelina. Prediccion
de anfipaticidad de las hélices o que pueden darse en las diferentes regiones de la proteina segun el
programa HELIQUEST, para WT aS (B) y A2-9 oS (C). Se han coloreado las potenciales secuencias que
adquiririan estructura en hélice anfipatica segun el valor predicho de momento hidrofébico: en naranja
oscuro valores >0.4, en naranja valores >0.35 y <0.4, en naranja claro valores >0.32 y <0.35, en amarillo
fuerte valores >0.3 y <0.32 y en amarillo claro valores >0.26 y <0.3. Valores menores a 0.26 no fueron
coloreados. Se han enmarcado en rojo las regiones que muestran mas anfipaticidad segun el predictor. En
(A) se muestran las dos regiones de la proteina que adquieren estructura en hélice o al unirse a vesiculas
lipidicas segtin Ulmer et al.3"*
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4.2.2. Capacidad de nucleacion de las diferentes variantes de sinucleina en la
interfase aire/agua

Primero realizamos ensayos de agregacion de las diferentes variantes de sinucleina (WT
asS, A2-9 aS, A1-29 aS, A4-64 oS, A104-140 aS y WT BS) a una concentracion de 100 uM
en PBS a 37 °C y con agitacion (300 rpm). Los ensayos se llevaron a cabo por triplicado en
viales de 1.5 mL, tratados con un recubrimiento de PEG que les hacia presentar una superficie
hidrofilica, en los que se depositaron 300 L de muestra. En estas condiciones experimentales,
con agitacion, s6lo WT aS y A104-140 oS mostraron agregacion tras 7 dias de incubacion (Fig.
4.27 A).
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Figura 4.27. Caracterizacién de la agregacién de a-sinucleina en presencia de una interfase
hidrofdébica/hidrofilica. (A) Rendimiento de agregacion tras 7 dias de incubacion de muestras de 100 uM
de proteina en PBS pH 7.4, 37 °C con 300 rpm de agitacion en orbital en un incubador. (B-D) Cinéticas de
agregacion de diferentes variantes de sinucleina a 100 uM en PBS pH 7.4, 37 °C, con 50 pM ThT y en
presencia de una interfase teflon/agua (B), A/W con 5% de TFE (C) y A/W con 10% de MeOH (D). En
todos los casos las variantes de proteina fueron: WT oS (rojo), A2-9 aS (verde), A1-29 aS (azul), A4-64
aS (magenta), A104-140 oS (naranja) y WT BS (marrén).

A continuacion, decidimos estudiar la capacidad de nucleacion de las diferentes variantes de
sinucleina en una interfase H/H alternativa a la interfase A/W. Para ello recogimos las cinéticas
de agregacion de las diferentes variantes, en equipos multimodo de placas (empleando placas
tratadas con un recubrimiento de PEG), con soluciones de 100 UM de proteina en PBS, a 37

°C, en reposo e introduciendo una esfera de PTFE en cada pocillo de la placa. En tales

condiciones, la Gnica variante que mostré un comportamiento similar a la WT «s fue la variante
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A104-140 os (Fig. 4.27 B). Para la variante WT BS y A4-64 oS no se detect6 agregacion en los
6 dias de incubacion, mientras que para las variantes A2-9 aS y A1-29 aS la agregacion fue
mucho menor (con un 30-40 % de rendimiento, en comparacion con un rendimiento del 95%
para la WT aS) y con unas cinéticas mucho mas lentas, en especial con una fase de latencia
mucho mas larga (en torno a e veces mas larga). Resultados parecidos se obtuvieron cuando la
nucleacion se origino en la interfase A/W en presencia de co-solventes, en concreto 5 % de
TFE 0 un 10% de MeOH, y en reposo.

4.2.3. La afinidad de a-sinucleina por la interfase aire/agua y su capacidad para
saturarla depende de la region de la proteina que adquiera hélice anfipatica
e interaccione con la interfase

Dado que varias de las variantes de oS truncadas en el extremo N-terminal veian impedida el
proceso de nucleacion, pese a que, a priori, las delecciones no afectarian a la region mas
amiloidogénica®**%° nos planteamos estudiar su capacidad de interaccion con la interfase
A/W. Para ello, realizamos medidas de tension superficial en dicha interfase mediante un
tensidmetro de Langmuir. Los experimentos fueron realizados por el Dr. JesUs Sot Sanz en el
grupo del Prof. Félix M. Gofii, de la Universidad del Pais VVasco. Los resultados obtenidos (Fig.
4.28) indican que las tres variantes truncadas en el extremo N-terminal de aS son capaces de
interaccionar con la interfase, formando una monocapa en condiciones de saturacion y
provocando un aumento en la presion superficial de la interfase A/W. Al observar en mayor
detalle los datos obtenidos pudimos comprobar que la proteina silvestre (WT) es la que da lugar
a una mayor presion superficial de saturacion en esta interfase, 20.9 + 0.3 mN/m, seguida de
las variantes A2-9 y A1-29, con valores de presion superficial de saturacién muy semejantes
entre si (17.5 £ 0.2 mN/my 17.2 £ 0.4 mN/m, respectivamente) y, con una presion superficial
de saturacion considerablemente inferior (10.0 £ 0.1 mN/m), la variante A4-64. De estos
resultados podia considerarse que las variantes A2-9 y A1-29 exponian la misma region de la
proteina a la superficie, presumiblemente, segin las predicciones de anfipaticidad de las
regiones de la hélice o, expondrian una seccion en torno a la region 45-64. Esta deberia de
diferente a la expuesta por la variante WT, que introducia mayores tensiones superficiales en
la interfase al generar la monocapa, 1o que implicaria que expusiese a la interfase una seccion
de la proteina que, segun las predicciones de anfipaticidad, involucraria la region mas N-
terminal, compuesta por los residuos 1-30. En estas tres variantes de aS, en cualquier caso, la
regién amiloidogénica se encontraria libre, en el seno de la solucién, con la posibilidad de

interaccionar con otras regiones de moléculas de proteina adyacentes. Por lo que estos datos
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seguian sin explicar por qué las variantes A2-9 y A1-29 mostraban una nucleacién muy
impedida en las condiciones hasta ahora estudiadas. Por otro lado, la region de la variante A4-
64 que se encuentra en contacto con la interfase al formar una monocapa ha de ser diferente a
la que presentan las variantes A2-9 y A1-29 aS, dado que da lugar a una presién superficial de
saturacion diferente; de hecho es bastante menor, lo que sugiere una menor afinidad por la
interfase. Dado que esta region implica al menos parte de la region del NAC involucrada en la

349

nucleacion®*, explicaria que esta variante no fuese capaz de nuclear y que, por tanto, la

nucleacion ocurra sélo si la region amiloideogénica se encuentra en la solucién.
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Figura 4.28. Caracterizacién de la tension superficial en la interfase aire/agua al adicionar diferentes
variantes de a-sinucleina a la solucién. Medidas de tensién superficial, expresadas como presién
superficial (y), de la interfase A/W a lo largo de un barrido de concentraciones de las variantes de
sinucleina: WT asS (rojo), A2-9 aS (verde), A1-29 aS (azul), A4-64 oS (magenta).

También pudimos comprobar como variaban las concentraciones de proteina a las que
se saturaba la interfase (concentraciones de saturacion). Mientras que con la variante WT la
concentracion requerida fue en torno a 100 nM, para las variantes A2-9 y A1-29 se requiri6 una
concentracion ligeramente superior, mientras que para la variante A4-64 fue necesaria una
concentracion 4-5 veces superior. En cualquier caso, estos resultados indican que, en las
condiciones de agregacion, para todas las variantes, la interfase se encuentra saturada con una

monocapa de moléculas de proteina.

4.2.4. Papel de la orientacion de las moléculas de proteina en la interfase en el
mecanismo de nucleacion primaria heterogénea
Con el fin de comprender el mecanismo por el cual las variantes truncadas en el extremo
N-terminal A2-9 y A1-29 presentaban una nucleacion muy desfavorable con respecto a la
variante WT en las mismas condiciones, aun siendo capaces de adsorberse en la interfase A/W

y mantener la region amiloidogénica en solucion, estudiamos el papel de las interacciones entre
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los extremos N- y C-terminal de la proteina como posibles moduladores en el proceso de
nucleacion. Una posible explicacion para la diferencia en las velocidades de nucleacion entre
la variante WT vy las variantes truncadas en el N-terminal seria que la disposicién de las
moléculas de las variantes truncadas en la interfase no sea la Optima para establecer
interacciones intermoleculares persistentes entre las regiones amiloidogénicas de proteinas
contiguas. Se sabe que en la proteina monomeérica en solucion, el extremo C-terminal, cargado
negativamente, establece interacciones electrostaticas con el extremo N-terminal, cargado
positivamente, haciendo que la region NAC esté menos expuesta a interacciones
intermoleculares®’"378, Estas interacciones electrostaticas se veran favorecidas al adquirir la
region N-terminal una conformacion en hélice a., ya que los residuos de lisina de esta region se
colocan en linea formando dos bandas a cada lado de la hélice que flanquean a la cara
hidrofébica de la hélice, la cual se encuentra expuesta hacia el aire en la interfase A/W,
quedando las bandas de las lisinas en la solucién en una posicion ideal para interaccionar con
las cargas negativas del extremo C-terminal®”®. Para estudiar esta posibilidad, realizamos
ensayos de agregacion en las mismas condiciones que antes, pero en presencia de 2 M de NaCl.
A esta fuerza ionica, las cargas de las proteinas se ven apantalladas, por lo que las interacciones
N-/C-terminal de la proteina se ven desfavorecidas.

Los resultados de las cinéticas de agregacion de las variantes A2-9 y A1-29 en presencia
y ausenta de 2 M de sal, en comparacion con la proteina silvestre, mostraron un comportamiento
muy diferente. Mientras la nucleacion de la proteina se ve muy desfavorecida en condiciones
de baja fuerza idnica, al aumentar considerablemente la fuerza idnica, las variantes recuperaban
la capacidad de nuclear, siendo, en el caso de la variante A1-29, similar a la proteina silvestre.
Este comportamiento deberia de encontrarse asociado a una configuracion del monémero de
las variantes A2-9 y A1-29 més propensa a la nucleacién. Estos resultados también indican que
Unicamente la primera de las dos posibles regiones anfifilicas de la variante WT es la que
interacciona con la interfase, como se explicara méas detalladamente en la Discusion. Por el
contrario, la variante BS seguia sin poder iniciar la nucleacion en presencia de altas
concentraciones de sal, indicando que la regidn ausente en esta isoforma es esencial para la

nucleacion heterogénea de sinucleina, como ya se habia establecido anteriormente37:349:365,
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Figura 4.29. Caracterizacion de la agregacion de a-sinucleina en la interfase aire/agua en presencia
de 2M de NaCl. Cinéticas de agregacion de diferentes variantes de sinucleina a 100 uM en tampdn fosfato
al1l0mM, apH 7.4 (37 °C) con ThT a 50 UM y con 2M de NaCl. Las variantes usadas son: WT aS (rojo),
A2-9 aS (verde), A1-29 oS (azul) y BS WT (mardn).

4.2.5. Nucleacion heterogénea en vesiculas lipidicas: Efecto de la carga idnica del
lipido con respecto a su hidrofobicidad en la agregacion de a-sinucleina

Otro tipo de superficies que recientemente se han utilizado para promover la agregacion
amiloide, como se ha dicho, son vesiculas lipidicas sintéticas, aunque la composicion lipidica
a la que oS inicia la agregacion no es fisiologicamente relevante, ya que tipicamente esta
compuesta por 100% de lipidos cargados negativamente y de cadena corta 23, Por tanto, el
elevado contenido en lipidos cargados negativamente pone en duda que este tipo de interfases
se le pueda considerar como una interfases H/H, como es normalmente asumido. Para
comprender mejor el mecanismo de agregacion realizamos ensayos cinéticos de agregacion en
soluciones con 100 uM de proteina y SUV de DMPS a 800 uM en tampon fosfato a 20 mM,
pH 6.5 a 37 °C y sin agitacion (condiciones usadas en estudios anteriores*?>42), estudiando el
comportamiento de las diferentes variantes de a.S truncadas en la region N-terminal, la cual es

relevante para la interaccion de la proteina a las vesiculas®**3* (Fig. 4.30).

Las variantes A2-9 y A1-29, que ain conservan lisinas (cargadas positivamente al
pH de estudio) en su extremo N-terminal, mostraron agregacion en estas condiciones, de
forma similar a la variante WT, aunque con una cinética ligeramente mas lenta (Fig. 4.30
A). La variante A4-64, al carecer de la region rica en lisinas, mostraba una completa

inhibicidn de la nucleacion (Fig. 4.30, puntos en magenta).
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Figura 4.30. Caracterizacion de la agregacion de a-sinucelina en presencia de vesiculas lipidicas
anionicas. (A) Cinéticas de agregacion de diferentes variantes de sinucleina a 100 uM en tampoén fosfato
20mM a pH 6.5 (37 °C) con ThT a 50 UM y en presencia de SUV de 100% DMPS a 800 uM. Las variantes
usadas fueron: WT aS (rojo), A2-9 aS (verde), A1-29 aS (azul) y A4-64 aS (magenta). (B) Espectros de
CD de UV lejano de 25uM de la variante A4-64 a.S en tampdn fosfato 20 mM a pH 6.5 (rojo) y en presencia
de SUV de 100% DMPS a 200 uM (azul).

Se ha demostrado que aS, al adsorberse en SUV de composicion semejante a la de
las vesiculas sindpticas®®! (DOPE:DOPS:DOPC, 5:3:2), interacciona con la membrana
lipidica uniendose los residuos del 1 al 97. Los 25 primeros residuos quedan anclados de
manera permanente a la superficie de la membrana lipidica, mientras que los restantes hasta
el residuo 97 se adsorben de forma transitoria®®®. Para comprender mejor el papel que juega
la region NAC en el proceso de adsorcion de la proteina en una membrana lipidica formada
completamente por lipidos aniénicos, estudiamos, mediante espectroscopia de CD de UV
lejano, la unién de la variante A4-64 a SUV compuestos Unicamente por DPMS a través del
cambio en estructura secundaria (ganancia de estructura en hélice ) de la proteina, de forma
analoga a los estudios realizados en la proteina WT*#%2, Los espectros de CD mostraban que
no habia variacién en la estructura secundaria de la variante al afiadir SUV de DPMS (Fig.
4.30 B), indicando que esta variante no es capaz de unirse a este tipo de SUV. Tanto en
ausencia como en presencia de SUV de DPMS esta variante permanece desordenada,
mientras que si fuese capaz de unirse a las vesiculas deberiamos observar un aumento de
estructura en hélice segln se ha descrito para la proteina WT tanto en presencia de SUV de
DPMS*?2 como de SUV de composicion similar a la de las vesiculas sinapticas*® (donde

adquiere estructura en hélice desde el residuo 1 al residuo 97).
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5.1. Bloque I: Caracterizacion de las diferentes rutas de nucleacion primaria de a-
sinucleina: En la busqueda de condiciones que favorezcan la nucleacion
homogénea de la proteina

En este trabajo hemos estudiado en profundidad los procesos de nucleacion primaria de
aS, descubriendo que el grado de hidratacion de la proteina es un determinante clave no sélo
para iniciar el autoensamblaje de aS, sino también para dictar la preferencia por el tipo de
nucleacion primaria y el tipo de polimorfo amiloide resultante. Asi pues, el papel de la
hidratacion de las proteinas se muestra fundamental para poder comprender su proceso de
agregacion, aunque a menudo se ha pasado por alto el papel del agua en la agregacién amiloide.
Unos pocos estudios ya habian resaltado que la velocidad de autoensamblaje inicial de algunos
péptidos amiloidogénicos dependia en gran medida de su grado de hidratacion; y nuestro
trabajo lo demuestra para la proteina aS, donde vemos que una disminucién de la capa de
hidratacion de la proteina resulta en una considerable reduccion de la barrera de desolvatacion
que favorece la nucleacién primaria de la proteina y la consiguiente formacién de agregados
amiloides*®, Ademas de la disminucion de la barrera de desolvatacion, que acelerara los
procesos de nucleacion, no debemos de olvidar el papel favorable que juega la entropia de
solvatacion en la termodinamica de formacion de agregados amiloides, debido a la liberacién
al seno de la solucion de moléculas agua de la capa de hidratacion de la proteina® 2%, Asi pues,
el grado de hidratacion de la molécula puede jugar un doble efecto sobre la nucleacion primaria
en la agregacion amiloide. Por un lado, una alta hidratacion de la proteina favoreceria
termodindmicamente su autoensamblaje, debido a la gran contribucién de la entropia de
solvatacion. Pero, por otro lado, brindaria una proteccion frente a la agregacion amiloide,
originando altas barreras de desolvatacién que reducirian la velocidad de autoensamblaje

inicial.

En este sentido, nosotros hemos utilizado diferentes co-solventes y moléculas cuya
Unica caracteristica compartida es que se excluyen preferentemente de la superficie de la
proteina, lo que resulta en el colapso de la capa de hidratacion de la proteina y, por lo tanto, en
una disminucion de la hidratacién de ésta. En tales condiciones pudimos observar que la
reduccion de la hidratacion de la proteina favorecia la nucleacion reduciendo la barrera de
activacion. Estudios previos habian sugerido que en condiciones de hidratacion limitadas se
favorecerian ciertas conformaciones monoméricas o0 interacciones intramoleculares
particulares de aS que propiciarian su autoensamblaje'®:331487:488 Mediante simulaciones por

MD, se ha propuesto que las propiedades de la red de agua de la capa de hidratacion de aS son
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importantes para la aparicion de una estructura de hebra a entre los residuos 72-74 que seria
relevante para el autoensamblaje inicial de la proteina*®. Experimentalmente, ademas, para la
misma proteina se ha observado que en condiciones de desolvatacion parcial (presencia de
alcoholes 0 aumento de la temperatura) se producen cambios estructurales relevantes en el
conjunto estructural monomérico, lo que a su vez promuve su agregacion'® 31487 En este
sentido, nosotros no encontramos cambios drasticos aparentes en la estructura 0 compactacion
del conjunto estructural monomérico de la proteina en dichas condiciones (Fig. 4.14), aunque
éstos podrian ser sutiles. Sin embargo, nuestros resultados indican que el agua juega un papel
fundamental en el proceso de iniciacion de la nucleacion que dictamina la velocidad a la que

ésta se produce, mediante la modulacién de la barrera de solvatacion de la proteina.

Las interacciones de las moléculas de agua de hidratacion con la proteina no son
homogéneas a lo largo de la secuencia de aS, sino que varia de una region a otra de la misma
como consecuencia de las caracteristicas intrinsecas de los residuos que las forman. Las
moléculas de agua interfaciales en la region amiloidogeénica central de aS (el dominio NAC)
presentan mayor interaccion con la proteina que las que solvatan a las regiones N-terminal y
C-terminal, debido al caracter altamente hidrofébico de este segmento proteico*®. De hecho,
se han observado un nimero importante de moléculas de agua cuasi-unidas a la proteina en su
regién amiloidogénica, mostrando una dindmica significativamente restringida y, por ello, con
tiempos de residencia mucho mas largos*®. Teniendo en cuenta que la region NAC es clave
para la iniciacion de la agregacion amiloide en aS**°, puede entenderse que la reduccion de la
capa de hidratacion de las moléculas de proteina en esta region resulte en una aceleracion de la
nucleacion primaria, promoviendo Yy estabilizando puentes de hidrogeno proteicos

intermoleculares®.

Al analizar sisteméaticamente el efecto de diferentes concentraciones de los distintos
tipos de aditivos que hemos empleado para estudiar la cinética de agregacion de oS en
condiciones en las que, de otra manera, ésta no puede nuclear de manera eficiente, hemos
podido observar una disminucién significativa en la fase de latencia de la cinética de agregacion
de aS en condiciones de hidratacion reducidas. Se observéd que las cinéticas de agregacion
podian ser clasificadas en dos regimenes cinéticos de agregacidn segun el grado de hidratacion
de la proteina, uno correspondiente a la cinética con fases de latencia del orden de 20 h, es
decir, al menos un érden de magnitud mas rapidas que en ausencia de aditivos, y otro régimen

con fases de latencia inferiores a 5 min, es decir, al menos tres érdenes de magnitud mas rapidas
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que en ausencia de aditivos (Fig. 4.13). Estos regimenes se correspondian claramente a dos
mecanismos de nucleacion primaria diferentes, en el primer régimen se estaba propiciando una
nucleacion heterogénea, mientras que en el segundo régimen era la nucleacion homogénea la
fuerza impulsora de la agregacion. Esto indica que el grado de hidratacion de la proteina, y con
ello la barrera de energia de desolvatacion que debe de superarse para el autoensamblaje inicial,
no sélo es importante para promover la nucleacion primaria, sino que determina el tipo de

nucleacion que se da (Fig. 5.1).

En condiciones de alta hidratacion, hemos demostrado que la nucleacion de aS en
agregados amiloides s6lo puede tener lugar de manera efectiva, debido a las elevadas barreras
de activacion, en presencia de interfases H/H (hidrofobicas/hidrofilicas), como ya habia sido
observado anteriormente?®41®_ oS tiende a adsorberse en las interfases H/H como consecuencia
de la anfipaticidad de la estructura en hélice de su regién N-terminal. De esa manera se
maximizan simultdneamente las interacciones hidrofilicas con la parte polar de la estructura de
la proteina en el ambiente acuoso, asi como las interacciones hidrofébicas con la parte apolar
en contacto con la superficie hidrofébica de la interfase®®. La adsorcion de la proteina en este
tipo de interfases provoca un aumento local de la concentracién de esta en la interfase, asi como
una seleccién de conformaciones/orientaciones. En una interfase A/W plana (condiciones de
reposo de la muestra), no obstante, la barrera de energia libre de desolvatacion de la proteina
es muy elevada, por lo que los efectos de adsorcion no son suficientes para promover la
nucleacion primaria, como hemos visto en este estudio y ya se habia reportado*® (Fig. 5.1 A).
En estas condiciones s6lo se han visto tradicionalmente femémonos de nucleacion primaria en
la interfase A/W al introducir agitacion. Nosotros hemos visto que, en condiciones de reposo,
pero en presencia de pequefas burbujas de aire, se acelera la nucleacién considerablemente en
la interfase A/W de la burbuja, con cinéticas similares a las obtenidas cuando la muestra se
agita. Estos resultados indican que la agitacion es esencial para el proceso de nucleacion
mediante la induccién de deformaciones en la interfase, ademas de un posible efecto en la
fragmentacion de fibras. Por tanto, para promover la nucleacion en una interfase tipo A/W
parece que es necesario una superficie curva que podria tener relacion con una mayor reduccién
de la capa de hidratacién de la region NAC de moléculas de proteina contiguas adsorbidas en
la parte curva de la interfase en contacto con la solucion que se encontrarian en mayor contacto
con la superficie hidrofébica. Esto podria explicar también por qué las esferas de PTFE*®, que
crean una interfase H/H con una curvatura semejante a la de las burbujas de aire en los

experimentos con la interfase A/W, promueven la nucleacion primaria pese a tratarse de una
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interfase rigida. Las interfases H/H también son criticas para la agregacion de muchas otras
proteinas y péptidos amiloidogénicos que también comparten el caracter anfifilico con la asS,
incluidos péptidos desordenados como el péptido AB**° y proteinas plegadas como insulina*?°
o B-lactoglobulina®?. Para las proteinas plegadas, esto puede explicarse porque las superficies
hidréfobas proporcionan condiciones desnaturalizantes capaces de interactuar con
conformaciones parcialmente desplegadas de proteinas, a través de regiones hidréfobas
expuestas al disolvente. Al mismo tiempo, una reduccion local de la actividad del agua en la
interfase de la disolucion con la superficie hidrofoba facilitaria la formacion de puentes de

hidrdgeno intermoleculares y, por tanto, la agregacion inducida por la superficie.

En condiciones de hidratacion ligeramente reducidas, la nucleacion de la aS requiere
igualmente de interfases H/H (Fig. 5.1 B), aunque en este caso ya no es necesario introducir
deformaciones en la interfase. En tales condiciones, los efectos de la interfase, junto con un
entorno mas favorable a la formacion de puentes de hidrogeno proteicos intermoleculares
debido a las condiciones de hidratacion reducidas, permiten la formacion de un ndmero
suficiente de interacciones intermoleculares simultaneas entre moléculas de proteina contiguas
que logren compensar la pérdida de entropia de las cadenas polipeptidicas, que ya de por si es
baja al encontrase las moléculas de proteina ancladas en la interfase. Estos resultados
complementan los estudios realizados previamente por los grupos de Uversky**® y Eliezer y
Webb'%7464 que sugirieron el importante papel de la desolvatacion de las proteinas en el
desencadenamiento de la agregacion de aS en condiciones en las que ahora sabemos que la
nucleacion se produce en una interfase H/H. En estas condiciones, aungue la deshidratacion del
medio sea suficiente para reducir la barrera de energia libre de desolvatacion de aS a niveles
tales que la presencia de una interfase activa permitan la nucleacion de la proteina, no es lo
suficientemente elevada para promover la nucleacion en el seno de la solucion (Fig. 5.1 C). Sin
embargo, en condiciones de hidratacion mas limitadas, hemos observado que el proceso de
nucleacion se ve favorecido y, por lo tanto, puede tener lugar de manera muy eficaz en el seno
de la solucidn sin la necesidad de una superficie activa para concentrar las moléculas de
proteina o disminuir sus entropias translacional y configuracional. En condiciones de
hidratacion intermedias, ambos tipos de nucleacion coexisten, resultando en mezclas de

diferentes tipos de polimorfos amiloides.

Curiosamente, hemos identificado una clara correlacion entre el tipo de nucleacion

(heterogénea u homogenea) y la estructura de los agregados de aS generados. Por un lado,
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hemos podido observar que los agregados generados en todas las condiciones de hidratacion
limitada mostraban con una morfologia globular, que contrasta con la morfologia alargada no
ramificada que tradicionalmente se ha venido reportando en fibras amiloides®®*. Una
explicacion seria que, en medios con limitacion de agua, los residuos cargados o polares
tenderian a interaccionar entre ellos, favoreciendo conformaciones mas compactas que en
medios donde la proteina estuviese altamente hidratada. Por otro lado, los agregados resultantes
de un proceso de agregacion iniciado a través de una nucleacion heterogénea de forma general
presentan una estructura en lamina B intermolecular paralela, mientras que los agregados
generados a través de una nucleacion homogénea mostraban la presencia de una estructura en

lamina B intermolecular antiparalela®*'467492 (Tabla 1).

La adsorcion de la proteina en interfases H/H por su region N-terminal fuerza a que la
disposicion de las moléculas de proteina en los ndcleos amiloides sea paralela. Sin embargo,
en condiciones de nucleacion homogénea, los monémeros no sufren restriccion en su posible
orientacion, pudiendo autoensamblarse en la disposicion que les sea mas favorable para formar
el agregado amiloide, siendo la estructura en l&mina B antiparalela la que, a priori, mayor
estabilidad de los puentes de hidrdgeno presentaria®®®4%. Otros ejemplos de fibras amiloides
con una estructura en lamina B antiparalela han sido reportados para lisozima, mucina, el
mutante D23N de AB40 y y-globulina*®>°"1 cyando la agregacion se inicio en interfases que
no pomovian orientaciones proteicas preferidas. Los autores informaron de la desnaturalizacion
de proteinas como un paso preliminar para la agregacion inducida por la superficie, que al
mismo tiempo se vio favorecida en presencia de hidrogeles mas hidr6fobos*®’. Esta estructura
también se ha reportado para fibras amiloides de los péptidos ABis-22 0 AP24-36 que han sido
formadas mediante nucleacion homogénea en condiciones de elevada hidratacion*®®. A su vez,
se han observado configuraciones tanto paralelas*®*~% como antiparalelas®®3%%442 al seguir el

proceso de nucelacion homogénea por simulaciones de MD en diferentes péptidos.

A pesar de estos casos en los que la configuracion en ldmina B intermolecular
antiparalela predominaba en fibras amiloides de diferentes proteinas y péptidos, la presencia
de esta estructura se propuso como distintiva de los oligdbmeros estables, particularmente
toxicos, tanto de aS y AP, como de otros sistemas amiloidogénicos®202295.208 dejando la
estructura en lamina 3 paralela como distintiva de las fibras amiloides. En todos los casos, este
tipo de oligémeros fueron generados en condiciones de baja hidratacion, tipicamente mediante

la liofilizacion de la proteina®292204207 ‘aunque en pocos casos se asocid este proceso con el
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de su formacién y acumulacion. Debido a la estabilidad de estos oligomeros y a la diferente
configuracion de la estructura en lamina B con respecto a la mayoria de las fibras amiloides
reportadas hasta la fecha, varios investigadores propusieron que estos oligdmeros representan
especies fuera de la ruta de agregacion amiloide (“off-pathway species”). Nuestros resultados,
sin embargo, apuntan a que estos oligémeros en realidad si que se encontran dentro del paisaje
conformacional amiloide, representando intermedios de una ruta de agregacion amiloide
desencadenada por nucleacion homogénea que presenta preferencia una estructura en lamina 3
intermolecular antiparalela. El hecho de que hayan sido “atrapadas” significa que son especies
meta-estables en esa ruta ya que estarian separadas por grandes barreras energéticas con las

especies fibrilares y las monoméricas®.

Revisando la literatura hemos encontrado un gran nimero de proteinas que, en
condiciones de hidratacién limitada, por ejemplo a tempereaturas elevadas, sufren procesos de
agregacion que dan lugar a la formacion de agregados ricos en lamina B intermolecular
antiparalela. Estas proteinas no comparten ni homologia de secuencia ni topologia estructural
de su conformacion nativa®®, como por ejemplo la alblimina sérica bovina®®, la azurina®’, la
B-lactoglobulina®®, toxina del cdlera®®, adenilato ciclasa®? citocromo c¢®!,
quimotripsindgeno®?, acetilcolinesterasa®® y ribonucleasa A4, Ademas, multitud de proteinas
a priori no amiloidogénicas que pertenecen a diferentes clases estructurales, incluidas proteinas
globulares, como la lactato deshidrogenasa, fosfofructoquinasa, y-interferén, inhibidor de
tripsina pancreatica bovina o quimotripsina; y péptidos desordenados, incluida la poli(L-lisina),
han mostrado la formacion de agregados con una estructura de ldmina B intermolecular
antiparalela durante el proceso de liofilizacion®®>>Y. Para las proteinas plegadas, se ha
propuesto que existe una relacién entre el grado de agregacion de sufre una proteina globular
al verse sometida a un proceso de liofilizacion y el grado en que la proteina se despliega en
condiciones de deshidratacion. De esta manera, la adicion de compuestos estabilizadores de la
conformacidn nativa durante el proceso de liofilizacion minimizan la agregacion de este tipo

de proteinas®!’*18,

Un ambiente fisioldgico con una actividad de agua particularmente baja seria el interior
de condensados biomoleculares. Recientemente, se ha informado que ciertas IDPs
amiloidogénicas, como tau®%°20, TDP-43142521 y ¢S144.145 son capaces de dar procesos de
LLPS y generar condensados biomoleculares de proteina tanto in vitro como in vivo, y que, en

tal ambiente, la agregacion amiloide es un proceso particularmente favorable. Ademas, se ha
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sugerido que los procesos de agregacion amiloide dentro de condensados biomoleculares de
proteina, comunmente referidos como transicion liquido-a-sélido, desempefian un papel
relevante en la agregacion in vivo de las IDPs amiloidogénicas asociadas a enfermedades

neurodegenerativas®?,

En el interior de estos consensados biomoleculares hay una
concentracion local muy significativa de proteina y un bajo contenido en agua, como
consecuencia de la preferencia por interacciones proteina-proteina sobre las interacciones
proteina-agua. Ademas, se ha visto que la formacion de estas estructuras involucra un efecto
de desolvatacion de las macromoléculas involucradas, con la consiguiente expulsion de un gran
numero de moléculas de agua de la parte condensada a la parte diluida?#523, Segun nuestros
resultados, para el caso de aS estas condiciones podrian ser idoneas para que se favorezcan
procesos de agregacion de proteinas a través de una nucleacion homogénea y los agregados
formados podrian tener una configuracion en lamina B intermolecular antiparalela (Fig. 5.1 D).
Dada la capacidad intrinseca de ciertas IDPs amiloidogénicas para inducir procesos de LLPS
en el citoplasma/nucleoplasma y que la agregacion amiloide de las proteinas a través de una
nucleacion homogénea en condiciones de hidratacion limitadas parece ser un proceso general,
creemos que la formacion de agregados amiloides por nucleacién homogénea podria ser una
ruta amiloide in vivo relevante para oS y otras IDPs amiloidogénicas. Futuros estudios en este
sentido son necesarios para identificar la participacion de la nucleacion homogénea vy
heterogénea en la formacién de patologia de cuerpos de Lewy y la induccion de enfermedad en

modelos in vivo.
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Figura 5.1. Esquema del posible papel del agua en la nucleacién amiloide heterogénea y homogénea.
Las superficies hidrofobas pueden actuar como catalizadoras de la nucleacion amiloide de aS en soluciones
acuosas, aunque en condiciones de alta hidratacion (A) el proceso es enormemente lento como consecuencia
de las altas barreras energéticas de solvatacion. En condiciones de hidratacion proteica reducida (B) la
nucleacion primaria heterogénea de aS puede verse favorecida, dando lugar a agregacion amiloide. En
ausencia de superficies activas, la nucleacion homogénea es un proceso extremadamente lento en
condiciones de alta hidratacién (C), pero se acelera drasticamente en condiciones de hidratacién limitada,
como las que se encuentran en el interior de los condensados biomoleculares de oS generados por un
proceso de LLPS (D). En todos los casos el entorno que confiere a las proteinas una alta hidratacion se
muestra en azul oscuro, mientras que el que les confiere una hidratacion reducida se representa en azul
claro.
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5.2. Bloque I1: Estudio del mecanismo de nucleacion primaria de a-sinucleina

mediada por interfases

Desde hace tiempo se conoce la importancia de la region NAC34%3%0 especialmente de
la seccion entre los residuos 71-82%4, en el autoensamblaje de aS mediada por interfases. Esta
ampliamente demostrado que alteraciones en esta region afectan el proceso de agregacion de
la proteina®*®2%%38L y que su ausencia lo inhibe®*. Sin embargo, la presencia de esta region por
si sola no es suficiente para garantizar la agregacion*®. Por otro lado, es ampliamente conocido
el papel determinante del extremo N-terminal de aS en la union de la proteina a la interfase
A/W332 0 a las membranas lipidicas*®*24, En su unién a ambas superficies, aS adquiere una
conformacion en hélice a en la region N-terminal involucrada en la union. De igual modo, esta
region de la proteina ha mostrado adquirir estructura en hélice a en presencia de determinados
co-solventes, como ciertos alcoholes®3. Se ha propuesto que el truncamiento de esta region
promueve la formacién de fibras amiloides, presumiblemente por aumentar la hidrofobicidad
general de la proteina, y que, por tanto, la presencia de la region N-terminal ralentizaria la
agregacion®?. En el mismo estudio se vio que el aumento de la longitud del extremo N-terminal
con la adicion extra de las dos primeras repeticiones imperfectas de 11 aminoacidos que
caracterizan la secuencia de esta proteina, hacen que aumente su tendencia a adquirir estructura
en hélice y se reduzca la tendencia de la proteina a agregar®®. Nuestros resultados, por el
contrario, apuntan a que la deleccion de secciones de la region N-terminal conlleva una
disminucion en la eficacia de agregacién. Estos resultados vendrian respaldados por estudios
preedentes que muestran como la reduccion de la region N-terminal conduce a una reduccién
de la agregacion de la proteina, hasta llegar a inhibirla al eliminar los 70 primeros residuos®®!.
Por otro lado, se ha visto que el aumento del nimero de cargas negativas en esta region también
ralentizaba la fibrilacion de oS, mientras que el aumento de la carga positiva daba como
resultado la aceleracion del proceso, lo que demuestra la importancia de la carga neta en esta
region®*®. Por otro lado, el extremo C-terminal de oS, que normalmente no es proclive a
interaccionar con interfases ni se encuentra formando interacciones relevantes en las fibras
amioides®®72%948 juega un papel clave en la estabilidad del mondémero en solucion al
interaccionar con las regiones N-terminal y NAC de la proteina y proteger, asi, a la region NAC
de interacciones intermoleculares con otras moléculas de proteina®’®-38!, Estudios previos han
demostrado que la ausencia del extremo C-terminal o la anulacién de su carga acelera la

agregacion de aS°?®, probablemente debido a la exposicion de la region NAC a nivel de
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monomero Y a la estabilizacion de las fibras amiloides al eliminar las repulsiones electrostaticas

entre regiones C-terminal adyacentes.

Nosotros hemos podido distinguir dos regiones clave para la nucleacion primaria
heterogénea, una entorno a los residuos 1-20 y otra en torno a 70-90 (Fig. 5.2 A). La primera
es la region responsable de interaccionar con interfases, particularmente interfases H/H,
mientras que la segunda, perteneciente a la region NAC, es la responsable de establecer las
interacciones intermoleculares que darén lugar a la formacion del nucleo amiloide. En el caso
en que los primeros residuos de la proteina fuesen eliminados, entonces, la region en hélice mas
anfipatica pasaria a ser la region 54-66 de la proteina, que es la que estableceria interacciones

con la interfase H/H en este caso. El resto de la proteina se mantiene en solucion.

En condiciones de alta hidratacién, donde la nucleacion homogénea no esta favorecida,
y en presencia de una interfase H/H, como la interfase A/W, las moléculas de aS (WT)
interaccionan con la interfase por su region mas N-terminal (residuos 1-20 aproximadamente)
quedando el resto de la proteina “colgando” desde la interfase hacia la solucion. En esta
configuracién, el extremo C-terminal cargado negativamente de cada molécula de proteina
podria estar interaccionando con la hilera de lisinas de la hélice formada en la interfase, bien
de la misma molécula de proteina o de una molécula de proteina contigua. En esta
configuracién, la interaccion N-/C-terminal no dificultaria la interaccion intermolecular de la
region NAC de moléculas de proteina préximas (Fig. 5.2 B 1), que comenzarian el proceso de
autoensamblaje en el caso de que exista un ambiente favorable para su previa desolvatacion. El
hecho de que la regién 54-66 no se adsorba a la interfase en la proteina WT facilita que la
region NAC se encuentre en solucion con una configuracion favorable para establecer
interacciones intermoleculares entre diferentes regiones NAC de moléculas de aS proximas a

nivel de la interfase.

Esto queda claro al observar el comportamiento de las variantes A2-9 y A1-29, que
poseen esta region (54-66) en configuracion de hélice y adsorbida en la interfase. En estas
variantes y en condiciones de baja fuerza ionica (condiciones en las que los extremos N-
terminal y C-terminal de la proteina se encuentran interaccionando), la orientacion de las
regiones NAC amiloidogénicas es inadecuada para la nucleacion. Probablemente esto sea
debido a una restriccion del movimiento de esta region, que forzosamente queda en una

orientacion alejada de otras regiones NAC de moléculas vecinas debido a la interaccion de los
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extremos de la proteina (Fig. 5.2 C I). Al aumentar la fuerza ionica, las cargas de ambos
extremos de aS se ven apantalladas y no tiene lugar la interaccion electrostatica entre ellos, lo
que conlleva a que la region NAC ahora tenga méas libertad para adoptar diferentes
orientaciones, posibilitando las primeras interacciones intermoleculares (Fig. 5.2 B 1l 'y C 11).
Sin embargo, si la region NAC se adsorbe en la interfase, como ocurre en la variante A4-64,
estos primeros contactos entre moléculas de aS, imprescindibles para la formacion de los

primeros ndcleos amiloides, estaran impedidos (Fig. 52Dy F I).

Esta misma situacion tiene lugar cuando la proteina se une a vesiculas con un contenido
lipidico fisioldgico®!. En estas condiciones se ha demostrado que aS interacciona con las
vesiculas a través de los primeros 97 residuos, que adquieren estructura en hélice en el
complejo, quedando los 25 residuos del extremo N-terminal unidos de forma mas estable a la
membrana y los restantes estableciendo interacciones mas débiles y dinamicas*®. La
interaccion de la region entre los residuos 26-97 con las vesiculas se ve modulada por la
composicion lipidica de éstas. Estudios realizados con membranas de alto contenido en lipidos
neutros han demostrado que esta region se encuentra fundamentalmente interaccionando con
la membrana y enterrada en ella®’. Esta adsorcion se produce a través de interacciones
hidrofébicas, dado el caracter anfipatico de la hélice formada®”. De hecho, la union de oS a
membranas lipidicas se ve favorecida por la existencia de defectos de empaquetamiento en la
membrana®?®, debido a la baja anfipaticidad de la hélice formada en esta region (residuos 26-
97)°%, lo que facilitara la interaccion de la cara mas hidrofobica con las cadenas acilicas de la
bicapa lipidica®”®°?°, Por el contrario, la unién de aS a SUV compuestos totalmente por lipidos
de cabeza anionica se produce principalmente a través de interacciones electrostaticas,
adsorbiéndose preferencialmente la region N-terminal de la proteina, que es la que dispone de
lisinas (con carga positiva) en su eventual helice (Fig. 5.2 F Il). Esto dejara a la region mas
amiloidogénica del NAC libre en la solucién y dispuesta a interaccionar con mondmeros
cercanos en una configuracion propensa. Por tanto, dependiendo de la fraccion de lipidos
cargados negativamente y lipidos neutros en las vesiculas, la region amiloidogénica del NAC
se encontrara libre en solucién en el caso de un contenido alto en lipidos cargados
negativamente, o interaccionando con las vesiculas, en el caso de un contenido alto en lipidos
neutros, lo que facilitard o impedira su agregacion en las vesiculas, respectivamente (Fig. 5.2
FI-11).
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La importancia de la electrostatica en el mecanismo de adsorcion de proteinas a
membranas lipidicas ha sido considerada clave en estudios sobre interacciones
proteina/lipido®3%®3 y se habia considerado relevante en la interaccion de oS a membranas
lipidicas, ya que, junto con la hidrofobicidad, favoreceria la interaccion de la region N-terminal
con la membrana®”342352° Pero no se habia considerado su papel en los mecanismos que dan

lugar a la nucleacion primaria de aS.

En resumen, nuestros resultados han proporcionado informacion relevante para la
comprension del mecanismo de nucleacion heterogénea en aS. Concretamente, evidencian tres
requisitos para la iniciacion de la nucleacion heterogénea en condiciones de fuerza iénica 'y pH
fisiolégicos que son clave: 1) la interaccion de la region mas N-terminal de la proteina (residuos
1-20/30) con la interfase, lo que favorece una concentracion y disposicion de las regiones
amiloidogénicas adecuada para la nucleacion, 2) la localizacion de la regién amiloidogénica de
laregion NAC en la solucion para que pueda establecer los primeros contactos intermoleculares
(estas interacciones no son posibles si esta region se encuentra adsorbida en la interfase) y 3)
la orientacion adecuada de las regiones amiloidogénicas de las proteinas adsorbidas en la
interfase que se ve desfavorecida por las interacciones electrostaticas entre el los extremos N-
y C-terminal. En condiciones de pH bajos, estas interacciones electrostaticas no se darian vy,
por tanto, se facilitaria la nucleacidn heterogénea. Ademas, como ya se vio en la discusion del
bloque I, la nucleacion se veria favorecida en condiciones con una reduccion de la actividad de
agua, que resultase en una disminucién de la barrera energética para su desolvatacion. Estas
condiciones son mas accesibles en las proximidades de superficies hidrofébicas, donde el agua
tiende a excluirse, por lo que las interfases H/H son iddneas para la agregacion de asS, no sélo
por concentrar a la proteina localmente y orientarla de manera que las regiones amiloidogénicas
se encuentren en la disposicion mas favorable para establecer interacciones, sino que también
por la generacién de las condiciones de hidratacion favorables para la desolvatacién de la

proteina, requisito esencial para la formacién de los primeros ndcleos amiloides.
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Figura 5.2. Esquema de las posibles conformaciones que adoptaria sinucleina al adsorberse en
diferentes interfases hidrofobicas/hidrofilicas en las diferentes variantes de proteina utilizadas en
este estudio segun los resultados obtenidos. (A) Representacion esquematica de aS y de BS, donde se
muestran las secciones del extremo N-terminal en las que se favoreceria la primera (recuadro amarillo) y
la segunda (recuadro verde) hélices a, la seccion de la region NAC que es fundamental para la agregacion
de aS*9 (recuadro rojo) y la distribucion neta de cargas en las diferentes regiones de la proteina. (B-E)
Posibles conformaciones de WT aS (B), A2-9 0 A 1-29 aS (C), A 4-64 oS (D) y WT BS (E) en la interfase
AJW en condiciones de fuerza idnica fisioldgicas (1) o de elevada fuerza idnica (I1). (F) Conformaciones

de WT aS adsorbida en la interfase de SUV de composicidn fisioldgica (I), segun estudios anteriores

en SUV de 100% DMPS (I1) en condiciones de muy baja fuerza ionica.
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6.Conclusiones
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6.1. Bloque I: Caracterizacion de las diferentes rutas de nucleacion primaria de o-
sinucleina: En la busqueda de condiciones que favorezcan la nucleacion
homogénea de la proteina

aS es capaz de autoensamblarse en agregados amiloides mediante nucleacion primaria

homogénea.

La nucleacién homogénea de aS supone una ruta amiloide adicional a las previamente
exploradas, que es altamente favorecida en condiciones de hidratacion limitada y presenta
cinéticas ordenes de magnitud mas rapidas que las observadas anteriormente. En base a
una extensa documentacion publicada, proponemos que puede ser una ruta amiloide

general para las cadenas polipeptidicas.

En condiciones de elevada hidratacion, la nucleacién homogénea de aS es muy poco
favorecida mientras que la nucleacién heterogénea, en presencia de interfases H/H, tiene

un papel relevante.

El grado de hidratacion de las proteinas es un determinante clave no solo para iniciar el
autoensamblaje de oS, sino también para dictar la preferencia por el tipo de nucleacion

primaria y, por tanto, el tipo de polimorfo amiloide estructural generado.

Existe una preferencia por una estructura en lamina B intermolecular antiparalela cuando
aS agrega a través de nucleacion homogénea, mientras que en la agregacion iniciada por
un proceso de nucleacion heterogénea las moléculas de proteina son forzadas a adquirir

una estructura en lamina 3 intermolecular paralela.

En la nucleacion primaria homogénea no existen limitaciones en la orientacion de los
monomeros durante el proceso de nucleacion, lo que explica que los polimorfos adquieran
una estructura en lamina B intermolecular antiparalela, que es la mas estable al presentar

puentes de hidrogenos mas fuertes.

La nucleacion homogénea podria estar favorecida dentro de condensados biomoleculares
de aS generados por un proceso de separacion de fases liquido-liquido, por lo que podria

ser un proceso relevante in vivo.
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6.2. Bloque II: Estudio del mecanismo de nucleacion primaria de a-sinucleina
mediada por interfases

Hemos distinguido dos regiones clave para la nucleacion primaria heterogénea: la primera
(en torno a los residuos 1-20) involucrada en la interaccion de la proteina con interfases,
particularmente interfases H/H, y la segunda (en torno a los residuos 70-90) involucrada
en el establecimiento de los puentes de hidrogeno intermoleculares que daran lugar a la

formacion del ndcleo amiloide.

La region N-terminal de oS, al adsorberse en la interfase y adquirir estructura en hélice,
incrementa sus propiedades electrostaticas al generase una fila de lisinas, resultando en un
aumento de la afinidad por la interaccion con el extremo C-terminal de la proteina. Esta
interaccion influye en la orientacion del segmento més amiloidogénico de la region NAC
en las moléculas de proteina adheridas a la interfase y, por tanto, en la efectividad de la

nucleacion primaria heterogénea.

La adsorcion de aS a SUV compuestos por lipidos anidnicos sigue un mecanismo a través
de interacciones electrostaticas, involucrando Unicamente a la regién N-terminal rica en
lisinas (primeros 50 residuos) y dejando a la region NAC libre en el seno de la solucion y
con posibilidad de interaccionar con otras proteinas adsorbidas en la vesicula. Por el
contrario, la interaccion de la proteina con SUV de composicion fisiologica similar a la de
las vesiculas sinépticas sigue un mecanismo fundamentalmente a traves de interacciones
hidrobdbicas, involucrando en la adsorcién tanto a la region N-terminal como a la regién
NAC, lo que impide que esta ultima establezca interacciones intermoleculares competentes

para la formacion de ndcleos amiloides.
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Anexo |: The extent of protein hydration dictates the preference for
heterogeneous or homogeneous nucleation generating either parallel or
antiparallel B-sheet a-synuclein aggregates.
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a-Synuclein amyloid self-assembly is the hallmark of a number of neurodegenerative disorders, including
Parkinson's disease, although there is still very limited understanding about the factors and mechanisms
that trigger this process. Primary nucleation has been observed to be initiated in vitro at hydrophobic/
hydrophilic interfaces by heterogeneous nucleation generating parallel B-sheet aggregates, although no
such interfaces have yet been identified in vivo. In this work, we have discovered that a-synuclein can
self-assemble into amyloid aggregates by homogeneous nucleation, without the need of an active
surface, and with a preference for an antiparallel B-sheet arrangement. This particular structure has been
previously proposed to be distinctive of stable toxic oligomers and we here demonstrate that it indeed
represents the most stable structure of the preferred amyloid pathway triggered by homogeneous
nucleation under limited hydration conditions, including those encountered inside a-synuclein droplets
generated by liquid-liquid phase separation. In addition, our results highlight the key role that water
plays not only in modulating the transition free energy of amyloid nucleation, and thus governing the
initiation of the process, but also in dictating the type of preferred primary nucleation and the type of
amyloid polymorph generated depending on the extent of protein hydration. These findings are
particularly relevant in the context of in vivo a-synuclein aggregation where the protein can encounter
a variety of hydration conditions in different cellular microenvironments, including the vicinity of lipid
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rsc.li/chemical-science remarkably different amyloid polymorphs by either heterogeneous or homogeneous nucleation.

Introduction

One of the key hallmarks of a variety of neurodegenerative
disorders, collectively referred to as synucleinopathies,
including Parkinson's disease, is the aberrant aggregation of a-
synuclein («S)," an intrinsically disordered protein highly
abundant in neuronal synapses. aS aggregation can be repro-
duced in vitro and its kinetics are typically followed by means of
thioflavin T (ThT) binding measurements, given the ability of
this dye to bind specifically the cross-p structure of amyloid
aggregates.” Using this type of assays, it has been established
that amyloid aggregates are generally formed through nucleated
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self-assembly reactions, that follow typically a sigmoidal
kinetics with a lag-phase (typically associated with a t,5) that in
part reflects the energetically unfavorable primary nucleation
step,>* followed by a rapid-growth phase as a consequence of
the more favorable processes of aggregate elongation, frag-
mentation, or secondary nucleation that take over once the early
aggregates are formed, and a final stationary phase that reflects
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the consumption of monomers in the reaction and the equi-
librium between monomers and aggregates.* While significant
progress has been made towards understanding some of the
microscopic processes that take place during amyloid self-
assembly,* the processes that occur during primary nucleation,
and the factors and mechanisms by which the process is initi-
ated remain largely unknown. However, a detailed under-
standing of this process and its complex conformational
landscape is a prerequisite for elucidating some of the molec-
ular basis of pathology in Parkinson's disease and related
disorders, and for developing and evaluating effective disease-
specific therapeutics to reduce or eliminate one of the under-
lying sources of toxicity in these diseases.

In vitro, oS amyloid aggregation has been typically triggered
under strong stirring or shearing forces at physiological
temperature, pH and ionic strength and ca. 50-100 pM protein
concentrations.>® Under these conditions, the air/water inter-
face and/or the hydrophobic coatings of sample containers or
stirring bars have been recently shown to play an essential role
in triggering the initial self-assembly of aS through heteroge-
neous nucleation,*® as a consequence of the particular
amphipathic and surface-active properties of the protein.”
Based on these findings, particular types of hydrophobic
surfaces such as (PTFE) beads,
synthetic lipid vesicles or other surface-active materials®** have
been recently used to accelerate primary nucleation of oS in
vitro. Among all these experimental conditions, those involving

polytetrafluoroethylene

lipid vesicles could represent the most physiologically relevant
ones, although at the same time, at a neutral pH, synthetic
vesicles composed of physiologically relevant lipids have been
reported to be unable to trigger aS aggregation,'” and only
vesicles with very high contents of specific acidic lipids (typi-
cally small unilamellar vesicles, SUVs, containing 100%
dimyristoylphosphatidylserine, DMPS), seem to be efficient in
catalyzing oS aggregation.">"

Our understanding of the mechanisms that initiate oS
aggregation inside the cells are even more elusive, although
particular, yet undefined, cellular microenvironments appear to
be required for the accumulation of oS amyloid aggregates
inside cells, as the sole overexpression of the protein seems to be
unable to trigger the de novo nucleation of aS amyloid formation,
and additional cellular insults are typically required.** Impor-
tantly, recent experimental evidences show that the aS amyloid
structures that have been resolved at high resolution, in all cases
generated in vitro by heterogeneous nucleation at the air/water
interface,® differ remarkably from the amyloid structures ob-
tained from patient brain extracts,"** suggesting alternative in
vivo amyloid pathways from those explored until now in vitro.

In this context, we set out to expand the conformational
landscape of amyloid aggregation and to understand the role of
interfacial effects on the primary nucleation of the protein under
different conditions. We have discovered that aS self-assembles in
the absence of an active hydrophobic/hydrophilic interface by
homogeneous nucleation under conditions of limited protein
hydration, and that, when the protein undergoes this process,
there is a preference for an antiparallel f-sheet arrangement of the
amyloid structure, in contrast to the typical parallel B-sheet
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orientation acquired during heterogeneous primary nucleation.
Interestingly, we have observed that the liquid-to-solid transition
of aS droplets generated in vitro by liquid-liquid phase separation
(LLPS) is likely triggered by this mechanism of homogeneous
nucleation, in agreement with the particularly low water activity of
such environments. Our findings, therefore, directly show the
multiplicity of nucleation mechanisms and aggregate polymorphs
within the oS amyloid aggregation landscape, and the role that
water plays in selecting one type of mechanism and polymorph
over others, suggesting that different cellular microenvironments
with different protein hydration properties would lead to the
formation of remarkably different amyloid polymorphs.

Results and discussion

Commonly used in vitro oS aggregation conditions require
hydrophobic/hydrophilic interfaces

Under the most typical in vitro conditions used to trigger oS
aggregation (PBS buffer, ca. 150 mM ionic strength, pH 7.4, 37
°C), we observed the formation of oS amyloid fibrils with the
typical sigmoidal kinetic traces, although high protein
concentrations and strong stirring were required (Fig. 1A). In
order to compare aggregation kinetics and avoid possible
effects of surface material of different sample containers'* (see
Fig. S17), all the aggregation kinetics data shown in this study
were performed in hydrophilic PEG-ylated plates,”"** unless
otherwise stated. Under these conditions, the aggregation
kinetic curves obtained were highly variable (Fig. 1A), as previ-
ously reported,®>**** likely as a consequence of the stochastic
and mutable nature of the air/water interface area of the sample
at conditions of high-speed stirring. Indeed, we have observed
that the nature and curvature of the air/water interface is
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Fig. 1 Characterization of aS aggregation at typical hydrophobic/
hydrophilic interfaces. (A) Aggregation kinetics of 500 pM aS under
shaking conditions (700 rpm). (B) Aggregation kinetics of 100 uM aS in
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aggregate. Scale bar: 200 nm. (D) IR spectra of the aggregates formed
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determinant for the induction of oS aggregation under these
conditions, in agreement with previous reports,® since the
presence of air bubbles rather than a flat air/water interface
particularly accelerates nucleation even in quiescent conditions
(Fig. S27%). The amyloid aggregates formed in this way are long,
unbranched twisted fibrils of 10 & 1 nm in height, 620 £
400 nm in length (n = 50) and a twisting periodic pitch of 66 +
3 nm (n = 25) according to atomic force microscopy (AFM)
analysis. In order to analyze the effect of the air/water interface
under this and other experimental conditions, we used hydro-
philic poly(methyl methacrylate) (PMMA) caps that adequately
fit into the wells and remove the air headspace, thus preventing
the formation of the air/water interface.®* When the caps were
used, no aggregation was observed (grey line in Fig. 1A), and
when the caps were eventually removed then aggregation was
observed as expected (Fig. S21). Under quiescent conditions
(without stirring), however, oS was not observed to aggregate for
more than 250 h/10 days (even at 500 puM, Fig. S2At), in agree-
ment with previous studies that have reported that, under
similar conditions, oS was unable to aggregate even after several
months of incubation.*

An alternative approach used to enhance in vitro oS aggrega-
tion involves the addition of PTFE beads, although this approach
has been generally combined with agitation systems.**?° Here, we
have analyzed the effect of adding a hydrophobic PTFE bead of
a similar surface area to that of the air/water interface in our
experiments (ca. 32 and 38 mm?, respectively) to the protein
solution at quiescent conditions (100 uM oS in PBS buffer pH 7.4,
37 °C) and observed that nucleation at the surface of the PTFE
bead was much faster than at the air/water interface (Fig. 1B),
likely due to the stronger hydrophobic nature of PTFE as
compared to air.”” The amyloid fibrils formed under these
conditions are typically 8.8 & 0.8 nm in height and 360 + 90 nm
in length (n = 15), with no apparent twisted morphology
according to AFM analysis. Synthetic lipid vesicles have also been
used to trigger aS aggregation, although only SUVs composed of
an artificially high content of saturated phosphatidylserine lipids
(typically 100% DMPS) have been observed to trigger oS aggre-
gation in vitro at nearly neutral pH.">** We were able to reproduce
the aggregation kinetics of oS under the above conditions
(Fig. 1C). The fibrillar species so generated are typically 6.3 +
0.6 nm in height and 800 & 400 nm in length (n = 15) and lack
the twisted morphology that was observed for the fibrils gener-
ated at the air/water interface under stirring. Despite the
apparent differences in morphology, the amyloid fibrils gener-
ated at the three different types of hydrophobic/hydrophilic
interfaces most typically used in vitro to trigger aS aggregation
show remarkably similar infrared (IR) spectra (Fig. 1D) with the
typical absorption band at ca. 1625-1615 cm ™' associated with
intermolecular B-sheet amyloid aggregates.*®*

Addition of low-to-mild alcohol concentrations accelerates oS
amyloid nucleation

Biophysical characterization of protein folding and aggregation
exploits often co-solvents to trigger changes in protein confor-
mation or environment. Alcohols, particularly the fluorinated

This journal is © The Royal Society of Chemistry 2020
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alcohol 2,2,2-trifluoroethanol (TFE), are perhaps the most used
type of co-solvents to investigate protein aggregation and have
been used in the past to study oS in vitro under shaking/stirring
conditions.’*** Here we have used quiescent conditions and
found that low concentrations of alcohols such as methanol
(MeOH) or TFE (see Fig. S31 for the analysis of other types of
alcohols), increased significantly the rate of oS aggregation (100
uM oS in PBS buffer pH 7.4, 37 °C, in quiescence; these
conditions have been used for all further aggregation experi-
ments) and increasing concentrations of alcohols resulted in
shortened aggregation lag times (Fig. 2A and B). Although all
the aggregates generated in the presence or absence of low
concentrations of alcohols show remarkably similar IR spectra,
with the typical amyloid-specific IR intense signal at
~1625 cm™ " (Fig. 1D, 2C, S3C and Dt), significant variations in
the morphology of the aggregates were observed by means of
AFM imaging (Fig. 1A-C and 2D-G). For example, in the case of
5% TFE, the aggregates show a fibrillar structure with an
average of 10 + 1 nm in height, and 600 & 300 nm in length (n =
20) with a twisting periodic pitch of 61 + 2 nm length, but the
10% MeOH aggregates are preferentially globular, with average
heights of 6 + 2 nm and widths of 47 + 8 nm (n = 50). Note that
slight variations in the aggregation kinetics were observed when
using other sample containers (Fig. S11), although the general
effects and relative trends were very similar for the different
conditions in all containers analyzed.

Interestingly, we noticed that within a given alcohol
concentration range, which varied depending on the type of
alcohol used, but was surprisingly narrow in any case, there was
a drastic change from a very long (typically >20 h) to a much
shorter (<5-10 min) lag phase (Fig. 2 and S3f). This
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Fig. 2 Characterization of aS aggregation in the presence of low-to-
mild alcohol concentrations. (A and B) Aggregation kinetics of 100 uM
oS in the presence of different concentrations of MeOH (A) or TFE (B).
Three representative replicas are shown from more than 10 experi-
ments with three different protein batches. (C) FT-IR spectra of
aggregates formed in 10% MeOH (red solid line), 35% MeOH (red
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(D-G) AFM images of aggregates formed in presence of 10% MeOH
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phenomenon was observed, for example, when going from 5 to
7.5% TFE or from 15 to 25% MeOH. Under the fast nucleation
conditions, the formed aggregates were preferentially globular,
with average heights = 5-6 nm and lengths = 40-50 nm for the
aggregates generated in 15% TFE or 35% MeOH, likely as
a result of the preference for the stabilization of structures that
maximize the volume of the aggregate while minimizing the
surface area in contact to the poor hydrating solution. In all
cases, however, the aggregates exhibited amyloid features
including ThT binding (although the intensity of ThT fluores-
cence emission was significantly lowered as compared to the
aggregates generated with longer lag phases), the amyloid IR
fingerprint (intense signal corresponding to intermolecular -
sheet aggregates; Fig. 2C, S3C and Dt), and the distinctive X-ray
diffraction pattern indicative of amyloid cross-p structure
(Fig. S47). In addition, these aggregates show seeding capabil-
ities similar to the aggregates generated at lower alcohol
concentrations, independently of their apparent size (Fig. S57),
a feature characteristic of amyloid fibrillar-like aggregates.
Note, however, that the IR spectra exhibit important peculiari-
ties for the aggregates formed after short lag times (Fig. 2C,
dotted lines), when compared to those requiring long lag times
(Fig. 1D, 2C, continuous lines). Particularly, the main signal is
shifted to ~1615 cm ', and a new, low-frequency signal
appears at =1690 cm ™~ ' (more on this below, in the context of
the results in Fig. 6).

When we investigated the origin of the increased rates of oS
aggregation by alcohols, we found that polarity alone cannot
account for the results in the aggregation kinetics observed for
the different types of alcohols analyzed (Fig. S61), in agreement
with previous studies.”*-*' In addition to changes in the dielec-
tric constant of the solution, alcohols have been reported to
disrupt hydrophobic interactions and strongly affect the
protein-water interactions, reducing the protein surface
tension and consequently the protein hydration shell.
Increasing concentrations of alcohols, particularly the hydro-
phobic ones such as TFE, lead, therefore, to increasing degrees
of protein dehydration.*»*® On the basis of this idea, Webb and
colleagues proposed a de-solvation model assuming TFE-water
mixtures as ideal solutions,® and the application of such
model predicted that oS, and other proteins, would be prefer-
entially de-solvated at moderated TFE concentrations in which
they are prone to aggregate (although the nucleation occurring
at interfaces was not considered in Webb's model).

Addition of high concentrations of salts, particularly
kosmotropic salts, leads to accelerated «S amyloid nucleation

In order to investigate whether a decrease in protein hydration
is a relevant factor in accelerating or even inducing aS aggre-
gation, we analyzed the effect of salts, particularly kosmotropic
salts, which have an opposing effect on electrostatics and
hydrophobic interactions with respect to alcohols but, at high
concentrations, are known to cause thinning of the hydration
shell of proteins, similarly to alcohols, thus reducing protein
solubility.**** Upon increasing concentrations of salts in the
0.5-1 M range of ionic strength, both kosmotropic salts, such as
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NaCl and Na,SO, (Fig. 3), and chaotropic salts, such as NaSCN
(Fig. S71), a significant acceleration of oS amyloid aggregation
was observed. At higher ionic strength concentrations, 1-3 M
for NaCl and 1-2 M for Na,SO, or NaSCN, all salts used in this
study behaved similarly, with aggregation kinetics that varied
slightly with salt concentration, and with characteristic lag
phases > 10 h. However, there was a range of salt concentrations
in which different behaviors between kosmotropic and chaot-
ropic salts were observed. For the kosmotropic NaCl and
Na,SO, salts, the aggregation kinetics changed drastically at
very high salt concentrations towards a mechanism with
a remarkably fast nucleation step (with a lag-phase <5-10 min;
Fig. 3A and B), while in the case of the highly chaotropic NaSCN
salt, a sharp deceleration of the overall aggregation process was
observed (Fig. S7t). These results are in agreement with the
ability of each type of salt used (Na,SO,, NaCl and NaSCN) to
lower protein hydration and, thus to modify protein solubility
(i.e. a strong kosmotropic, salting-out salt, a mild kosmotropic,
salting out salt and a strong chaotropic, salting-in salt, respec-
tively).** Indeed, when analyzing in more detail the salt
concentration range at which the slow-to-fast nucleation tran-
sition took place, we found that the preference for the fast
nucleation mechanism occurred at lower salt concentrations for
the highly kosmotropic Na,SO, salt, as compared to the milder
kosmotropic NaCl salt.

Also, as previously observed for low-to-mild concentrations
of alcohols, the difference between the two oS aggregation
kinetic regimes, with either long or remarkably short lag pha-
ses, was concomitant with a difference in the structural
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Fig. 3 Characterization of aS aggregation in the presence of kos-
motropic salts. (A and B) Aggregation kinetics of 100 uM S incubated
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(concentrations expressed in ionic strength). Three representative
replicas are shown from more than 10 measurements with three
different protein batches. (C) IR spectra of aggregates formed in 2 M
NaCl (green solid line), 3.5 M NaCl (green dotted line), 2 M Na,SO4
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properties of the amyloid aggregates formed, as observed by IR
analysis (Fig. 3C). The aggregates formed in high salt concen-
trations seemed to be preferentially small for all salts. For
example the AFM-derived dimensions of the aggregates gener-
ated at 2 M or 3.5 M NaCl were 3.2 + 0.2 nm in height, 20 £+ 2 in
length, versus 3.3 = 0.2 nm in height, 23 + 3 nm in length,
respectively (n = 50) (Fig. 3D and E).

Addition of macromolecular crowders also accelerates oS
nucleation

The third type of co-solvent or additive most frequently used for
probing protein hydration changes is represented by inert
synthetic polymers used as macromolecular crowding agents,
which are preferentially excluded from the hydration shells of
proteins, causing the preferential stabilization of compact
protein conformations and complexes according to the
excluded volume theory,>**” as well as a reduction in protein
hydration.*®*° In analogy with the results found with low alcohol
concentrations and high salt concentrations, we found that
mild concentrations (150 mg ml™") of three different types of
crowding agents were able to accelerate oS aggregation (tj.y =
10 h; Fig. 4A), in agreement with previous studies,*****!
although in those studies strong protein sample agitation was
used to trigger aS aggregation.

The aggregates formed under these conditions were prefer-
entially fibrillar in the case of dextran 70 and ficoll 70 with
similar dimensions according to AFM analysis: 6.0 = 0.8 nm in
height and 380 £+ 170 nm in length (n = 30) in the case of
dextran, and 6.3 + 0.5 nm in height, 340 & 170 nm in length (n
= 15) for ficoll (Fig. 4C and D). In the case of PEG 8, however,
more globular-like amyloid aggregates were observed (not
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Fig. 4 Characterization of &S aggregation in the presence of macro-
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Representative AFM images of aggregates formed in dextran 70 (C)
and ficoll 70 (D). Scale bar: 200 nm.
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shown). In any case, the three types of aggregates displayed an
increase in ThT fluorescence signal and the B-sheet amyloid IR
fingerprint. Indeed, we observed a remarkable similarity in the
IR spectra of all the aggregates generated through slow nucle-
ation process (see Fig. 1D, 2C, 3C and 4B). Upon increasing the
crowding agent concentration up to 300-400 mg ml~*, however,
no change in amyloid aggregation mechanisms with a short lag
phase was observed (not shown), unlike in the presence of
alcohols or salts, probably because of the well-documented
enhancement of surface-catalyzed protein fibril formation in
the presence of macromolecular crowders.**

aS forms amyloid aggregates without the presence of an active
nucleation surface under limited hydration conditions

Given that at moderate alcohol concentrations and at salting-
out concentrations of kosmotropic salts we observed a drastic
acceleration in the apparent rate of oS nucleation (Fig. S8t), we
set out to characterize the type of primary nucleation that trig-
gers the aggregation process at these conditions as compared to
that occurring at lower additive concentrations. We first
compared the kinetics of aggregation with and without hydro-
philic caps designed to fit into the wells of the plates and
remove the air/water interface.® These experiments were,
however, rather complex and because of the slow aggregation
reactions (lasting ca. 5-7 days) and the imperfect fit of the caps
into the wells, the stochastic appearance of air bubbles in
a significant number of samples was inevitable (Fig. S2Bt). For
those samples where no bubbles were formed within the first
100 h of incubation, no aS aggregation was observed under
quiescent conditions in the presence of low concentrations of
alcohols or salts (Fig. S91), indicating that under these condi-
tions, aS heterogeneous nucleation at the air/water interface
was accelerated with no signs of significant homogeneous
nucleation.

At higher alcohol or salt concentrations, however, the
nucleation process became remarkably fast, with identical
behavior of the unmodified and the N-terminally acetylated
forms of the protein (the latter being the most frequent physi-
ological form in the cells*®) (Fig. S10f), thus alternative
approaches were needed in order to analyze the role of the air/
water interface on the amyloid nucleation process under these
conditions. First, we performed surface tension experiments in
a Langmuir tensiometer by the Wilhelmy method** in order to
analyze the ability of aS to adsorb and accumulate at the air/
water interface under different conditions of either slow or
fast primary nucleation. As expected, in the absence of MeOH,
the addition of &S to the solution led to the partitioning of the
protein between the bulk of the solution and the air/water
interface, and the adsorption of the protein to the interface
resulted in a significant reduction of surface tension that could
be directly monitored in the Langmuir tensiometer (Fig. 5A). At
protein concentrations above the saturation concentration in
our experimental set up (ca. 60 nM of oS for an estimated air/
water interface of 254.5 mm?), the protein generates a protein
monolayer with a surface tension of 52 £ 2 mNm ™" (vs. 70.2 + 2
mN m~ " in the absence of protein) (see Fig. 5A, blue circles).
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Fig. 5 Propensity of aS to aggregate in the absence of an active
hydrophobic/hydrophilic interface. (A) Surface tension measurements
of aS solutions in PBS alone (blue), with 10% MeOH (pink) or with 35%
MeOH (brown); average measurement error 0.82, 1.15 and 2.07 mN
m~ for each solution condition, respectively. (B) Outline of the
microfluidic system used for the experiments shown in panels (C) and
(D). (C and D) Aggregation kinetics of 100 uM aS in the presence of 15%
TFE (C) or 3.5 M NaCl (D) incubated in the microfluidic system (black
points). Bars represent standard errors for n = 3—4 measurements per
aggregation time point. Solid colored lines show data from standard
aggregations in the microplate.

When the same experiment was performed in the presence of
10% MeOH, the interface saturation by oS was obtained at lower
protein concentrations (=25 nM), generating a protein mono-
layer with a constant surface tension of 52 & 2 mN m ', indi-
cating that the protein has a higher propensity to accumulate at
the interface at 10% MeOH, likely as a consequence of a higher
propensity to acquire the amphipathic a-helical structure. Upon
increasing MeOH concentration in the protein-free solution,
the surface tension, however, decreased to =28 £+ 2 mN m ™' at
35% MeOH, already below the value of the surface tension
generated by the oS monolayer (52 + 2 mN m ™), indicating that
under these conditions aS would not partition into the air/water
interface. Accordingly, we did not observe any variation in the
surface tension of the 35% MeOH solution upon addition of aS.

To further prove that oS forms amyloid aggregates in the
absence of any hydrophobic surface that could initiate hetero-
geneous aS nucleation under limited hydration conditions, we
used a microfluidic setup (see scheme of the system in Fig. 5B)
in which the protein solution was mixed with the appropriate
concentration of additives and incubated for a specific time
only in contact with hydrophilic material (poly-
etheretherketone, PEEK). Using this device, we were able to
reproduce the kinetics of aggregation that we observed previ-
ously in the plates, but this time without the presence of the air/
water interface or any other hydrophobic surface that could
initiate S heterogeneous nucleation (Fig. 5C and D) (note that
no apparent pre-formed aggregation nuclei were observed in the
protein batch samples, see Fig. S117). Indeed, remarkably
similar kinetics and yields of aggregation were obtained with
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drastically different surface materials and surface-to-volume
ratios of the containers (in the case of the PEEK tubing the
surface-to-volume ratio is 5-times higher than in the microplate
wells). The small deviations observed between kinetics of aS
aggregation in the presence of 3.5 M NaCl in the plate and in the
microfluidic system (Fig. 5D) are most likely related to an
acceleration of protein heterogeneous nucleation at the air/
water interface in the plate under these conditions, since, at
3.5 M NaCl, and unlike at 35% MeOH, the protein is expected to
partition into the air/water interface where heterogeneous
nucleation is probably triggered at faster rates than the nucle-
ation in the bulk due to an increased local protein concentra-
tion. Taken together, our results indicate that oS can form
amyloid aggregates under conditions of limited hydration in the
bulk of the solution through homogeneous nucleation.

oS preferentially forms parallel B-sheet amyloid aggregates by
heterogeneous nucleation and antiparallel B-sheet amyloid
aggregates by homogeneous nucleation

When we compared the IR spectra of the aggregates generated
through either heterogeneous or homogeneous primary nucle-
ation, we observed at least two remarkable differences (Fig. 2C
and 3C). First we observed an additional band in the amide I
region, at ca. 1690 cm ™, in the aggregates generated through
homogeneous nucleation, indicative of the presence of anti-
parallel B-sheet structure.***” Also, we noticed a general shift in
the peak of the amyloid-characteristic amide I band from ca.
1625 cm™* for the aggregates generated through heterogeneous
nucleation to lower wavenumbers (ca. 1615 cm™') for the
aggregates generated through homogeneous nucleation. We
attribute this red-shift of the amyloid-characteristic amide I
band to a higher flexibility and/or solvent exposition of the B-
sheet core*”*® in this type of aggregates.

In order to further corroborate the parallel and antiparallel
arrangement of the B-sheet architecture of the two structural
classes of amyloid aS aggregates, we analyzed the intermolec-
ular fluorescence excimer formation of pyrene molecules
attached to different positions of the polypeptide chain,
particularly at positions 6, 24, 56, 69, 85, 90 and 140 in both
types of amyloid aggregates. According to previous detailed
structural analysis on parallel B-sheet «S fibrils (all formed
through heterogeneous nucleation at the air/water inter-
face),**® positions 56, 69, 85 and 90 are located in the B-sheet
amyloid core, position 24 is located close to the N-terminal part
of the amyloid core and positions 6 and 140 are located at the
very N-terminal and C-terminal ends of the protein sequence,
respectively. For this structural group of aggregates, therefore,
when labeled with pyrene, we observed, as expected, excimer
formation (emission band at around 470 nm) at the positions of
the amyloid core, in addition to the monomeric pyrene emis-
sion bands (375-395 nm) (see Fig. S12A and Bt). This behavior
was better visualized when using the excimer to monomer
intensity ratio (E/M), which indeed can be used as a pyrene-
pyrene proximity indicator.*® Still, for the positions away from
the core we did observe significant excimer formation, implying
that in a parallel B-sheet arrangement even residues located in

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Intermolecular pyrene excimer formation analysis of the
different B-sheet oS amyloid aggregates. (A) Pyrene E/M intensity ratio
values obtained for the aS aggregates labeled with a 1 : 10 pyrene-aS/
unlabeled-asS ratio at different sequence positions formed in PBS with
10% MeOH (A, red), PBS with 35% MeOH (A, shaded red), PBS with 2 M
NaCl (B, green) or PBS with 3.5 M NaCl (shaded green), pH 7.4.

regions distant from the amyloid core are likely in close prox-
imity, with transient intermolecular interactions, due to the
flexible nature of those regions. However, in the case of the
amyloid aggregates generated under conditions of very fast
nucleation (Fig. 6, striped red and green), no significant excimer
formation was observed for any of the aS positions analyzed, in
agreement with a relative antiparallel orientation of the aS
monomers within this type of amyloid aggregate.

Homogeneous primary nucleation leads to amyloid
aggregates with different thermodynamic stability with
respect to the aggregates generated by heterogeneous
nucleation

Our results indicate that aS aggregation can be triggered by
alternative nucleation mechanisms leading to distinct amyloid
polymorphs with different internal protofilament structure
depending on the extent of protein hydration. This is particu-
larly clear when alcohols, such as TFE or MeOH, are used to
decrease protein hydration. At low alcohol concentrations, the
formation of parallel B-sheet aggregates is preferred, while at
higher concentrations the antiparallel configuration is stabi-
lized. In order to analyze the influence of the extent of protein
hydration on the stability of the resulting aS aggregates, we
increased the MeOH concentration of the solution and
compared the percentage of parallel and antiparallel aggregates
formed (Fig. 7 and S137).

As seen in Fig. 7A, the parallel B-sheet arrangement is pref-
erentially formed at MeOH concentrations <15%, while the
antiparallel orientation is preferred at >25% MeOH. Between
15-25% MeOH, however, a mixture of both types of aggregates
is observed, indicating that in this remarkably narrow regime of
MeOH concentrations and, thus, of protein hydration condi-
tions, both types of primary nucleation mechanisms are
competing. When parallel B-sheet aggregates generated at low
alcohol concentrations were transferred to conditions where the
amyloid pathways of formation of antiparallel B-sheet aggre-
gates were preferred and vice versa (Fig. 7A), the aggregates did
not dissociate, according to SDS-PAGE analysis (not shown), as
long as the MeOH concentration was higher than 5%, and they
maintained their original B-sheet arrangement (Fig. S12C-Ff).
Their structures, however, were severely destabilized (Fig. S147),
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Fig. 7 Impact of alcohol concentration on the aggregation behavior

of aS. (A) Fraction of antiparallel aggregates found in the plateau phase
of aggregation reactions of 100 uM aS in PBS pH 7.4 (37 °C) in the
presence of different MeOH concentrations as derived from IR
deconvolution (black dots) or pyrene E/M ratio (grey dots) analysis. For
the pyrene data, error bars show the standard deviation of triplicate
experiments, while for the IR data the uncertainty obtained from the
global spectra fitting was 0.02 (see ESI and Methods in ESIT). The
stability of parallel (generated at 10% MeOH) and antiparallel (gener-
ated at 35% MeOH) B-sheet aggregates under conditions at which the
other type of aggregates is preferentially formed was analyzed (marked
as blue and orange points and arrows, respectively). (B) Stability of the
aggregates indicated in panel A by IR spectra.

with a significant increase in random coil content in both cases
(Fig. 7B), which strongly affected their seeding capabilities
(Fig. S51). Analogous results were obtained for parallel and
antiparallel B-sheet aggregates generated with NaCl (Fig. S127).
Note that when the antiparallel -sheet aggregates were trans-
ferred to conditions of full protein hydration (PBS only), the
aggregates fully dissociate very rapidly, while the parallel
aggregates remained stable and reached a maximum B-sheet
content (Fig. S147). These results indicate that the extent of
protein hydration in different environmental conditions
modulate the intermolecular interactions leading to a strong
effect in both the kinetics (in particular the early nucleation
events) and the thermodynamics of aS amyloid assembly.

Antiparallel B-sheet aggregates represent the most stable
structure of the preferred amyloid pathway triggered by
homogeneous nucleation under limited hydration conditions

Invitro-generated amyloid aggregates of relevant disease-related
proteins have long been observed to adopt in-register parallel -
sheet topology and the antiparallel B-sheet architecture has
been, until now, assigned primarily for what has been referred
to as stable (sometimes off-pathway) toxic oligomers.**** Only
very few cases of small synthetic peptides® and disease-related
amyloidogenic systems, such as the Iowa-mutant variant of A
peptide, have been reported to form antiparallel B-sheet
amyloid fibrils. We recently reported that a particularly toxic
form of «S oligomers with an antiparallel B-sheet architecture
was generated under conditions of very limited protein hydra-
tion, particularly during protein lyophilization.** In the present
study, we have shown that oS can assemble into cross-f amyloid
aggregates with significant antiparallel B-sheet structure in
a range of limited hydration conditions and that these aggre-
gates can have as much B-sheet content as the parallel B-sheet
fibrils generated under more commonly used standard
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conditions according to IR spectra analysis (Table S1t), despite
their difference in the supramolecular structure. Indeed, the
antiparallel B-sheet amyloid aggregates seem to have a smaller
size as compared to the typical parallel B-sheet fibrils and,
therefore, if they are eventually generated in vivo, they would be
much more diffusive and, therefore, difficult to visualize or
isolate.

The origin for the preference of the parallel or the antipar-
allel B-sheet structure in the oS amyloid aggregates is likely
related with the type of primary nucleation under the particular
solution conditions. When oS aggregation is triggered by
heterogeneous nucleation, the pre-nucleus of amyloid structure
formed at a given hydrophobic/hydrophilic interface would
inevitably adopt a parallel intermolecular B-sheet arrangement
given the restrictions in the disposition and orientation of the
polypeptide chains anchored through their N-terminal amphi-
pathic region to the interface. When the aggregation is triggered
by homogeneous nucleation, however, there is no restriction in
the orientation of the protein molecules in the bulk, and the
antiparallel orientation of the B-sheets would be preferred over
the parallel arrangement, as the stability of the hydrogen bonds
in such configuration is generally higher.>>*® An alternative
explanation for the stabilization of the antiparallel arrangement
at limited hydration conditions would be the strengthening of
electrostatic interactions between the positively-charged N-
terminal and the negatively-charged C-terminal regions of the
protein. However, under conditions of high salt concentrations,
where these interactions would be minimized, we still observe
the formation of antiparallel B-sheet amyloid aggregates, and,
importantly, the same behavior as the WT protein was observed
for the C-terminally truncated oS variant (S 1-103) (Fig. S107).

Our observation that limited hydration conditions promote
the formation of aS amyloid aggregates rich in intermolecular
antiparallel B-sheets has been, indeed, reported for other amy-
loidogenic peptides (derived from AB and Sup35).*>*” In addi-
tion, a multitude of a priori non-amyloidogenic proteins
belonging to different structural classes, as well as disordered
peptides such as poly(i-lysine), have been reported to adopt an
intermolecular antiparallel B-sheet conformation during the
lyophilization process®®*® or under conditions of partial protein
dehydration occurring at high temperatures,”® or upon
adsorption to hydrophobic surfaces without preferential
protein orientations.*-** All these findings together, therefore,
suggest that the formation of antiparallel B-sheet amyloid
aggregates under limited hydration conditions may be a more
general phenomenon of polypeptide chains, particularly when
nucleating in bulk by homogeneous nucleation.

The aggregates formed inside aS droplets generated by LLPS
resemble those generated by homogeneous primary
nucleation with a preference for an antiparallel B-sheet
structure

Limited hydration environments can be found in the cell,
particularly in the interior of protein-rich liquid droplets, also
referred to as biomolecular condensates or membrane-less
compartments, generated by protein-driven LLPS processes,
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and such environments have been reported to be particularly
favorable for protein aggregation into amyloid structures (also
referred to as liquid-to-solid transition) in a number of amy-
loidogenic proteins associated with disease.®** Indeed, recent
experimental evidences suggest a role of these protein droplets
on the in vivo aggregation of these amyloidogenic proteins and
the induction of pathology.®® Very recently, it has been reported
that oS droplet formation by LLPS precedes its aggregation in
cellular®” and animal models®® and the liquid-to-solid transition
of aS droplets has been recapitulated in vitro.

With the aim of elucidating if homogeneous primary
nucleation and thus the formation of antiparallel B-sheet
aggregates can be triggered inside aS droplets generated by
LLPS, we have reproduced the conditions of reported in vitro oS
droplet formation® (Fig. 8B) and observed aggregation inside
the droplets very rapidly (within 2 h of incubation, not shown),
with essentially all the protein being aggregated in less than
20 h (Fig. 8C), seen as ThT-positive aggregates. Under similar
conditions without droplet formation, no aggregation was
observed at the same time scale (Fig. S151). The rate of amyloid
formation inside the droplets is, therefore, remarkably fast,
already suggesting a homogeneous primary nucleation mecha-
nism. When we investigated the nature of the amyloid aggre-
gates formed, we observed that the aggregates exhibited
relatively low ThT binding (not shown) and had relatively small
sizes (2 h ultracentrifugation at 627.000 x g were required to
obtain a pellet), features compatible with antiparallel B-sheet
amyloid aggregates. Importantly, when we characterized the
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Fig. 8 Analysis of the amyloid aggregates formed by the liquid-to-
solid transition of aS droplets generated by LLPS. aS droplet formation
was triggered by incubating 200 uM protein in 25 mM Tris, 50 mM
NaCl, pH 7.4 in the presence of 10% PEG8000 in a droplet set up (see
Fig. S15t). (A) Representative images acquired immediately after
sample preparation by differential interference contrast (DIC, top
panels) and widefield fluorescence (bottom panels) microscopy. (B)
After 20 min of incubation, protein droplets were already observed. (C)
After 20 h of incubation, the protein sample was full of amyloid
aggregates. For the fluorescence images in panels Aand B, 1 uM AF488
oS was added to the protein solutions and the AF488 fluorescence
signal was recorded. In the fluorescence image of panel C, all the
protein was unlabeled and 100 uM ThT was added at time = 0. A GFP
excitation/emission filter set was used for the fluorescence micros-
copy acquisitions in all cases. Scale bar: 25 pm. (D) Representative
pyrene spectra (top) and E/M ratio analysis (bottom) at time 0 h (grey)
and 20 h (black) of incubation of a protein sample treated as in (A-C)
top panels, which also contained 20 uM pyrene-aS labeled at position
85. Error bars represent data obtained in two independent
experiments.
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inter-molecular assembly of the B-strands in the aggregates
using the pyrene excimer formation strategy, no excimer
formation was observed when the pyrene probe was located in
position 85 (Fig. 8D), the position that shows the highest E/M
ratio among all parallel arrangements characterized. Indeed,
the pyrene fluorescence spectrum (Fig. 8D) is identical to that of
the previously characterized antiparallel B-sheet amyloid
aggregates (Fig. S12A%).

Our data on the in vitro liquid-to-solid transition of «S
droplets generated by LLPS strongly suggest, therefore, that the
amyloid aggregates so generated have an antiparallel B-sheet
structure, resembling the aggregates that we have observed to
be generated by homogeneous primary nucleation in the bulk of
the solution under poor hydration conditions in the presence of
co-solvents or high concentrations of salts.

Limited hydration conditions are required to trigger
nucleation and the extent of protein hydration dictates the
preferred type of primary nucleation and the type of amyloid
polymorph generated

Despite the in principle intuitive relevance of protein hydration
on the process of protein aggregation, the role of water in
amyloid formation has been often overlooked. There is
a limited number of studies in which this effect has been
studied, most of them using a theoretical, molecular dynamics
simulation approach.®-"* In one of the few experimental studies
using small amyloidogenic peptides, the authors used reverse
micelles as a tool to modulate the accessible number of water
molecules for the peptides, and demonstrated that the degree of
hydration is an important determinant for the rate of initial self-
assembly for the formation of both parallel and antiparallel -
sheet peptide aggregates.”> We here have used different co-
solvents and molecules whose only shared characteristic is
that they are preferentially excluded from the protein surface,
which results in the collapse of the protein hydration shell and,
therefore, in a decreased protein hydration, thus promoting and
stabilizing protein intra and intermolecular hydrogen
bonding.” By systematically analyzing the effect of different
concentrations of the different types of additives on the kinetics
of aS aggregation and the structural types of aggregates formed
under conditions where oS is unable to efficiently nucleate in
a reasonable time, we have been able to observe a significant
decrease in the lag phase of aS aggregation kinetics upon
limited hydration conditions, with no apparent drastic changes
in the structure or compaction of the monomeric structural
ensemble of the protein at least under mild dehydrating
conditions (Fig. S161). Importantly, two aggregation kinetic
regimes were observed depending on the extent of protein
hydration, one corresponding to kinetics with lag phases in the
order of 20 h, i.e. at least two orders of magnitude shorter than
in the absence of additives, and another regime with lag phases
shorter than 5 min, i.e. at least four orders of magnitude shorter
than in the absence of additives (see Fig. S81). Even if possible
secondary processes could contribute to the reduction in the
apparent lag phase under the different conditions,® our data
show that under the conditions tested, a significant acceleration
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of primary nucleation occurs in the two additive concentration
regimes with respect to the conditions in the absence of addi-
tives. Importantly, we here have demonstrated that while oS
aggregation is triggered by heterogeneous primary nucleation
in the first regime, homogeneous primary nucleation is the
driving force of aggregation in the second regime, indicating
that the extent of protein hydration is determinant for both
types of primary nucleation. The initial self-assembly of amyloid
structures either in the parallel or antiparallel arrangement,
therefore, and in analogy to protein folding, requires over-
coming a high de-solvation barrier” arising from the removal of
water molecules solvating the hydrophobic stretches that typi-
cally forms the amyloid core (the NAC region in the case of aS),
as reported for the amyloid aggregation of the AP peptide.*>”*
Conditions of poor protein hydration, therefore, would signifi-
cantly decrease the de-solvation barrier and the intermolecular
hydrogen bonding barrier for nucleation.

At slightly reduced hydration conditions, aS nucleation can
only take place effectively at hydrophobic/hydrophilic interfaces
probably as a consequence of a local increase in protein
concentration and a protein conformation/orientation selection
at the interface, which, together with a more favorable inter-
molecular protein hydrogen bonding environment due to
limited hydration conditions, allows for the formation of
a sufficient number of simultaneous intermolecular interac-
tions to offset the loss of polypeptide chain entropy, which is
already low, as the protein molecules are anchored at the
interface. aS, given its amphipathic nature, prompts a prefer-
ential adsorption at hydrophobic/hydrophilic interfaces in
order to simultaneously maximize the hydrophilic interactions
in the aqueous environment and the hydrophobic force at the
hydrophobic surface,” and there, we and others have observed
that the protein is able to nucleate the formation of amyloid
aggregates.®® Indeed, hydrophobic/hydrophilic interfaces have
been found to be critical for the aggregation of many other
amyloidogenic proteins and peptides that also share the
amphiphilic character with aS, including disordered peptides
such as amyloid B (AB) peptide™ and folded proteins such as
insulin.” Under more limited hydration conditions, however,
we have observed that the nucleation process becomes favored,
even at low micromolar protein concentrations (Fig. S177), and,
therefore, it can take place very effectively in the bulk solution
without the need of an active surface to concentrate the protein
molecules or decrease their translational and configurational
entropies. When homogeneous primary nucleation is then
triggered, a different set of intermolecular interactions are
established in the pre-nucleus which results in the formation of
remarkably different amyloid aggregates with respect to those
generated through heterogeneous nucleation, with a preference
for an antiparallel B-sheet arrangement. At intermediate
hydration conditions, as it would be expected, both homoge-
neous and heterogeneous nucleation were observed to co-exist,
resulting in the formation of mixtures of aggregate polymorphs.

Interestingly, we have shown that primary homogeneous
nucleation and the formation of antiparallel B-sheet amyloid
aggregates could be a preferred amyloid pathway during the
process of liquid-to-solid transition of aS droplets in vivo.
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Further investigation would be required to demonstrate the
involvement of both homogeneous and heterogeneous nucle-
ation in the formation of Lewy-body pathology and the induc-
tion of disease in in vivo models.

Conclusions

In the present article, we have expanded the conformational
landscape of amyloid aggregation and proved that oS is able to
self-assemble into amyloid aggregates by homogeneous primary
nucleation, without the need of an active surface, and that when
the protein undergoes this process, there is a preference for an
antiparallel B-sheet arrangement, in contrast to the parallel -
sheet architecture adopted when heterogeneous nucleation
dominates. Indeed, the parallel arrangement is likely to be
preferred in this case because of the restricted conformations
that the protein is forced to adopt when anchored to a hydro-
phobic surface. Interestingly, the antiparallel intermolecular B-
sheet structure has been previously observed in stable, partic-
ularly toxic oligomers of aS and other amyloidogenic systems
and has been indeed proposed to be distinctive of these toxic
species. We here demonstrate that the formation of such
structure in oS represents an additional amyloid pathway to
that previously explored, which is highly favoured under limited
hydration conditions, with kinetics orders of magnitude faster
than previously observed, and that it might indeed represent
a general amyloid pathway of polypeptide chains when nucle-
ating by homogeneous primary nucleation. Interestingly, we
have observed that such nucleation mechanism is favored
inside oS droplets generated in vitro by LLPS and might,
therefore, be relevant in the in vivo liquid-to-solid transition of
aS droplets, as well as, perhaps, that of other amyloidogenic
proteins, an event proposed to be relevant in the pathology of
amyloid-related neurodegenerative diseases.®® In addition, we
have found that the extent of protein hydration is a key deter-
minant not only for triggering oS self-assembly (maintaining oS
monomeric and preventing it from misfolding and self-
assembly under highly hydrating conditions), but also for
dictating the preference for the type of primary nucleation
(heterogeneous vs. homogeneous) and the type of structural
amyloid polymorph generated (parallel vs. antiparallel B-sheet
structure). Because of the variety of hydration conditions in
different cellular microenvironments, including some with very
limited water accessibility such as the interior of phase sepa-
rated protein rich microdroplets or membraneless compart-
ments, our findings suggest that, in vivo, aS could undergo the
formation of remarkably different amyloid polymorphs, by
either heterogeneous or homogeneous nucleation, depending
on the particular location of the protein in the cells, which
could be ultimately related to the multiplicity of &S polymorphs
that have been associated with distinct neurodegenerative
disorders.” Interestingly, a decrease in the water content in
brain cells, likely as a consequence of an increased total intra-
cellular protein concentration with advancing age has been re-
ported,”””” which may also contribute to the increased
incidence of amyloid formation and, therefore, amyloid
diseases in the aged population.
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Experimental
Materials and methods

Protein expression and purification. Wild type (WT) S, as
well as oS variants, were expressed in Escherichia coli strain
BL21 (DE3) and purified as described previously.**** In the case
of the N-terminally acetylated variant, a simultaneous double
transfection with «S plasmid and pNatB (pACYduet-naa20-
naa25) plasmid (Addgene, UK) was used.®* The cysteine-
containing oS variants were expressed and purified as
described for the WT protein but including 5 mM DTT in all
purification steps.

Aggregation assays. In ThT-monitored aggregation assays,
100 uM oS monomer was incubated in PBS buffer pH 7.4, 50 pM
ThT, 0.01% azide, in the presence of given concentrations co-
solvents or salts at 37 °C until reaction was complete. 500 uM
oS was used for aggregation in PBS in the absence of co-solvents
or salts under shaking conditions (700 rpm using in situ orbital
agitation in the plate reader). Non-Binding 96-Well Microplate
(uClear®, Black, F-Bottom/Chimney Well) (Greiner bio-one
North America Inc., USA) were used and the plates were
covered with adhesive foil to prevent evaporation. All buffer
samples and additive stock solutions were pre-filtered with 0.22
um filters and both the multi-well plates and microfluidic
devices were thoroughly cleaned before use. Additional control
experiments were performed in roder to exclude the presence of
pre-formed nuclei in the original protein batches (Fig. S117).
Kinetic profiles were recorded in a FLUOstar plate reader (BMG
Labtech, Germany); excitation at 450 = 5 nm and emission at
485 + 5 nm. See ESIT for kinetic curves analysis. For pyrene-
labeled oS, aggregation assays were performed as described
for the WT protein with a 1 : 10 labeled-to-unlabeled oS ratio
and containing 200 uM TCEP to prevent disulfide bridge
formation between cysteines during the aggregation.

Fourier-transform infrared (FT-IR) spectroscopy. oS end-
point aggregates, after two centrifugation-resuspension cycles
in order to remove unreacted monomers from the solution,
were resuspended in deuterated buffer to a final protein
concentration of ca. 4 mg ml~". Samples were then deposited
between two CaF, polished windows separated by a PTFE Spacer
(Harrick Scientific Products Inc., USA). Spectra were collected in
transmission mode at room temperature using a VERTEX 70
FTIR Spectrometer (Bruker, USA) equipped with a cryogenic
MCT detector cooled in liquid nitrogen. IR spectra were pro-
cessed and analyzed using standard routines in OPUS (Bruker,
USA), RAMOPN (NRC, National Research Council of Canada)
and Spectra-Calc-Arithmetic© (Galactic Inc., USA).* Global
fitting analysis of IR spectra of aS aggregates generated at
different MeOH concentrations were performed as indicated in
ESLt

Atomic force microscopy. Aggregated oS samples were
diluted to a protein concentration 0.1-0.5 uM and deposited on
cleaved Muscovite Mica V-5 (Electron Microscopy Sciences;
Hatfield, Pensilvania, USA). Slides were washed with double
distilled water and allowed to dry before imaging acquisition on
a Bruker Multimode 8 (Bruker; Billerica, USA) using a FMGO01

This journal is © The Royal Society of Chemistry 2020
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gold probe (NT-MDT Spectrum Instruments Ltd., Russia) in
intermittent-contact mode in air. Images were processed using
Gwyddion and the width measurements were corrected for the
tip shape and size (10 nm).

Surface tension measurements. The surface tension of PBS
solutions in the presence or absence of different MeOH and aS
concentrations was measured using a DeltaPi 4-channel Lang-
muir tensiometer (Kibron Inc., Helsinki, Finland). Prior to
measurements, the trough was thoroughly cleaned with ethanol
and Milli-Q water (18.2 MQ c¢m) and dried with a vacuum pump.
The probes were burned with a jet flame before and after the
experiment. The tensiometer was calibrated with PBS at 25 °C
under constant shaking and then MeOH was added when
necessary at the indicated concentrations. The protein was
added at the appropriate concentrations after buffer equilibra-
tion. The surface tension of the different solutions was recorded
until an equilibrium value was reached (30 min - 2 h depending
on the solution conditions) within the accuracy of the
measurement (£0.01 mN m™ ).

Generation of the microfluidic system. The microfluidic
system was made of polyetheretherketone (PEEK), and was
assembled by the following components: (1) capillary tubing
for additive inlets. The outer and inner diameters were 0.06
and 0.04 inches, respectively. (2) T-shape micromixer (IDEX
Health and Science, USA) with a swept volume of 0.95 pl to
promote an efficient and fast micromixing of additives. (3)
Capillary tubing for protein incubation. The outer and inner
diameters were 0.06 and 0.04 inches, respectively. The tubing
length was 280 mm. (4) A 2-way valve to assure a tight air
system shut-off. Reagents were injected in the microfluidic
systems with a flow rate of 300 pl min~" using a Harvard PHD
Ultra® syringe pump. The surface-to-volume (S/V) ratio for the
PEEK tubing where the protein sample was incubated was 3.93
(while a value of 0.77 was estimated for the wells of the PEG-
ylated microplate).
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ABSTRACT

The understanding of the complex conformational landscape of amyloid aggregation and its modulation by
relevant physicochemical and cellular factors is a prerequisite for elucidating some of the molecular basis of
pathology in amyloid related diseases, and for developing and evaluating effective disease-specific therapeutics
to reduce or eliminate the underlying sources of toxicity in these diseases. Interactions of proteins with solvating
water have been long considered to be fundamental in mediating their function and folding; however, the
relevance of water in the process of protein amyloid aggregation has been largely overlooked. Here, we provide a
perspective on the role water plays in triggering primary amyloid nucleation of intrinsically disordered proteins
(IDPs) based on recent experimental evidences. The initiation of amyloid aggregation likely results from the
synergistic effect between both protein intermolecular interactions and the properties of the water hydration
layer of the protein surface. While the self-assembly of both hydrophobic and hydrophilic IDPs would be ther-
modynamically favoured due to large water entropy contributions, large desolvation energy barriers are ex-
pected, particularly for the nucleation of hydrophilic IDPs. Under highly hydrating conditions, primary
nucleation is slow, being facilitated by the presence of nucleation-active surfaces (heterogeneous nucleation).
Under conditions of poor water activity, such as those found in the interior of protein droplets generated by
liquid-liquid phase separation, however, the desolvation energy barrier is significantly reduced, and nucleation
can occur very rapidly in the bulk of the solution (homogeneous nucleation), giving rise to structurally distinct
amyloid polymorphs. Water, therefore, plays a key role in modulating the transition free energy of amyloid
nucleation, thus governing the initiation of the process, and dictating the type of preferred primary nucleation
and the type of amyloid polymorph generated, which could vary depending on the particular microenvironment
that the protein molecules encounter in the cell.

1. Introduction

between groups of the main chain of the polypeptide chains. As a
consequence, the amyloid cross-§ structure is a generic feature of the

Many neurodegenerative disorders, including Alzheimer’s, Parkin-
son’s and the prion disease, are characterized by a conformational
conversion of normally soluble, intrinsically disordered proteins (IDPs)
or peptides into pathological aggregated species, by a process of self-
assembly that leads ultimately to the formation of amyloid fibrils.
These amyloid aggregates are primarily composed of one type of protein
or peptide that adopts a characteristic and distinctive tertiary structure,
named cross-p structure [1-6]. In this particular structure, typically
described for long fibrillar aggregates, individual p-strands, allocated
perpendicularly to the fibril axis, forms an array of f-sheets that run the
length of the fibril [3,5,6]. The high stability of this protein conforma-
tion [7], as well as the high structural polymorphism found for the
amyloid structure [8,9], arises primarily from the strength, and per-
mutability, of the intermolecular hydrogen bond networks generated
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polypeptide chain itself [10,11], and it can be, therefore, adopted by any
peptide and protein regardless of their amino acid sequence or native
fold under the appropriate environmental conditions. The predisposi-
tion of a given protein or peptide to form amyloid aggregates, however,
is modulated by its primary sequence, and more specifically by its amino
acid composition [12].

Amyloid aggregation depends on both intrinsic and extrinsic factors.
Some intrinsic factors are the number, type and distribution of charge/
polar and apolar residues along the polypeptide sequence and the pro-
pensity to adopt secondary structure elements [13-15]. IDPs generally
lack or present a very low content of aromatic hydrophobic residues,
which, together with the typical asymmetrical accumulation of posi-
tively and negatively charged residues in different regions of the protein,
prevents their folding in the absence of other cellular components. In

Received 14 October 2020; Received in revised form 26 November 2020; Accepted 30 November 2020

Available online 5 December 2020
0301-4622/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier

B.V. This is an

open access article under the CC BY-NC-ND license


mailto:ncc@unizar.es
www.sciencedirect.com/science/journal/03014622
https://www.elsevier.com/locate/biophyschem
https://doi.org/10.1016/j.bpc.2020.106520
https://doi.org/10.1016/j.bpc.2020.106520
https://doi.org/10.1016/j.bpc.2020.106520
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2020.106520&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.D. Camino et al.

addition, they have a high net charge at neutral pH, typically negative,
which maintains the monomeric conformation highly soluble and hy-
drated [16,17]. However, some IDPs show certain regions with an
inherent propensity to aggregate into amyloid fibrils, which indeed can
be predicted from some of the intrinsic factors listed above [14,15]. The
initiation of the amyloid aggregation reaction also depends on the
physicochemical properties of the environmental conditions in which
the polypeptide chains are located, such as protein concentration, pH,
ionic strength, temperature, presence of nucleation-active surfaces and
hydration degree.

Proteins have evolved in aqueous solutions for millions of years and
water is ubiquitously indispensable for life on Earth. Indeed, water ac-
tivity, the effective water content expressed as its mole fraction, in the
interior of cells play a pivotal role in the physiology of living organisms,
affecting both the thermodynamics and the kinetics of chemical and
biochemical reactions. The solvating water molecules that surround the
protein surface (the hydration shell) are fundamental in mediating
protein folding, structure and function. The hydration shell or hydration
layer of proteins typically extends to around 5-10 A from the protein
surface and the water molecules in this region (sometimes referred to as
’biological’ water), because of their interactions with the protein sur-
face, show different properties compared to *bulk’ water [18,19]. The
density of water on the surface of proteins has been reported to be
significantly higher than that of bulk water [20]. Consequently, the
hydration shell water has slower reorientation times and, therefore,
slower dynamics and can be highly structured, with some water mole-
cules being so strongly bound to the protein surface that they can
crystallize together during protein crystallization and are, thus, occa-
sionally described as being part of the protein structure [19]. Protein
function is also linked to its mobility, which, in turn, is coupled to water
motion. While the bulk solvent fluctuations control the shape and global
motions of proteins, the fluctuations of the dynamics of the hydration
shell modulate the protein internal motions, which determine protein
function [21-26]. In addition to the structure and function of proteins,
water plays a major role in protein folding, ensuring that hydrophobic
residues are predominantly sequestered in the protein interior and the
water molecules are squeezed out from the hydrophobic core, resulting
in an essentially dry, packed protein core [27-30]. Similarly, the folding
accompanies a large decrease in the water-accessible surface area with
the result that many of the water molecules forming the dense layer of
the unfolded state are released to the bulk [31,32]. In addition, water
participates in the stabilization of the folded structure through hydrogen
bond networks with the protein and the screening of electrostatic in-
teractions, and in some proteins it contributes also to the stabilization of
hydrophobic cavities essential for the protein function [33].

In contrast, the effects of water on protein aggregation have been
largely overlooked as many interpretations of experimental and
computational studies have been carried out from a protein centric
perspective. However, the need to include the crucial importance of
water in order to understand the biophysical basis of amyloid formation
is increasingly appreciated [26,34,35]. Water plays likely multifarious
roles at different stages of protein amyloid aggregation, for example
during protofilament assembly, as water molecules from the hydration
layer need to be released from the interaction surface of protofilaments
in order to generate a dry interface [36,37]. A similar effect of water
released together with a reduction of the monomer reconfiguration rate
once water has been expelled that permits the locking of the monomer to
the fibrillar seed, has also been described during the process of fibril
elongation [38]. In this perspective we will discuss some of the funda-
mental effects of water on the first steps of amyloid self-assembly and the
role that water activity plays in triggering the amyloid process and
governing the type of preferred nucleation mechanism and amyloid
pathway. The conclusions presented can help rationalise some aspects of
primary nucleation of amyloid aggregation in the context of proteins
embedded in aqueous solutions which can experience differences in
water activity (i.e. effective water concentration) depending on the
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microenvironment that they encounter in the cell.
2. Protein amyloid formation and primary nucleation

Historically, the functional native state of a protein, be it a protein
with a particular fold or an IDP conformation, was thought of as the most
stable conformation they could adopt. Nowadays, the functional native
state of proteins is considered to correspond to a local minimum of the
protein conformational landscape, isolated from the more thermody-
namically favoured cross-p sheet conformation by energetic barriers
[39,40]. Indeed, the cross-p sheet conformation of the peptide backbone
has been theoretically shown to be the thermodynamically most stable
structure for all possible polypeptides both in vacuum and in aqueous
environments by first principle calculations [41] and it has been
demonstrated experimentally for a number of proteins and peptides
[40].

The process whereby a protein transitions from its native state to the
amyloid state implies a highly complex molecular rearrangement of the
protein upon self-assembly. The formation of the first amyloid nuclei
upon monomer assembly, termed primary nucleation [42-44], typically
requires to overcome an extremely high energy barrier [45,46]. For the
vast majority of amyloid-prone proteins under hydrated conditions,
therefore, amyloid formation kinetics are characterised by a slow, rate-
limiting nucleation step [47,48]. Once the first amyloid-competent
nuclei are formed, aggregate elongation through monomer addition
[47] and/or secondary nucleation at the surface of pre-existing fibrils
[49,50] dominate the reaction [44], resulting in the characteristic
sigmoidal kinetic traces with a long lag-phase followed by an expo-
nential growth phase that lasts until the equilibrium between aggregates
and monomers is reached.

Primary nucleation can occur either in the bulk of the solution, as
homogeneous nucleation, or at a particular interface able to catalyse the
otherwise energetically disfavoured monomer-monomer interaction, as
heterogeneous nucleation [51]. Hydrophobic/hydrophilic interfaces
have been found to be critical for the aggregation of many amyloido-
genic proteins and peptides at highly hydration conditions, including
IDPs such as a-synuclein [52,53], involved in Parkinson’s disease, or Af
peptide [51], involved in Alzheimer’s disease, as well as folded proteins
such as insulin [54], involved in insulin-derived amyloidosis. As a
matter of fact, currently established in vitro assays for studying the ag-
gregation of these proteins necessarily involve a nucleation-inducing
interface [55-58] and, therefore, provide insights into the heteroge-
neous nucleation mechanisms. The amphipathic nature of the sequences
of these proteins and peptides, either when unfolded or in helical
structural elements, prompt their preferential adsorption at hydropho-
bic/hydrophilic interfaces in order to simultaneously maximize the
hydrophilic interactions in the aqueous environment and the hydro-
phobic force at the hydrophobic surface [59], and there, they initiate
their self-assembly [51,53,57,60,61]. The initiation of primary hetero-
geneous nucleation, therefore, depends on the relative affinities of the
different protein species (monomeric vs oligomeric) for the interface and
the degree to which the interfacially-associated monomer lowers the
free energy barrier for nucleation. As it has been suggested, this decrease
in the nucleation energy barrier is likely associated in part to an increase
in local protein concentration and a selection of suitable orientations
and nucleation-prone conformations of the polypeptide chains at the
interface [57]. In addition, the different behaviour of the water mole-
cules at the interface, i.e. in the vicinity of the hydrophobic surface, with
respect to the bulk might play an important role in decreasing the sol-
vation free energy barrier for nucleation at the interface [58]. Under
highly hydrating conditions, at physiological pH, temperature and ionic
strength, Ap peptide and a-synuclein heterogeneous primary nucleation
has been shown to dominate over homogeneous nucleation [51,53,58].
Indeed, in the absence of hydrophobic solid surfaces, such as those from
the sample containers or stirring bars, the air/water interface typically
acts as amyloid nucleating interface in protein solutions in vitro
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[51,53,57,58]. Other surface-active materials such as polytetrauoro-
ethylene (PTFE) beads or synthetic lipid vesicles of particular lipid
compositions have also been used to accelerate primary nucleation in
these systems [51,62-64].

Recently, it has been reported that certain amyloidogenic IDPs, such
as tau [65,66], TDP-43 [67,68] and a-synuclein [58,69,70], are able to
phase-separate from the aqueous solution generating protein droplets by
a process of liquid-liquid phase separation (LLPS) both in vitro and in
vivo, and that in such environment amyloid aggregation is a particularly
favourable process. The aggregation into amyloid aggregates inside
these phase separated protein droplets, also referred to as liquid-to-solid
transition, has been suggested to play a role in the in vivo aggregation of
amyloidogenic IDPs associated to neurodegenerative diseases [71].

3. The distinct hydration properties of IDPs

The influence of the hydration shell of proteins, particularly that of
the IDPs, has been proposed to have a key role in protein aggregation
and amyloid formation [35]. The properties of the hydration water
molecules of IDPs have been shown to be remarkably different with
respect to globular, folded proteins, with much faster dynamics, which
in turn is reflected by faster protein dynamics [24,25]. As a conse-
quence, small variations in the solution conditions strongly affect the
structure and dynamics of the hydration shell and, therefore, the
conformational ensemble of the IDPs, a property that has been suggested
to be important for their functional plasticity [72].

In terms of protein self-assembly in IDPs, the consequence of having
a highly dynamic conformational reconfiguration would in principle
play against aggregation, as it is more difficult that various protein
molecules in aggregation-competent conformations associate together
for the required time to establish persistent interactions before any of
the protein molecules reconfigures to a non-aggregation conformation.
If the mobility of water is, however, decreased by the presence of ions
[73], osmolytes [74,75], membranes or by cellular crowding or a
cellular environment with poor water activity [76], IDP self-association
would be, therefore, promoted. Accordingly, when the mobility of
human prostatic acidic phosphatase (PAP) fragment PAPf39 and prion
protein was reduced by temperature or protein sequence modification,
respectively, the aggregation rates of both proteins increased [77,78]. A
similar reduction of the monomeric reconfiguration rate was observed
for a-synuclein when decreasing the pH of the solution [79]. In this
study, the rate of intramolecular diffusion in monomeric a-synuclein
was determined by tryptophan-cysteine quenching when the protein is
freely diffusing in the bulk of the solution under solvent conditions that
have been reported to accelerate or decelerate aggregation, and a cor-
relation between the two parameters was found. The authors suggested
that the relative rates between backbone reconfiguration of the mono-
meric protein and bimolecular association is what dictates the proba-
bility and, thus, the rate of the initial amyloid self-assembly. However,
this study on the dependence of a-synuclein monomer reconfiguration
rate on its self-assembly rate does not take into account that the nucle-
ation of the protein under the conditions used to correlate the propensity
for amyloid formation occurs by heterogeneous nucleation at the air/
water interface, where the protein backbone reconfiguration rates are
likely to differ significantly from those the authors measured in the bulk
of the solution. It would be interesting to correlate the conformational
reconfiguration rates of the protein when adsorbed at hydrophobic/
hydrophilic interfaces with protein aggregation rates, as the monomeric
reconfiguration rate, strongly modulated by the protein hydration con-
ditions, likely contributes to the rate of initial protein self-association.

In addition to having an intrinsic highly dynamic hydration shell, the
monomeric conformation of amyloidogenic IDPs have been shown to
possess a dramatically tuneable energy landscape depending on the
particular properties of the solution conditions and thus the properties of
the hydration shell. Indeed, some studies have suggested that certain
monomeric conformations or intramolecular interactions of particular
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amyloidogenic IDPs are required for their self-assembly, and that those
are favoured under limited hydration conditions. For example, Thir-
umalai and co-workers, using MD simulations, proposed that a partic-
ular intramolecular salt bridge in the Ap peptide (both Ap;.49 and Ap;.
42), essential for its initial self-assembly, requires the expulsion of
discrete and tightly bound water molecules that are solvating the resi-
dues involved in this interaction [80]. The consequence is that the for-
mation of this key salt bridge in the monomeric protein at highly
hydration conditions is highly improbable. In contrast, conditions that
favour protein desolvation would result in the stabilization of confor-
mations with the intramolecular bridge formed that would favour
oligomer nucleation [80]. Similarly, also using MD simulations, Balu-
puri et al. suggested that the properties of the water network of the
hydration shell in the a-synuclein monomeric ensemble are important
for the occurrence of an a-strand structure between residues 72-74,
which the authors proposed to be relevant for the initial self-assembly
of the protein [81]. An earlier experimental study on a-synuclein re-
ported relevant structural changes in the monomeric structural
ensemble under conditions of partial desolvation, which in turn pro-
moted its aggregation [82]. Similar structural changes were observed for
different desolvation conditions such as the addition of trifluoroethanol
or the increase of temperature. Specifically, the authors reported a loss
of polyproline-II and a gain in helical secondary structure, as a result of
weakened water-protein interactions, and suggested that similar struc-
tural changes might occur in other aggregation-prone IDPs [82].

4. The role of water in triggering amyloid self-assembly

Both experimental and computational studies indicate that amyloid
formation, protofilament assembly and fibril growth can be thermody-
namically driven by a favourable change in entropy associated with the
release of confined water molecules from the protein surface to the bulk
[37,83-86]. However, only a small number of studies have addressed
the effects of water on amyloid primary nucleation [34,35,87]. Most of
these studies have been performed by computer simulations, given the
experimental difficulties in directly monitoring water activity during
protein self-assembly. An interesting study of A peptide (Ap;-42) used a
combination of MD simulations with fluctuating thermodynamics
analysis to investigate the dimerization of the peptide and found that the
interaction of the protein with surrounding water, i.e. the solvation free
energy, plays a critical role in its aggregation [88]. They observed that
AP monomer release from a membrane environment, where it is initially
located, to an aqueous phase after being processed is driven by
favourable changes in protein potential energy and configurational en-
tropy, but it is also accompanied by an unfavourable increase in solva-
tion free energy, which the authors suggested is the driving force for
dimerization in the bulk of the solution. According to the fluctuating
thermodynamics analysis of Afj.42 and that of other amyloidogenic
proteins with varying propensities to aggregate, the authors suggested
that proteins with higher solvation free energies are more prone to
aggregate.

Few experimental studies have implicated dehydration in protein
aggregation processes. One of the earliest studies used infrared band-
shift to probe backbone hydration of bovine pancreatic ribonuclease
A. The authors found a correlation between the status of backbone
dehydration, modulated by the addition of ethanol, and protein aggre-
gation [89]. Another example was reported by Mukhopadhyay’s group
[90]. Using the bovine k-casein model as amyloidogenic protein, the
authors showed that the monomeric state of this protein represents a
collapsed IDP globule that contains highly ordered water molecules with
profoundly restrained dynamics in the interior of the globule, which
would need to be released for p-sheet formation. In a following publi-
cation from the same group and using the same protein model, the au-
thors used time-resolved fluorescence spectroscopy to monitor the water
dynamics of the amyloid state as compared to the monomeric confor-
mation, and found that there is a significant desolvation of the protein
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molecules upon amyloid formation [86]. Their results, therefore,
strongly indicate that, at least for this system, amyloid formation can be
driven by a positive change in water entropy. Interestingly, other
amyloidogenic IDPs such as Sup35, polyQ, a-synuclein and tau have
been shown to adopt a collapsed globule conformation under amyloi-
dogenic conditions [91-94]. In the case of tau protein, however, the
opposite behavior has also been observed, where extended conforma-
tions of the protein were found responsible for amyloid aggregation
[95,96].

A seminal experimental study demonstrating the role of protein dehy-
dration on the aggregation kinetics was reported by Gai and collaborators
[97]. They studied the dependence of the aggregation kinetics of two am-
yloid peptides, Af16.02 and Sup357.13, on their hydration degree, which was
modulated by the use of reverse micelles. The authors varied the number of
water molecules inside the micellar core, which in turn varied the physi-
cochemical properties of the entrapped water, and found that protein
dehydration promotes aggregation by reducing the water shell protection of
the monomeric peptides. In a different study Arya et al., [98] studied the
dynamical behaviour of the hydration water molecules along the a-synu-
clein sequence, and observed differences in the properties of the interfacial
water molecules in the central, amyloidogenic region of the protein (the
NAC domain) with respect to the N-terminal and C-terminal regions.
Concretely, they reported the presence of a relevant number of quasi-bound
water molecules within the amyloidogenic region, with significantly
restrained dynamics, and, consequently, much longer residence times, as a
consequence of the highly hydrophobic character of this protein segment
[99]. The fact that the same protein region that presented these trapped or
confined water molecules coincides with the region proposed to initiate
amyloid self-assembly [100] is in agreement with the idea of the presence of
particularly high desolvation free energy barriers for a-synuclein initial self-
assembly. In order to reduce the desolvation barrier, Anderson et al. [82]
added co-solvents to a-synuclein solution, particularly trifluoroethanol, and
found that aggregation was particularly enhanced under conditions where
protective protein-solvent interactions are minimized. Consequently, both
intramolecular and intermolecular protein interactions are favoured. More
recently, Bokor et al. investigated the role the hydration shell plays in the
structures of monomeric, oligomeric and fibrillar a-synuclein using a novel
approach that evaluates wide-line H NMR spectroscopy results through a
thermodynamic framework [101]. Their results indicated that half of the
mobile solvation water fraction of monomeric a-synuclein is lost upon
oligomer or fibril formation. Similar conclusions showing expulsion of
confined water molecules from the protein surface upon amyloid formation
were also obtained for tau protein [84,85], the prion protein [102] and
insulin [103].

Collectively, these studies show the relevance of water on the initi-
ation of amyloid aggregation in different amyloidogenic systems. One of
the reason why IDPs seem to be more prone to amyloid aggregation
might be, thus, related to their larger solvent-accessible surface area as
compared to globular, folded proteins. This, together with the presence
of restrained water molecules around the solvent-exposed hydrophobic
amyloidogenic protein segments and highly confined water molecules in
the interior of the globule conformations of the typical amyloidogenic
IDPs adopted under aggregation-prone conditions, would lead to a large
contribution of the solvation entropy to the overall free energy of am-
yloid aggregation. Other factors, such as additional unfolding free en-
ergy barriers for nucleation in the case of globular proteins, also
differentiates amyloid aggregation between globular proteins and IDPs
[104]. The higher number of interactions between the polypeptide
chains and the solvation water molecules in the IDPs, due to their overall
higher proportion of polar and charged residues, however, also indicates
a large desolvation energy barrier that would need to be overcome for
the initial protein self-assembly. MD simulations showed that proto-
filament formation is 1,000 times slower for a highly hydrophilic
polypeptide than for a highly hydrophobic one [37]. From these studies,
therefore, it is evident that water has at least a dual effect on primary
amyloid nucleation. On the one side, the initiation of self-assembly of an
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amyloidogenic protein or peptide is thermodynamically favoured in
aqueous solutions due to a large solvation entropy contribution, so that
the more solvated the monomeric conformation, the more thermody-
namically favourable its self-assembly. On the other side, the rate of
initial self-assembly, associated with the energy barrier that the protein
molecules need to overcome for nucleation, might be very slow for
highly solvated IDPs, as indicated by a number of experimental obser-
vations [57,58,97]. This is also in line with the conclusions obtained
from the studies on the backbone reconfiguration rates of the mono-
meric forms of some amyloidogenic IDPs and their propensity to
aggregate [51,78,79]. A reduction in the water activity of the protein
microenvironment would result in a reduction of the free energy barrier
for nucleation and thus an acceleration of the primary nucleation, and,
consequently an acceleration of the overall amyloid aggregation
process.

5. Reconciling ideas for the role of water in the heterogeneous
primary nucleation

As introduced before, in most of the computational and modelling
studies of initial intermolecular protein self-assembly of Af peptide or
a-synuclein, two of the most important disease-associated amyloido-
genic systems, the nucleation is typically assumed to occur in the bulk of
the solution (homogeneous nucleation), while the experimental infor-
mation of protein aggregation used to correlate the theoretical ap-
proaches corresponds in most cases to aggregation processes that have
been initiated at the surface of an active interface (heterogeneous
nucleation), typically at the air/water interface. While these studies
provide relevant insights into the homogeneous nucleation of the pro-
teins/peptides, the analysis of heterogeneous nucleation requires the
incorporation of the interaction of the proteins with the nucleation-
active interfaces and the modulation of the conformational ensemble
and dynamics of the monomeric protein when adsorbed to the interface.

We have recently studied the initiation of a-synuclein amyloid for-
mation in the presence of the air/water interface, but in the absence of
other nucleation-active interfaces, at quiescent conditions (without sam-
ple agitation) and found that, in agreement with previous studies [57,611,
under high hydration conditions the protein is unable to form a significant
number of aggregate nuclei either by homogeneous or heterogeneous
nucleation. Consequently, no apparent amyloid aggregation was observed
for more than 7-10 days of incubation, despite the interface being fully
covered by the protein. In contrast, when the same experiments were
performed with the addition of co-solvents to induce mild protein dehy-
dration, we observed induction of aggregation within the first 1-2 days of
incubation, independently of the type of co-solvent used to promote the
thinning of the protein hydration shell [58]. These results complement
those previously performed by the groups of Uversky [105] and Eliezer
and Webb [82,106], which already suggested an important role of protein
desolvation in triggering a-synuclein aggregation under conditions at
which we now know nucleation occurs at the hydrophobic/hydrophilic
interfaces, i.e. by heterogeneous nucleation. The heterogeneous primary
nucleation of a-synuclein at the air/water interface at quiescent condi-
tions requires, therefore, a reduction of the water activity of the protein
solution, as compared to the highly diluted typical in vitro conditions, in
order to form a significant number of nuclei at the interface to trigger the
macroscopic reaction. The ideas and concepts extracted from the
computational and modelling studies of amyloid self-assembly assuming
homogeneous primary nucleation seems, therefore, to hold also for het-
erogeneous primary nucleation. In both cases, a reduction of the des-
olvation free energy barrier favours amyloid nucleation.

6. A significant reduction in water activity of the solution
favours homogeneous nucleation

We have recently observed that a-synuclein can form amyloid ag-
gregates without the need of a nucleation-active surface through
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homogeneous nucleation under limited hydration conditions, such as
those induced by the addition of certain co-solvents known to thinning
the protein hydration shell, or those found in the interior of a-synuclein
droplets by LLPS [58]. Interestingly, we have observed that when the
protein undergoes this process, there is a preference for a remarkably
different amyloid polymorph, with an antiparallel intermolecular
B-sheet arrangement, in contrast to the parallel p-sheet architecture
adopted when heterogeneous nucleation dominates. We have proposed
that the origin for the preference of the parallel or the antiparallel
B-sheet structure in the a-synuclein amyloid aggregates is likely related
to the type of primary nucleation favoured under the particular solution
conditions. When a-synuclein aggregation is triggered by heterogeneous
nucleation, the pre-nucleus of amyloid structure formed at a given hy-
drophobic/hydrophilic interface would inevitably adopt a parallel
intermolecular p-sheet arrangement given the restrictions in the dispo-
sition and orientation of the polypeptide chains anchored through their
N-terminal amphipathic region to the interface. When the aggregation is
triggered by homogeneous nucleation, however, there is no restriction
in the orientation of the protein molecules in the bulk, and the anti-
parallel orientation of the B-sheets would be preferred over the parallel
arrangement, as the stability of the hydrogen bonds in such configura-
tion is generally higher [107,108].

The formation of amyloid aggregates rich in intermolecular anti-
parallel p-sheets under limited hydration conditions has been also re-
ported for other amyloidogenic peptides. Mukherjee et al. studied the
aggregation of a series of amyloidogenic peptides, including Af6.22 and
Sup357.13, and found that when polypeptide aggregation was signifi-
cantly accelerated under limited hydration conditions, the aggregates
formed showed a preference for antiparallel p-sheet conformations
[97,109]. This amyloid p-sheet configuration has also been found for
hydrophobic peptides, such as the APje.02 or APoe4.36 peptide, when
nucleating in the bulk under hydrated conditions [110], although for
longer peptides both parallel [111-114] and antiparallel [74,115,116]
configurations have been observed upon self-assembly by MD
simulations.

The intermolecular antiparallel p-sheet structure has been previously
proposed to be distinctive of stable, particularly toxic oligomers of
a-synuclein and other amyloidogenic systems [117-120]. Due to the
stability of such oligomers, as result of their slow elongation and
disaggregation rates, and the differences in the p-sheet arrangement of
their structure as compared to the typical amyloid fibrils generated by
heterogeneous nucleation, these oligomers have been proposed to be off-
pathway by some researchers. However, in the light of our recent
findings, at least some of these oligomers are best described as on-
pathway species of an amyloid aggregation pathway triggered by ho-
mogeneous nucleation under limited hydration conditions. Indeed, a
significant number of protocols to generate the stable antiparallel
B-sheet oligomers reported to date include a lyophilisation step (or the
peptide/protein stock is lyophilised) that is critical for their formation.

Interestingly, a multitude of a priori non-amyloidogenic proteins
belonging to different structural classes, including ordered proteins,
such as lactate dehydrogenase, phosphofructokinase, y-interferon,
bovine pancreatic trypsin inhibitor or chymotrypsin, and disordered
peptides including poly(L-lysine) have been also reported to aggregate
acquiring an antiparallel f-sheet structure during the lyophilisation
process [121-123]. The degree of aggregation of the folded proteins
under lyophilisation has been related to the degree to which the protein
unfolds under dehydration, as addition of protein stabilizers that pre-
serve the native structure during dehydration minimises aggregation
[121,124]. Similarly, hydrophobic surfaces provide denaturing condi-
tions for globular, folded proteins able to interact with such surfaces
through solvent-exposed hydrophobic regions. At the same time, a local
reduction of the water activity at the interface with the hydrophobic
surface would facilitate the formation of intermolecular hydrogen bonds
and, thus, surface-induced aggregation. This phenomenon has been
observed for a number of folded proteins such as p-lactoglobulin, which

Biophysical Chemistry 269 (2021) 106520

when adsorbed to hydrophilic/hydrophobic interfaces suffers self-
aggregation with the formation of intermolecular antiparallel $-sheet
structure [125]. Other examples of aggregation with a preference for
antiparallel p-sheet structure upon adsorption on hydrogels without
apparent preferential protein orientations (which otherwise would
favour the formation of intermolecular parallel B-sheet structure) have
been reported for lysozyme, mucin and y-globulin by Castillo et al
[126-128]. The authors also reported protein denaturation as a pre-
liminary step for surface-induced aggregation, which at the same time
was favoured in the presence of more hydrophobic hydrogels [126].

Conditions of limited protein hydration occurring at high tempera-
tures have also been reported to induce the aggregation of a large
number of proteins regardless of their native structural topology [129],
including bovine serum albumin [130], azurin [131], B-lactoglobulin
[132], cholera toxin [133], adenylate cyclase [134], cytochrome c
[135], chymotrypsinogen [136], acetylcholinesterase [137] and ribo-
nuclease A [138]. A common feature in all these studies is the formation
of aggregates with an intermolecular hydrogen-bonded antiparallel
B-sheet structure, represented by the low-frequency band around 1620
em™ and associated weaker high-frequency band around 1685 cm™ in
the amide I region of the infrared spectra [129].

All these studies together, therefore, suggest that the formation of
antiparallel p-sheet amyloid aggregates might be a general process of the
polypeptide chains that is triggered under limited hydration conditions
by a mechanism of homogeneous primary nucleation similar to that we
have described recently for a-synuclein [58].

7. Amyloid aggregation inside protein droplets generated by
LLPS

Liquid-liquid phase separation (LLPS), also referred to as demixing,
has been long observed within certain aqueous mixtures of two or more
components such as synthetic polymers, proteins, salts, nucleic acids or
polysaccharides. More recently, growing experimental evidence in-
dicates that this process can also occur inside cells giving rise to what has
been referred to as membrane-less organelles. These are formed mostly
by proteins, either specific multivalent modular folded proteins or
particular types of IDPs, and, in some cases, also by RNA/DNA molecules
[139-141]. The formation of these phase-separated cellular compart-
ments, as well as the content and relative proportion of these conden-
sates, is tightly regulated by the cell [141], in agreement with the
relevant role these membrane-less organelles have in the context of
important cellular functions such as biochemical catalysis, RNA tran-
scription, cell cycle and autophagy control among others [142].
Consequently, a change in the phase-separating behaviour of the mo-
lecular components or a failure in the regulation of the formation/
dissolution of these protein droplets can bring about pathological ef-
fects. One of such undesired consequences is the liquid-to-solid transi-
tion of the protein droplets with the formation of amyloid aggregates
[141].

The driving force for LLPS in aqueous solutions has been proposed to
be the relative strength of the interactions between macromolecules and
between the macromolecules and water according to the Flory-Huggins
theory [143,144]. However, the ordering of hydration water molecules
has been proposed to be also key to phase separation [143,144].
Experimental observations of in vitro polymer-driven LLPS suggest that
alteration of water properties, induced by either the polymers and salts
of the solutions or factors such as temperature or pressure, modulates
phase separation and it has been proposed that such alterations induced
by IDPs play an important role in intracellular phase separation
[145,146]. For example, salts have been shown to affect protein-driven
LLPS, even in systems in which electrostatics have been shown to
represent a minor factor, with a relevant role of salt-mediated changes in
hydration energies [145]. Also, hydrostatic pressure, which alters water
structure, has been shown to modulate in vitro LLPS of lysozyme
[147,148]. Another example is the role of water in the temperature-



J.D. Camino et al.

induced phase separation of a number of hydrophobic polymers [145],
although a general effect of water in temperature-dependent phase
separation processes of both hydrophilic and hydrophobic IDPs is ex-
pected [149,150]. LLPS, therefore, might be triggered by a balance of
enthalpically favourable intermolecular interactions and the increase of
solvent entropy by the release of water molecules from the solute surface
to the bulk [151].

In the interior of the protein droplets, where protein-protein in-
teractions are preferred over protein-water interactions and water has
been largely expelled, a significant local concentration of the protein
and consequently a significant reduction in water content is expected.
For example, estimations of the protein concentration and water content
of an elastin-like polypeptide droplet with respect to the typical diluted
conditions indicated that inside the droplet the concentration of the
protein increased ca. 100 times and the water content decreased to ca.
60 % [152]. In such conditions, and according to our recently reported
results [58], protein self-assembly with the formation of antiparallel
B-sheet amyloid aggregates by a homogeneous primary nucleation could
be favoured. We have observed such mechanism to occur inside a-syn-
uclein droplets generated in vitro by LLPS. Under highly hydrating
conditions, the desolvation free energy barrier for a-synuclein self-
assembly in the absence of any hydrophobic surface that could accel-
erate nucleation (see Fig. 1A-B) is remarkably high, and thus kinetically
disfavoured (Fig. 1C). Under conditions of protein phase separation,
however, a significant number of water molecules of the protein hy-
dration shell have been already expelled to the bulk of the solution in
order to generate the protein droplets, and, consequently, amyloid ag-
gregation is greatly enhanced by reducing the initial self-assembly en-
ergy barrier (see Fig. 1D). While the local concentration of the protein in
the interior of the protein droplets certainly favours aggregation, we
have observed that the sole exposition of low micromolar concentrations
of a-synuclein to limited hydration conditions is enough to dramatically
accelerate amyloid homogeneous nucleation [58]. Recent work on the
liquid-to-solid transition of tau after LLPS shows that the type of inter-
action promoting LLPS might be responsible for dictating whether the
system proceeds to maturation and amyloid aggregation [153]. In
particular, hydrophobic interactions and, indeed, interfacial dehydra-
tion, have been proposed to be required for amyloid formation in this
system.

Given the intrinsic ability of certain amyloidogenic IDPs to phase
separate from the cytoplasm/nucleoplasm, and the general process of
amyloid aggregation of the polypeptide chains by homogeneous nucle-
ation under limited hydration conditions that we have described above,
we propose that amyloid homogeneous nucleation might be a relevant in
vivo amyloid pathway for a-synuclein and other amyloidogenic IDPs.

8. Conclusions

By understanding the mechanisms and factors that trigger self-
association in amyloidogenic IDPs we may better interpret how amy-
loid aggregation initiates in vivo and how this process yields different
amyloid polymorphs that could be related to distinct neurodegenerative
disorders. The increasing number of recent studies on the nature of
water structure and dynamics around IDPs and its influence on their
interactions and ability to suffer LLPS and self-assembly strengthen the
notion that water plays a central role in protein amyloid aggregation and
in particular in its primary nucleation step. The initiation of amyloid
aggregation likely results from a synergistic effect between both inter-
molecular protein interactions and the properties of the water hydration
layer of the protein surface. While the self-assembly into amyloid
structures of the typical hydrophilic IDPs would be thermodynamically
favoured, due to a large water entropy contribution, a large desolvation
energy barrier, however, prevents their nucleation under hydration
conditions. This scenario seems to be the case for both heterogeneous
and homogeneous primary nucleation. Indeed, the extent of water ac-
tivity of the protein microenvironment seems to be essential not only for
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A) Heterogeneous nucleation in highly hydrating conditions
7

B) Heterogeneous nucleation in reduced hydrating conditions

Fig. 1. Scheme for the possible role of water in heterogeneous and ho-
mogeneous amyloid nucleation. The process of amyloid aggregation in IDPs,
and particularly its primary nucleation step, can be thermodynamically fav-
oured, due to a large water entropy contribution. The process, however, is
kinetically disfavoured under highly hydratiggng conditions because of the
large desolvation free energy barrier of the monomeric state of the typically
highly polar, amyloidogenic IDPs. Hydrophobic surfaces can catalyse amyloid
nucleation in aqueous solutions (heterogeneous nucleation), although it is
typically a rather slow process under highly hydrating conditions (panel A;
highly hydrating protein environment is depicted in dark blue), as for example
described in a-synuclein, but can be accelerated under conditions of reduced
protein hydration (panel B; protein environment with a reduced water activity
is depicted in light blue). In the absence of nucleation-active surfaces, homo-
geneous amyloid nucleation is an extremely slow process under highly hy-
drating conditions (panel C), but it is dramatically accelerated under conditions
of limited hydration, such as those found in the interior of protein droplets
generated by LLPS (panel D; the interior of the protein droplet, with a signifi-
cantly reduced water activity, is depicted in very light blue).

regulating the energy barrier of primary nucleation (either heteroge-
neous or homogeneous), but also for dictating the preference for the type
of primary nucleation and the type of structural amyloid polymorphs
generated. Under highly hydrating conditions, the large desolvation free
energy for the initial peptide assembly, largely due to the high content in
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polar and charged residues of the typical amyloidogenic IDPs, would
maintain the peptides monomeric. But at lower hydration conditions,
the reduction in the free energy barrier would trigger aggregation either
by heterogeneous or homogeneous primary nucleation depending on the
presence of hydrophobic surfaces and the extent of water content of the
protein microenvironment. Interestingly, water may also have a crucial
role in the formation of protein droplets by LLPS, and in this microen-
vironment of particularly low water activity amyloid aggregation is
kinetically and thermodynamically highly favourable. Under such con-
ditions, therefore, the protein can initiate its self-assembly into amyloid
aggregates by homogeneous primary nucleation.

The interior of a cell is a highly crowded environment with an overall
restriction in the water accessibility and dynamics as compared to the
highly diluted protein solutions of typical in vitro experiments. The
majority of water inside cells has been proposed to be involved in slow
(at least an order of magnitude slower than bulk water), collective
motions, with only trace amounts of “bulk-like” water, despite 50-70%
water content by volume [154]. Also, different cellular compartments
and microenvironments have very different physicochemical properties
and water activities, which likely has a direct impact on the structural
conformation of IDPs [155] and on the magnitude of their energy barrier
for amyloid nucleation. Water strongly modulates the energy barrier for
nucleation, preventing nucleation at highly hydrating conditions,
favouring heterogeneous nucleation in the presence of nucleation-active
surfaces at diluted conditions, or favouring homogeneous nucleation
under conditions of limited hydration conditions such as those found in
the interior of membrane-less organelles. Establishing whether homo-
geneous or heterogeneous primary nucleation occurs in vivo and their
involvement in the formation of amyloid aggregates in disease requires
further investigation. However, at this point, it is reasonable to speculate
that the presence of multiple cellular microenvironments, with a range
of water contents and dynamics, might lead to the formation of amyloid
aggregates by both nucleation mechanisms. And that, in consequence,
structurally different amyloid polymorphs could be formed depending
on the cellular context that the protein encounters. Interestingly, a
decrease in the water content in brain cells, likely as a consequence of an
increased total intracellular protein concentration with advancing age
has been reported [156-158], which may also contribute to the
increased incidence of amyloid formation and, therefore, neuro-
denegerative diseases in the aged population.
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Abstract: x-Synuclein amyloid aggregation is a defining molecular feature of Parkinson’s disease,
Lewy body dementia, and multiple system atrophy, but can also be found in other neurodegenerative
disorders such as Alzheimer’s disease. The process of a-synuclein aggregation can be initiated through
alternative nucleation mechanisms and dominated by different secondary processes giving rise to
multiple amyloid polymorphs and intermediate species. Some aggregated species have more inherent
abilities to induce cellular stress and toxicity, while others seem to be more potent in propagating
neurodegeneration. The preference for particular types of polymorphs depends on the solution
conditions and the cellular microenvironment that the protein encounters, which is likely related to the
distinct cellular locations of a-synuclein inclusions in different synucleinopathies, and the existence
of disease-specific amyloid polymorphs. In this review, we discuss our current understanding on the
nature and structure of the various types of a-synuclein aggregated species and their possible roles
in pathology. Precisely defining these distinct x-synuclein species will contribute to understanding
the molecular origins of these disorders, developing accurate diagnoses, and designing effective
therapeutic interventions for these highly debilitating neurodegenerative diseases.

Keywords: o-synuclein; amyloid aggregation; oligomer; fibril; polymorph; neurodegenerative
disorders; synucleinopathies

1. Introduction

Many neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease and prion
disease, are characterized by protein inclusions that are formed by the conformational conversion of
normally soluble proteins or peptides into oligomeric intermediates and eventually amyloid aggregates
and fibrils by a process referred to as amyloid aggregation [1,2] (Figure 1). Amyloid aggregates,
typically with a fibrillar morphology, are protein self-assembled structures composed primarily of one
type of protein or peptide, which adopt a characteristic structural architecture, termed the cross-f
structure [3-8]. This particular structure consists of arrays of extended p-sheets that run the length
of the fiber, in which individual 3-strands are arranged in an orientation perpendicular to the fibril
axis [3,4,7]. The molecular mechanisms by which proteins adopt this structure is of unquestionable
interest, and much progress has been recently made through the development of new experimental
approaches, and by combining experimental and theoretical methods using the formalism of chemical
kinetics [9-12]. However, there are still important questions that remain to be clarified such as how
and why a specific protein starts to self-assemble, how the acquisition of the amyloid structure occurs,
and how this process induces toxicity.
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Figure 1. Schematic representation of the process of amyloid formation according to a
nucleation-conversion-polymerization model. This model has been proposed for the process of
oS aggregation when triggered at conditions of heterogeneous primary nucleation [10]: the initially
formed oligomers slowly convert into partially formed (3-sheet oligomers that further elongate and
generate fully-formed mature fibrils. Note that this is a very simplified linear representation of the real
funnel-like conformational landscape of the process.

The pathogenicity of amyloid formation has been associated with both a loss of function of the
proteins that aggregate, and a gain of toxic function through the generation and accumulation of
aggregated forms of the protein [2,13], which spread within cells and propagate toxicity from cell to
cell [14,15]. Preventing the progression and the toxicity associated with amyloid formation, however,
requires precise definitions of the protein species that are toxic, and those that are able to spread
and recruit more protein units into toxic amyloid aggregates. There is continuous discussion as to
which protein aggregated species are more damaging to cells, either the fibrillar-end products of the
aggregation reaction or the soluble oligomeric intermediate species [10,13,16-21]. Both oligomeric and
fibrillar species of multiple proteins and peptides can induce toxicity by similar mechanisms including
membrane perturbation, calcium and metal ion imbalance, oxidative stress, and overload of chaperone
and ubiquitin proteasome systems [22-29], which suggests generic aggregation and toxicity pathways
between different amyloidogenic proteins and peptides [1,13], as well as possible common mechanisms
of toxicity between oligomeric and fibrillar species.

The understanding of the role of the various aggregated species on neurodegeneration has
increased even more in complexity with recent studies showing that oligomeric species can be
generated via fibril disaggregation processes [10,30,31] and by secondary nucleation mechanisms
where the fibrillar surface can catalyze the formation of oligomeric species [32,33]. These results
suggest that the fibrillar species and amyloid inclusions can act as a source of soluble oligomeric
species, which in turn can generate new fibrillar species. At the same time, variations in the solution
conditions or the particular cellular context that the protein encounters leads to structurally different
amyloid conformations, also referred to as polymorphs, which have been associated with specific types
of pathologies [18,34,35].

In this review, we will focus on the current knowledge of the multitude of x-synuclein (xS)
aggregated species generated through amyloid self-assembled processes and the possible roles these
species could have in the development and spreading of neurodegeneration, and in the induction of
distinctive types of synucleinopathies.

2. x-Synuclein Aggregation and Synucleinopathies

«S is an intrinsically disordered protein of 140 amino acids, widely expressed throughout the
body, particularly in the central nervous system, including the dopaminergic neurons of the substantia
nigra pars compacta (SNc), excitatory neurons in the cortex, amygdala and olfactory bulb and
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inhibitory neurons in the globus pallidus, subthalamic nucleus and substantia nigra pars reticulata [36].
Its primary sequence can be divided into three regions. The N-terminal domain (residues 1-60),
which has a predisposition to fold into amphipathic a-helices, particularly upon interaction with lipid
membranes [37,38]. The central hydrophobic region (residues 61-95), named nonamyloid 3 component
(NAC) region (due to historical reasons to differentiate this amyloid-prone region in «S from the amyloid
B peptide involved in Alzheimer’s disease [39,40]), which has a predisposition to fold into either a-helix
conformation upon interaction with highly negatively charged lipid membranes [41,42], or 3-sheet
structure upon self-assembly [43]. And the proline-rich and highly negatively charged (at neutral
pH) C-terminal region (residues 96-140), with no structure-forming propensity. There has been some
controversy as to what would be the native conformation of the protein at physiological conditions [44].
The most accepted current paradigm is that the protein remains unfolded (as an intrinsically disordered
protein, IDP) [45,46] in the cytosol, although with some tertiary contacts between the C-terminal and
the NAC and N-terminal regions of the protein [47,48]. Approximately 1/3 fraction of «S in neurons
adopts a partially folded «-helical structure [49] upon binding to membranes [50]. The functional
conformation of the protein, at least for its role in synaptic vesicle trafficking and neurotransmission
release, has been proposed to consist on a-helix-rich oligomers that are assembled on the cellular
membranes [49]. However, under pathological conditions, &S self-assembles into amyloid aggregates,
with the typical cross-f structure, which can ultimately form amyloid-rich inclusions.

The presence of these amyloid inclusions is the histopathological signature of a number of
neurodegenerative disorders collectively referred to as synucleinopathies [51,52]. The three major
synucleinopathies include Parkinson’s disease (PD), dementia with Lewy bodies (DLB) and multiple
system atrophy (MSA). PD is characterized by motor symptoms such as tremor at rest, slowness
of movement, and balance problems. Up to 80% of PD patients develop cognitive changes called
PD-dementia [53,54]. Patients with DLB initially present cognitive changes and hallucinations prior
to the development of parkinsonism. MSA is characterized by similar motor defects to PD as well
as cerebellar ataxia, and autonomic failure. MSA is more similar to prion diseases in that it rapidly
progresses and life expectancy is much shorter compared to PD. In addition, a significant proportion of
Alzheimer’s disease patients also have oS pathology, although in most cases restricted to the amygdala,
unlike synucleinopathies [55].

PD is the second most common form of neurodegeneration following Alzheimer’s disease. The
mean age of onset of the sporadic forms of the disease, which represent 90% of the cases, is approximately
65 years old. In the hereditary forms associated with the &S gene (SNCA), however, there is a much
earlier onset of the disease (the most potent mutation being the G51D) with a faster and more severe
progression of pathology [56-58]. «S gene (SNCA) duplication, triplication and polymorphisms also
cause PD [59-61]. Autosomal dominant inherited mutations in genes including LRRK2 and GBA cause
late onset PD with symptoms similar to sporadic PD, while autosomal recessive mutations in other
genes such as PINKI1 cause early onset forms of parkinsonism [62,63]. LRRK2 and GBA pathological
mutations have been reported to increase the formation of &S inclusions [64—67]. It is important to note
that not all individuals with LRRK2 mutations show neuronal «S inclusions in postmortem brains,
and whether individuals with autosomal recessive mutations have «S pathology (typically referred
to as Lewy body pathology) remains questionable. The typical motor symptoms of the disease are a
consequence of the degeneration of dopaminergic neurons in the SNc in the basal ganglia of the brain
resulting in bradykinesia and rigidity [68]. In addition, there are neuropsychiatric symptoms that
occur at later stages, and other non-motor symptoms that have been recently suggested to occur at the
early stages of the disease [68].

«S inclusions inside neurons are referred to as Lewy bodies (LBs) and Lewy neurites (LNs) in
PD and DLB. In MSA, however, oS accumulates primarily into inclusions found in the cytosol of
oligodendrocytes, called glial cytoplasmatic inclusions, although a small percentage of neurons can also
have S inclusions [51]. The aggregation of &S into amyloid aggregates is thought to play a key role in
the initiation and spreading of these diseases, although controversy remains whether LBs or smaller
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polymorphs of aggregates contribute to neuronal defects and toxicity. &S is not only pathologically
but also genetically linked to disease. Hereditary mutations in the SNCA gene or duplications and
triplications of the wild-type gene lead to autosomal dominant forms of PD and DLB, with an earlier
age of disease onset [59,69,70]. In these familial cases, accumulation of &S in LBs and LN is also
observed [51,71], and the cases of triplications in the SNCA gene typically result in a more severe
disease progression than in the cases of gene duplication. In addition, a genome-wide association
study has shown that individuals with certain polymorphisms of the SNCA gene have a higher risk of
developing sporadic PD and MSA [60,72], and some of these polymorphisms have been linked to a
higher expression of «S in neurons [73]. Further, the injection of xS amyloid fibrils into the brains of
healthy mice induce &S inclusion formation and PD-like pathology [14,74,75].

The genetic evidence, along with the neuropathologic evidence for accumulation of &S in patients
with PD and other synucleinopathies, indicates a central role for oS in the pathogenesis of both the
inherited and sporadic forms of these diseases. Indeed, evidence suggests a mechanistic link between
even slightly higher levels of «S and the formation of xS amyloid aggregates within neurons and the
induction of neurodegeneration, likely through the generation and accumulation of toxic &S aggregated
species during the process of amyloid self-assembly [76,77].

3. x-Synuclein Aggregation Mechanisms and Pathways

The transition of a protein from its functional, typically monomeric state to the amyloid state is
a highly complex process that depends on both intrinsic features of the particular protein and the
environmental conditions. Early analysis of in vitro kinetics of formation of amyloid fibrils show
that the overall process includes a nucleation step (Figures 1 and 2A), where oligomeric species
and a sufficient number of fibril nuclei are formed, followed by an exponential step, reflecting the
nuclei-dependent growth through monomer addition, generating protofilaments and eventually
mature amyloid fibrils. This type of mechanism has been described by a nucleation-polymerization
model [78]. The typical sigmoidal kinetic profiles observed for amyloid formation were interpreted as
a greater ease of monomer addition onto already formed aggregates compared to the de novo formation
of aggregates directly from monomers through nucleation. Consequently, by adding preformed
fibrils to a monomeric solution, the nucleation step is bypassed, and the kinetic curves show only the
exponential growth step, typically reflecting the elongation process (Figure 2B). The growth of the
fibrils by monomer addition onto the fibrillar ends ensures that the structural properties adopted by
the newly added protein molecules are identical to those of the molecules of the fibrillar parents in
a phenomenon called templating [79], which is analogous to that observed in crystallization. More
complex models have been later developed for analyzing the amyloid aggregation mechanism of certain
amyloidogenic proteins. One such model is the so-termed nucleation-conversion-polymerization
model which includes a structural conversion of the early formed oligomers into 3 sheet-enriched,
elongation competent oligomers [80,81] (see Figure 1).

3.1. Primary Nucleation

Aggregation of &S is typically initiated in vitro by subjecting the protein solution to agitation,
either shaking or stirring [82]. Under diluted, highly hydrating conditions, at neutral pH and
physiological ionic strength and temperature, &S is not observed to aggregate for more than 7-10 days
of incubation without sample agitation. However, when the sample is strongly agitated, aggregation
is triggered within 1-3 days, depending on protein concentration and agitation speed. In those
conditions, nucleation initiates at the air/water interface or any other hydrophobic/hydrophilic interface
present in the sample, such as the hydrophobic coatings of sample containers or stirring bars,
by heterogeneous primary nucleation [83,84]. The role of agitation in promoting aggregation could
be altering and/or increasing the surface of the nucleation-active air/water interface, and increasing
the apparent elongation rate through the multiplication of growth-competent aggregate sites by
shearing-induced fibril fragmentation. Given the propensity of the N-terminal region of «S to acquire
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amphipathic o-helices, the protein preferentially partitions or adsorbs at hydrophobic/hydrophilic
interfaces, in order to simultaneously maximize the hydrophilic interactions in the aqueous environment
and the hydrophobic force at the hydrophobic surface [85]. At the interface, the protein initiates
self-assembly (under highly hydration conditions), likely as a result of the local increase in protein
concentration and the selection of nucleation-efficient conformations upon adsorption. This feature
has been indeed used to develop other strategies of inducing aggregation, such as the addition of
hydrophobic nanoparticles [86], or larger beads [87], or even lipid vesicles composed of particular
(typically non-physiological) types of phospholipids, which have resulted in good nucleation-active
surfaces [88,89]. Interestingly, this is not a unique property of &S, since hydrophobic/hydrophilic
interfaces have been found to be critical for the aggregation of many other amyloidogenic proteins and
peptides, including IDPs such as the A3 peptide [90], and folded proteins such as insulin [91].

Primary nucleation

Figure 2. Schematic representation of the different processes that can take place during amyloid fibril
formation. Oligomeric species, highlighted with circles for a better visualization, can be generated
through primary nucleation (A), but also through fibril disaggregation (D) or secondary nucleation
(E) processes. Fibril elongation (B) and fragmentation (C) are also represented.
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We have recently observed, however, that «S can form amyloid aggregates without the need
of a nucleation-active surface through homogeneous nucleation under limited hydration conditions,
and that when the protein undergoes this process, there is a preference for remarkably different
amyloid polymorphs. Specifically, there is a preference for an antiparallel (3-sheet arrangement,
in contrast to the parallel 3-sheet architecture adopted when heterogeneous nucleation dominates [92].
The formation of amyloid aggregates rich in intermolecular antiparallel 3-sheets under limited
hydration conditions has been also reported for other amyloidogenic peptides, and a multitude of
a priori non-amyloidogenic proteins belonging to different structural classes, as well as disordered
peptides such as poly(L-lysine) [83,93-99].

The antiparallel intermolecular 3-sheet structure has been also previously observed in stable,
particularly toxic oligomers of &S and other amyloidogenic systems and has been proposed to be
distinctive of these toxic species [100-103]. These oligomers have been suggested to be off-pathway by
some researchers. In the light of our new findings, they are, however, best described as on-pathway
of an amyloid aggregation process triggered by homogeneous nucleation under limited hydration
conditions. We noticed that a significant number of protocols to generate the stable antiparallel 3-sheet
oligomers reported include a lyophilization step or the peptide/protein stock is Ilyophilized. These stable
oligomers represent a good model to investigate the structural and biological properties of pre-fibrillar
amyloid oligomers, bearing in mind that some of their properties might differ significantly from
those of the parallel 3-sheet oligomeric intermediates generated under the typical in vitro aggregation
reactions (i.e., at the air/water interface), which are more difficult to trap.

One of the cellular microenvironments with a particularly low content of water (by definition) is
the interior of protein-rich droplets, generated by liquid-liquid phase separation (LLPS). These phase
separated protein droplets likely play a role in the in vivo aggregation of a number of amyloidogenic
proteins such as tau [104,105], TDP-43 [106,107] and «S [108,109]. Although the mechanism of the
liquid-to-solid transition of these protein droplets is unclear, our recent data on the amyloid aggregation
inside S droplets generated in vitro suggest that the process is triggered by homogeneous primary
nucleation resulting in the formation of amyloid aggregates with a preference for an intermolecular
antiparallel 3-sheet structure [92]. Whether this mechanism occurs in the liquid-to-solid transition of
«S droplets in vivo and can take place in other protein-rich droplets of other amyloidogenic proteins
needs to be explored.

3.2. Secondary Processes

In addition to primary nucleation (Figure 2A) and templating-based aggregate elongation
(Figure 2B), other process have been shown to be important in the overall amyloid aggregation
process, insofar they give raise to different oS self-assembled species, including fibril fragmentation,
disaggregation and fibril-catalyzed secondary nucleation [10,12,110-112]. Fibril fragmentation
(Figure 2C) implies the rupture of elongated fibrils into smaller fragments, thus resulting in the
multiplication of growth-competent fibrillar ends accessible for monomer addition. This can occur at
any phase of the self-assembly process [113] and significantly accelerates the apparent fibril growth
rate [12]. Prolonged exposure of fibrils to mechanical stress results in the decrease of their length
distribution toward a limit that is solely determined by the mechanical properties of the fibrils [114],
while maintaining their fibrillar nature. There is no evidence, therefore, that fibril fragmentation can
originate significant fractions of oligomeric species. This process is greatly enhanced by shear forces
such as those existing in typical oS in vitro aggregation setups, but its effect in vivo remains unclear.

Oligomeric species are typically assumed to be formed during primary nucleation (Figure 2A),
but they can also be generated through secondary processes. The release of oS oligomeric species
from fibril disaggregation (Figure 2D) has been observed in vitro upon dilution of fibrils [10,112,115],
with significant fractions of oligomeric species generated when the fibrils are at concentrations below
approximately 1 uM [10]. This process that has been observed in vitro, could be favored in the
cellular context through the disaggregation activity of chaperones (see Section 6) or other fibril
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destabilizing agents [30] and could be highly relevant in the cell-to-cell transfer if fibrils are released to
the extracellular space.

«S amyloid fibrils can be formed with a greatly reduced lag-phase duration by secondary
nucleation processes catalyzed at the surface of the amyloid fibrils (Figure 2E). This process implies
the de novo assembly of monomers onto the surface of pre-assembled aggregates and represents,
therefore, a particular type of heterogeneous nucleation. The aggregation of the A{342 peptide into
amyloid fibrils under typical physiological conditions in vitro has been shown to be dominated by
secondary nucleation processes, once primary nucleation has been triggered [116]. The consequence is
a significant amplification of the number of aggregates during the reaction, with the generation of
significant concentrations of toxic oligomers [32]. Therefore, secondary nucleation processes have
been suggested to play an important role in amyloid spreading in disease scenarios [110,117,118].
In the case of &S, secondary nucleation occurs at mildly acidic pH conditions (under highly hydration
conditions) [118], such as those present in endosomes and lysosomes in the cell, and its relevance
in vivo remains unknown.

3.3. Physicochemical Factors Affecting Amyloid Aggregation Process

A number of physicochemical factors in the solution conditions have been proposed to modulate
not only the rate but also the route of amyloid formation in &S and other amyloidogenic proteins
and peptides. Different amyloid polymorphs are accumulated upon slight variations in the solution
conditions of the aggregation reaction. Among all the factors, three appear to be key in «S: pH, ionic
strength and water activity. pH has been shown to modulate the relative rates of elongation and
secondary nucleation processes, which not only can affect the structure of the most populated amyloid
polymorphs, as explained below, but also the overall rate of aggregate multiplication and, therefore,
in vivo spreading [118]. The differences in ionic strength seem to affect primarily the folding and
packing of the fibrillar structure and thus the preference for a particular amyloid polymorph [119].
In addition, relatively high ionic strengths, including physiological concentrations, increase the
formation of higher-order assemblies of fibrils [118], an effect that might be relevant during LB
formation. Water activity and, therefore, the protein hydration state have been recently demonstrated
to be a key determinant not only for triggering «S self-assembly (maintaining &S monomeric and
preventing it from misfolding and self-assembly under highly hydration conditions), but also for
dictating the preference for the type of primary nucleation (heterogeneous vs homogeneous) and the
type of structural amyloid polymorph generated (parallel vs antiparallel 3-sheet structure). Conditions
of very poor water activity such as those encountered inside protein-rich droplets, generated by LLPS,
have been reported to be particularly efficient in triggering S amyloid aggregation both in vitro and
in vivo [105,108,109].

Depending on the microenvironment that oS encounters in the cell, therefore, alternative amyloid
aggregation mechanisms and pathways would be triggered, leading to the formation of remarkably
different amyloid polymorphs.

4. Multiplicity of x-Synuclein Aggregated Species

Two distinct major pools of protein aggregated species can be distinguished during the general
process of amyloid aggregation: soluble oligomers, and insoluble fibrillar species. Each of these pools,
however, encompasses an array of individual species both in terms of size and structure. In addition,
significant variability in terms of ultrastructure has been observed between amyloid aggregates, both in
terms of oligomers and fibrils, even if they have similar sizes and secondary structure contents [119,120].

4.1. Fibrillar Polymorphs

In the last few years, and with the great advances of solid-state nuclear magnetic resonance
(ssNMR) and cryo-electron microscopy (cryo-EM) techniques, a number of structures of different oS
fibril polymorphs generated in vitro with recombinant protein have been resolved at atomic resolution,
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and significant structural differences between the different fibril polymorphs have been observed.
In some structures the protofilament fold is similar, typically forming a Greek key structure [121,122],
with the differences arising in the packing of the protofilaments (the type of inter-protofilament
interactions and mutual disposition between protofilaments) (see Figure 3). Most of the reported
fibril structures contain the same central region of the protein as the amyloid core, including residues
35-100 [119,121-123]. The number and location of (3-strands within this region, however, varies
between fibril polymorphs generated under different solution conditions, with the ionic strength,
the presence of polyanions or the pH of the solution as main factors for fibril structure variability.
These observations, therefore, already highlight the relevance of electrostatic interactions in the
intramolecular and intermolecular forces that define the overall structure in the different amyloid
polymorphs [119,124,125]. Two regions within the amyloid core have been suggested to be important
for stabilizing the amyloid structure [123], concretely 71-82 region, which was also found to be essential
for the initiation of the aggregation process [126], and 45-57 region, where most of the pathological
point mutations are located.
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Figure 3. Structural features of oS fibrils. (A) Representative atomic force microscopy (AFM) and (B) 3D
cryo-EM reconstruction image of a sample of S fibrils. Adapted from Figure 1B,C, Guerrero-Ferreira,
R. et al. 2018, eLife, published under the Creative Commons Attribution 4.0 International Public
License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/) [123]. (C) Summary of the structural
differences of &S fibril polymorphs resolved by cryo-EM. Reproduced from Figure 4, Guerrero-Ferreira,
R. etal. 2019, eLife, published under the Creative Commons Attribution 4.0 International Public License
(CC BY 4.0; https://creativecommons.org/licenses/by/4.0/) [119,120].

The large scale structural differences between amyloid polymorphs induced by small changes in
buffer conditions [119] highlights the large variability of structural rearrangements and interaction
networks able to stabilize an amyloid fold of the same protein. These different polymorphs have very
similar overall free energies, which results in a flat amyloid misfolding landscape with many local
minima. This landscape contrasts with the funnel-shaped landscape found for the folding of most
proteins, where the folded, native structure represents the lowest global energy minimum [127,128].
Indeed, the type of landscape of the amyloid conformation is the consequence of the type of interactions


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Int. J. Mol. Sci. 2020, 21, 8043 9 of 27

that stabilize this particular conformation, which are dominated by hydrogen bonds between the
main-chain atoms of the polypeptide chain [129]. The contributions of the interactions between side
chain groups to the overall energy of the amyloid structure are typically less relevant, although they
seem to be crucial for the definition of the type of amyloid polymorph preferred during the nucleation
step, which is ultimately defined by the solution conditions.

In this scenario, it would seem very plausible that alternative amyloid polymorphs could be
formed in different cellular types and perhaps in different microenvironments of the same cell.
If amyloid aggregation would be a favorable process, the consequences would be that multiple amyloid
polymorphs could co-exist even in the interior of the same cell. The large energetic barrier for primary
nucleation makes typically oS aggregation a kinetically unfavorable process (under highly hydration
conditions and in the absence of pre-formed fibrils). Once triggered, the faster rates of elongation
and secondary processes, as compared to the rate of primary nucleation [118], would result in the
prevalence of the polymorphs that multiply quicker, i.e., the system is typically governed by a kinetic
rather than a thermodynamic partitioning. If fragmentation and elongation are the preferred secondary
processes, then it could be possible that only one major type of polymorph dominates the amyloid
population, which would be defined by the initial type of interactions that are established during
primary nucleation. If, under other conditions, secondary nucleation is more favorable than elongation,
with rates comparable with that of primary nucleation, then various types of polymorphs could co-exist,
since the structure of the aggregates generated by secondary nucleation does not typically reflect
the structure of their fibrillar parents [130]. The structure of the aggregates generated by secondary
nucleation, in analogy to what is found for those formed under primary nucleation, depends mainly on
the solution conditions [130]. These are important points that are not always taken into consideration
when analyzing for example the structure of in vivo-generated amyloid aggregates by NMR or cryo-EM
after amplifying the number of aggregates by in vitro seeding reactions. In such seeding reactions,
secondary nucleation processes could be governing which would favor the formation of amyloid
aggregates with structures significantly different from those of the parent fibrils. The predominance
of one type of amyloid polymorph over others depends primarily, therefore, on the properties of
the protein microenvironment, as those dictate the structure of the pre-nucleus during primary and
secondary nucleation, as well as the relative rates of primary and secondary nucleation, and elongation.

The same molecular event of &S amyloid aggregation is associated with not only PD but also
other neurodegenerative disorders. In the particular case of MSA, the «S inclusions are localized in
different cellular types with respect to the other synucleinopathies, which suggests that, at least for this
disease, oS aggregation is likely triggered by an alternative mechanism to that associated with PD or
DLB. In agreement with this idea, pathological &S in glial cytoplasmatic inclusions or in LBs has been
reported to be conformationally and biologically distinct [17,35]. The intracellular environment is,
therefore, determinant for the accumulation of particular types of amyloid polymorphs. These results
are in line with earlier studies that suggested the existence of disease-specific x5 amyloid polymorphs.
In a seminal study, injection of amyloid-like fibrillar structures derived from MSA patient’s brain
extracts into experimental animals induced neurodegeneration accompanied by oS deposition in all
cases. However, none of the animals inoculated with «S fibrillar species obtained from PD brains
developed neurological deficits [17,35]. Parallel studies were performed with in vitro-generated
amyloid polymorphs and showed the variety of seeding capacities and neurotoxic properties of the
different &S aggregated species analyzed [18,131]. Recently, the structure of &S inclusions extracted
from the putamen of deceased MSA patients was compared to those extracted from the cortex and
amygdala of deceased DLB patients by means of cryo-EM. All the MSA patients analyzed showed
very similar filament structures, which were very different from the filaments extracted from DLB
cases, and in both cases remarkably different from those that have been formed in vitro up to date with
recombinant proteins [132]. These findings highlight the urgent need to find &S aggregation conditions
in vitro that truly recapitulate the aggregation pathways triggered in vivo. Despite the similar amyloid
folds, two types of aS filament polymorphs in MSA brains were distinguished, being the so-called
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Type-II structure preferred in patients with a longer life span [132]. An interesting feature observed
in MSA patients’ brain derived fibrils was the presence of an additional molecule, of yet unknown
nature, that connects the two protofilaments in both Type I and Type Il filaments [132]. This molecule
establishes electrostatic interactions with positively charged residues in S, specifically the side chains
of residues K43, K45 and H50. These interactions might be strongly altered by the G51D and A53E
disease-associated oS mutations, which could lead to altered fibrillar structures and stabilities, which,
in turn, could be related to the characteristics of these hereditary forms: early disease onset, shorter
disease duration (compared to sporadic PD) and severe cognitive and psychiatric disturbances. Overall,
these findings are in line with the idea that different conformations of «S contribute to the type of
neurodegenerative disease as well as disease prognosis.

Along the most recent improvements regarding identifying and studying the variety of amyloid
polymorphs in synucleinopathies, protein misfolding cyclic amplification (PMCA) [133] together
with real-time quaking-induced conversion (RT-QuIC) [134] are providing highly valuable insights
into the characteristics of patient-derived «S aggregated species as well as helping to bring about
new diagnostic tools in the field of neurodegeneration [135]. Both techniques allow replicating and
amplifying the structure of abnormal «S by repeatedly fragmenting the parent aggregates and using
them as templates for seeding reactions with recombinant monomeric &S in the presence of the
thioflavin T probe. By comparing the seeding kinetics, important information about the seeding
efficiency of patient-derived or in vitro-generated amyloid polymorphs can be extracted. Both assays
have been used with fibrillar material extracted from brain or gastrointestinal tissue of PD, MSA
and DLB patients and the aggregates generated were demonstrated to faithfully recapitulate the
biochemical, structural and neurotoxic properties of the parent, in vivo-generated aggregates [136-142].
These assays can distinguish between cerebrospinal fluid samples from patients diagnosed with PD or
MSA [143], and are being further developed with the aim of using them as diagnostic and prognostic
tools for the distinct types of synucleinopathies.

4.2. Oligomeric Polymorphs

The process of amyloid fibril formation requires the transition of the protein by a series of multiple
oligomeric intermediates that differ in terms of size (from dimers to large assemblies containing
typically less than a hundred of protein units) and structure (from essentially disordered structures
similar to those of their monomer precursors to 3-sheet rich structures close to that displayed in
the fully formed fibrillar state). The distinction between oligomers and short fibrils is not always
trivial and size alone might not be a good parameter for this. A distinctive characteristic of fibrils
is that they elongate from their ends by association of monomers from the solution and that the
elongated structures have the same structure and 3-sheet content as their aggregate parents. In contrast,
the elongation of oligomers would result in more elongated structures with a significantly higher
(-sheet content. A critical parameter, therefore, for the definition of oligomers is the degree of 3-sheet
content as compared to that of the fibrillar structures, which should be used in addition to the size of
the aggregates.

Given the multiplicity of types of oligomers in route to fibril formation and their inherent transient
intermediate nature in the process, their study and characterization have been proved to be extremely
challenging. Single-molecule techniques, however, have provided valuable information of such species.
Two structural groups of &S oligomers formed during the lag-phase of fibril formation under typical
in vitro reactions (i.e., under conditions of heterogeneous nucleation at the air/water interface) were
identified by single-molecule Forster resonance energy transfer [10]. The initially formed oligomers
present a diffuse, proteases sensitive and non-toxic structure (referred to as type-A oligomers). These
oligomers slowly convert into more compact and stable, protease resistant, toxic oligomers (referred to
as type-B oligomers), with partially-formed (3-sheet structure. These oligomers elongate later through
monomer addition to form protofilaments and eventually mature fibrils (see Figure 1) [10,144]. In order
to study these different structural oligomeric forms further, we and others have developed strategies
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to prepare samples of analogous stable oligomeric forms that result in more than 90% of the sample
enriched in each particular type of oligomer. These oligomeric samples have been characterized in
detail and have been reported to be stable for days.

A Type-A* B Type-B*

My
~

‘ 24,
.,,‘/:
IR

Figure 4. Structural features of two structurally different types of oS oligomers. Some of the most
detailed structural information on &S oligomers has been obtained by the use of enriched samples of
structurally homogeneous oligomeric species that have been trapped by the addition of molecules
that prevent the conversion of oligomers to fibrils (for example the molecule EGCG, that results in the
accumulation of type-A* oligomers) or the induction of alternative amyloid pathways by the modulation
of the solution conditions that result in the kinetic stabilization of oligomeric species (i.e., induction of
homogeneous nucleation under limited hydration conditions such as lyophilization, which results in
the formation of type-B* oligomers). (A,B) Typical morphology of type-A* oligomers (A) and type-B*
oligomers (B) probed by AFM. (C,D) Structural models of type-A* oligomers (C) and type-B* oligomers
(D) according to the information obtained from solution and ssNMR data (from Fusco et al., Science
2017, reprinted with permission from AAAS) [145]. (E) Morphology and 3D-reconstruction models of
type-B* oligomers according to cryo-EM image analysis (reprinted from Chen et al., PNAS 2015) [103].

The strategy used to prepare samples enriched in a type of oligomers analogous to type-B
oligomers consists in inducing the aggregation of the protein through a particular amyloid pathway
at dehydrating conditions (i.e., during lyophilization), under which homogeneous nucleation is
favored [92]. This pathway results in the accumulation of kinetically trapped, antiparallel 3-sheet, toxic
oligomers whose rates of disaggregation into monomers and elongation into fibrils are extremely slow.
These oligomers were referred to as type-B* oligomers to remark that they are analogous to type-B
oligomers but not exactly the same, as type-B oligomers are generated during the heterogeneous primary
nucleation of parallel 3-sheet amyloid fibrils [103]. Despite the differences in the 3-sheet arrangement
of the amyloid structure between type-B and type-B*oligomers, they are similar in a number of
features, reflecting their analogous nature. Both types of oligomers have similar sizes, an intermediate
secondary structure between the monomeric and the fully-formed mature fibrils, similar affinities
for lipid membranes and similar toxic mechanisms, with apparently identical cellular dysfunction
effects [10,26,27,103,145]. One remarkable difference is their ability to elongate: while type-B oligomers
quickly elongate into fully-formed fibrils, type-B* oligomers have their elongation abilities disrupted,
likely as a result of the antiparallel intermolecular 3-sheet structure. Other amyloid-like aggregates
with an antiparallel 3-sheet structure show a preference for small aggregates rather than the typical



Int. ]. Mol. Sci. 2020, 21, 8043 12 of 27

parallel 3-sheet amyloid aggregates with long fibrillar morphologies [92]. Therefore, caution is needed
when extrapolating to the type-B oligomers the biological effects identified for type-B*, or the analogous
situation in other amyloidogenic proteins or peptides. Both types of oligomers seem to behave similarly
in terms of induction of toxicity, but in terms of seeding properties, and therefore spreading capabilities,
they behave very differently.

In the case of the oligomers analogous to type-A, formed during the heterogeneous primary
nucleation of the protein, the stabilization strategy consisted in using a molecule (epigallocatechin
gallate, EGCG) that binds to this structural type of oligomer and prevents its structural conversion
and progression into type-B oligomers and eventually amyloid fibrils [145]. We referred to these
oligomers trapped by the action of an inhibitor molecule that remains bound to the aggregates as
type-A* oligomers to reflect the fact that they consist on a complex between type-A oligomers and
several molecules of EGCG. Additionally, EGCG has been shown to modify chemically &S but without
major effects on oligomer formation [146]. Both type-A and type-A* oligomers have similar sizes,
have a disordered structure and are benign to the cells [10,145], but the presence of several molecules
of EGCG in the surface of the oligomer might affect some properties with respect to the unbound
oligomer form.

Both type-A* and type-B* oligomers have similar size distributions, with the majority of the species
showing sizes of ca. 15-40-mers (for the type-B* oligomers an average of ca. 30 protein molecules was
estimated) [103,145]. The vast majority of the species in both samples present a rather homogeneous
structure: essentially disordered in the case of type-A* oligomers, and with a (3-sheet core composed of
70-88 residues in the case of type-B* oligomers. Indeed, the structural homogeneity of both oligomeric
samples have allowed their structural characterization by ssNMR [145] and the 3D cryo-EM structural
reconstruction in the case of type-B* oligomers (at 18-A resolution) [103] (see Figure 4). The structural
reconstruction by cryo-EM showed that the oligomers presented a cylindrical morphology, similar
to that previously reported for toxic prefibrillar oligomers [147], with a diameter of ca. 10 nm, that
coincide with the diameter found for &S mature fibrils. However, in contrast to the «S fibrils whose
structure has been determined up to date, these oligomers show a hollow core, suggesting that the
interactions between (-sheets are predominantly hydrophilic and mediated by water molecules. This
structural arrangement results in a significant fraction of hydrophobic residues exposed to the solvent at
the surface of the oligomer structure [103], which explains the particular ability of this type of oligomer
to interact with the interior of the lipid bilayers of cellular membranes and disrupt membrane integrity,
leading to the toxic consequences for the cell [145]. Similar water-mediated protofilament interactions
with the concomitant formation of fibrils with a hollow-core have been reported for other amyloidogenic
polypeptides related to disease [5,8,148]. In the case of «S fibrils, all the structures obtained by cryo-EM
analysis and composed of multiple protofilaments (typically two) show a hydrophobic interface
between protofilaments that is stabilized by a few ionic salt bridges. This protofilament arrangement
results in most of the hydrophobic residues of the protein buried in the interior of the mature fibrils
and a fibrillar surface mostly hydrophilic. In contrast, a highly hydrophobic fibrillar surface is inferred,
indeed similar to that of the type-B* oligomers, when the nature of the solvent exposed surface of
analogous fibrils was analyzed and compared with monomeric and Type-A* oligomers using the
8-anilino-1-naphthalene sulfonate (ANS) probe [103,149]. This apparent contradiction needs to be
resolved, as the solvent-exposed hydrophobic surface seems to be highly correlated with toxicity in
amyloid aggregates [150].

Other S oligomeric structures that have been reported to be formed during fibril formation include
annular oligomers, as visualized by transmission electron microscopy (TEM) and AFM [151,152], but not
further structural determination was reported for such oligomers and their relationships with the
fibrillar structures and other types of oligomers remain unknown. Oligomeric forms generated during
fibril formation have been isolated, in some cases purified by gel filtration, and remain stable under a
variety of conditions, which allowed certain structural and mechanistic characterization [101,153-156],
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with some features, such as size (average of 29-31 monomers per oligomer), antiparallel 3-sheet
structure [101] and amyloid core regions [153], reminiscent to those of the type-B* oligomers.

A large number of &S oligomeric species have been described as a result of their stabilization by
particular types of molecules able to either bind to or covalently modify «S, such as selegiline [153],
baicalein [157,158] or dopamine and its analogs [159,160]. Although significant differences in
morphology, size and secondary structure for the different xS oligomeric species have been shown,
a general trend is observed. Most of the reported stabilized oligomers were either mainly disordered,
which were generally reported to be nontoxic to neuronal cells, or presented certain, but limited,
-sheet structure, which showed significant level of toxicity in cells [120], suggesting that these two
main types of oligomers could be general to the various oS aggregation pathways that have been
explored up to date.

5. Possible Roles of x-Synuclein Species in Cell Toxicity

Aberrant folding and aggregation of certain amyloidogenic proteins has been suggested to be the
initial trigger of amyloid diseases, later followed by a cascade of events such as calcium and metal ion
dyshomeostasis, oxidative stress and proteostasis impairment. This initial trigger has been related with
the ability of certain aggregated species to bind and disrupt cellular membranes. Amyloid aggregates
from different proteins and peptides, including some not related a priori with human diseases, have
been shown to induce cellular toxicity by similar mechanisms of membrane perturbation [161,162].
These experimental observations suggested that this mechanism of toxicity is indeed a common feature
for this type of aggregates that share the same toxic structural determinants [1,13]. While the intrinsic
toxic properties of the aggregates are independent of cellular proteostasis, their accumulation and life
span strongly depends on the cellular proteostasis activity [163].

The nature of the most toxic aggregated species formed during amyloid aggregation, in particular
for oS, remains a subject of intense debate in the field. Both oligomers and fibrils have been shown to
be toxic in different contexts and comparative studies have reported contradictory results, although
the nature of the aggregates, particularly for the oligomeric species, is generally not defined with
the precision required to derive strong conclusions. There is multiple experimental evidence for an
important role of particular types of oligomers in «S amyloid toxicity. Structural-toxicity studies
on in vitro-generated &S oligomers have generally shown that disordered oligomers are benign to
cells, while oligomers with partially formed {3-sheet cores and highly hydrophobic surfaces are the
most inherently toxic «S species upon exposure to cells [120]. While these studies were performed
with in vitro-generated oS aggregates, similar cellular effects were observed in a human iPS-derived
S triplication neuronal model with endogenous &S aggregation, suggesting that analogous types
of &S aggregated species are also formed in vivo [26,27]. The ability of the rudimentary cross-f
oligomers to induce toxicity has been proposed to arise, at least in part, from their ability to bind
lipid membranes and insert their flexible, hydrophobic {3-sheet core into the interior of the lipid
bilayer [145]. The combination of these structural features is absent in the monomeric and early
disordered oligomeric forms [145,164], as well as in the highly rigid (in some cases with rigidities close
to steel [165]) fibrillar structure. The insertion of this type of oligomers into the lipid membranes causes,
then, a cascade of toxic effects in the cells such as calcium and metal ion imbalance, oxidative stress,
mitochondrial and lysosomal dysfunction, and eventually cell death [26,27,166-169]. In addition,
the exposure of hydrophobic residues and hydrogen-bond unsatisfied amino acid groups on the surface
of these inherently intermediate, partially folded species, likely result in the aberrant and promiscuous
interaction of these species with other proteins and cellular components that could disrupt their
correct biological functions. This situation would explain some of the reported cellular effects of xS
oligomers such as synaptosomal and mitochondria dysfunction [170,171] and the impairment of the
ubiquitin-proteasomal systems [172,173].

Although «S fibrillar aggregates are able to bind to cellular membranes, they appear to remain
bound to the membrane without inserting their 3-sheet core into the lipid membrane, in contrast to the
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toxic 3-sheet oligomers [145] and, consequently, their effects on membrane perturbation are milder in
terms of mass concentration, unless a massive overload of fibrils are bound to the same cell at the same
time. However, similar qualitative effects, such as intracellular ion homeostasis perturbation [174] and
cellular proteostasis [173], mitochondria [175] and lysosome dysfunction [176], have been observed for
both fibrillar and (3-sheet oligomers, suggesting possible common mechanisms of toxicity between
oligomeric and fibrillar species. Recent evidence shows that distinct fibrillar S polymorphs cluster at
the plasma membrane of neurons to a clearly different extent, and also exhibit different seeding abilities.
These results were interpreted in terms of variations in the organization of membrane receptors induced
by distinctive types of S fibrillar polymorphs [177]. In some reports, oS fibrils have been shown to
induce an inflammatory response [178,179], although further studies are required to elucidate the role
of aS aggregates on the induction of a chronic inflammation, proposed to be an important factor in
triggering neurodegeneration.

6. Possible Roles of x-Synuclein Species in Cell-to-Cell Propagation

Misfolded forms of &S, and other proteins associated with neurodegenerative disorders, have
been shown to self-propagate and spread between interconnected regions of the central nervous system
acting as infectious agents propagating neurodegeneration, in a similar manner as it has been described
for prions [179]. The spatiotemporal progression of &S pathology and the progressive nature of PD
and other synucleinopathies [179] suggests the presence of specific anatomic oS spreading pathways.

Cell-to-cell transmission of «S aggregates has been experimentally observed [179] and more
directly evidenced in grafted fetal mesencephalic neurons in PD patients after a host-to-graft oS
misfolded transmission [180,181]. Indeed, the «S pathology transmission model has been used to
develop cell and animal models of &S pathology as the exposure of neurons to extracellular pre-formed
S fibrils induces intracellular endogenous inclusions resembling those found in disease brains, the loss
of dopaminergic neurons in the SNc and the associated motor-behavior defects, recapitulating the core
features of PD [75].

We recently published a study that compared the ability of short (50 nm) fibrils and
seeding-incompetent oligomers (type-B* oligomers) to cause PD-related phenotypes in mice. Striatal
injections of short fibrils or elongation-deficient oligomers caused loss of dopamine neurons in the
SNc [75]. The short fibrils caused also recruitment of endogenous oS into pS129-positive inclusions
that resembled LB pathology, loss of dopamine terminals in the striatum, and induction of motor
behavior phenotypes. However, the seeding-incompetent oligomers caused some loss of dopamine
neurons in the SNc, reflecting their toxicity, but they did not produce «Syn inclusions or behavioral
phenotypes. Short amyloid fibrils, and likely elongation-efficient oligomers (type-B oligomers) that can
recruit and corrupt endogenous «S, are responsible for the majority of these phenotypes. Long fibrils,
however, were unable to internalize efficiently and therefore spread from cell to cell. These results
highlight the role of the size of the amyloid aggregates in the induction of intraneuronal «S inclusions,
and suggest a potential toxic effect of those processes that could occur in the cell and result in the
accumulation of small amyloid-like aggregates, such as fibril fragmentation, fibril disaggregation or
uncompleted aggregation. One example is the action of the Hsp70 chaperone disaggregation system
that has been reported to be able to either reduce &S aggregation and spreading [182] or enhance oS
amyloid aggregation by releasing spread-competent &S species [182]. The in vitro Hsp70-mediated
disaggregation of «S fibrils results primarily in the release of monomeric protein units from the fibrillar
ends [182]. Under optimal conditions (optimal chaperone-to-co-chaperone ratios and ATP availability),
the chaperone system is highly efficient and, therefore, the lifetime of possible toxic intermediate
species generated during the disaggregation process (either very short fibrils or oligomers) would be
very short and the overall Hsp70 system disaggregation activity would be beneficial to eliminate «S
toxicity [182]. However, if the disaggregation process is not completed because some of the components
of the chaperone complex are not optimal or the ATP availability is very limited at some point of the
reaction in the cell, this could result in the transient generation of toxic short fibrils and oligomers which
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could then diffuse and cause aberrant interactions with cellular components and spread efficiently
from cell to cell, as proposed in [183].

Disease-related familial mutations could alter the population distribution of amyloid polymorphs,
which could be related with their potential contribution to the pathogenesis [122,125]. Initial cryo-EM
structures of WT «S fibrils indicated that at least four of the five mutation sites found in familiar PD
(E46K, A53T/E, G51D and H50Q)) are preferentially located at the protofilament interfaces, rather than at
the kernel of the amyloid structures. The presence of such mutations were suggested to affect severely
the protofilament arrangement and then the stability of mature fibrils, which was correlated with the
potential increase in the fraction of toxic oligomeric species within the cells [125]. The E46K pathological
mutation, however, was later reported to adopt a significantly different amyloid fold as compared to
the amyloid structure adopted by the WT protein at similar conditions [124,125]. The acquisition of this
alternative fibril kernel conformation by the E46K mutation results in a significantly higher propensity
to seed the formation of new fibrils as compared to the WT fibrils [124,125], which could influence the
speed of oS pathology spreading. It is interesting to note that the E46K mutation seems to be the only
hereditary «S mutation that manifests in a clinical picture closer to DLB; the other mutations being
more associated to PD.

7. Post-Translational Modifications

oS has a number of PTMs, with phosphorylation, ubiquitination and nitration highly related to
pathology [184]. Phosphorylation has been identified on various serine and tyrosine residues, mostly
located at the C-terminal region of the protein. Despite being the most PTM studied in «S, its role in
physiology and disease remain controversial [185]. Phosphorylation on serine 87 (pS87-«S), in the NAC
region, appears to be increased in PD brains but, paradoxically, reduces the membrane-interaction
ability and blocks &S fibril formation in vitro [186]. Other studies using a rat model, however,
point toward a neuroprotective effect of pS87-aS [187]. The phosphorylation of some residues such
as tyrosine 125 (p125-«S) has been reported to have a beneficial role regarding neurotoxicity [188],
while the same modification at serine 129 (pS129-«S) is indicative of pathology. It has been found
that more than 90% of the «S in the LBs of PD patients” brains is phosphorylated at serine 129 [184],
while only ca. 4% in healthy brains [184]. This particular PTM has been shown to increase the rate of
«S amyloid aggregation [184], as well as the toxicity associated with this process [189]. Although other
studies have suggested a protective role based on its influence in reducing «S membrane binding [190]
and increasing the conformational flexibility of the monomeric protein (which would prevent fibril
formation) [191]. In the same line, constitutively expressed pS129-«S did not induce neurotoxicity in
an overexpression rat model, while non-phosphorylated oS did [192].

Another important type of PTM in &S is the ubiquitination of lysine residues located at the
N-terminal region of the protein. This region typically falls outside the amyloid core, although its
ubiquitination has been observed to inhibit amyloid formation [193]. Significant steric repulsions for
amyloid formation and structural differences in the fibrils would be expected upon ubiquitination in
this region of the protein given the size of ubiquitin with respect to that of the «S. Indeed, this PTM
can occur downstream fibril formation, given that most of the lysine residues of the N-terminal region
are exposed to the solvent and readily accessible for ubiquitination according to the currently available
cryo-EM structures [194].

Nitration of certain tyrosine residues are also commonly observed in pathologically relevant oS
inclusions and in some cases, such as nitration of tyrosine 39, have been reported to stabilize soluble
oligomeric species via dityrosine crosslinking [195].

The only available atomic structure of a post-translationally modified «S fibril carries the
N-terminally acetylated modification, and no differences with the unmodified protein fibrils were
observed [122]. This PTM is a mild modification located at a very distant region of the amyloid core in
the amyloid fibrils. It would be relevant to determine the influence of other PTMs, particularly those
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related to pathology, on the stability and structure of the «S oligomers and fibrils and their effect on cells,
as well as to define whether these modifications occur primarily before or after «S oligomerization.

8. Summary

It is gradually being accepted in the field that certain types of soluble oligomeric species of
«S are more inherently toxic than larger fibrillar aggregates. These oligomers can be generated
de novo from cytosolic S or &S associated with membranes. However, recent experimental evidence
shows that fibrils and large intracellular inclusions can also be a source of soluble oligomers by fibril
disaggregation [10] and secondary nucleation processes [32], which could explain, at least in part, the
similarities in the toxic effects observed between oligomeric and fibrillar species. Mutations in «S that
destabilize the dimeric interface of mature fibrils, such as the pathological mutations H50Q, G51D and
A53T/V/E, may lead to a larger population of soluble toxic oligomers. However, these mutations are
extremely rare, so understanding the cellular mechanisms which favor 3-sheet oligomer formation need
to be further elucidated. These can include: slight increases in &S levels, defects in lysosome activity,
oxidation and PTMs that can occur particularly in dopamine neurons, induction of the formation of
intracellular «S droplets by LLPS, aberrant activity of chaperone systems or expression of other mutant
genes that can impact any of the above processes. Templated recruitment of endogenous oS also occurs
and, for this, particularly short fibrils appear to be the most potent &S species [75]. Multiple types of
aggregates are, therefore, populated during the process of self-assembly and might be involved in
different stages of the development of pathology, some species being directly involved in the induction
of neurotoxicity and others in the propagation of pathology [77].

A combination of three parameters appear to be key for the potential toxicity of S aggregates,
and likely aggregates from other amyloidogenic proteins: size, a highly exposed hydrophobic surface,
and structural flexibility. Recent experimental evidence of remarkably different seeding capabilities of
structurally alternative amyloid polymorphs suggests that other structural properties play also a role
in oS aggregate toxicity. Further studies on structure-toxicity relationships on different S aggregate
polymorphs will help to define the molecular basis of toxicity and spreading in oS aggregates. It is
important to identify also the structural determinants in the aggregates that dictates the preference for
the recruitment of monomeric molecules either at the ends of the fibrillar structure or at its longitudinal
surface and, thus, for the type of secondary process that governs the system, as this is an important
source of polymorph variability. Further experimentation is required to (i) elucidate the detail structure
of soluble toxic oligomers and the polymorphism associated with this type of S species, (ii) how
solution conditions, pathological mutations and PTMs impact on their structure and stability and
(iii) the type of oligomer and fibril polymorphs that form in vivo in a disease-related context and that
could be associated with the distinct types of synucleinopathies. The type of «S fibril polymorphs
isolated from patient-derived brain samples are remarkably different from the fibril polymorphs
that up to date have been generated in vitro and whose structures have been characterized [132,196].
It would be relevant to characterize the structural types of «S oligomers and fibrils that are formed in
alternative conditions, and therefore through alternative amyloid pathways, to those explored in vitro.
In particular, those generated through liquid-to-solid transitions inside oS droplets generated by LLPS,
which have been recently suggested to precede oS amyloid formation in vivo, and that are likely to
occur through very different amyloid mechanisms to those of the typical processes studied in vitro
under diluted and highly hydrated conditions [92]. Gaining a better understanding of the type of
amyloid pathways and primary and secondary processes occurring in vivo, as well as the nature and
structure of the types of polymorphs of oligomers and fibrils formed, will help not only to identify the
molecular basis of &S aggregation in disease, but also to design future treatments and develop new
diagnostic tools for the early diagnosis of distinct types of synucleinopathies.
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Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by fibrillar neuronal inclusions composed of
aggregated a-synuclein (a-syn). These inclusions are associated
with behavioral and pathological PD phenotypes. One strategy
for therapeutic interventions is to prevent the formation of
these inclusions to halt disease progression. a-Synuclein exists
in multiple structural forms, including disordered, nonamyloid
oligomers, ordered amyloid oligomers, and fibrils. It is critical to
understand which conformers contribute to specific PD pheno-
types. Here, we utilized a mouse model to explore the patholog-
ical effects of stable 3-amyloid—sheet oligomers compared with
those of fibrillar a-synuclein. We biophysically characterized
these species with transmission EM, atomic-force microscopy,
CD spectroscopy, FTIR spectroscopy, analytical ultracentrifu-
gation, and thioflavin T assays. We then injected these different
a-synuclein forms into the mouse striatum to determine their
ability to induce PD-related phenotypes. We found that 3-sheet
oligomers produce a small but significant loss of dopamine neu-
rons in the substantia nigra pars compacta (SNc). Injection of
small -sheet fibril fragments, however, produced the most
robust phenotypes, including reduction of striatal dopamine
terminals, SNc loss of dopamine neurons, and motor-behavior
defects. We conclude that although the 3-sheet oligomers cause
some toxicity, the potent effects of the short fibrillar fragments
can be attributed to their ability to recruit monomeric a-sy-
nuclein and spread iz vivo and hence contribute to the develop-
ment of PD-like phenotypes. These results suggest that strate-
gies to reduce the formation and propagation of 3-sheet fibrillar
species could be an important route for therapeutic intervention
in PD and related disorders.
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Multiple neurodegenerative diseases are characterized by
amyloid inclusions that are formed by the assembly of mono-
meric proteins into oligomeric intermediates that then grow to
form protofilaments, and eventually fibrils (1). In Parkinson’s
disease (PD),” these inclusions are referred to as Lewy bodies
and Lewy neurites and are composed primarily of a-synuclein
(2), but they also include other proteins such as p62 and ubiq-
uitin (3). They develop from the nucleated polymerization of
endogenous a-synuclein that is then thought to spread within
neurons and to propagate to interconnected neuronal networks
in a spatially and temporally predictable manner (4, 5). The role
of a-synuclein in neurodegeneration and in generating symp-
toms in PD is not yet completely clear and is an area of active
research. It is important to note that neurodegeneration is
likely to be caused by a combination of factors in addition to
a-synuclein inclusion formation such as impaired proteostasis,
mitochondrial dysfunction, and activation of inflammation. On
the basis of data that support the cell-to—cell spreading of
a-synuclein aggregates, however, therapeutic strategies such as
immunotherapy are in development in the hope of blocking the
invasion of pathogenic a-synuclein species into additional
brain regions and hence slowing the progression of PD (6).

Preventing the progression of a-synuclein inclusion forma-
tion, however, requires precise definitions of the species that
are more highly toxic and those that are capable of promoting
theformationofnewaggregatesbyrecruitingendogenousmono-
meric a-synuclein. Assemblies of structurally diverse oligomers
and fibrils have varying degrees of pathogenicity (7-9). In a
cellular environment, monomeric a-synuclein interacts with
membranes and adopts an a-helical, tetrameric conformation
(10-12). Monomeric a-synuclein can also assemble into fibrils
in an array of heterogeneous oligomeric species that are often
transient in nature. Recently, methods have been developed to
produce and stabilize oligomers of a-synuclein (7, 13), enabling

® The abbreviations used are: PD, Parkinson'’s disease; AUC, analytical ultra-
centrifugation; AFM, atomic-force microscopy; PFA, paraformaldehyde;
ThioT, thioflavin T; TEM, transmission electron microscopy; ANOVA, analy-
sis of variance; DAT, dopamine transporter; TH, tyrosine hydroxylase; SNc,
substantia nigra pars compacta; p-a-synuclein, phosphorylated a-sy-
nuclein; O, oligomer; F-L, F-long; F-M, F-Mix; F-S, F-short; OC, omyloid fibril
antibody.
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these to be extensively characterized. One particularly well-
defined type of a-synuclein oligomeric species is composed of
~15-30 protein molecules, adopts a spherical appearance, and
contains a rudimentary $3-sheet structural core with very lim-
ited capability of binding the amyloid-specific dye thioflavin T
(ThioT) and of elongating and recruiting new a-synuclein mol-
ecules. Addition of these oligomers to cells in culture disrupts
membranes, generates reactive oxygen species, increases cyto-
solic calcium, and increases cell death (7, 13, 14). In contrast,
the typical fibrillar forms of a-synuclein show the general amy-
loid features, including the ability to bind ThioT, the presence
of a cross-f3 core structure, and an elongated filamentous mor-
phology of 10—15 nm diameter. Exposure of neurons to extra-
cellular a-synuclein fibrils induces intracellular endogenous
a-synuclein to form inclusions that are morphologically and
biochemically similar to those found in diseased brains; they
form dense Lewy body-like aggregates in the soma, thread-like
Lewy neurites in the neuropil, are insoluble in nonionic deter-
gents, are primarily composed of fibrillar aggregates, and are
phosphorylated, ubiquitinated, and proteinase K-resistant (4,
5, 15, 16). Inclusion formation leads to loss of dopaminergic
neurons in the SNc with associated motor dysfunctional phe-
notypes, recapitulating the core features of PD. It has been
shown that extensive sonication of a-synuclein fibrils increases
the abundance of inclusions (17, 18). Such fragmentation, how-
ever, can generate a heterogeneous ensemble of species, includ-
ing oligomers as well as short and long fibrillar fragments,
which likely contributes to the current variability of observed
phenotypes in the pre-formed fibril mouse model (19). More
precise biophysical characterization combined with in vivo
experiments is required to define which species contribute
more strongly to the neuropathological and neurodegenerative
phenotypes.

Here, we produce, isolate, and define reproducible conform-
ers of mouse a-synuclein and monitor the neuropathological
and neurodegenerative outcomes in mice injected with differ-
ent well-defined forms of the protein, namely monomers, stable
kinetically-trapped B-sheet oligomers, and fibril fragments.
Unilateral injection of the 3-sheet oligomers causes a slight but
significant loss of dopamine neurons in the SNc, but it does not
induce inclusion formation or produce defects in motor behav-
ior; these findings can be attributable to the inability of these
oligomers to grow by addition of the monomeric protein. The
injections of preparations of short fibrils (70 nm), however,
result in the formation of inclusions, the loss of dopamine ter-
minals in the striatum, dopaminergic neurons in the SNc¢, and
motor-behavior defects.

Results

Biophysical and morphological characterization of
a-synuclein conformers

To determine the capacity of different structural forms of
a-synuclein in the mouse brain to induce PD-related pheno-
types, we used recombinant mouse a-synuclein protein for
the preparations of the different forms given the lower effi-
ciency of seeding when using cross-species (i.e. human)
a-synuclein forms (see Fig. 3) (20). We first characterized
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the stability and structural features of oligomers and fibrils.
a-Synuclein fibrils were generated by shaking monomeric
a-synuclein for 7 days at 37 °C, and the resulting structures
shown by transmission EM (TEM) and atomic-force micros-
copy (AFM) indicated a long, filamentous structure as
observed previously (“F-long, F-L”) with an average length of
266 * 0.5 nm (Fig. 1, A-D). Shorter fibrils were then gener-
ated by sonication reducing the average length to 120 = 4.0
nm; these fragments still, however, varied in length from 40
to 225 nm (“F-Mix, F-M”) (Fig. 1, E-H). Samples enriched in
shorter fragments were generated by passing the solution of
F-M through a 0.22-um filter (21, 22), resulting in an average
length of 70 = 3.3 nm and a more homogeneous distribution
of 40125 nm (“F-short, “F-S) (Fig. 1, I-L). Stabilized oligo-
meric species were generated using the procedure described
previously for the human variant of the protein (7, 14); these
oligomers were observed in TEM and AFM images to have a
spherical morphology that was similar to that observed for
oligomers generated by human a-synuclein. Their size was
more uniform than that of the fibrillar samples, with an aver-
age length of 54 * 0.7 nm and a range of 40-70 nm (Fig. 1,
M-P). To confirm that the procedures used to generate the
oligomers and fibrils did not cause degradation of a-sy-
nuclein, oligomer, F-L, F-M, and F-S were incubated with
urea to dissociate the fibrils and oligomers into monomers.
a-Synuclein was identified using SDS-PAGE, and bands
were visualized using either “instant blue” or silver stain.
Protein remains unaltered in all the protein samples, except
for some minor monomer degradation that occurred in the
oligomeric samples with minimal consequences for the
study (Fig. S1).

Indeed, the stable, purified oligomers generated by mouse
a-synuclein show identical morphological and structural fea-
tures as the previously reported oligomers of human a-sy-
nuclein (Fig. 2A4) (7). As shown previously for human oligomers,
analytical ultracentrifugation (AUC) revealed that mouse olig-
omers showed two main distributions: one centered at 10S cor-
responding to a population of oligomers composed of an aver-
age of 18 a-synuclein molecules (260 kDa), and the other at 158,
corresponding to oligomers composed of an average of 29 a-sy-
nuclein molecules (420 kDa) (Fig. 2A4), and similar to the size
distribution of human oligomers. Also similar to the previously
characterized human oligomers, mouse oligomers showed an
intermediate structure between the disordered monomer and
the B-sheet-rich amyloid fibrils, with an average of 30% of
B-sheet structure (F-L, F-M, and F-S show ~60—65%) accord-
ing to Fourier transform IR (FTIR) and far-UV circular dichro-
ism (CD) spectroscopy analysis (Fig. 2, B and C) (7, 13). They
also showed marginal ability to bind ThioT molecules (Fig. 2D),
unlike F-L, F-M, and F-S, which showed similar ThioT binding.
In addition, the FTIR data also showed a marked difference
between the oligomers and the fibrils, whereas the spectra of
the fibrils contained an absorbance peak at 1620 cm ™' and no
absorbance peak at 1695 cm ™', characteristic of a parallel
B-sheet configuration; the spectra of the oligomers clearly
showed both peaks demonstrating an antiparallel B-sheet
arrangement. An antiparallel conformation for stabilized olig-
omers and parallel conformation for fibrils has previously been
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Figure 1. Morphological characterization of the mouse a-synuclein species used in the in vivo mouse studies. TEM and AFM images of fibrils (F-L) (A and
B), sonicated fibrils (F-M) (E and F), sonicated fibrils enriched in short fragments (F-S) (/ and J), and O (M and N). C-P, AFM was used to quantify the length and

height of each species shown in the histograms.

observed for human a-synuclein and other amyloidogenic pro-
teins and peptides, such as B-amyloid (23, 24), and the acquisi-
tion of the antiparallel B-sheet arrangement has been associ-
ated with a lower structural stability and a significantly reduced
efficiency in elongation and seeding (7, 25). Indeed, the stable
oligomeric species (O) of a-synuclein appear to be trapped spe-
cies that need to dissociate and reassemble into species with
parallel B-sheet structure to readily assemble into fibrils. Anti-
bodies have been generated that recognize toxic conformations
of proteins implicated in neurodegeneration (26, 27). The A11
antibodies selectively recognize potentially toxic conforma-
tions of proteins implicated in neurodegeneration, particularly
pre-fibrillar oligomers, whereas the amyloid fibril OC antibody
recognizes fibrils. Dot-blots using these antibodies showed
that, as expected, OC recognized FL, FM, and FS. A11 recog-
nized the oligomer preparation but also recognized the soni-
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cated fibrils. A11, however, did not recognize the long fibrils
(Fig. S2). These data indicate that the process of fragmenting
longer fibrils can produce toxic oligomers, as shown previously
(13).

Seeding efficiency of fibrils and oligomers in vitro and in
neurons

We first wanted to assess the degree of compatibility between
human and mouse a-synuclein in in vitro seeding reactions
(Fig. 3A). Mouse and human fibrils (5 um) were combined with
100 uM mouse a-synuclein monomer, and the formation of
ThioT-positive amyloid fibrils was measured over time. Mouse
fibrils seeded the formation of ThioT-positive amyloid fibrils
from mouse a-synuclein monomer more rapidly than human
fibrils, as shown previously (20). Interestingly, the initial rate of
seeding using fibrils and monomers of human a-synuclein pro-
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Figure 2. Structural characterization of a-synuclein species used in the in vivo mouse studies. A, absorbance unit (a.u.) sedimentation velocity measure-
ment of human (blue dashed line) and mouse oligomers (orange line) shows 10S and 15S species. B, FTIR spectra show that F-L, F-M, and F-S species are primarily
composed of parallel B-sheets (band at 1620-1630) and that the oligomeric (mouse and human) species are primarily antiparallel (band at 1620-1630 cm ™'
and shoulder at 1695 cm ™). The mouse and human oligomers have B-sheet structures of about 40 and 65%, respectively. C, CD shows that B-sheet content of
oligomers (mouse and human) are intermediate between monomer and fibrils. M.R.E., mean residue ellipticity. D, ThioT binding shows that the fibrils adopt an
amyloid conformation; the oligomers show limited ThioT binding, and the monomer shows no ThioT binding.

tein was slower than that observed for mouse a-synuclein and
was significantly slower when mouse a-synuclein fibrils were
used to seed solutions of human a-synuclein monomers. Thus,
the seeding efficiency was found to be higher when the species
of a-synuclein seeds matches that of the free monomers; there-
fore, in the in vivo seeding studies that involve endogenous
expression of mouse a-synuclein, it is recommended to use
fibrillar seeds generated from mouse a-synuclein.

Using mouse protein, the ability of the oligomers and the
different sizes of fibrils to seed formation of ThioT-positive
amyloid fibrils were also determined (Fig. 3B). Seeding with the
oligomers was highly inefficient and produced negligible fibril
formation over time, a finding consistent with previous data for
the human protein showing that these oligomers are trapped in
a conformation distinct from that of the fibrillar species that is
unable to efficiently elongate (7). In contrast, all the fibrillar
samples used in this study were highly efficient in the seeding
reactions.

To examine the ability of different a-synuclein fibrils to seed
inclusionformationinneurons,0.05 uMconcentrationsofmono-
meric, O, F-L, F-M, or F-S were added to WT primary hip-
pocampal neurons, and the abundance of phosphorylated a-sy-
nuclein, a marker of pathological «-synuclein inclusion
formation in cells, was measured (Fig. 3, C and D) (28). Neither
monomeric nor oligomeric a-synuclein was found to produce
p-a-synuclein inclusions, a result consistent with the finding
that these forms of a-synuclein were not able to seed fibril for-
mation in vitro. Immunofluorescence appeared diffuse and
faint in experiments with both forms of a-synuclein. F-M and
F-S produced similar quantities of inclusions, the majority of
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which appeared as bright and thread-like structures similar to
Lewy neurites found in synucleinopathy brains. In contrast, a
small quantity of p-a-synuclein was visible in neurons exposed
to the long fibrils, which is significantly lower compared with
the levels observed in neurons exposed to fragmented fibrils
(Fig. 3, C and D). To determine whether fibrils are more effi-
cient at inducing a-synuclein inclusion formation because they
are more efficiently internalized than oligomers, an internaliza-
tion assay using a-synuclein labeled with Alexa488 was per-
formed (29). This assay utilizes trypan blue to quench the fluo-
rescence of extracellular a-synuclein conformers to distinguish
extracellular from intracellular a-synuclein. In addition, when
trypan blue binds to proteins on the membrane surface, it fluo-
resces when excited at 560 nm, allowing visualization of soma
and neurites. Both short Alexa488-labeled a-synuclein fibrils
(F-S) and O were internalized, whereas unsonicated fibrils
showed minimal internalization, as demonstrated previously
(Fig. 3E) (29). Surprisingly, oligomers showed significantly
increased internalization compared with fibrils, indicating that
the efficiency of fibril uptake does not account for robust inclu-
sion formation. Table 1 summarizes the structural and mor-
phological features of all the a-synuclein species used in this
study.

Formation of inclusions in the brain by fibrils and oligomers

To determine the extent to which the oligomers and the dif-
ferent lengths of fibrils seed the formation of a-synuclein inclu-
sions in the brain, mice received unilateral striatal injections of
each species with the mass concentrations in the samples mea-
sured immediately after injection. Monomeric a-synuclein was
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Figure 3. Seeding ability of the difference assembled forms of a-synuclein species in vitro and in primary neurons. A and B, monomer (100 um) was
incubated with 5 um fibrillar or oligomeric seeds, and the fluorescence of samples incubated with ThioT was quantified over time. C and D, for the primary
hippocampal neurons, 70 nm F-L, F-M, F-S, or oligomers were added to the neurons, and after 7 days, the neurons were fixed, and inclusion formation was
visualized using an antibody to p-a-synuclein (green). Immunofluorescence for tau (magenta) shows the distribution of axons (scale bar, 50 mm). ImageJ was
used to quantify the percent area occupied by p-a-synuclein fluorescence normalized to the area occupied by tau fluorescence. The data are presented as the
mean * S.E. E, primary hippocampal neurons were preincubated with Alexa488-tagged F-L, F-S or O for 30 min at 4 °C to allow binding to the cell surface. The
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to trypan blue immunofluorescence. The internalization experiments were repeated two times. **, p < 0.01.
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Summary of biophysical characteristics of the species of a-synuclein used in this study

NA means not applicable.

Average Secondary
Species length structure Configuration Amyloid Seeding-competent
nm
Monomer NA Random coil NA No No
Fibrils 266 60% B-sheet Parallel Yes Yes
Fragmented fibrils (mix, “F-M”) 120 60% B-sheet Parallel Yes Yes
Fragmented fibrils (short, “F-S”) 70 60% B-sheet Parallel Yes Yes
Oligomers (“O”) 54 30% B-sheet Anti-parallel No No

also injected as a control. In the case of the oligomeric samples,
the concentration of a-synuclein was determined by absor-
bance at 280 nm (the extinction coefficient used was 8278 M~ *
cm ™! for oligomers); the fibrillar samples were first dissociated
into monomeric units using guanidinium hydrochloride, and
the concentration of protein in the sample was then determined
(the extinction coefficient used was 7450 M~ cm ™~ !). The con-
centration of the oligomers was determined to be 300 um and
that of F-L, F-M, and F-S to be 150 M, although the fibrils were
initially prepared using 300 um a-synuclein. Since this study
was initiated, we published a recommendation that fibrils
should be freshly made before injections, rather being frozen
,and that the concentration of fibrils should be measured
immediately before injection (19). Thus, the concentration of
oligomers injected was twice that of the fibrils in terms of mono-
mer equivalents.

The mice were perfused 3 months after injection of the a-sy-
nuclein species. Immunohistochemistry was performed using
an antibody specific for a-synuclein phosphorylated at serine
129, one of the post-translational modifications of a-synuclein
in Lewy neurites and Lewy bodies in synucleinopathy brains
(28). In synucleinopathy models, there is very little pSer-129 —
a-synuclein in neurons from control WT mice. However, expo-
sure of neurons to fibrils produces a-synuclein—abundant
inclusions that are highly phosphorylated (5). These fibril-in-
duced inclusions have also been shown in previous studies to be
ubiquitin- and p62-positive and are insoluble in detergent (5,
16, 30-32). Importantly, when neurons from «-synuclein
knockout mice are exposed to fibrils, the neurons show mini-
malpSer-129 —a-synucleinimmunoreactivity (4). Inbothmono-
mer- and oligomer-injected mice (Fig. 44), immunoreactivity
for p-a-synuclein appeared to be diffuse in the cytosol, possibly
representing a pool of monomeric a-synuclein protein targeted
for degradation (33). Unilateral striatal injections of F-L, F-M,
and F-S all resulted in the formation of p-a-synuclein—
positive inclusions that produced more intense signals com-
pared with oligomer-injected mice. The inclusions appeared
as Lewy neurite-like threads in the neuropil and skein-like
inclusions in the soma. The abundance of neurons with
inclusions in the soma was measured using a semi-quantita-
tive rating scale (Fig. S3), and the average level within the
animals in each group was calculated. Table 2 shows the list
of the brain areas containing inclusions along with a ranking
based on the quantification process in the different brain
areas. The brain areas with the most abundant inclusions
included the cortex, amygdala, and striatum. Except for the
SNc, which only showed inclusions on the side ipsilateral to
the injection, all the brain areas investigated showed bilat-
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eral inclusions after unilateral injections of a-synuclein spe-
cies in the striatum, although the ipsilateral side consistently
showed more inclusions than the contralateral side (Fig. 4C).
The fragmented fibrils (F-M and F-S) produced significantly
more inclusions than nonfragmented fibrils (F-L), although
there were no significant differences in the abundance of
inclusions between F-M- and F-S—injected mice (Fig. 3).

Appearance of p-a-synuclein inclusions in different brain
regions at different time points following injections of fibrillar
species

The most abundant inclusions appear in the cortex,
amygdala, and SNc. These brain regions all project to the stria-
tum (34), suggesting that the aggregates are internalized into
the axon terminals, and the resulting inclusions spread within
the neuron to the soma. This is consistent with findings that
after addition of fibrils to neurons of nontransgenic mice
endogenously expressing a-synuclein, inclusions appear first in
axons and then at later time points in the soma (4), and is also
consistent with the highest concentration of a-synuclein being
at the presynaptic terminals (35). To confirm the observation
that inclusions appear in brain nuclei that project to the stria-
tum, we co-injected the fibrillar samples with retrotracer beads
into the right dorsolateral striatum. Neither the retrotracer
beads nor p-a-synuclein—positive inclusions had appeared in
the SNc (Fig. 54) or amygdala 1 week after injections. In the
cortex, however, small fluorescent p-a-synuclein puncta that
were co-localized with retrotracer beads were visible. Two
weeks after injection, however, p-a-synuclein—positive inclu-
sions were visible in the SNc, cortex, and amygdala in the same
area as the retrotracer beads. By 4 weeks after injection, p-a-
synuclein—positive inclusions were abundant in all three brain
regions. These data show that the formation of p-a-synuclein—
positive inclusions after injection of fibrils is not apparent until
about 1 week after injections and that the cortex is the first area
affected.

Loss of dopamine terminals in the striatum and dopamine
neurons in the SNc

Unilateral injection of sonicated fibrils into the striatum was
previously shown to produce a significant, ~35%, loss of dop-
aminergic neurons in the SNc relative to mice injected with
saline solution (5). The loss occurred 6 months following injec-
tion of fibrils, although there were no statistically significant
differences in the numbers of tyrosine hydroxylase (TH)-
positive dopamine neurons 3 months after injection. Here, we
used unbiased stereology to quantify the numbers of TH-posi-
tive neurons in the ipsilateral and contralateral SNc of mice
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Figure 4. Inclusion formation in the mouse brain after injection of different forms of a-synuclein. C57BL/6J mice received unilateral striatal injections of
2 pl of soluble monomer (300 um), F-L (150 um), F-M (150 um), F-S (150 um), and O (300 um). After 3 months, mice were perfused, and immunohistochemistry
was performed using an antibody to p-a-synuclein. Representative images from the SNc (A) and amygdala (B) are shown. Arrowheads indicate inclusions in the
soma, and arrows indicate Lewy neurite-like inclusions. C, abundance of inclusions was measured by an investigator blinded to experimental conditions
(supporting material 1). Numbers of mice are as follows: monomer (12); F-L (11); F-M (12); F-S (11);and O (15). Data are shown as the mean score * S.E.and were
analyzed using a two-way ANOVA, a-synuclein species/cingulate F(2,30) = 37.85, p < 0.0001; a-synuclein species/motor cortex F(2,30) = 7.9, p < 0.002;
a-synuclein species/insular cortex F(2,30) = 22.3, p < 0.0001; a-synuclein species/striatum F(2,30) = 8.5, p < 0.001; a-synuclein species/amygdala F(2,30) = 6.6,
p = 0.004; a-synuclein species/SNc F(2,30) = 6.2, p < 0.005.%,p < 0.05; **, p < 0.01; ***,p < 0.001; ****, p < 0.0001. Scale bar, 100 um (top panels); 20 p.m (bottom

panels).

unilaterally injected with the different «-synuclein species.
Three months after injection, only F-S produced a signifi-
cant, ~30%, loss of dopaminergic neurons compared with
monomer-injected mice in the ipsilateral SNc (Fig. 6). The
number of dopaminergic neurons on the side ipsilateral to
the injection site were significantly reduced relative to the
noninjected side (Fig. 6B). Oligomers produced a significant
reduction in the number of neurons on the side ipsilateral to
the injection site relative to the noninjected side. To deter-
mine whether dopamine neurons are dying in mice injected
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with a-synuclein species or whether TH levels are simply
being down-regulated, double-labeling immunofluores-
cence measurements for TH and NeuN (Fig. S4) were per-
formed in the SNc. Compared with mice that received uni-
lateral injections of monomeric a-synuclein, there was a
slight, but not statistically significant, reduction in the num-
ber of NeuN-positive neurons in the mice that received uni-
lateral injections of F-S. The TH immunofluorescence in the
F-S- and O-injected mice appeared beaded compared with
monomer-injected mice, suggestive of dying neurons. How-
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Table 2

Mice received unilateral striatal injections of F-S and were perfused 3
months later

Immunohistochemistry was performed on brain sections using an antibody to p-a-
synuclein. The abundance of inclusions in these brain areas was rated on a scale
from O to 3 (see Fig. S1), and the brain areas are listed in order of average score.
Brains from nine independent mice were scored to obtain the average score.

Average p-a-synuclein Average p-a-synuclein

Brain area score—ipsilateral score— contralateral
Motor cortex 1.6 1.1
Somatosensory cortex 1.6 1
Insular cortex 1.6 1
SNc 1.6 0
Auditory cortex 1.4 0.9
Lateral orbital cortex 1.3 0.9
Amygdala 1.3 0.6
Ectorhinal cortex 1.3 0.9
Striatum 1.1 0.5
Cingulate cortex 1.0 1.0
Visual cortex 1.0 0.4
Piriform cortex 1.0 0.5
Nucleus accumbens 0.4 0.4
Retrosplenial cortex 0.7 0.3
Subiculum 0.6 0
Hippocampus 0.4 0
Mammillary nucleus 0.5 0.1
Olfactory tubercle 0.2 0
Fimbria 0 0
Cerebellar flocculus 0 0
Colliculus 0 0

ever, there were also TH-positive neurons that appeared
healthy. These findings suggest the existence TH-positive
dopaminergic and nondopaminergic neuron subtypes in the
SNc that resist toxic a-synuclein fibrils.

The loss of dopamine terminals from the striatum was mea-
sured by immunofluorescence detection of the dopamine
transporter (DAT) (Fig. 6, C and D). Mice injected with both
F-M and F-S showed a significant, ~30%, reduction in DAT-
positive dopamine terminals relative to monomer-injected
mice. However, only F-M—injected mice showed a statistically
significant loss of TH-positive axons in the SNc (Fig. S5). The
difference between DAT and TH labeling in the striatum could
simply result from technical differences in immunofluores-
cence labeling or differences between vesicularly-localized
DAT versus cytosolically-localized TH. Alternatively, the pos-
sible interaction between a-synuclein aggregates and DAT may
alter the trafficking and localization of this transporter, which
could potentially be an interesting line of investigation for the
future. In addition, unlike the unilateral loss of dopamine neu-
rons in the SNc, the loss of dopamine terminals in the striatum
was bilateral. Thus, smaller fibrils of a-synuclein cause a loss of
dopamine neurons and dopamine terminals at 3 months fol-
lowing injections.

Motor-behavior defects caused by fibrils and oligomers

We next determined whether injection of fibrils and the con-
sequent loss of dopaminergic neurons and terminals were asso-
ciated with defects in motor behavior. After 3 months, only
mice that received unilateral injections of F-S showed a signif-
icant increase relative to untreated mice in the time needed to
descend a pole, a well-established test for “bradykinesia” (Fig. 7)
(36). Using the cage hang test, a test of motor strength, it was
found that only F-S—injected mice also dropped from the lid of
a cage in consistently shorter times compared with control
mice, also indicative of motor defects (5). There were no signif-
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icant differences among any of the groups of treated mice in an
open field test for time spent in the center of the field (a mea-
sure of “anxiety) or in the speed of movement. A cylinder test
modified specifically for mice (37) also showed no differences
among the groups in the average numbers of hind limb steps or
rears. Injections of short fragments of fibrils therefore show
much greater defects in behavioral tests of bradykinesia and
motor strength compared with much larger fibrils and toxic but
propagation-deficient oligomers.

Discussion

Designing therapeutic strategies to halt the progression and
spread of synucleinopathies such as PD requires characteriza-
tion of the specific forms of a-synuclein that are responsible for
given phenotypes, including the formation of inclusions in mul-
tiple brain areas, the loss of dopamine terminals, the reduction
in the numbers of neurons in the SNc, and the loss of normal
motor behavior. In this study, we have used a combination of
biophysical, biochemical, and behavioral assays to demonstrate
that small aggregates composed primarily of small fragments of
a-synuclein fibrils are able to induce typical features of PD
when injected into the brains of healthy mice. Such aggregates
are able to grow and recruit endogenous monomeric a-sy-
nuclein, suggesting that these species are important agents for
the spreading of toxicity and disease. By contrast, stable oligo-
meric aggregates of a-synuclein, which do not undergo elonga-
tion, were unable to induce the formation of inclusions by
endogenous a-synuclein, to cause loss of dopamine terminals
in the striatum, to cause loss of dopamine neurons in the SN,
or to cause deficiencies in motor behavior. The oligomers, how-
ever, caused a significant loss of dopamine neurons in the SNc
on the side ipsilateral to the injection compared with the con-
tralateral side, a finding consistent with their established cyto-
toxic nature but lack of seeding potency (7, 14, 38, 39). Consid-
ering all the present results together, we demonstrate that other
properties, in addition to toxicity, such as the ability of aggre-
gates to seed the formation of new aggregates and to spread
between cells, are important for the induction of PD pheno-
types in an animal model and that the a-synuclein species that
are most efficient in spreading pathology are small fibrillar
aggregates, particularly fibrillar oligomers with high-seeding
efficiency. Indeed, our results suggest that the ability of aggre-
gated species to recruit monomeric protein molecules and to
generate new toxic aggregates is a more important feature than
the inherent toxicity of the injected species for the development
of PD-related phenotypes (i.e. highly-toxic, seeding-deficient
oligomers versus less toxic and seeding-competent small
fibrils). In addition, our results suggest that the major disease-
spreading agents consist of seeding-efficient a-synuclein small
fibrillar aggregates rather than the possible specific conformers
generated from the toxic cascade of events induced by the toxic
aggregates and that could be transferred from damaged to
healthy cells. Finally, given the potential highly toxic and seed-
ing-competent nature of the fibrillar oligomers generated dur-
ing the aggregation reaction, in contrast to the seeding-defi-
cient features of the kinetically trapped oligomers used in this
study, as well as their high efficiency in enabling cell internal-
ization compared with the fibrillar species, we hypothesize that
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Figure 5. Appearance of p-a-synuclein inclusions in brain areas that project to the striatum. Fibrils and retrotracer beads were co-injected unilaterally
into the striatum. After 1 week (n = 3), 2 weeks (n = 3), or 4 weeks (n = 3), mice were perfused, and immunofluorescence to p-a-synuclein (green) was
performed. The retrotracer beads are shown in red, and the merged images include p-a-synuclein, retrotracer beads, and Hoechst (blue). Representative

images from the SNc, motor cortex, and amygdala are shown.

these species are also likely to be important players in the devel-
opment and spreading of disease. Indeed, we have recently
observed that the interaction of extracellular short fibrillar spe-
cies with cells results in the generation of on-pathway oligo-
mers that are readily internalized® and that could therefore effi-
ciently seed the intracellular formation of new toxic aggregates.
Overall, our results highlight the importance of fibrillar aggre-
gates of a-synuclein in the induction of PD-related phenotypes.
Future studies to examine the mechanisms by which larger
inclusions can fragment within the cell to become new and
efficient nuclei for the propagation of a-synuclein inclusions
and disease phenotypes will be of great interest, including dis-
aggregation by chaperones or lysosomal proteases (40).

Our results suggest that inhibiting the accumulation of small
fibrillar a-synuclein fragments generated either during the pro-
cess of protein aggregation or by the fragmentation or disaggre-
gation of longer fibrils have the potential to be a therapeutic
strategy against PD progression. Indeed, immunotherapy using
antibodies raised against a-synuclein are in phase II clinical
trials (6). However, antibodies that are not selective for fibrillar
a-synuclein also reduce the total concentration of a-synuclein
and may have deleterious effects because decreasing levels of
a-synuclein impairs dopamine transmission (41, 42). Antibod-
ies that selectively target fibrillar aggregates and reduce their
ability to spread from cell-to—cell could therefore reduce the
rate of disease propagation. One example is BIIB054, which
selectively binds fibrillar a-synuclein (43), and in mouse models
of PD, intraperitoneal injections of this antibody inhibited
inclusion formation, dopamine neuron loss, and defects in
motor behavior.

It has been shown that formation of a-synuclein oligomers in
vivo by expression of human a-synuclein pathological variants
using lentivirus induces loss of dopamine neurons (44). The
oligomers used in this study have antiparallel 3-sheet structure,
whereas the fibrillar structures are parallel, and so they are

¢ N. Cremades, submitted for publication.
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unable to elongate as they are kinetically trapped. It is likely that
oligomers containing a parallel B-sheet structure are transient
species involved in the formation of fibrils and are therefore
able to elongate and proliferate. In addition, it is also likely that
a range of different types of oligomeric species exist in vivo,
including species bearing post-translational modifications,
which are likely to share with the fibrillar species the ability to
disrupt membranes and to perturb other cellular processes
such mitochondprial function (45, 46).

Overall, our data highlight the importance of precise bio-
physical definitions of the aggregated forms of a-synuclein that
are responsible for the major events of dysfunction related to
PD. In this study, injection of the small fibrillar fragments (~70
nm in length) produced p-a-synuclein inclusions, neuronal
loss, and motor dysfunction. The fibril preparation, similar to
that used in previous studies (5, 30), containing longer frag-
ments (40 -225 nm) produced p-a-synuclein inclusions but did
not cause significant dopamine neuron loss or behavioral phe-
notypes at 3 months following injections. This result indicates
that fibril preparations enriched for small fragments will pro-
duce the most robust phenotypes. Although the fibril model is
becoming widely accepted for reproducing PD-like pathology,
variability has been reported in obtaining phenotypes that
could be caused by heterogeneous fibril preparations with a
wide range of fibril sizes.

Although the length of fragments does not substantially
influence the seeding of fibril formation in vitro, smaller frag-
ments are required for seeding of a-synuclein pathology in neu-
rons and in the brain. This is likely to be because the smaller
fragments bind more efficiently to cell-surface receptors such
as Lag3, Na"K"-ATPase, and heparin sulfate proteoglycans,
and only the smaller fragments can be internalized by endocy-
tosis (47—49). Furthermore, smaller fragmented fibrils are the
most likely species to be released from neurons and to propa-
gate throughout the brain.

Our study adds to the results of earlier investigations that
demonstrated that aggregates consisting solely of a-sy-
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Figure 6. Quantitation of TH-positive neuronsin the SNcand DAT terminals in striatum following unilateral striatal injections of different a-synuclein
species. C57BL/6J mice received unilateral striatal injections of 2 ul of soluble monomer (300 um), F-L (150 um), F-M (150 um), F-S (150 wm), and O (300 um). After
3 months, the mice were perfused, and immunostaining was performed. Numbers of mice are as follows: monomer (12); F-L (11); F-M (12); F-S (11);and O (15).
A, representative images of tyrosine hydroxylase immunohistochemistry in the SNc of monomer- and F-S-injected mice. B, unbiased stereology of tyrosine
hydroxylase-positive neurons performed by an investigator blinded to experimental conditions. Data are shown as the mean counts = S.E.and analyzed using
a two-way ANOVA, a-synuclein species F(5,67) = 2.7, p = 0.03. C, immunofluorescence performed using an antibody to DAT. Images were captured using
confocal microscopy. Representative images of the striatum from monomer and F-S-injected mice are shown. D, ImageJ was used to quantify the integrated

fluorescence intensity of DAT in the striatum. Data are shown as the mean counts = S.E. and analyzed using a two-way ANOVA, a-synuclein species F(3,43) =

5.7,p = 0.002.* p < 0.05; **, p < 0.01. Scale bar, 100 um.

nuclein can generate PD phenotypes (5, 16, 30, 31, 50). How-
ever, in the future, it will be of great interest to characterize
the structural properties of aggregates purified from dis-
eased brains. Interestingly, brain extracts from patients with
multiple system atrophy have been reported to be more
effective than those from PD brains at inducing a-synuclein
inclusion formation and disease spreading when injected
into experimental animals (51, 52). a-Synuclein species
involved in Lewy body disease may bind receptors in the cortex
and limbic regions more readily than do species involved in PD,
which may bind more efficiently to receptors in the SNc. Future
studies are required to determine how different aggregates con-
tribute to specific disease phenotypes. Overall, our findings
indicate that small fibrillar aggregates of a-synuclein are neces-
sary for inducing pathology and spreading, and they suggest
that therapeutics should aim to reduce formation and accumu-
lation of such species.

SASBMB

Experimental procedures
Animals

All animal protocols were performed at AAALAC-accred-
ited sites and approved by the University of Alabama at Bir-
mingham Institutional Animal Care and Use Committee.
C57BL/6] male mice were obtained from The Jackson Labora-
tory and housed in groups of no more than five animals per
cage. Food and water were accessible 24 h, and animals were
kept on a 12-h light/dark cycle.

Preparation of a-synuclein species

a-Synuclein monomer was purified according to previously
published protocols (53). The presence of endotoxin was
detected using the Pierce LAL chromogenic endotoxin quanti-
tation kit and cleaned using Pierce high-capacity endotoxin
removal spin columns. Endotoxin levels were measured to be
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Figure 7. Motor behavior of mice following unilateral striatal injections of different a-synuclein species. C57BL/6J mice received unilateral striatal
injections of 2 ul of monomer (300 um), F-L (150 um), F-M (150 um), F-S (150 um), and O (300 um). Three months later, mice were subjected to the following
behavior tests: open field, pole test, cage hang, and cylinder test (modified for mice). Numbers of mice for pole test, cage hang, and open field are as follows:
monomer (12); F-L (11); F-M (12); F-S (11); and O (15). Numbers of mice for cylinder test are as follows: monomer (10); F-L (10); F-M (10); F-S (10); and O (10). The
data were analyzed by one-way ANOVA: pole test F(4,69) = 4.7, p = 0.002; cage hang F(4,66) = 2.86, p = 0.03; open field/% time center F(4,69) = 1,1, p = not
significant; open field/velocity F(4,69) = 0.6, p = not significant; hind limb steps F(4,45) = 1.1, p = not significant; rearing F(4,45) = 0.5, p = not significant.

*'p < 0.05.

less than 0.0113 ng/ml. a-Synuclein fibrils were prepared as
published previously (53). Before surgeries, fibrils were soni-
cated using a ¥-inch probe tip sonicator (Thermo Fisher Sci-
entific catalog no. FB120110) at 30% power for 30 s total, 1 s on
and 1 s off. Short fibrils were isolated using an EMD Millipore
Millex0.22- umfilterunit.Immediatelybeforeinjectionsofmono-
meric a-synuclein, a-synuclein protein was spun at 20,000 X g
at4 °C. B-Sheet kinetically trapped a-synuclein oligomers were
freshly prepared as described previously (7, 13, 14). Briefly, 6 mg
of lyophilized protein was resuspended in PBS buffer at a pH of
7.4 and at a concentration of 12 mg:ml™". The solution was
filtered through a 0.22-um cutoff filter and subsequently incu-
bated at 37 °C for 24 h in stationary mode and without agitation.
Small numbers of fibrillar species formed during the incubation
were removed by ultracentrifugation for 1 h at 90,000 rpm
(using a TLA-120.2 Beckman rotor; 288,000 X g). The excess of
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monomers and small oligomers in the sample was then
removed by means of several filtration steps using 100-kDa cut-
off membranes, which resulted in the enrichment and concen-
tration of the oligomeric a-synuclein species. The oligomers
prepared in this manner have been found to be stable for many
days (7). They were shipped from The University of Cambridge,
the same day of preparation and injected the day of receipt
(1/2 days after preparation) to ensure a stable, characterized
conformation.

Biophysical characterization of a-synuclein conformers

A comparative morphological and structural analysis of the
different conformers has been performed using a variety of
complementary biophysical techniques, and a detailed struc-
tural analysis has recently been carried out with oligomers of
human a-synuclein using both cryo-EM and solution and solid-
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state NMR spectroscopy (7, 14). TEM images were obtained
using a Philips CEM100 transmission electron microscope
(CAIC, University of Cambridge, UK). The samples were
applied to Formvar carbon-coated nickel grids, washed with
double-distilled H,O, and negatively stained with 2% (w/v) ura-
nyl acetate. AFM images were acquired using tapping mode in a
Multimode 8 atomic force microscope (Bruker, Billerica, MA).
The different a-synuclein species (0.1-1 um, 10 ul) were
applied onto a layer of freshly cleaved mica and allowed to air-
dry. The samples were washed with water to remove any salts
and dried again before imaging. Images were processed with
Gwyddion open source software (http://www.gwyddion.net).”
Sedimentation velocity measurements using AUC were carried
out at 20 °C at 38,000-43,000 rpm (106,750 -136,680 X g) by
using a Beckman-Coulter Optima XL-I analytical ultracentri-
fuge with an An-50 Tirotor (Beckman-Coulter, Brea, CA). The
sedimentation coefficient distributions, corrected to standard
conditions by using the SEDNTERP program (54), were calcu-
lated via least-squares boundary modeling of sedimentation
velocity data using the c¢(s) and Isg:(s) methods, as implemented
in the SEDFIT program (www.analyticalultracentrifugation.
com)” (58). FTIR spectra of the different a-synuclein species
(100-400 um) were acquired in PBS and analyzed in a Bruker
BioATRCell II using a Bruker Equinox 55 FTIR spectropho-
tometer (Bruker Optics Ltd., UK) equipped with a liquid
nitrogen—cooled mercury cadmium telluride detector and a
silicon internal reflection element. For each spectrum, 256
interferograms were recorded at 2 cm ™! resolution. Data pro-
cessing of the amide I region (1720 -1580 cm ™ ') was performed
with the Opus software package (Bruker Optics Ltd., UK) and
consisted of a background subtraction of the buffer spectrum,
atmospheric compensation, and baseline subtraction. All absor-
bance spectra were normalized for comparison. Far-UV CD
spectra of the different a-synuclein species were acquired at
20 °C between 200 and 250 nm, using a scan speed of 50 nm
min~! and a bandwidth of 1 nm. 10 accumulations were
recorded for each sample, using a 1-mm path length cuvette
and a J-810 Jasco spectropolarimeter (Tokyo, Japan), equipped
with a thermostated cell holder. The signal was converted to
mean residue ellipticity. ThioT fluorescence measurements
were performed in a 2 X 10-mm path length cuvette, using a
Varian Cary Eclipse fluorimeter (Palo Alto, CA) in a tempera-
ture-controlled cell holder, exciting the sample at 446 nm and
recording the emission fluorescence spectrum between 460 and
600 nm (5-nm slitwidths). Each protein species (10 um) was
incubated with ThioT (50 uMm, 416 nm = 26,620 M ' cm ™ ') for
30 min before performing the measurement. For the seeding
experiments, 10 um of each protein species (or 5 um in the case
of the cross-seeding experiments) were added to a solution of
100 uMm a-synuclein monomer, 50 um ThioT, and 0.02% (w/v)
sodium azide. The ThioT fluorescence was recorded in a BMG
Fluostar Optima (BMG LABTECH, Aylesbury, Bucks, UK)
using an excitation filter of 440 nm and an emission filter of 480
nm, at a constant temperature of 37 °C.

7 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Primary neurons were plated at 100,000 neurons per well in a
24-well tray onto poly-p-lysine— coated coverslips and main-
tained in Neurobasal media, Glutamax, and B27 as described
previously. The different conformers of «-synuclein were
added to neurons at 7 days in vitro at a final concentration of 70
nM. Neurons were fixed 7 days later, and immunofluorescence
to p-a-synuclein (Abcam) and tau (Dako) was performed as
described previously (4).

Internalization assay was essentially performed as described
(29) with some modifications. We thus generated Alexa488-
labeled fibrils and oligomers using the a-synuclein mutant
E122C to incorporate the fluorophore at the upstream position
of the recognized C-terminal truncation sites. E122C a-sy-
nuclein was purified and labeled using Life Technologies, Inc.,
Alexa488 C,-maleimide. The labeled protein was purified from
free dye using a P10 desalting column and a Sephadex G-25
matrix. To perform the internalization experiments, primary
neurons were incubated for 30 min in cold PBS containing
a-synuclein—Alexa488 fibrils or oligomers (final concentration
70 nM) to allow the species to bind the plasma membrane. The
neurons were then transferred to 37 °C to allow internalization.
Extracellular a-syn—Alexa488 fibrils were quenched with
freshly made trypan blue, final concentration 1 mm in PBS.
Images were captured using a Zeiss Axio Observer Z1 with
Colibri LED illumination. The excitation/emission was 470/
550 nm for the fibrils and 560/630 nm for trypan blue. The
average intensity of each frame captured was quantified using
Fiji and normalized to the fluorescence signal from trypan blue
bound to the neuronal membrane.

Surgeries

Surgeries were performed using C57BL/6] mice aged 2—-4
months using a digital stereotaxic frame (David Kopf). For the
duration of surgery, mice were deeply anesthetized with vapor-
ized isoflurane on a gas mask fitted to a digital stereotaxic
frame. Mouse respiration was monitored throughout the pro-
cedure. Proteins for injection were drawn to a gas-tight syringe
with a 26s-gauge needle (Hamilton) and controlled by a digital
pump. Two ul of protein were injected, and subsequent with-
drawal of the needle occurred over the course of 12 min. Solu-
tions were injected into the right dorsal striatum using the fol-
lowing coordinates: 0.2 mm anterior and 2.0 mm lateral to the
bregma, and 2.6 mm ventral relative to the skull. Scalp incisions
were closed with EZ-Clips (Thermo Fisher Scientific).

Immunohistochemistry and immunofluorescence

Mice injected with various a-syn conformations were anes-
thetized post-injection with isofluorane and transcardially per-
fused with a saline solution (0.9% NaCl, 0.005% sodium nitro-
prusside, and 10 units/ml heparin sodium) followed by freshly
prepared 4% paraformaldehyde (PFA) buffered in phosphate-
buffered saline (PBS). Brains were removed, postfixed for 24 h
in 4% PFA and PBS solution, floated into 30% sucrose PBS solu-
tion for up to 3 days, frozen in methylbutane solution (—50 °C),
and stored at —80 °C. Brain tissue was sectioned at 40 um with
a freezing microtome. Immunohistochemistry and immuno-
fluorescence were performed as described previously (55).
Antibodies included the following: p-a-synuclein (EP1536Y
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(Abcam)) (56); tyrosine hydroxylase (Abcam); and dopamine
transporter (a generous gift from Dr. Allan Levey, Emory Uni-
versity) (57). For the DAT and TH immunofluorescence in the
striatum, confocal images of coronal sections (bregma: —0.5
mm anterior/posterior) were captured, and Image]J was used to
quantify the integrated intensity of the dorsal portion of the
striatum.

Behavior assays

All behavioral tests were performed with the help of our Neu-
roscience Behavioral Core, University of Alabama at Birming-
ham. Mice were acclimated to the test environment for at least
30 min prior to testing and were given at least a 1-day rest
between each test.

Open field test—Each mouse was placed at the side of a
100 X 100 X 50-cm white Plexiglas open field. A computer-
ized tracking system (Ethovision) recorded movement for 5
min from which we derived the following: the amount of
time spent in the center of the test apparatus, and the veloc-
ity of movement.

Cylinder test—Mice were placed in a covered Plexiglas cylin-
der with activity recorded for 5 min by Ethovision software on a
camera positioned below the cylinder. An experimenter
blinded to the treatment conditions scored each video. The
following behaviors were scored: number of rears, front limb
steps, hind limb steps, and total steps (37).

Pole test—Mice were placed on top of a wooden pole (diam-
eter 1 cm; height 50 cm) wrapped in chicken wire. Each subject
completed five trials with a 1-min rest between each trial. Time
to turn with nose facing down and time to reach the bottom of
the pole were recorded and combined to derive the total time to
descend. If a mouse did not climb down the pole after 2 min, the
trial time was not included in that animal’s average total time to
descend.

Cage hang—Mice were placed on a cage top elevated 50 cm
above a cage filled with bedding. The cage lid was shaken
slightly and flipped over to measure latency to fall over the
course of three trials (>1-min rest between each trial). A trial
less than 10 s was performed again, and trials were concluded at
3 min if a mouse was still hanging.

Stereology

Stereology was completed using an Olympus BX51 micro-
scope and Stereolnvestigator software (MBF Biosciences) using
the Neuroscience Molecular Detection and Stereology Core,
University of Alabama at Birmingham. Contours were drawn
around 6 -7 serial sections containing SNc. Unbiased stereo-
logical estimation of total TH-positive neurons in the SNc con-
tralateral and ipsilateral to injection was performed using the
Optical Fractionator probe by an investigator blinded to exper-
imental conditions.

Statistical analyses

Data were analyzed using GraphPad Prism. One-way or
two-way ANOVA were performed. Outliers were identified
using the ROUT method in GraphPad Prism. The only data
in which two outliers were identified were in the cage hang
motor test.
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The self-assembly of a-synuclein (aS) into intraneuronal inclusion bodies is a key char-
acteristic of Parkinson's disease. To define the nature of the species giving rise to neuronal
damage, we have investigated the mechanism of action of the main aS populations that have
been observed to form progressively during fibril growth. The oS fibrils release soluble
prefibrillar oligomeric species with cross-p structure and solvent-exposed hydrophobic
clusters. aS prefibrillar oligomers are efficient in crossing and permeabilize neuronal mem-
branes, causing cellular insults. Short fibrils are more neurotoxic than long fibrils due to the
higher proportion of fibrillar ends, resulting in a rapid release of oligomers. The kinetics of
released aS oligomers match the observed kinetics of toxicity in cellular systems. In addition
to previous evidence that oS fibrils can spread in different brain areas, our in vitro results
reveal that aS fibrils can also release oligomeric species responsible for an immediate dys-
function of the neurons in the vicinity of these species.

TDepartment of Experimental and Clinical Biomedical Sciences, Section of Biochemistry, University of Florence, Florence, Italy. 2 Department of Life Science,
Imperial College London, London, UK. 3 Centre for Misfolding Diseases, Department of Chemistry, University of Cambridge, Cambridge, UK. 4 Institute for
Biocomputation and Physics of Complex Systems (BIFI), Joint Unit BIFl-Institute of Physical Chemistry “Rocasolano” (CSIC), University of Zaragoza,
Zaragoza, Spain. ®email: ncc@unizar.es; cristina.cecchi@unifi.it

| (2021)12:1814 | https://doi.org/10.1038/541467-021-21937-3 | www.nature.com/naturecommunications 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21937-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21937-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21937-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-21937-3&domain=pdf
http://orcid.org/0000-0001-9856-6843
http://orcid.org/0000-0001-9856-6843
http://orcid.org/0000-0001-9856-6843
http://orcid.org/0000-0001-9856-6843
http://orcid.org/0000-0001-9856-6843
http://orcid.org/0000-0002-1067-6288
http://orcid.org/0000-0002-1067-6288
http://orcid.org/0000-0002-1067-6288
http://orcid.org/0000-0002-1067-6288
http://orcid.org/0000-0002-1067-6288
http://orcid.org/0000-0003-4726-636X
http://orcid.org/0000-0003-4726-636X
http://orcid.org/0000-0003-4726-636X
http://orcid.org/0000-0003-4726-636X
http://orcid.org/0000-0003-4726-636X
http://orcid.org/0000-0002-5445-680X
http://orcid.org/0000-0002-5445-680X
http://orcid.org/0000-0002-5445-680X
http://orcid.org/0000-0002-5445-680X
http://orcid.org/0000-0002-5445-680X
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-9138-6687
http://orcid.org/0000-0002-9138-6687
http://orcid.org/0000-0002-9138-6687
http://orcid.org/0000-0002-9138-6687
http://orcid.org/0000-0002-9138-6687
http://orcid.org/0000-0001-8387-7737
http://orcid.org/0000-0001-8387-7737
http://orcid.org/0000-0001-8387-7737
http://orcid.org/0000-0001-8387-7737
http://orcid.org/0000-0001-8387-7737
mailto:ncc@unizar.es
mailto:cristina.cecchi@unifi.it
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

ntracellular fibrillar inclusions of the protein a-synuclein (aS),

called Lewy bodies, are characteristic of a range of neurodegen-

erative disorders, collectively referred to as synucleinopathies!.
Most of the experimental evidence indicates that protein aggregation
is a gain-of-toxic-function process that plays a central role in the
pathogenesis>>. A variety of in vitro studies is indicative of a
nucleated conformational conversion model of aS, in which the
intermediate oligomeric species are inherently transient, hetero-
geneous, and only populated at low levels during aggregation*~”.

Growing experimental evidence suggests that specific oligomeric
species are the most cytotoxic forms of aS and play a key role in
diseasel#08-11, A detailed characterization of two structural types
of stable aS oligomers that were trapped using different strate-
gies was recently reported®S. One type is largely disordered in
terms of secondary structure and the other type contains a -sheet
rich core; we refer to these species as type-A* oligomers (OA*) and
type-B* prefibrillar oligomers (OB*), respectively®. Interestingly,
we found that while OA™* are able to interact with the membrane
surface, although in an unspecific manner and with no apparent
membrane insertion and perturbation, prefibrillar OB* were found
not only to establish strong interactions with the bilayer through its
unstructured N-terminal segment (residues 1-26), but also to
insert its B-sheet core in the interior of the bilayer, causing major
membrane disruption®®1213, This causes only OB* to be toxic,
whereas OA* are biologically inert312.

On the other hand, aS fibrils have also been reported to be
toxic and their toxicity has been associated with membrane
perturbation!4-10. Evidence is also accumulating that certain aS
species transmit and induce seeding in neighboring cells in a
spreading process in which different areas of the brain are slowly
and inexorably affected!”-21, Uptake of small aS fibrillar species
by neuronal cells has indeed been observed?2-?3 and particularly
small aS fibrils are indeed used to induce Parkinson’s disease
(PD)-like phenotypes when injected in mice brains!®23.24  In
order to have a thorough and exhaustive understanding of
pathogenesis in PD and other synucleinopathies, the effect of
fibril spreading, fibril toxicity, and oligomer toxicity have to be
considered.

Here we have established the mechanisms of membrane per-
turbation and dysfunction to neuronal cells of highly stable and
well-defined aS aggregates, such as type-B* prefibrillar oligomers
(OB*), short fibrils (SF), and long fibrils (LF) under physiological
conditions and endogenous levels of aS expression. In addition to
the well-established contribution of aS fibrils to the diffusion of
the pathology by a spreading mechanism, our results show that
the fibrillar species can have an immediate toxic effect due to the
release of toxic oligomeric species in human iPSC-derived
dopaminergic neurons, rat primary cortical neurons, and
human SH-SY5Y neuroblastoma cells. These findings reveal that
the aS species detected in neurons and SH-SY5Y cells by confocal
and stimulated emission depletion (STED) microscopy using
different probes arise from exogenous human aS derived from
SF/LF, rather than endogenous rat aS converted in oligomeric
form by a seeding process.

Results

as fibrils interact weakly with the surface of the lipid bilayer of
synthetic membranes. All species studied in this work (OB*, SF,
LF) were first characterized for morphological, structural, and
tinctorial properties with atomic force microscopy (AFM), far-
UV circular dichroism (CD), and Fourier-transform infrared
(FT-IR) spectroscopy, X-ray diffraction, and thioflavin T
(ThT) and 8-anilinonaphthalene-1-sulfonic acid (ANS) fluores-
cence (Table S1, Figures S1, and S2a-e). We also characterized the
monomer (M) and OA* as negative controls. This allowed their

identity to be confirmed, relative to previous works, and their
properties to be studied. In brief, OA*/OB* are globular-like
aggregates with height of 4-5nm, whereas SF and LF have
elongated morphologies with similar height but lengths differing
by one and two orders of magnitude with respect to height,
respectively. OA*/M show disordered secondary structure. SF/LF
possess similarly high degrees of B-sheet conformation, whereas
OB* species have an intermediate content. Unlike OA*/M, OB*
have a significant but weak ThT binding, whereas SF/LF have a
large ThT binding. Unlike M/OA*, OB*/SF/LF also have a strong
ANS binding, indicating a high degree of solvent-exposed
hydrophobicity.

Using paramagnetic relaxation enhancement (PRE) with magic
angle spinning (MAS) solid-state nuclear magnetic resonance
(ssSNMR) spectroscopy, it was recently shown that the prefibrillar
OB* species are able to anchor to synthetic synaptic-like small
unilamellar vesicles (SUVs), through binding of the exposed N-
terminal region of aS, and then to penetrate into the bilayer with
its structured B-sheet core, causing substantial perturbations to its
structure®. In the same study it was shown that M/OA* interact
with the membrane surface, but without insertion into the lipid
bilayer®2°. In the present work, we extended such studies to the SF
and LF fibrillar species. We probed, in particular, the interaction of
the rigid cores of the SF and LF (140 pM monomer equivalents)
with SUVs with DOPE:DOPS:DOPC lipid composition (molar
ratio of 5:3:2). In these experiments, small quantities of lipid
molecules labeled with a paramagnetic center (PC), that induces
relaxation in the nucleus of nearby atoms, were incorporated into
the bilayers®26, Unlike prefibrillar OB*, we did not observe any
selective quenching of resonances in the 13C-13C dipolar-assisted
rotational resonance (DARR) correlation spectra of either SF or LF,
when the PC was located either in the external hydrophilic head
groups (Fig. 1a, left panels) or the internal hydrophobic tails of the
lipid molecules (Fig. 1a, right panels). This analysis indicates that,
in contrast to OB*, the rigid p-sheet cores of neither SF or LF are
able to interact significantly with the lipid bilayer. Nor do they
appear to interact with the surface of the bilayer, as the core of the
OA¥* species does.

To further study the interaction of the OB*/SF/LF species with
the lipid bilayer with a different technique, we then analyzed the
abilities of these species (10 pM monomer equivalents), to
interact and bind the same SUVs, using far-UV CD as a
spectroscopic probe. In each case, the spectrum of the aggregates
without SUVs was subtracted from that acquired in their
presence, so that the spectrum of the region of the protein
interacting with SUVs could be obtained (Fig. 1b). While the
acquisition of a-helical structure by M results in large changes in
its CD spectrum upon interaction with lipids?®, the observed
spectral changes were progressively smaller for OB*, SF, and LF
(Figure S2f). The changes in the CD spectra of the fibrils cannot
be attributed only to the acquisition of helical structure (as in
OB*), but also to the appearance of random coil structure
(Fig. 1b). Overall, the far-UV CD data indicate that the OB*, SF,
and LF are able to interact with SUVs but with a progressively
decreasing affinity, and that the interaction in each case results in
the acquisition of some helical structure, likely to be in the
unstructured and MAS ssNMR-invisible N-terminal region of the
protein®?, which is readily accessible in OB* but significantly less
accessible in the fibrils.

To analyze whether or not the differences in the interaction of
the prefibrillar OB* and the fibrils with lipid vesicles are
reflected in differences in their ability to disrupt membrane
integrity, we compared their rates and extent of induced calcein
release using SUVs composed of POPS lipids containing calcein
molecules trapped in their interior. We found that OB*
induced a rapid and substantial calcein release, with ca. 30%
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Fig. 1 oS fibrils interact weakly with the surface of the lipid bilayer of synthetic membranes. a PRE effects measured using MAS ssNMR for OB*/SF/LF
using SUVs with DOPE:DOPS:DOPC lipid composition (molar ratio of 5:3:2) with a paramagnetic center (PC) on the bilayer surface on the hydrophilic head
group (left) or in the membrane interior at carbon 16 of the lipid chain (right). 13C-3C DARR spectra measured in the presence and absence of the PC-
labeled lipids are shown in blue and red, respectively. For comparison, the plots of OB* are drawn using OB* data from our previous investigation®.

b Changes in the far-UV CD spectrum of 10 pM OB*/SF/LF and increasing concentrations of SUVs: 1mM (red), 2mM (blue), and 8 mM (yellow). The
spectra in the absence of SUVs was subtracted in each case from that acquired in their presence. ¢ Calcein release from SUVs (% of total intravescicular
calcein—signal normalized with respect to the treatment with 1% v/v Triton X-100, see Supplementary Information for more details) upon incubation of

the vesicles with the indicated aS species.

of maximum release at the first time point of measurement, and
reaching the maximum level (ca. 90% of maximum release) after
2min of incubation at a protein:lipid ratio of 1:100. SF/LF
caused, however, a much slower and very significantly reduced
calcein release (ca. 30% release after 5min) under identical

conditions (Fig. 1c).

Taken together, these findings indicate that fibrils can interact
with the membrane surface likely through the N-terminal region
of the protein, but do not cause significant disruption of the lipid
bilayers as they cannot insert their [-sheet core, whereas
prefibrillar OB* are particularly effective in disrupting membrane

integrity by inserting their partially-formed B-sheet core.
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Fig. 2 aS fibrils are largely localized at the surface of the cellular membrane but ROS generation correlates with the intracellular oS pool. a

Representative confocal scanning microscope images showing the basal, median, and apical sections of SH-SY5Y cells treated for 1h with the indicated aS
species at 0.3 pM and the median sections of untreated cells. Red and green fluorescence indicates the cell membranes and the aS species revealed with
wheat germ agglutinin (WGA) and polyclonal anti-aS antibodies (Ab52168, Abcam), respectively. The histogram on the right reports a semi-quantitative
analysis of the intracellular and extracellular oS-derived fluorescence data expressed as the percentage of endogenous aS fluorescence. b Dependence of
ROS production on the intracellular aS-derived fluorescences in SH-SY5Y cells treated with oS species. ROS values reported in Fig. S5 were plotted against
the aS-derived fluorescence values reported in Fig. S4d of cells treated with OB* and SF at the corresponding concentrations. ¢ Representative confocal
scanning microscope images showing mitochondrial superoxide production detected with MitoSOX probe in living SH-SY5Y cells. Red and green

fluorescence indicates MitoSOX staining and aS labeled with AF488 dye, respectively (six independent experiments with one internal replicate).

d Dependence of mitochondrial superoxide production on the intracellular AF488-derived fluorescence signal in SH-SY5Y cells treated with aS species.
Experimental errors are S.E.M. (n = 4 with three internal replicates in panels (a), (b); n = 6 in panel (d) with one internal replicate). Samples were analyzed
by one-way ANOVA followed by Bonferroni's multiple comparison test relative to untreated cells (in panel a, *P < 0.05, **P < 0.01, ***P <0.007; in panel

b, P<0.007; in panel d, P<0.001). A total of 200-250 cells were analyzed per condition.

aS fibrils are largely localized at the surface of the cellular
membrane. To improve our understanding of the molecular
mechanisms underlying PD pathogenesis and progression, we
have started our experiments on SH-SY5Y neuroblastoma cells
because of their human origin and because these cells express
tyrosine hydroxylase (TH), dopamine-beta-hydroxylase, and the
dopamine transporter, thus recapitulating many characteristics of
human dopaminergic neurons. We initially investigated the
ability of OB*/SF/LF (0.3 uM monomer equivalents) to interact
with the plasma membrane and penetrate into the cytosol of SH-
SY5Y cells, when incubated in the cell medium (CM) for 1 h. The
asS species (green channel) were counterstained and analyzed by
confocal scanning microscopy at the cellular apical, median, and
basal planes of the plasma membrane (red channel) parallel to the

coverslip (Fig. 2a), to make a clearer distinction between intra-
cellular vs extracellular aS pools®. M and OA* interacted weakly
with the cellular membranes and hardly entered into the cells,
whereas OB* and, to a lesser extent SF, were effectively able to
cross the cellular membrane (Fig. 2a). Higher intracellular protein
levels (median planes) were measured after 1 h of treatment with
OB* with respect to SF and LF (1377 + 62, 624 + 106% and 322 +
54%, respectively) relative to the very low signal of endogenous aS
in untreated cells, taken as 100% (Fig. 2a). Similar results were
obtained from the semi-quantitative analysis of the intracellular
number of aS puncta (Figure S3a). Notably, a mild protease
treatment with 0.05% trypsin at 4 °C, that digested all the protein
molecules exposed on the cell membrane, including the surface-
bound OB*, drastically reduced the green-fluorescent signal at the
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apical planes (Figure S3b), without any significant modification of
intracellular aS aggregates at the median planes of SH-SY5Y cells
(Figure S3b). These results indicate that the signal observed at
median planes arose, indeed, from the internalized OB*. More-
over, inhibition of endocytosis, either by a pharmacological
treatment with dynasore or by a temperature-mediated blockage,
significantly decreased, but did not cancel, the amount of intra-
cellular aggregates in treated cells (Figure S3b), indicating that the
influx of OB* through the membrane bilayer is attributable to a
mixture of passive diffusion and endocytosis.

The ratio between the protein signal at the median planes and
the total protein signal from all planes revealed that ~71%, 13%
and 6% of the OB*, SF, and LF were found to penetrate the cells
after 1 h of incubation, respectively (Fig. 2a). Thus, most of the
aS-derived signal was localized at the plasma membrane in cells
exposed to SF/LF, respectively.

When SH-SY5Y cells were exposed to OB*, SF, and LF for
longer time periods (3, 6, and 24 h) a progressive and significant
increase in intracellular species at cellular median planes was
observed, although in cells treated with SF/LF the intracellular
pool remained smaller than the extracellular one, even after 24 h,
while for OB* ca. 90% of the protein is intracellular at already 3 h
of incubation (Figure S3c).

A dose-dependent analysis revealed that, for both OB* and
SF, similar effects were observed at lower aS concentrations with
a clear dose-dependence, although at higher aS concentrations,
no significant increase in intracellular a$S levels was detected
(Figure S4a,b,d), likely as a result of the agglutination of
aggregated aS species at high concentrations?’. Moreover, OB*
showed a similar bell-shaped protein concentration dependence
for both the intracellular and the total aS-derived fluorescence
with the amount of the oligomers inside the cells found to be
directly proportional to the mass concentration of oligomers
interacting with the plasma membrane (Figure S4d.e). By
contrast, the total amount of SF bound to the membrane
was much higher than the intracellular fraction at any aS
concentration (Figure S4b,d,e). Furthermore, concentrations
higher than 0.3 pM resulted in an increase in the number of
fibrils bound to the cell membrane but not in the quantity of
intracellular protein (Figure S4b,d,e). These results indicate that
the extent to which OB*, though not SF, has been taken up by
the cells correlates with the amount of aS interacting with the
plasma membrane.

ROS generation correlates with the intracellular aS pool. The
generation of intracellular reactive oxygen species (ROS) is one of
the inflammatory sequelae associated with protein aggregate
treatment?8 and one of the earliest biochemical changes experi-
enced by cells exposed to pathogenic aS aggregates®. We have also
previously found that OB*, and to a lesser extent SF, induce a
significant increase in ROS levels in SH-SY5Y cells, whereas OA*
and M were found to cause a non-significant effect’. Here we
extended the measurements to various aS concentrations of OB*/
SF/LF, with the aim to relate a readout of toxicity with that of aS
penetration and cell surface binding. ROS production showed
again a bell-shaped aS concentration dependence when the dif-
ferent aS species were added for 15 min to the CM of SH-SY5Y
cells, with a maximum effect at 0.3 uM (Figure S5a,b). A plot of
the degree of the ROS increase, measured at the different con-
centrations of OB*/SF, against the intracellular aS levels, using
the fluorescent signals obtained for OB*/SF, revealed a very sig-
nificant positive correlation (R =0.90, p <0.001) (Fig. 2b). By
contrast, no significant correlation was found between ROS
increase and total aS, i.e., sum of intracellular and extracellular
pools (R =0.046, p > 0.05; Figure S5c).

We also monitored concomitantly the generation of mitochon-
drial superoxide ions and intracellular aS levels in living SH-
SY5Y cells exposed for 1h to 0.03, 0.1, and 0.3 uM of OB*/SF
labeled with AF488 dye or to 250 pM H,0, as a positive control
(Fig. 2c and S5d). The increase in intracellular aS levels (green
channel) correlated positively with the mitochondrial superoxide
production (red channel) in a dose-dependent relationship (R =
0.91, p<0.001) (Figs. 2¢, d and S5d). These results indicate that
the generation of ROS and mitochondrial superoxide is related to
the level of intracellular aS.

a8 fibrils gradually destabilize membrane integrity resulting in
neuronal dysfunction. In order to confirm the ability of the
different aS species to destabilize the membrane permeability of
cells, we assessed the release of the fluorescent probe calcein-AM,
previously loaded into the cells®®. Calcein acetoxymethyl
(Calcein-AM) is a substrate that passively crosses the cell mem-
brane and in the cytosol is hydrolyzed by the enzyme esterase to a
polar green-fluorescent product (calcein) that is retained into cells
with intact membrane. The addition to the CM for 1 h of 0.3 uyM
OB* and, to a lesser extent, SF, generated a significant leakage of
calcein, such as 73 +2% and 41+ 3% in rat primary cortical
neurons and 64+4% and 37 +2% in human SH-SY5Y cells,
respectively (Fig. 3a). Calcein leakage suggests a permanent dis-
ruption of neuronal bilayers following the aggregates penetration
through membranes and their intracellular localization. By con-
trast, all other aS species, including LF, caused negligible calcein
release at this incubation time (Fig. 3a).

Accordingly, a similar pattern of cytosolic Ca?* dyshomeostasis
was observed for the different aS species in cortical neurons
and SH-SY5Y cells (Fig. 3b), as previously reported!>3031. In
particular, following 15 min treatment at an aS concentration of
0.3 uM, OB* and, to a lesser extent, SF and even lesser for LF,
triggered a significant influx of Ca®* into cortical neurons and SH-
SY5Y cells (551 £ 31%, 356 + 50%, 261 + 16 and 380 + 16, 230 + 27
and 124 + 11 for the three species and two cell types, respectively),
whereas all other aS species caused a negligible Ca’* influx
(Fig. 3b). No fluorescent signal was apparent when SH-SY5Y cells
were cultured in a Ca?>*-free CM (Figure S6a,b). Lower effects were
observed at lower and higher protein concentrations with a clear
bell-shaped dose response (Figure S6a,b).

Real-time intracellular calcium measurements in SH-SY5Y
living cells showed a steady basal fluorescence in the absence of
extracellular aggregates and a rapid increase in the intracellular
Ca?* levels following the addition of OB* and, with slower
kinetics, of SF up to 30 min (Figure S6c). Notably, we also
observed a faster increase of intracellular Ca?* for OB* than SF
and LF treatment at longer time periods in SH-SY5Y cells
(Fig. 3c¢).

We further monitored whether the ability of aS aggregates to
cause ionic dyshomeostasis resulted in the activation of caspase-3,
a well-recognized apoptotic marker32. To this aim, we used a
relevant PD model such as human iPSC-derived dopaminergic
neurons expressing TH, a typical dopaminergic neuron marker
(~75% of total cells), as well as the microtubule-associated protein
2 (MAP-2), a typical mature neuron marker, after 14-18 days of
culture (Fig. 3d). A significant caspase-3 activation (444 + 13%)
was found in iPSC-derived dopaminergic neurons following
treatment for 24 h with 0.3 uM OB* with respect to untreated
cells (Fig. 3e, f). Both SF and LF caused a caspase-3 activation of
337 +£31% and 265 * 9%, respectively, in the same neurons after
24 h of treatment (Fig. 3e, f). Accordingly, similar results were
observed in SH-SY5Y cells treated with OB*/SF/LF, whereas no
apoptosis was apparent in cells treated with 0.3 uM OA* or M
(Fig. 31).
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Fig. 3 aS fibrils gradually destabilize membrane integrity resulting in neuronal dysfunction. a Representative confocal microscope images showing
primary rat cortical neurons loaded with the calcein-AM probe for 10 min and then treated for 1h with the indicated 0.3 uM aS species. Semi-quantitative
analyses of the calcein-derived fluorescence signal in primary rat cortical neurons and SH-SY5Y cells. b Representative confocal microscope images
showing the Ca2t-derived fluorescence in primary rat cortical neurons treated for 15 min with the indicated 0.3 uM oS species and then loaded with the
Fluo-4 AM probe. Semi-quantitative analysis of the intracellular Ca2+-derived fluorescence in primary rat cortical neurons and SH-SY5Y cells. ¢ Time-
course analysis of the intracellular Ca2+-derived fluorescence in SH-SY5Y cells treated for the lengths of time indicated with OB*/SF/LF at 0.3 uUM.

d Representative confocal microscope images of human iPSC-derived dopaminergic neurons expressing MAP-2 (ab32454, Abcam) and TH (sc-25269,
Santa Cruz Biotechnology) markers at 14-18 days of maturation (three independent experiments with one internal replicate). Approximately 75% of the
cells are TH positive (estimated by immunostaining). Nuclei were stained with DAPI. e Representative confocal microscope images showing caspase-3-
derived fluorescence in human iPSC-derived dopaminergic neurons treated for 24 h with the indicated oS species at 0.3 uM. f Semi-quantitative analysis of
the caspase-3-derived fluorescence in human iPSC-derived dopaminergic neurons and SH-SY5Y cells treated for 24 h with the indicated aS species at
0.3 uM. f MTT reduction in primary rat cortical neurons and SH-SY5Y cells treated for 24 h with the indicated 0.3 uM aS species. In all panels data are
expressed as the percentage of the value for untreated cells. Experimental errors are S.E.M. (n = 3 with two internal replicates and n = 4 with three internal
replicates for cortical neurons and SH-SY5Y cells, respectively, in panels (a), (b); n=4 in panel ¢ with one internal replicate; n =3 with two internal
replicates and n = 4 with three internal replicates for iPSC-derived dopaminergic neurons and SH-SY5Y cells, respectively, in panel f; n =6 with three
internal replicates in panel (g)). Samples were analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison test relative to untreated cells
(in panels a, b, f, and g, *P < 0.05, **P < 0.01, ***P < 0.001). A total of 200-250 cells (a-f) and 150,000-200,000 cells (g) were analyzed per condition.

A consistent trend was observed for the mitochondrial
dysfunction, as revealed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction inhibition assay33
carried out on both primary rat cortical neurons and SH-SY5Y
cells (Fig. 3g). Since aS is physiologically N-terminally acetylated
in vivo’4, representative experiments were repeated with OB*

formed from the N-acetylated aS. It has been recently reported
that no significant differences were observed in the structural
properties of aS species following N-terminal acetylations.
Consistent results were obtained in the present study, using
calcein release and MTT reduction as cell viability readouts
(Figure S7a,b). Similar results were also obtained with the ultra-
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clean samples, where the recombinant protein was pretreated to
remove potential lipopolysaccharides, probing ROS detection and
MTT reduction (Figure S7¢,d).

Taken together our results indicate that aS SF have lower
ability than OB* to cause fast membrane permeabilization, rapid
intracellular Ca* influx and ROS generation in primary neurons
and SH-SY5Y cells, with LF being almost inert; however, SF have
effects closer to OB* and even LF show some effect when
downstream cellular dysfunction, such as metabolic capacity and
apoptotic response, was probed at longer time frames.

aS fibrils gradually release oligomers in vitro. We took
advantage of the conformation-sensitive A1l antibody to inves-
tigate whether the release of toxic oligomers from a$ fibrils is
responsible for the observed toxicity of SE. The polyclonal All
antibody, originally raised against prefibrillar Ap oligomers, has
been shown to recognize toxic oligomers from various proteins,
but not monomers or fibrils3>. The A11 antibody showed a high
affinity for OB*, whereas the absence of any All-positive cross-
reaction of SF/LF rules out the possibility that a significant
fraction of OB* species was present in the fresh fibrillar samples
at micromolar concentrations (Fig. 4a). Nor did it react with
control nontoxic OA*.

We monitored the ability of S fibrils to release small oligomers
over time in the absence of cells. Confocal images of SF samples,
incubated in the CM without cells in wells containing a glass
coverslip for 0, 1, 3, and 24h at 37°C, resolved by the
conformation-insensitive mouse monoclonal 211 antibody
showed similar populations of aS-derived fluorescence dots
(Fig. 4b). By contrast, aS-derived fluorescence dots increased in
number with incubation time at 37°C in SF using the
conformation-sensitive All antibody, suggesting a slow and
progressive increase in A1l immunoreactivity (Fig. 4b). A slower
time-dependent increase in Al1-positive signal was also obtained
with LF following incubation up to 24 h (Figure S8a). Very similar
small dots were apparent in confocal images of OB* sample using
both conformation-insensitive 211 and conformation-sensitive
All antibodies following incubation for 0 and 24h at 37°C
(Fig. 4b and Figure S8a). No fluorescent signal was evident with
primary and secondary antibodies in the absence of aS aggregates,
ruling out the ability of the antibodies to react with the slides in
the absence of aS species (Figure S8a).

To confirm that the All reactivity in aged SF/LF originates
from the release of small oligomers rather than from a
conformational change in SF exposing the All epitope, we also
analyzed SF upon incubation for 24h at 37 °C using dynamic
light scattering (DLS) (Figure S8b). The SF sample at 0 h showed
a large peak at ~600 nm, but a small peak at ~20 nm became
increasingly apparent with time (Figure S8b). The size distribu-
tion in the small peak was consistent with that detected in OB*
sample incubated up to 24 h at 37 °C (Figure S8b). This indicates
that aS fibrils can release All-positive oligomeric species
following incubation at 37 °C in vitro.

aS fibrils gradually release oligomers that are ultimately
responsible for their toxicity. Then, we investigated whether aS
SF can release small oligomers following their interaction with
cellular membranes. We probed the nature of the protein species
able to penetrate into human iPSC-derived dopaminergic neu-
rons using the A11 antibody in immunofluorescence experiments
(Fig. 4c). Confocal images showed a remarkable All-positive
signal in neurons treated for 24 h with OB*, SF, and LF (Fig. 4c)
with respect to untreated cells (Figure S8c), indicating the pre-
sence of aS oligomeric species similar to OB* inside the cells
upon treatment with SF/LF. When SH-SY5Y cells were exposed

to OB* for 3 h, a dramatic increase (474 + 26%) in All-positive
intracellular species at median planes was observed with respect
to untreated cells (Fig. 4d, e and Figure S8c). In particular, ~62%
of the OB* sample was found to penetrate the cells (defined as the
ratio between the intracellular fluorescence at the median planes
and the total fluorescence at all planes), in good agreement with
the fraction of intracellular protein obtained by aS conformation-
insensitive antibody (Ab52168) (Fig. 2a). Cells exposed to SF for
3h and to LF for 6 h also exhibited a significant increase (258 +
6% and 199 + 13%, respectively) in the intracellular A11-positive
signal (Fig. 4d, e), indicating a progressive penetration of aS
oligomeric species similar to OB*. Indeed, the majority of the
Al1l-derived fluorescence signal was located in the interior of the
cells (87 £7% and 97 + 6% for SF and LF, respectively), suggest-
ing that the All-positive oligomers had been able to cross the
membrane.

To investigate whether the intracellular All-positive signal
could arise from the conversion of endogenous aS into All-
positive species, we first quantified the intracellular and total
fluorescences at different OB* doses (Figure S9a-c). A bell-shaped
protein concentration dependence was found for both, with the
amount of the All-positive species inside the cells found to be
directly proportional to the mass concentration of those species
interacting with the plasma membrane (Figure S9a-c), confirming
the results obtained with a conformation-insensitive antibody
(Figure S4a-e). Second, we quantified the intracellular and total
All-derived fluorescence following 15min and 24h of OB*
treatment (Figure S9d). Neither the intracellular nor the total
All-derived fluorescence at 24 h exceeded the total Al1l-derived
fluorescence observed early at 15min, suggesting that the
endogenous aS was not recruited into Al1-positive species.

When we monitored the intracellular A11-positive signal as a
function of time, we found exponential kinetics for OB*, but
sigmoidal kinetics for both SF and LF (Fig. 4e). The results
obtained with the A11 antibody were also confirmed with another
conformational-sensitive antibody such as Syn33, that has been
previously shown to specifically recognize aS oligomers3®. Here,
the Syn33 antibody showed a high affinity for OB* and a very low
cross-reaction with SF/LF in the dot-blot assay (Figure S8d).
When SH-SY5Y cells were exposed to OB* for 3 h, a dramatic
increase (407 +24%) in Syn33-positive intracellular species at
median planes was observed with respect to untreated cells
(Figure S8e,f), in good agreement with the immunostaining data
obtained by A1l antibody (Fig. 4c-e). Cells exposed to SF for 3 h
and to LF for 6 h also exhibited a significant increase (177 +22%
and 173 +13%, respectively) in the intracellular Syn33-positive
signal (Figure S8e,f). These results are in agreement with the idea
that a lag time is required for oligomer release from SF/LF before
cell penetration.

To have equivalent molar concentrations of fibril particles
(numbers/volume) rather than monomer equivalents, we have
estimated the same fibril number concentrations for SF/LF
(corresponding to a higher mass concentration for LF, see
“Methods”). We have thus chosen two different mass concentra-
tions where the fibril particle concentrations are similar (0.03 uM
SF and 0.3 uM LF, both monomer equivalents), finding similar
toxic effects using ROS and Ca?* probes (Figure S8g).

As aS toxicity depends on the time of cellular exposure to the
deleterious aS species, we monitored MTT reduction following
incubation of SH-SY5Y cells for different lengths of time with
0.3 pM OB*/SF/LF. We observed a similar order of rates for the
three species, with the OB* being the most rapid and the LF being
the slowest in causing a decrease of MTT reduction (Fig. 4f).
Moreover, a plot of the degree of MTT reduction against the
intracellular A11-positive aS levels, using the data obtained at all
time points and for OB*/SF/LF, revealed a very significant
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Fig. 4 oS fibrils gradually release oligomers that are ultimately responsible for their toxicity. a Dot-blot analysis of aS species probed with
conformational specific antibody A11 (AHBOO52, Thermo Fisher Scientific), OC (AB2286, Sigma-Aldrich), conformation-insensitive polyclonal anti-aS
antibody (ab52168, Abcam) and conformation-insensitive monoclonal 211 antibody specific for human S (sc12767, Santa Cruz Biotechnology).

b Representative confocal microscope images showing SF (at 0.3 pM) incubated in CM without cells in wells containing a glass coverslip for 0-24 h at
37 °C. Representative images of OB* incubated for 24 h were also shown as positive control. The green-fluorescent signals derive from the staining with
mouse monoclonal 211 anti-aS antibodies and rabbit anti-oligomer A11 polyclonal antibodies, in the first and second rows, respectively, and then Alexa-
Fluor 514-conjugated anti-mouse or anti-rabbit secondary antibodies (three independent experiments with one internal replicate). ¢ Representative
confocal scanning microscope images showing human iPSC-derived dopaminergic neurons treated for 24 h with OB*/SF/LF at 0.3 uM. Red and green
fluorescence indicates mouse anti-MAP-2 antibodies (ab11267, Abcam) and the Al1-positive prefibrillar oligomers, respectively. d Representative confocal
scanning microscope images showing the median sections of SH-SY5Y cells treated for the lengths of time indicated with OB*/SF/LF at 0.3 uM. Red and
green fluorescence indicates the cell membranes labeled with WGA and the AT1-positive prefibrillar oligomers, respectively (three independent
experiments with four internal replicates). e Kinetic plots reporting All-intracellular fluorescence following the addition of 0.3 pM of the indicated oS
species to SH-SY5Y cells. The continuous lines through the data represent the best fits to exponential and sigmoidal functions (see “Methods"), for OB*,
SF, and LF, respectively. f Kinetic plots reporting the MTT reduction versus time elapsed following addition of 0.3 pM of the indicated aS species to SH-
SY5Y cells. g Dependence of MTT reduction on the penetration of All-positive oS in SH-SY5Y cells treated with oS species. MTT reduction values reported
in (f) plotted against the aS-derived intracellular fluorescence values reported in (e) of cells treated with OB*/SF/LF at the corresponding times.
Experimental errors are S.E.M. (n =3 with four internal replicates in panel (e); n =4 with three internal replicates in panel (f); n =3 with four internal
replicates and n = 4 with three internal replicates for MTT reduction and intracellular A11-positive aS, respectively, in panel (g). Samples were analyzed by
one-way ANOVA followed by Bonferroni's multiple comparison test relative to untreated cells (in panels e and f, *P < 0.05, **P < 0.01, ***P < 0.001; in
panel g, P<0.001). A total of 200-250 cells (e) and 150,000-200,000 cells (f) were analyzed per condition.
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Fig. 5 Visualization of aS fibrils outside and oligomers inside cells at high resolution. a, b Representative STED images of primary rat cortical neurons
that were untreated (a) or treated (b) with OB* (left) and SF (right) for 14 and 24 h. Red and green fluorescence indicates the cell membranes and the oS
species revealed by WGA and the conformation-insensitive and human aS-specific 211 antibodies (sc12767, Santa Cruz Biotechnology), respectively.
Higher magnifications of the aS species are shown in the boxed areas (three independent experiments with two internal replicates). € Semi-quantitative
analysis of the intracellular and extracellular 211-derived fluorescence data referring to panel (b). Experimental errors are S.E.M. (n = 3 with two internal
replicates). Samples were analyzed by one-way ANOVA followed by Bonferroni’'s multiple comparison test relative to cells treated with OB* for 14 and 24 h
(in panel ¢, $5P<0.01, $85P < 0.001). d 3D reconstruction of the z-stack analysis (5-um-thick slices) of the specimens shown in panel (b). A primary
neuron was virtually dissected on the zy plane to show more clearly the extracellular (top) and intracellular (middle) oS species. A total of 40-60 cells
were analyzed per condition (three independent experiments with four internal replicates). e Representative STED images of SH-SY5Y cells that were
treated with AF488-OB* (left) and AF488-SF (right) for 24 h. Red and green fluorescence indicates the cell membranes labeled with WGA and aS labeled
with AF488 dye, respectively. Higher magnifications of the aS species are shown in the boxed areas (three independent experiments with one internal
replicate). f 3D reconstruction of the z-stack analysis (5-pm-thick slices) of the specimens shown in panel (e). Other details as in panel d (three
independent experiments with one internal replicate). In all panels blue arrows indicate either fibrillar or oligomeric aS species.

negative correlation (R =0.91, p <0.001, Fig. 4g), indicating that
the amount and kinetics of released oligomers match the observed
levels and kinetics of toxicity in cellular systems.

Visualization of aS fibrils outside and oligomers inside cells at
high resolution. To evaluate further the nature of the aS species
that were found inside the cells, we used the super-resolution
STED microscopy?’ on rat primary cortical neurons and the
mouse monoclonal 211 anti-aS antibody (Fig. 5a-d). This
conformation-insensitive antibody was raised against residues
121-125 of human aS (sequence DNEAY), so is unable to interact

with endogenous rat aS (sequence SSEAY). Accordingly, rat
cortical neurons treated with the antibody in the absence of
exogenous human aS did not reveal any green fluorescence
arising from endogenous aS (Fig. 5a). By contrast, neurons
exposed to human aS-derived OB* for 14 and 24 h exhibited
green-fluorescent punctae, which appeared to be small and
globular at the very high magnifications allowed by STED
microscopy (Fig. 5b, arrows in the left image magnification).
Neurons treated with SF for 14 and 24 h, however, showed aS
aggregates outside the cells or attached to the membrane that, at
high magnification, appeared fibrillar in morphology with a
length distribution of the same order of magnitude as that
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determined by AFM (Fig. 5b, arrow in the top right image
magnification). The same images also showed a number of small
and globular intracellular aS species, with a morphology that
resembled the intracellular OB* (Fig. 5b, arrow in the bottom
right image magnification). These can only include exogenous
human aS given the specificity of the 211 antibody. The 211-
derived green-fluorescent signals of cortical neurons treated with
OB* and SF for 14 and 24h were consistent with the results
obtained with Ab52168 and A1l antibodies (Fig. 5c), although
the reliability of STED quantification is limited by the selective
photobleaching of fluorophores coupled with super-resolution
microscopy.

When z-stack analysis was used to perform the 3D reconstruc-
tion of the primary neurons treated with OB*, small oligomeric
species attached on the outer leaflet of the plasma membrane
(small green punctae on the top) and penetrated into the cytosol
(small green punctae in the middle) were evident (arrows
in Fig. 5d). By contrast, neurons treated with SF showed fibrillar
species attached to the extracellular side of the cell membrane
along with intracellular globular species similar to OB* (arrows in
Fig. 5d). STED imaging was repeated on human SH-SY5Y cells
treated with OB* and SF labeled with the fluorescent AF488 dye,
clearly showing small oligomers with globular morphology on the
membrane surface and inside the cells and only inside the cells,
respectively (Fig. 5e, f). We performed this experiment with a low
ratio of AF488 labeled OB* and SF (generated by mixing 90 and
10% of unlabeled and labeled aS monomers), thus ensuring the
absence of significant modifications to the properties of OB* and
SF as previously reported®®,

These findings reveal that the aS species detected in neurons
and SH-SY5Y cells by confocal microscopy and STED using
different probes arise from exogenous human aS derived from
SF/LF, rather than endogenous rat aS converted in oligomeric
form by a seeding process. Moreover, to assess whether the
toxicity induced by fibrils could originate from a released M that
could progressively convert into oligomers by a process of
secondary nucleation?’, we exposed the SH-SY5Y cells to SF
(0.03 uM) for 15 or 180 min in the absence or presence of a 10-
fold excess of M (0.3 uM). We have chosen a time of 180 min, as
the toxicity observed with cells exposed to SF/LF was already
evident within 180 min (Fig. 3c). The results did not show any
significant difference in the degree of Ca?* influx between the
different conditions (Figure S10), indicating that the oligomers
observed are directly generated by the disaggregation or
fragmentation of fibrils under the conditions of study.

Inhibition of oligomer release from fibrils prevents their
toxicity. To provide further evidence that the fibrils release toxic
oligomers and that these are the major species responsible for the
aS toxicity, we performed an additional set of competitive
experiments. SH-SY5Y cells were exposed to OB*/SF/LF (0.3 pM)
and a 2.5-fold excess of the All antibody was added to the CM
for 24 h. Without antibodies, cells treated for 24 h with OB* and,
to a lesser extent SF/LF, showed intracellular small green dots, as
revealed by the Ab52168 antibody (Fig. 6a, b). Addition of All
antibody to the CM containing aS species significantly reduced
the OB* penetration by ~68% (Fig. 6a, b) and abolished com-
pletely the OB* cytotoxicity (Fig. 6¢). The reduction of small
green dots in the cytosol of All-treated cells exposed to SF and
LF (by ~80% and ~77%, respectively) also resulted in a complete
recovery of cell viability (Fig. 6a—c). This data suggest that All
antibody binds oligomeric species that are released from SF/LF,
thus preventing their cellular uptake and their downstream
effects. We repeated the experiments using the conformation-
sensitive OC antibody, raised against fibrillar species®®, found

here to react with SF/LF, but not OB* (Fig. 4a). The addition of
OC antibody to the CM containing SF/LF reduced significantly
the intracellular aS-specific antibody signal (by ~75% and ~63%,
respectively) and their cytotoxicity, without affecting the intra-
cellular fluorescence (reduced only by ~7%) and the toxicity
(reduced only by ~3%) when added to the CM containing OB*
(Fig. 6a—c).

Moreover, a plot of the degree of MTT reduction against the
intracellular aS levels using the data obtained for OB*/SF/LF with
or without A11/0OC antibodies, revealed a very significant
negative correlation (R=0.88, p<0.001) (Fig. 6d), confirming
that the most inherently toxic aS species are -sheet containing
oligomers, which can either be formed during the self-assembly of
the protein into amyloid fibrils or released from fibrillar species
once they are formed.

Discussion

In this work, NMR and CD data show that the -sheet core of the
a$ fibrils is unable to establish persistent interactions with either
the surface or the internal regions of the lipid bilayers, with the
interactions restricted to the binding of the disordered N-terminal
region of aS onto the surfaces of the lipid bilayers. Accordingly,
following their addition to the CM, the SF and LF forms of aS
appear to be largely localized at the surface of the plasma
membrane on the timescale of the experiments studied here, at
which toxicity is observed. The total quantity of SF/LF bound to
the cell membrane was not found to correlate with the degree of
cell dysfunction or aS penetration. Therefore, the association
between SF or LF and cellular membranes is not sufficient to
account for the toxicity of these species. On the contrary, most of
the prefibrillar OB* species that interact with the neuronal
membrane appear to penetrate into the cytosol, and the amount
of intracellular OB* was found to be directly proportional to the
mass concentration of the species that interact with the plasma
membrane and the resulting toxicity.

The biological analyses revealed that prefibrillar OB* species
induce a rapid dysregulation of calcium and redox status home-
ostasis, in agreement with our previous results®81213:39,
Although the fate of aS aggregates once they enter the cells needs
further investigation, the influx of OB* through the membrane
bilayer is partially mediated by endocytosis. The uptake of OB*
was found to result in further membrane disruption (as indicated
by calcein release), mitochondrial dysfunction, and apoptosis.
Importantly, the same cascade of events was observed for the
fibrillar samples, although with remarkably different kinetics. Our
results, therefore, indicate that aS aggregates with a p-sheet core
and solvent-exposed hydrophobic surfaces appear to be able to
induce cellular damage, although the time scales and levels of
observed toxicity depend on the nature (oligomeric vs fibrillar)
and size of the aggregates.

Thus, the question remains as to how fibrillar species exert
their toxicity. According to our results, the toxic effects of the
fibrils appear to correlate directly with the quantity of aS that
penetrate into the cells after interacting with the cellular mem-
branes and cause calcium uptake, ROS formation, membrane
permeabilization to calcein, caspase-3 activation, and mitochon-
drial dysfunction. The dissociation of aS fibrils into soluble aS
species, likely to include a low proportion of monomers in
addition to oligomers, have also been observed in recent studies
to occur under conditions close to physiological®*’. Using con-
focal microscopy and the All and Syn33 antibodies, which are
specific for ‘soluble prefibrillar oligomers336, we found that the
species that can penetrate into the cells were All- and Syn33-
positive in all cases, not only when the cells were treated
with OB*, but also with SF and LF species that are Al1- and
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Fig. 6 Inhibition of oligomer release from fibrils prevents their toxicity. a Representative confocal scanning microscope images showing the median
sections of SH-SY5Y cells treated for 24 h with the indicated aS species at 0.3 pM, in the absence or presence of A11 (AHBOO052, Thermo Fisher Scientific)
and OC (AB2286, Sigma-Aldrich) antibodies at 1:2.5 molar ratio. Red and green fluorescence indicates the cell membranes and the aS species revealed
with WGA and polyclonal anti-aS antibodies (ab52168, Abcam), respectively. The arrows in the images show the intracellular green-fluorescent punctae.
b Semi-quantitative analysis of the green fluorescence signal referring to panel (a) and derived from intracellular oS species expressed as the percentage of
untreated cells. ¢ MTT reduction in SH-SY5Y cells treated for 24 h with the indicated oS species at 0.3 uM in the absence or presence of A1l and OC
antibodies (1:2.5 molar ratio). d Dependence of MTT reduction (values reported in panel €) on the aS-derived fluorescence values in cells treated with
OB*/SF/LF (values from panel b) in the absence or presence of A1l and OC antibodies (1:2.5 molar ratio). In all panels, experimental errors are S.E.M. (n =
4 with three internal replicates). Samples were analyzed by one-way ANOVA followed by Bonferroni’'s multiple comparison test relative to untreated cells
(in panels b and ¢, *P < 0.05, **P < 0.01, ***P < 0.001) and cells treated with the aS species (in panels b and ¢, SP < 0.05, $$P < 0.01, 555P < 0.001). In panel
d, P<0.001. A total of 200-250 cells (a, b), and 150,000-200,000 cells (¢) were analyzed per condition.

Syn33-negative per se. In a cell-free context, SF/LF were found to
slowly release All-positive species and DLS indicated a slow
release of small-sized species. The appearance of All-positive
aggregates from the fibrillar species was relatively slow, with rates
and overall kinetic traces that closely match the time course of
toxicity for SF/LF. This also explains why fibrils caused a minor
and slower calcein release from SUVs. Finally, using STED super-
resolution microscopy in rat primary cortical neurons coupled
with 3D analysis and the monoclonal 211 antibody that recog-
nizes only the exogenous human aS, we provide further evidence
for the oligomeric, rather than fibrillar, morphology of the aS
species released from exogenous aS fibrils upon interaction with
the cell membrane and later entering the cytosol. When z-stack
analysis was used to perform the 3D reconstruction, the release of
oligomeric species from SF was also evident inside the cells
exposed to the fluorescently labeled AF488-SF in the absence of
any antibody.

Our finding that LF are less toxic than SF can be attributed to
their lower proportion of fibrillar ends at the same mass con-
centration. As oligomer release occurs from fibril ends, this fea-
ture will result in a slower release of oligomers. Moreover, LF

showed a lower diffusion capacity in the CM, and a reduced
ability to interact with the cells, than SF. These conclusions are in
line with previous reports obtained with the amyloid-beta (Af)
peptide associated with Alzheimer’s disease that have revealed the
lipid-mediated depolymerization of nontoxic fibrils of AP into
toxic All-positive oligomers, which were also shown to resemble
the oligomers formed de novo during fibril assembly*!. They are
also in agreement with the general proposition that any fibrillar
species that accumulate in tissue can represent a source of soluble
toxic oligomers®#2, and with the halos of soluble oligomers
observed to surround amyloid plaques of AB in mouse brains*3.

In a recent study, we have found that SF species analyzed in the
present paper are able to induce PD-like pathology by a spreading
process when injected into the brains of healthy mice, whereas the
OB* species were only able to induce local toxicity in the region
of brain injection, without signs of seeding and spreading, as it
was expected, given their kinetically trapped nature?%. It is pos-
sible, however, that the OB-like species that we have observed to
be released from fibrils in the present study, in addition to con-
tributing to the induction of toxicity, could also enhance the
generation of new aggregates, as they might have elongation
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capabilities similar to those of their fibrillar precursors, unlike
OB* species*.

In conclusion, our results suggest that oS fibrils, particularly
the small ones, have a doubly deleterious effect. The first has been
explored previously and results from a transfer from neuron-to-
neuron contributing to the slow but progressive diffusion of Lewy
body pathology in different brain areas. Indeed, some aS fibril
polymorphs have been observed to be internalized by cells?23
and possibly contribute to pathology spreading!’-2124, The sec-
ond effect stems from the release of prefibrillar oligomeric species
causing an immediate dysfunction of the neurons in the vicinity
of these species. Such oligomeric species could also contribute to
pathogenesis via neuron-to-neuron spreading by their direct cell-
to-cell transfer or by generating new fibrils, following their neu-
ronal uptake.

Thus, molecules able to prevent the formation of toxic oligo-
mers of aS during the aggregation process, such as
aminosterols?*4~46, or to interact directly with such species, for
example the A1l antibody, or to prevent their release from the
fibrillar species, such as the OC antibody, are able to suppress aS
toxic behavior. Indeed, these three mechanisms have been shown
to be used by different molecular chaperones to protect cells from
amyloid aggregation, some inhibiting oligomer formation, other
binding to and neutralizing the effects of preformed oligomers,
and other binding preferentially to fibril ends*’~>1. These features
are of considerable interest in the design of therapeutic approa-
ches targeting a-synucleinopathies and other systems in which
protein aggregation is linked to neurodegeneration.

Methods

Purification of «S monomers and formation of S OA* and OB*, SF and LF.
The recombinant human aS was over-expressed in E. coli BL21 cells (Agilent, UK)
and purified as a monomeric fraction®. OA* were generated by incubating ca. 200
uM of aS in PBS pH 7.4 with ten molar equivalents of (-)-epigallocatechin-3-gallate
(EGCG) (Merck, Darmstadt, Germany) for 48 h at 37 °C. After the incubation,
excess of compound and monomeric protein was removed by six consecutive cycles
of filtration through 100 kDa centrifuge filters (Merck). For the isolation of OB*,
purified aS was dialyzed against miliQ water and lyophilized for 48 h in aliquots of
6 mg. The aliquots were resuspended in 500 uL of PBS pH 7.4 to a final con-
centration of 800 uM, filtered through a 0.22 um filters and incubated at 37 °C
without agitation for 20-24 h. Resulting fibrils formed during the incubation were
removed by ultracentrifugation at 288,000 x g. Monomeric protein and small oli-
gomers were removed by four consecutive cycles of filtration through 100 kDa
centrifuge filters (Merck)*$. Final oligomer concentration was determined mea-
suring the absorbance at 280 nm and using the extinction coefficient 5960 M~!
cm~! for the OB*, or by BCA analysis for OA* oligomers (in this later case, the
yield of production was consistently ca. 100%). Both oligomeric samples were kept
at room temperature and were used within 3 days after their production®®. Long
fibrillar samples (f0) were prepared by incubating monomeric aS at 70 uM (1 mg/
ml) in PBS buffer pH 7.4 (0.1 M ionic strength) containing 0.01% NaNj at 37 °C,
under constant agitation (New Brunswick Scientific Innova 43, 200 rpm) for

4-6 days. After this time, each sample was centrifuged (15 min at 16,100 x g) and
the fibrillar pellet washed twice with PBS before being resuspended into the
appropriate volume of PBS. As clumping of fibrils was observed? a second gen-
eration of long fibrils (f1) was prepared by incubating 100 uM monomeric aS with
10 uM of 0 sonicated for 1 min (Bandelin, Sonopuls HD 2070, cycles of 0.3 s of
active sonication followed by 0.7 s of passive interval, 10% maximum power) in 500
uL PBS at 37 °C under quiescent conditions for 13-15h and then centrifuged as
described above for f0. Samples of short f1 fibrils were generated by sonicating long
f1 fibrils for 20 s using the same apparatus and settings. The concentration of fibrils
was estimated by measuring the absorbance at 275 nm using &,75 = 5600 M~! cm~!
after disaggregating an aliquot by the addition of guanidinium chloride to a final
concentration of 4 M.

N-terminally acetylated aS was obtained by coexpression of a plasmid carrying
the components of the NatB complex (Addgene) with the pT7-7 plasmid encoding
for human WT aS. The purification protocol of N-terminally acetylated protein
was identical to the non-modified variant and the yield of acetylation was assessed
by mass spectrometry and resulted to be essentially complete.

In a set of experiments, LPS (lipopolysaccharide) ultra-clean, also referred to as
LPS-free, OB* samples were used to study the possible effect of LPS residual
concentrations present in the OB* samples generated from the recombinant
protein. For this, a set of commercial kits to remove the LPS endotoxin and
quantify its content in the different protein samples (Thermo Fisher Scientific,
Waltham, MA, USA) was used.

Fluorescently labeled aS molecules carrying the AF488 dye (Invitrogen,
Carlsbad, CA, USA) were obtained by using the N122C mutational variant®. The
labeled protein was then purified from the excess of free dye by a P10 desalting
column with a Sephadex G25 matrix (GE Healthcare, Chicago, IL, USA) and
concentrated using Amicon Ultra Centricons (Merck, Darmstadt, Germany).
Fluorescent OB* and SF were generated by mixing 90 and 10% of unlabeled and
labeled aS, respectively. The fluorophore at a position near to 122 was reported to
be efficient in following amyloid aggregation and oligomer and fibril stability
without affecting much these properties®. But in any case, the low ratio of labeled to
unlabeled monomers and the C-terminal position of Cys1228, ensured the absence
of significant modifications to the properties of OB* and SF.

ssNMR. PRE data were acquired by performing DARR experiments in ssNMR to
probe the membrane interactions of the rigid region of the oligomers and fibrils®.

All lipids were acquired from Avanti Polar Lipids Inc., Alabaster, AL, USA.
SUVs of the relevant lipid compositions were prepared by drying chloroform
solutions of the lipids under a stream of nitrogen gas followed by desiccation under
vacuum. The resulting dried lipid film was then rehydrated in buffer, subjected to
3-5 freeze-thaw cycles, and sonicated until the solution becomes clear. SUV's
composed 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) at a ratio 5:3:2 w/w, respectively, were prepared (this lipid
composition has been previously proposed to be a good model that mimics the
physiological lipid membrane composition®3). Two percent of paramagnetic lipid
with an unpaired electron located at the hydrophilic head group (1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine-N-DTPA gadolinium salt), or at carbon 16 of
the lipid tail (1-palmitoyl-2-stearoyl-[16-doxyl]-sn-glycero-3-phosphocholine)
were added to the lipid mixture, to probe the interaction of the protein with the
surface of the membrane or the interior of the membrane, respectively. The protein
sample was incubated with SUVs for 1 h before pelleting down using a TLA-120.2
Beckman rotor (Beckman Coulter UK Ltd., High Wycombe, UK, 30 min,
300,000 x g). The resulting pellet was transferred into 3.2 mm Zirconia XC thin-
walled MAS rotors for ssNMR experiments.

Interaction of oS species with SUVs using far-UV CD. To investigate the
interaction of aS in the different aggregated states with lipid membranes, we
monitored the change in the mean residue ellipticity of aS at 222 nm at increasing
lipid:aS molar ratios using SUVS of 5:3:2 of DOPE:DOPS:DOPC. The different aS
species (10 M mass concentration) were incubated with SUVs at varying con-
centrations for at least 1 h at room temperature prior to measurement, and
membrane binding affinity was estimated according to the binding equation
derived by assuming a fixed but unknown number of lipid molecules interacting
with one molecule of protein with identical affinity>*.

Calcein release in SUVs. The kinetics of lipid membrane permeabilisation
induced by the different aS species was obtained by monitoring the increase in
fluorescence due to the leakage of entrapped calcein within SUVs (5:3:2 of DOPE:
DOPS:DOPC) over time*. The different protein species (0.05 uM) were added to
SUVs (5 uM) and the fluorescence measurements were obtained using a Varian
Cary Eclipse fluorimeter (Palo Alto) at 20°C in a 2 mm x 10 mm path length
cuvette using excitation and emission wavelengths of 485 and 520 nm, respectively.
The percentage of calcein release was defined as:

] (F — Fcomml)
. — | AT T Teontrol) | q00
release |:(Ftot — Fcon(l‘Ol)

where F is the fluorescence measured in the presence of the different aS species,
Feontrol 18 the fluorescence measured of the SUVs alone, and F,., is the total
fluorescence obtained after complete disruption of SUVs using Triton X-100
(1% v/v).

AFM. All images were acquired at room temperature in air typically using inter-
mittent contact mode on a Nanowizard II atomic force microscope (JPK Instru-
ments, Berlin, Germany) except for the analysis of OA* and OB* samples, which
were acquired using tapping mode in a Multimode 8 atomic force microscope
(Bruker, Massachusetts, USA). The different aS species (0.1-1 pM, 10 uL) were
applied onto a layer of freshly cleaved mica and allowed to air-dry. The samples
were washed with water to remove any salts and dried again before imaging.
Images were processed and analyzed with Gwyddion open source software (version
2.48) (http://www.gwyddion.net).

Far-UV CD. Far-UV CD spectra of the different aS species were acquired in PBS at
20 °C between 200 and 250 nm, using a scan speed of 50 nm min~! and a band-
width of 1 nm. Ten accumulations were recorded for each sample, using a 1-mm
path length cuvette and a J-810 Jasco spectropolarimeter (Tokyo, Japan), equipped
with a thermostated cell holder.
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FT-IR. FT-IR spectra of the different aS species (100-400 uM) were acquired in
PBS and analyzed in a Bruker BioATRCell II using 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, 256 interferograms were recorded at 2 cm™!
resolution. Data processing of the amide I region (1720-1580 cm~!) was per-
formed with the Opus software package (Bruker Optics Limited, UK) and consisted
of a background subtraction of the buffer spectra, atmospheric compensation, and
baseline subtraction. All absorbance spectra were normalized for comparison.

X-ray diffraction. Protein stalks were prepared by air drying 10 uL of ~800 uM
(mass concentration) of the different aS species between two wax-filled capillary
ends mounted in a Petri dish>. X-rays were generated using MICROSTAR
microfocus rotating anode X-ray generator and the diffraction data were collected
on a X8 Proteum system (Bruker AXS). The data were subsequently analyzed on
PROTEUM 2 software suite.

ThT and ANS fluorescence. Fluorescence measurements were performed in a
2mm x 10 mm path length cuvette, using a Varian Cary Eclipse fluorimeter (Palo
Alto, CA, USA) in a temperature-controlled cell holder. ThT fluorescence was
monitored by exciting the sample at 446 nm and recording the emission fluores-
cence spectrum between 460 and 600 nm (5-nm slitwidths). Each protein species
(10 uM) was incubated with ThT (50 uM, &416nm = 26,620 M~ cm~1) in PBS for
30 min before performing the measurement. ANS binding was monitored by
exciting the sample at 350 nm and recording the emission spectrum between 400
and 650 nm (5-nm slitwidths). Each protein species (5 uM) was incubated with
ANS (250 UM, €350nm = 5000 M~! ecm™1) in PBS for 30 min before recording the
spectra.

Cell cultures. Authenticated human neuroblastoma SH-SY5Y cells were purchased
from A.T.C.C. (Manassas, VA, USA). SH-SY5Y cells were tested negative for
mycoplasma contaminations, and were maintained in a 5% CO, humidified
atmosphere at 37 °C and grown until 80% confluence for a maximum of 20
passages!237.

Primary cortical neurons were obtained from embryonic day (ED)-17 Sprague-
Dawley rats (Harlan)*%, maintained in neuronal basal medium (NBM) at 37 °C in a
5.0% CO,-humidified atmosphere and analyzed 14 days after plating®!2.
Experiments and animal use procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23, revised 1996). The experimental protocols were approved
by the “Commissione per I’Etica della ricerca” of the University of Florence, in
compliance with the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes (ETS no. 123) and
the European Communities Council Directive of 24 November 1986 (86/609/EEC).
The authors further attest that all efforts were made to minimize the number of
animals used and their suffering.

Human iPSC-derived dopaminergic neurons were purchased from Axol
Bioscience (Cambridge, UK), which obtains human cell resources from cell
repositories who guarantee all human cell collections are performed at certified
facilities under the highest ethical standards. Discrete legal consent form was
obtained and the donors’ or clinics’ rights to hold research uses, for any purpose, or
further commercialization use were waved. All human cells were collected under
protocols that are in compliance with the Health Insurance Portability and
Accountability Act of 1996 (HIPAA). Human iPSC-derived dopaminergic neuron
progenitors were plated and led to maturation according to manufacturer’s
instructions. In detail, they were plated on 12-well plates containing glass coverslips
coated with poly-D-lysine plus surebond-XF solution. Then the maturation to
dopaminergic neurons was achieved starting from day 1, by growing the cells in
differentiation medium at 37 °C with 5% CO,. On day 5 post-plating, the
differentiation medium was replaced with the maintenance medium, which was
changed every 2 days. The resulting iPSC-derived dopaminergic neurons were
characterized and analyzed between day 14 and day 18 of culturing. The cells were
fixed in 4% (v/v) paraformaldehyde at room temperature and blocked with fetal
bovine serum in 0.1% Triton X-100 for 30 min. Coverslips were incubated with
1:300 diluted rabbit anti-MAP-2 antibodies (ab32454, Abcam) and 1:200 diluted
mouse anti-TH antibodies (sc-25269, Santa Cruz Biotechnology) in blocking
solution overnight at 4 °C. After washing with PBS, the cells were incubated with
1:500 diluted Alexa-Fluor-568-conjugated anti-rabbit secondary antibodies
(Thermo Fisher Scientific) and 1:500 diluted Alexa-Fluor-514-conjugated anti-
mouse secondary antibodies (Thermo Fisher Scientific) for 90 min at room
temperature. Finally, coverslips were incubated in PBS containing DAPI for 15 min
at room temperature. Fluorescence emission was detected after double excitation at
568 and 514 nm by a TCS SP8 scanning confocal microscopy system (Leica
Microsystems, Mannheim, Germany).

Confocal microscopy analysis for the penetration of aS species. aS species

were added to the cell CM of SH-SY5Y cells seeded on glass coverslips typically for
1hat 0.3 uM. In a set of experiments, OB*, SF, or LF were added to the cell CM of
SH-SY5Y cells seeded on glass coverslips for different lengths of time (0, 1, 3, 6, and

24 h). In another set of experiments, SH-SY5Y cells were treated for 6 h at 37°C
and then with or without 0.05% trypsin for 15 min at 4 °C. In an additional
experiment, SH-SY5Y cells were treated for 6 h at 37 °C with or without 5 uM
dynamin inhibitor I, dynasore (Sigma-Aldrich, St. Louis, MO, USA) or for 6h at
4°C. Following membrane permeabilization, aS was detected with 1:250 diluted
rabbit polyclonal anti-aS antibodies (ab52168 Abcam, Cambridge, UK) and with
1:1000 diluted Alexa-Fluor-488-conjugated anti-rabbit secondary antibodies
(Thermo Fisher Scientific). In another set of experiments, OB* and SF were added
to the CM of SH-SY5Y cells seeded on glass coverslips for 1h at increasing con-
centrations (0.03, 0.1, 0.3, 1.0, and 3.0 uM) and the immunostaining analysis was
performed as described below.

In a set of experiments, OB*, SF, and LF at 0.3 pM were added to the CM of
iPSC-derived dopaminergic neurons for 24 h. The cells were fixed in 4% (v/v)
paraformaldehyde at room temperature and blocked with fetal bovine serum in
0.1% Triton X-100 for 30 min Coverslips were incubated with 1:400 diluted mouse
anti-MAP-2 antibodies (ab11267, Abcam) and 1:250 diluted rabbit anti-oligomer
A1l polyclonal antibodies (AHB0052 Thermo Fisher Scientific) in blocking
solution overnight at 4 °C. After washing with PBS, the cells were incubated with
1:500 diluted Alexa-Fluor-568-conjugated anti-rabbit secondary antibodies
(Thermo Fisher Scientific) and 1:500 diluted Alexa-Fluor-514-conjugated anti-
mouse secondary antibodies (Thermo Fisher Scientific) for 90 min at room
temperature.

In another set of experiments, OB*, SF, and LF at 0.3 pM were added to the CM
of SH-SY5Y cells for different lengths of time (0, 3, 6, 14, and 24 h). Following
membrane permeabilization, aS was detected with 1:250 diluted rabbit anti-
oligomer A1l polyclonal antibodies (AHB0052 Thermo Fisher Scientific), and with
1:1000 diluted Alexa-Fluor-488-conjugated anti-rabbit secondary antibodies (A-
11034 Thermo Fisher Scientific). In another set of experiments, OB* and SF were
added to the CM of SH-SY5Y cells at 0.3 pM for different lengths of time (0, 3, 6,
14, and 24 h). Following membrane permeabilization, aS was detected with 1:300
diluted rabbit oligomer-specific Syn33 polyclonal antibodies (ABN2265M, Sigma-
Aldrich) and then with 1:1000 diluted Alexa-Fluor-488-conjugated anti-rabbit
secondary antibodies (A-11034 Thermo Fisher Scientific).

In another set of experiments, OB* were added to the CM of SH-SY5Y cells at
different concentrations (0.03, 0.1, 0.3, 1, and 3 pM) for 1 h. aS was detected with
1:250 diluted rabbit anti-oligomer A11 polyclonal antibodies (AHB0052 Thermo
Fisher Scientific), and with 1:1000 diluted Alexa-Fluor-488-conjugated anti-rabbit
secondary antibodies (A-11034 Thermo Fisher Scientific). In another set of
experiments, OB*, SF, and LF at 0.3 uM were added to the CM for 30 min and then
polyclonal A11 (AHB0052 Thermo Fisher Scientific) or OC (AB2286 Sigma-
Aldrich) conformation-sensitive antibodies were added for 24 h to the extracellular
medium (in a molar ratio of 1:2.5). The cells were then counterstained with 5.0 ug/
ml Alexa-Fluor 633-conjugated WGA (W21404 Thermo Fisher Scientific)®’ fixed
with 2% (v/v) paraformaldehyde, permeabilized and aS was detected with 1:250
diluted rabbit polyclonal anti-aS antibodies (ab52168 Abcam) and with 1:1000
diluted Alexa-Fluor-488-conjugated anti-rabbit secondary antibodies (A-11034
Thermo Fisher Scientific). Fluorescence emission was detected after double
excitation at 633 and 488 nm by the TCS SP8 scanning confocal microscopy system
(Leica Microsystems, Mannheim, Germany) equipped with an argon laser source.
A series of 1.0-um-thick optical sections (1024 x 1024 pixels) was taken through
the cell depth for each sample using a Leica Plan Apo x63 oil immersion objective
and projected as a single composite image by superimposition. In some
experiments, four optical sections near the coverslip were merged to a single
composite image, which we referred to as basal planes, four optical sections more
distant from the coverslip were merged and referred to as median planes and four
higher top optical sections were merged and referred to as apical planes. The
confocal microscope was set at optimal acquisition conditions, e.g., pinhole
diameters, detector gain, and laser powers. Settings were maintained constant for
each analysis.

Measurement of intracellular ROS and mitochondrial superoxide ions. aS
species were added to the CM of SH-SY5Y cells seeded on glass coverslips for

15 min at various concentrations (0.03, 0.1, 0.3, 1.0, and 3.0 uM). In a set of
experiments, 0.3 uM OB* were added to the CM for different lengths of time (0, 5,
10, 15, 30, and 60 min). In a set of experiments, LPS-free aS species (M, OB*, and
LF) were compared to normal samples, by adding them to the CM of SH-SY5Y
cells seeded on glass coverslips for 15 min at 0.3 uM. We used this time the CM-
H,DCFDA probe to detect and quantify intracellular levels of hydrogen peroxide as
a ROS marker, although we reported similar results for the OB* when the intra-
cellular accumulation of ROS was followed by Hyper-3 (probe for hydrogen per-
oxide) and dihydroethidium (probe for superoxide radical) in primary neuronal
cells®. In order to quantify hydrogen peroxide, then, cells were loaded with 5 uM
2/,7'-dichlorodihydrofluorescein diacetate for 10 min (CM-H,DCFDA, Thermo
Fisher Scientific)345. The emitted fluorescence was detected at 488 nm excitation
line by the confocal scanning system described above.

Mitochondrial superoxide ion production was detected with a static time-point
measurement in living SH-SY5Y cells with MitoSOX probe (Thermo Fisher
Scientific). Fluorescently labeled AF488-OB* and AF488-SF were added to the CM
of SH-SY5Y cells for 1h at 0.03, 0.1, and 0.3 uM, and the red and green emitted
fluorescences were detected at 550 and 488 nm excitation lines, respectively, by the
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confocal scanning system described above. As a positive control, cells were also
treated with 250 uM H,O, and the analysis was performed as described above.

Alteration of membrane permeability. The membrane integrity disruption was
assessed in SH-SY5Y cells and primary rat cortical neurons seeded on glass
coverslips®’. Briefly, cells were loaded with 1.0 uM calcein-AM (Thermo Fisher
Scientific) for 10 min at 37 °C and then treated for 1 h with aS species at 0.3 pM. In
another set of experiments, 0.3 uM OB* were added to the CM of SH-SY5Y cells
for different lengths of time (0, 5, 10, 15, 30, and 60 min). The membrane integrity
disruption was also assessed in SH-SY5Y cells treated for 1 h with aS species (M,
OA*, and OB*) derived from N-acetylated oS protein at 0.3 uM. The emitted
fluorescence was detected at 488 nm excitation line by the confocal scanning sys-
tem described above.

Measurement of intracellular Ca2*. oS species were added to the CM of SH-
SY5Y cells and primary rat cortical neurons seeded on glass coverslips for 15 min at
various concentrations (0.03, 0.1, 0.3, 1.0, and 3.0 uM). In a set of experiments,
0.3 uM OB* were added to the CM of SH-SY5Y cells for 0, 5, 10, 15, 30, 60, and
180 min and to primary rat cortical neurons for 0, 5, 15, 60, and 180 min. Cells
were also treated with 0.3 uM OB* in CM without Ca2*. In a set of experiments,
cells were treated for 15 or 180 min with 0.3 uM M in the absence or presence of
0.03 uM SF (monomers equivalents, corresponding to 10% of monomers). Then
the cells were loaded with 10 uM Fluo-4 AM (Thermo Fisher Scientific) and the
analysis was performed by confocal microscopy (excitation at 488 nm)37->7.

In a set of experiments, the Ca?* influx was analyzed in real-time in living SH-
SY5Y cells loaded with the Fluo-4 AM probe for 10 min. The intracellular Ca?*
basal level in living cells was measured for 10 min and then Ca?* currents were
analyzed following the addition of OB* or SF up to 30 min. The emitted
fluorescence was detected at 488 nm excitation line over time by the confocal
scanning system described above.

Measurement of caspase-3 activity. OB*/SF/LF were added to the CM of iPSC-
derived dopaminergic neurons seeded on glass coverslips for 24 h at 0.3 uM. In
another set of experiments, SH-SY5Y cells seeded on glass coverslips were treated
with M/OA/OB*/SF/LF for 24 h at 0.3 uM or for different lengths of time (0, 1, 3, 5,
and 24 h). After incubation, the CM was removed and replaced for 1h with the
FAM-FLICA Caspase-3/7 solution (Immunochemistry Technologies, LLC, Bloo-
mington, MN). The FLICA reagent FAM-DEVD-FMK enters each cell and binds
irreversibly and covalently to active caspase-3. The reagent bound covalently to the
active enzymes is retained in the cell, while the unbound reagent diffuses outside
and is washed away. The emitted fluorescence was then detected at 488-nm
excitation by the confocal scanning system described above.

MTT reduction assay. The cytotoxicity of aS species was assessed on SH-SY5Y
cells and primary rat cortical neurons seeded in 96-well plates, 24 h after their
addition to the CM at various concentrations (0.03, 0.3, and 3.0 uM), by the MTT
assay>7°8. SH-SY5Y cells were treated for 24 h with aS species (M, OA*, and OB*)
derived from N-acetylated aS protein at 0.3 pM. In a set of experiments, LPS-free
aS species (M, OB*, and LF) were compared to normal samples, by adding them to
the CM of SH-SY5Y cells seeded on glass coverslips for 24 h at 0.3 uM. In a set of
experiments, aS species were added to the CM of SH-SY5Y cells at 0.3 uM for
different lengths of time (0, 1, 3, 5, and 24 h) and the MTT assay was assessed. In
another set of experiments, OB*, SF, and LF at 0.3 pM were added to the CM of
SH-SY5Y cells and, following 30 min of treatment, A11 or OC antibodies (in a
molar ratio of 1:2.5) (AHB0052 Thermo Fisher Scientific and AB2286 Sigma-
Aldrich, respectively), were added to the extracellular medium for 24 h and the
MTT assay was assessed. A1l and OC antibodies alone were also analyzed as
control. After treatment, the CM was removed, cells were washed with PBS and the
MTT solution was added to the cells for 4 h. The formazan product was solubilized
with cell lysis buffer (20% sodium dodecyl sulfate (SDS), 50% N, N-dimethylfor-
mamide, pH 4.7) for 1 h. The absorbance values of blue formazan were determined
at 590 nm. MTT tests were achieved using Microplate Manager® Software (Biorad,
CA, USA). Cell viability was expressed as the percentage of MTT reduction in
treated cells as compared to those untreated.

Dot-blot analysis. Dot-blot analyses of aS species (OA, OB¥, SF, and LF) were
performed by spotting 2.0 ul (0.36 mg/ml) of each conformer onto a 0.2 um nitro-
cellulose membrane. After blocking (1.0% bovine serum albumin in TBS/TWEEN
0.1%) the blots were probed with 1:1200 diluted rabbit anti-oligomer A11 polyclonal
antibodies (AHB0052, Thermo Fisher Scientific), or with 1:1000 rabbit anti-amyloid
fibrils OC (AB2286, Sigma-Aldrich) or with 1:1250 diluted conformation-insensitive
rabbit polyclonal anti-aS antibodies (ab52168 Abcam) or with 1:250 diluted
conformation-insensitive mouse monoclonal 211 anti-aS antibodies (sc12767, Santa
Cruz Biotechnology). In a set of experiments, aS species (OB*, SF, and LF) spotted
onto the nitrocellulose membrane were detected with 1:3000 diluted rabbit oligomer-
specific Syn33 antibody (ABN2265M, Sigma-Aldrich). Then, the blots were incubated
with 1:3000 diluted HRP-conjugated anti-rabbit or anti-mouse secondary antibodies
(AB6721 and AB6728, Abcam). The immunolabeled bands were detected using a

SuperSignalWest Dura (Pierce, Rockford, IL, USA) and ImageQuant™ TL software (GE
Healthcare UK Limited version 8.2).

Confocal microscopy analysis of aS species in the absence of cells in vitro. SF
and LF at 0.3 uM were incubated in CM without cells in wells containing a glass
coverslip for 0, 1, 3, and 24 h at 37 °C. Following the incubation, the coverslips were
fixed with 2% (v/v) paraformaldehyde, incubated with BSA 0.5% to avoid unspe-
cific adherence of antibodies to the glass coverslip, and finally incubated for 30 min
at 37 °C with 1:2000 diluted mouse monoclonal 211 anti-aS IgG1 antibodies
(sc12767, Santa Cruz Biotechnology) or with 1:2500 diluted rabbit anti-oligomer
A1l polyclonal antibodies (Thermo Fisher Scientific), and then for 30 min with
1:2000 Alexa-Fluor 514-conjugated anti-mouse or anti-rabbit secondary antibodies
(Thermo Fisher Scientific). The emitted fluorescence was detected at 514-nm
excitation line by the confocal scanning system described above. The analysis was
also performed with OB* at 0 and 24 h as positive control, and with primary and
secondary antibodies without aS, to exclude any cross-reaction of the antibodies.

DLS. Size distribution analysis was performed with a Malvern ZetasizerNano S DLS
device (Malvern Panalytical, Malvern, United Kingdom) using SF at 1 uM in PBS
following incubation at 37 °C for different lengths of time (0, 3, 14, and 24 h). OB*
were also analyzed at 1 uM in PBS following incubation at 37 °C for 0 and 24 h.
Each sample was analyzed considering the refraction index and viscosity of its
dispersant. A 45-mm reduced volume plastic cell was used.

Analysis of the kinetics of toxicity using the different cellular readouts. The
different intracellular fluorescence intensities associated with Ca2t influx and MTT
reduction were plotted versus the time elapsed after aS addition to the CM. A
variable number of cells were analyzed for every probe and time point and the
resulting kinetic plots were analyzed with a procedure of best-fitting using a single
exponential function of the form:

F(t) = F(eq) + A exp(—kt) (1)

where F(f) is the intracellular fluorescence at time ¢ as a percentage of that observed
in untreated cells, F(eq) is the same fluorescence at the apparent equilibrium (time
), A is the amplitude of the exponential fluorescence change as a percentage of
that observed in untreated cells, and k is the apparent rate constant in s~ 1.

The intracellular fluorescence intensities associated with the intracellular aS
species recognized by All antibody were plotted versus the time elapsed after aS
addition to the CM and the resulting kinetic plots were analyzed with a procedure
of best-fitting using a sigmoidal function of the form

F(0) — F(eq)
F(t) = F(eq) + ———5—

L+ (5)°
where F(t) is the intracellular fluorescence at time ¢ as a percentage of that observed
in untreated cells, F(0) is the same fluorescence at time zero, F(eq) is the same
fluorescence at the apparent equilibrium (time o), A is the amplitude of the
fluorescence change as a percentage of that observed in untreated cells, k is the
apparent rate constant in s~ and B is the slope of the sigmoidal function at time .

STED microscopy. STED xyz images (i.e., z-stacks acquired along three directions:
x, y, and z axes) of rat cortical neurons treated with OB* and SF at 0.3 uM for 14
and 24 h were acquired by using an SP8 STED 3X confocal microscope (Leica
Microsystems, Mannheim, Germany)3’. Primary rat cortical neurons were coun-
terstained with 0.01 mg/ml WGA, Tetramethylrhodamine Conjugate (W849,
Thermo Fisher Scientific). aS was detected with 1:125 diluted conformation-
insensitive mouse monoclonal 211 anti-aS IgG1 antibodies (sc12767, Santa Cruz
Biotechnology) that recognize only the human protein, and 1:500 Alexa-Fluor 514-
goat anti-mouse IgG1 secondary antibody (A-31555, Thermo Fisher Scientific).
Fluoromount-G™ (00-4958-02, Fisher Scientific) was used as mounting medium.
Fluorescence emission was detected after double excitation at 550 and 514 nm.
STED xyz images were acquired in bidirectional mode with the Leica SP8 STED 3X
confocal microscope. Tetramethylrhodamine fluorophore was excited with a
550-nm-tuned white light laser (WLL) and emission collected from 564 to 599 nm,
Alexa-Fluor 514 was excited with a 510-nm-tuned WLL and emission collected
from 532 to 551 nm. Frame sequential acquisition was applied to avoid fluores-
cence overlap. It was applied a gating between 0.3 and 6 ns to avoid collection of
reflection and autofluorescence. Six-hundred-and-fifty-nanometer pulsed-
depletion laser was used for Alexa-Fluor 514 excitation. Images were acquired with
Leica HC PL APO CS2 100x/1.40 oil STED White objective. Gated pulsed-STED
were applied to Alexa-Fluor 514 fluorophore. Collected images were de-convolved
with Huygens Professional software (Scientific Volume Imaging B.V., Hilversum,
The Netherlands; version 18.04) and analyzed with Leica Application Suite X (LAS
X) software (Leica) to generate 3D reconstructions. Z-series stacks were obtained
from 5 pm neuron slices. Images were collected at 0.1-pum intervals.

In another experiment, SH-SY5Y cells were treated with fluorescently labeled
AF488-OB* and AF488-SF for 24 h and STED xyz images were acquired as
described above after double excitation at 550 and 488 nm.
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Measurements of the fluorescence intensities. To quantify the intensity of the
fluorescent signal arising from each probe, cells were analyzed by using the Image]
software (NIH, Bethesda, MD; version 1.52t). The fluorescence intensities were
measured in regions of interest, centered on single cells, whose dimensions
remained constant for all the analyzed images, and were then expressed as the ratio
(AF/F) of the change in fluorescence (AF) with respect to the resting baseline
fluorescence in untreated cells (F)57-59,

In immunofluorescence experiments, intracellular aS fluorescence intensity was
assessed in median planes by selecting multiple ROIs per cell in the cytoplasmic
compartment, excluding the cellular membrane, after background subtraction.
Similarly, the extracellular fluorescence was measured in basal, median, and apical
planes by selecting multiple ROISs per cell in the membrane compartment excluding
the cytoplasmic one, in order to include only the signals arising from the species
interacting with the outer leaflet of cell membranes. The fluorescence intensities
were then expressed as fractional changes above the resting baseline for untreated
cells (AF/F). In a set of experiments, the intracellular fluorescence was analyzed by
counting the number of puncta inside the cells, by using the Image] software. In
STED microscopy analyses, the fluorescence intensity arising from intracellular and
extracellular aS was expressed in arbitrary units, after background subtraction.

Comparison of the concentration of the fibrils. We estimated the same fibril
number concentrations for SF and LF (corresponding to a higher mass con-
centration for LF). For OB*, we took the average number of monomers per oli-
gomer from AUC analysis*. This was ca. 30 monomers. For the fibrils we can
estimate the number of monomers per fibril using the following equation:

_pVN, pn('%)leA

T MW T MW

where N is the number of monomers per aggregate, Ny is the Avogadro’s constant,
MW is the molecular weight of the monomeric components, p is the density of the
aggregate (1.35 g/cm?), V is the volume of the fibril, and h and I are the height and
length of the fibril, respectively (derived from AFM). The numbers obtained are ca.
60 monomers for SFs and ca. 500 monomers for LFs.

Thus, 0.3 M concentration (monomer equivalents) of SF and 3 uM
concentration (monomer equivalents) of LF give rise to ca. 0.005 uM particle
concentration in both samples.

Statistical analysis. All data were expressed as means + standard error of mean (S.E.
M.). Comparisons between the different groups were performed by ANOVA followed
by Bonferroni’s post comparison test, by using GraphPad Prism 7.0 software.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are provided within the paper and its
supplementary information. A source data file is provided with this paper. All additional
information will be made available upon reasonable request to the authors. The data
reported in Fig. la are deposited at the placeholder DOI link: https://doi.org/10.17863/
CAM.59871. Source data are provided with this paper.
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