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Resumen

La proteina transferidora de ésteres de colesterol (CETP) facilita la
transferencia de ésteres de colesterol y triglicéridos entre lipoproteinas en el plasma,
a través de una region critica para su funciéon que estd situada en el dominio C-
terminal. Nuestro grupo de trabajo previamente ha demostrado que este dominio
presenta cambios conformacionales en un ambiente sin lipidos y cuando se
introduce la mutacion Dg;0N. En este sentido, usando una serie de péptidos
derivados de este dominio C-terminal, en el presente estudio se demostrd que estos
cambios favorecen la induccion de una estructura secundaria de tipo P,
caracterizacion que fue realizada a través de estudios espectroscopicos y técnicas de
microscopia electronica. A partir de la estructura secundaria-B, se forman
oligbmeros y estructuras fibrilares con caracteristicas de tipo amiloide que inducen
citotoxicidad en células de microglia en cultivo. Estas estructuras supramoleculares
promueven fendmenos de citotoxicidad a través de la formacion de especies
reactivas de oxigeno (ERO) y cambios en el balance de una serie de proteinas que
controlan el proceso de endocitosis, condiciones que son similares a las que se han
observado en el estudio de las fibras del péptido B-amiloide. No obstante, el grado
de solvatacion determinado por la presencia de grupos hidroxilo sobre la superficie
de lipidos, como el 4cido lisofosfatidico, es una condicion clave que puede modular
la estructura secundaria promoviendo la estructura nativa a-hélice, lo cual evita la
formacion de fibras amiloides en el dominio C-terminal de CETP. De manera que un
delicado balance entre la altamente dindmica estructura secundaria del dominio C-
terminal de CETP, su carga neta, y las propiedades fisicoquimicas del
microambiente circundante de lipidos, como el grado de solvatacion, definen el tipo
de estructura secundaria adquirida. Cambios en este balance podrian favorecer el

plegamiento anémalo en esta region, lo cual podria alterar la capacidad de



transferencia de lipidos conducida por CETP, favoreciendo la propension a sustituir

su funcion fisiologica.

Abstract

The cholesteryl-ester transfer protein (CETP) facilitates the transfer of
cholesterol esters and triglycerides between lipoproteins in plasma, where the
critical site for its function is situated in the C-terminal domain. Our group has
previously shown that this domain presents conformational changes in a non-lipid
environment when the mutation D4;0N is introduced. Using a series of peptides
derived from this C-terminal domain, the present study shows that these changes
promote the induction of a secondary B-structure, as characterized by spectroscopic
analysis and microscopic techniques. From this type of secondary structure, the
formation of peptide aggregates and fibrillar structures with amyloid characteristics
induced cytotoxicity in microglial cells in culture. These supramolecular structures
promote cell cytotoxicity through the formation of reactive oxygen species and
change the balance of a series of proteins that control the process of endocytosis,
similar to that observed when B-amyloid fibrils are employed. Notwithstanding, the
degree of solvation determined by the presence of a free hydroxyl group on lipids
such as lysophosphatidic acid is a key condition that can modulate the secondary
structure and the consequent formation of amyloid fibrils in the C-terminal domain
of CETP. Therefore, a fine balance between the highly dynamic secondary structure
of the C-terminal domain of CETP, the net charge, and the physicochemical
characteristics of the surrounding microenvironment, such as the degree of
solvation, define the type of secondary structure acquired. Changes in this balance
might favor misfolding in this region, which would alter the lipid transfer capacity

conducted by CETP, favoring its propensity to substitute its physiological function.



1. Introduccion

A la fecha un importante nimero de enfermedades causadas por la agregacion
de proteinas con un plegamiento anomalo han sido descritas. De éstas,
aproximadamente 40 enfermedades se han asociado con péptidos y proteinas con
propiedades de tipo amiloide que se agregan de manera extracelular e intracelular
[1]. Sin embargo, el auto-ensamblaje hacia estructuras fibrilares del tipo amiloide no
es una caracteristica restringida hacia un grupo reducido de péptidos y proteinas con
patrones especificos en la secuencia de aminoacidos o en la estructura
tridimensional nativa. Desde hace mas de tres lustros, se ha encontrado que varias
secuencias peptidicas a pesar de presentar la propiedad de formar estructuras de tipo
amiloide no estdn asociadas con alguna patologia. En este sentido, se ha descrito la
adaptacion de funciones celulares especificas a la formacion de amiloides, por
ejemplo en la polimerizacion de moléculas precursoras durante la formacion de la
melanina dentro de los melanocitos [2]. De manera que actualmente la formacion de
estructuras amiloides se considera como una propiedad que pudiera ser genérica a
muchas cadenas polipeptidicas, y en varios casos estar directamente relacionada con
una funcidn fisioldgica [3]. De hecho, la diferencia entre amiloides funcionales y los
que estan asociados a enfermedad puede residir en los mecanismos celulares de

regulacion que estan involucrados durante su formacion [4].

Por varios anos, nuestro laboratorio ha estado enfocado en el estudio de la
relacion entre estructura y funcidon de proteinas asociadas con la union y transporte
de lipidos, como varias apolipoproteinas que forman parte de las particulas
lipoproteinas, y la proteina transferidora de ésteres de colesterol (CETP). De forma
colateral a los cambios encontrados en la estructura secundaria de regiones
especificas de varias de estas proteinas, tales como la apolipoproteina C-I, hemos

propuesto la posibilidad de que estas regiones responden a cambios especificos en el
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microambiente de lipidos que las rodea, y a través de transiciones especificas
desorden-al-orden poder actuar como interruptores moleculares que disparan o

suprimen la funcién [5-7].

1.1 La proteina transferidora de ésteres de colesterol (CETP)

CETP es una glicoproteina hidrofobica que promueve la transferencia de
ésteres de colesterol y triglicéridos entre lipoproteinas, principalmente
direccionando el flujo de colesterol de lipoproteinas de alta densidad (HDL) hacia
lipoproteinas de baja y muy baja densidad (LDL y VLDL, respectivamente). Asi
mismo, CETP tiene la capacidad de transferir triglicéridos de las VLDL hacia HDL,
lo cual origina un cambio en la composicidon, tamafio y estructura esférica de las
HDL (Figura 1) [8]. A este respecto, extensos estudios sobre polimorfismos y
deficiencias genéticas en CETP sugieren una relacion directa entre su actividad, los
niveles de colesterol en HDL y el potencial desarrollo de enfermedad cardiovascular
[9]. Estudios de delecion y mutagénesis sitio-especifica han mostrado que el
dominio localizado en el extremo C-terminal (E4s5-S476), estructurado como una a-
hélice anfipatica, corresponde con una region clave para la transferencia de lipidos

(Figura 1) [10-12].

CETP es una proteina plasmatica de 476 residuos, con un peso molecular
aproximado de 67 kDa, contiene cuatro glicosilaciones y un 44 % de los residuos
son hidrofobicos. La estructura cristalografica de CETP refleja una estructura
alargada en forma de boomerang con un plegamiento homoélogo a la proteina BPI
(bactericidal/permeability-increasin protein) [13,14]. La descripcion estructural de
CETP se puede realizar en cuatro dominios: un barril-f en cada costado de la

proteina, denominados barriles N y C, una hoja B central conectora entre los dos
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barriles y una extension C-terminal nombrada hélice-X, la cual no se encuentra
presente en la proteina BPI, siendo un dominio critico para la actividad de

transferencia de lipidos (Figura 1).

Figura 1. Estructura tridimensional obtenida a partir del cristal de CETP. En verde
se muestra el barril N y en amarillo el C, la conexién entre ambos dominios se
encuentra marcada en rojo. En magenta y cyan se presentan las moléculas de éster
de colesterol, los fosfolipidos estan representados en negro. El dominio C-terminal
nombrado hélice-X esta enmarcado en un recuadro azul. La estructura fue obtenida
del Protein Data Bank (PDB), codigo de acceso: 2obd.

La Figura 2 muestra una imagen representativa de los tltimos 24 residuos en
el C-terminal de CETP (aa 453-476), integrado por una hebra-f3 (aa 453-462) y una
estructura hélice-a (465-476), estas regiones estan conectadas por un segmento de
tres residuos (aa 462-464). La determinacion de la estructura tridimensional ha
sentado una base solida para la propuesta de que CETP podria unirse s6lo a una
lipoproteina a la vez, y llevar a cabo su funcién a través de un mecanismo acarreador
durante la transferencia de lipidos por medio del transporte de lipidos en el interior
del tanel hidrofobico que forma la proteina [13]; sin embargo no hay resultados
concretos que expliquen la manera en como los ésteres de colesterol localizados en
el nicleo de las particulas HDL alcancen el interior del tinel a través del medio

acuoso. Estudios de nuestro laboratorio sugieren que el mecanismo de transferencia
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puede estar directamente relacionado con la formacion de un sistema micelar de
acarreo de lipidos alrededor del dominio C-terminal de 12 residuos (465-476), como
la manera de transferencia de ésteres de colesterol entre lipoproteinas a través de un
ambiente acuoso, en donde la conservacion de la estructura o-helicoidal de esta

region es fundamental para que se lleve a cabo este proceso [15].

Durante la caracterizacion estructural de este dominio hemos encontrado que
la interrupcion del puente salino Hyge-D479 por medio de la mutacion Dy;oN en la
region a-helicoidal origina la pérdida de la estructura secundaria, de manera que este
dominio se mantiene en un estado desordenado, debido en parte al cambio del grupo
funcional carboxilato cargado negativamente en el acido aspartico por el grupo
amida presente en la asparagina (Figura 2) [10]. Durante este trabajo nos hemos
enfocado sobre los 12 residuos del dominio C-terminal de CETP, a través del
estudio de la estructura y funcion de dos péptidos derivados de este sitio, la
secuencia nativa nombrada hélice-X y un péptido con la mutacion DypN,

denominado hélice-Z (Figura 2).

Figura 2. Representacion estructural de la region C-terminal de CETP, mostrando la
secuencia de aminoacidos de la hélice-X y hélice-Z. El puente salino Hygs-D479 y el
cluster hidrofobico se encuentran marcados. La estructura fue obtenida del PDB:
2obd.



1.2 Cambios estructurales dependientes de lipidos

En un intento por definir la posibilidad de que las caracteristicas clave del
plegamiento en proteinas que participan en la union y transporte de lipidos puedan
proporcionarnos la manera de como explicar funciones basicas, como el
reconocimiento a receptores, la actividad de transferencia de lipidos y el
autointercambio llevado a cabo por varias apolipoproteinas, nuestro grupo de
investigacion ha estudiado estas propiedades a través de mediciones directas de los
cambios de conformaciéon molecular de varias apolipoproteinas en interfaces
aire/agua y lipido/agua [5]. Esto se ha logrado empleando monocapas de Langmuir
en conjuncion con microscopia de angulo de Brewster, microscopia de fuerza
atomica en peliculas de proteinas de LB [16-19], difraccion de rayos X en angulo
razante sobre monocapas de proteinas [20] y por medio de mediciones de fuerza

superficial [21].

A diferencia de las proteinas altamente ordenadas, en las cuales las
estructuras tridimensionales exhiben solo pequefios cambios del eje central de
atomos de carbono sobre sus posiciones de equilibrio, se ha descrito la existencia de
proteinas desordenadas, las cuales se visualizan como ensamblajes dindmicos, en
donde las posiciones de los atomos y los dngulos de torsion ¢ y y del espacio de
Ramachandran pueden variar de forma significativa en el tiempo. Es precisamente
esta propiedad la que permite la propuesta del concepto del desorden en proteinas

[22-24].

Aunque la funcion que depende de manera especifica de las proteinas
completamente desordenadas representa el caso extremo, el concepto de tener
segmentos desordenados en proteinas que solo responden y adquieren una estructura
secundaria definida bajo la union a ligandos especificos, puede ser un fendémeno mas
comun de lo que se ha visualizado. Este concepto se ha extendido a varias proteinas

de unién a lipidos como la apolipoproteina C-I, en donde se ha determinado la
10



adquisicion de una rapida conformacion a-helicoidal dependiente de lipidos a partir
de una transicion desorden-al-orden en el dominio C-terminal [7]. Incluso, en el
estudio de péptidos derivados de regiones especificas de la apolipoproteina A-I,
cuando se mantienen en incubacion a 4 °C, una muy lenta transicion desorden-al-
orden se desarrolla durante el curso de semanas, desde un estado desordenado hacia
una bien definida estructura secundaria-f§ [25]. Esta condicién apoya la propuesta de
que las propiedades fisicoquimicas del microambiente que rodea a las proteinas
pueden ser un factor clave en el desplazamiento del equilibrio hacia la formaciéon de

hélices-a o cadenas-f3 en segmentos especificos de proteinas [26].

1.3 Amiloides

Un importante nimero de enfermedades humanas encuentran su origen en el
auto-ensamblaje anomalo de proteinas formando depdsitos de fibras amiloides
[27,28]. Aunque el establecimiento absoluto de esta conexion no ha sido
demostrado, una evidencia so6lida indica una fuerte conexion entre la formacion de
fibras amiloides y la presencia de toxicidad [29-31]. En este contexto, los amiloides
son agregados de proteinas que se depositan en los tejidos durante el transcurso de
diversas enfermedades. En condiciones normales, estas proteinas se encuentran en
su plegamiento nativo, debido a multiples factores adquieren un plegamiento
andmalo, se vuelven insolubles y pueden resistir la degradacion enzimatica. A pesar
de que la secuencia de aminoacidos es diferente de una proteina amiloide a otra,
todas se depositan formando una estructura comun, la fibra de tipo amiloide. Cada
fibra esta constituida por un solo tipo de proteina que se ensambla en forma

repetitiva, y por lo general la proteina adquiere la conformacion de hoja-f plegada.

Tomando en cuenta que existen varias estrategias de control y regulacion que
han evolucionado en los sistemas bioldgicos para proteger los mecanismos del

plegamiento de proteinas, es s6lo cuando éstos fallan que la condicién patologica
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asociada al plegamiento anormal se torna evidente. Aunque las enfermedades
relacionadas con amiloides poseen diferentes caracteristicas, sus origenes
moleculares pueden tener puntos en comun. Por ejemplo, la agregacion de proteinas
es un proceso complejo que progresa de oligobmeros pequefios a estructuras mas
organizadas como los protofilamentos, antes de la formacion de las fibras amiloides
bien definidas. Sin embargo, también la agregacion puede generar grandes
ensamblajes desorganizados que generalmente se describen como estructuras

amorfas.

1.4 Endocitosis mediada por clatrina

La membrana plasmatica es una estructura altamente dinamica que separa el
medio intracelular del ambiente extracelular y regula la entrada y salida de diversas
moléculas. Existen varias vias de entrada a las células: fagocitosis, macropinocitosis,
endocitosis medida por clatrina, endocitosis mediada por caveolina y endocitosis
independiente de clatrina y de caveolina. Inicialmente la formacion de vesiculas
cubiertas de clatrina se caracterizo en las terminales nerviosas, donde es importante
para el reciclaje de los componentes de las vesiculas sindpticas después de la
liberacion de los neurotransmisores. La endocitosis mediada por clatrina constituye
la principal via para la internalizacion selectiva de receptores y sus ligandos en

eucariotas superiores [32].

El proceso por el cual se producen las vesiculas cubiertas de clatrina
involucra interacciones tanto con proteinas adaptadoras multifuncionales como con
la membrana plasmatica, asi como con la misma clatrina y varias proteinas
accesorias y fosfoinositidos. A través de este mecanismo, las moléculas que van a
entrar son empaquetadas en vesiculas cubiertas con la proteina clatrina. Este

mecanismo es fundamental para la neurotransmision, la transduccion de sefales y la
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regulacion de muchas actividades celulares que ocurren sobre la membrana

plasmatica [33].

Se ha descrito que la endocitosis dependiente de clatrina normalmente ocurre
en sitios especializados de la membrana [34]. De forma general, la formacion de
vesiculas recubiertas de clatrina procede a través de cinco etapas: iniciacion, la
seleccion del ligando, el ensamblaje del pozo, la fision de la vesicula en la superficie

de la membrana y el desensamblaje dentro de los endosomas [33].

Dentro del mecanismo de endocitosis mediada por clatrina, se han descrito
mas de 30 proteinas, muchas de las cuales son moléculas adaptadoras implicadas en
la formacion de los pozos cubiertos de clatrina. En este sentido, las proteinas a-, -,
u-, y c-adaptina integran el complejo adaptador AP2, un componente estructural
clave durante las fases iniciales de la endocitosis [35]. Ademés de clatrina y el
complejo AP2, proteinas tales como CALM, epsina, dinamina, anfifisina y epsl5

también juegan un papel importante durante este mecanismo [35].

1.5 Formacion de fibras amiloides modulada por lipidos

Se ha reportado que bajo condiciones especificas, moléculas de lipido pueden
inducir cambios conformacionales en varias proteinas precursoras de amiloides,
ademas de la funcion que ya se ha descrito los lipidos pueden tener durante la
formacion y en la posterior estabilizacion de las fibras de tipo amiloide [7,26,36]. En
este sentido, se ha descrito que la interaccion de las especies precursoras
oligoméricas sobre dominios especificos de la membrana celular es un evento
primario que puede desencadenar la aparicion de los efectos citotoxicos iniciales

asociados con la enfermedad [4,37].

En este caso, el papel de la composicion especifica de lipidos sobre la

interface hidrofilica/hidrofobica, determinada por las caracteristicas quimicas de
13



estas moléculas, puede ser una condicién importante como sitio de reconocimiento
que module posibles cambios conformacionales en la estructura secundaria de
dominios especificos de proteinas, que a su vez podria modificar la formacion de
estructuras amiloides controladas por transiciones conformacionales desorden-al-
orden y orden-al-desorden [4,7,26,38,39]. En este respecto, se ha descrito que
moléculas como el acido lisofosfatidico (LPA), un fosfolipido derivado de la accion
enzimatica de varias fosfolipasas extracelulares a partir de moléculas precursoras
como la lisofosfatidilcolina y el acido fosfatidico (PA), pueden promover in vitro la
formacion de fibras amiloides en la proteina B2-microglobulina [40,41]. Sin
embargo, el mecanismo a través de la enzima autotaxina que particularmente
produce una alta cantidad de LPA a partir de lisofosfatidilcolina es todavia poco

entendido [42,43].

De esta forma, empleando al péptido hélice-Z (portador de la mutacion
D47oN) como una secuencia modelo, nos ha permitido demostrar un cambio
conformacional en ¢l dominio C-terminal de CETP, de una estructura o-helicoidal
hacia una cadena-f, siendo la carga neta de la secuencia peptidica uno de los

parametros determinantes en dicha transicion.

De manera secundaria a la formacién de la estructura en hoja-f, el fragmento
hélice-Z muestra la consiguiente formacion de oligomeros y estructuras fibrilares de
tipo amiloide que a su vez causan efectos citotdxicos asociados a la produccion de
especies reactivas de oxigeno, similares a los producidos por el péptido B-amiloide.
Sin embargo, de forma interesante se ha encontrado que moléculas como el LPA y
la lisofosfatidilcolina promueven un cambio estructural de una cadena-f hacia la
estructura nativa hélice-a, incluso la incubacion de la hélice-Z con concentraciones
de LPA por arriba de 2.5 mM inhibe la formacion de las fibras amiloides, de manera
que las interacciones del péptido sobre la superficie de las micelas de LPA deben

mantenerlo retenido sobre la superficie y de forma consecuente prevenir fenomenos
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como el auto-ensamblaje de los péptidos cuando se mantienen en solucion. Estas
condiciones deben permitir a la hélice-Z recuperar y mantener la estructura

funcional hélice-a del dominio C-terminal de CETP.
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2. Materiales y métodos

2.1 Materiales

Todos los reactivos para cultivo celular fueron adquiridos de Gibco-
Invitrogen (Carlsbard, CA, E.U.), mientras que las cajas de cultivo y el material de
pléastico se obtuvieron de Nulgene Nunc (Rochester, NY, E.U.). Las sales para la
preparacion de las soluciones amortiguadores se obtuvieron de Baker. El terbutil
hidroperoxido (TBH), la tioflavina T (ThT), el rojo-Congo, el dodecil sulfato de
sodio (SDS) y el 3-(4,5-dimetiltiazol-2-ilo) 2,5 bromuro difeniltetrazolio (MTT) se
obtuvieron de Sigma-Aldrich (St. Louis, MO, E.U.). Los anticuerpos usados en la
deteccion de las proteinas B-actina, CALM, B-adaptina y eps-15 fueron de Santa

Cruz Biotechnology (Santa Cruz, CA, E.U.), asi como los anticuerpos secundarios.

El colesterol, el éster de colesterol, el dipalmitoil &cido fosfatidico (PA), la
dipalmitoil fosfatidiletanolamina (PE), la dipalmitoil fosfatidilcolina (DPPC) se
obtuvieron de Sigma-Aldrich (St. Louis, MO, E.U.). Los lipidos L-a-fosfatidilcolina
(PC), 1-palmitoil-2-oleoil-sn-glicero-3-fosfocolina (POPC), 1-palmitoil-2-oleoil-sn-
glicero-3-fosfo-1-glicerol  (POPG), 1-lauroil-2-hidroxi-sn-glicero-3-fosfocolina
(liso-C,PC) y el 1-oleoil-2-hidroxi-sn-glicero-3-fosfato (LPA) se obtuvieron de
Avanti Polar Lipids (Alabaster, AL, E.U.).

2.2 Sintesis de péptidos y preparacion

Basados en la funcion del C-terminal de CETP, dos péptidos fueron
sintetizados, uno nombrado hélice-X que corresponde a la secuencia nativa, y el
segundo denominado hélice-Z que contiene la mutacion D4;0N (Genscript, NJ,
E.U.). Los péptidos liofilizados se disolvieron en una solucion amortiguadora de
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carbonato de amonio (pH 9.5) a una concentracion de 1 mg/ml, a partir de esta
solucion se llevo a cabo una dilucién 1:5. Para evaluar la estructura a un pH de 3.8 y
4.8 se us6 un amortiguador de acetatos; para pH 6.3 y 7.2 se usé un amortiguador de

fosfatos, y para un pH de 8.6 y 9.5 fue empleado un amortiguador de carbonatos.

El fragmento 25-35 del péptido B-amiloide (BA,s35) se empled6 como una
molécula de referencia para los ensayos de citotoxicidad (Figura 3). Los
experimentos realizados con este péptido se llevaron a cabo en dos condiciones de
pH, usando un regulador de fosfatos (pH 7.2) y con H,O ultrapura (pH 5.5), ambas
condiciones con la misma concentracion de péptido (1.5 mg/ml). Todas las
soluciones reguladoras se usaron bajo una concentraciéon 50 mM, y se filtraron a

través de membranas con un poro de 0.22 pm.

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
1 25 35 42

BAssis GSNKGAIIGLM

BAssos MLGIIAGKNSG

Figura 3. Secuencia primaria del péptido B-amiloide (1-42), en azul se encuentra
marcada la region considerada como de mayor citotoxicidad, la cual abarca los
residuos G,5-Mss, asi como la secuencia inversa Mss- Gas.

La pureza de los péptidos fue mayor al 98 % (Genscript, NJ, E.U.). Su
identidad y pureza se confirm6 por espectrometria de masas y por analisis de HPLC
(datos no mostrados). La concentracion fue determinada a través de la absorbancia

del enlace peptidico a 205 y 218 nm.
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2.3 Momento hidrofobico (uH)

El calculo del momento hidrofobico se realizo a través de la ecuacion 1.

2

yH=%\/[iHnsin(8n)} v{ianos(@n)} ......................... (1)

uH  Momento hidrofébico

N Numero total de aminoacidos del segmento peptidico
H,  Hidrofobicidad del enésimo residuo

0 Angulo expresado en radianes entre dos residuos

n Enésimo residuo
2.4 Espectroscopia de dicroismo circular

Los espectros de dicroismo circular (DC) en el espectro ultravioleta (UV) se
registraron en un espectropolarimetro Aviv 62DS en una celda de cuarzo de 0.1 cm,
usando un tiempo promedio de integracion de 2.5 s y un tamafio de paso de 0.5 nm.
Los resultados de DC son reportados en valores de elipticidad molar media (®, deg
cm” dmol ™) considerando la correccion realizada con las soluciones amortiguadoras,
los cuales fueron obtenidos con base en la ecuacion 2. En los estudios de pH, los
espectros de DC se obtuvieron en una escala de pH de 3.8-9.5. Asi mismo, se
realizaron experimentos de desnaturalizacion por temperatura en un rango de 4-90

°C.

[0] = [0 oxperimentat] e )

[CMR] [Longitud de la celda] [10]
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A su vez, la concentracion media por residuo (CMR) se determind con base

en la siguiente ecuacion:

[CMR] = [Concentracion en mg/ml] [nimero de aminoécidos] ...... (3)

[Peso molecular]

2.5 Espectroscopia con rojo-Congo y fluorescencia acoplada a

tioflavina-T (ThT)

Los ensayos con rojo-Congo se realizaron con base en el protocolo
establecido por Klunk ez al [44]. Empleando una concentracion de 10.6 uM de rojo-
Congo y 180 pg/ml de péptido, se midid la absorbancia cada 2 nm dentro de un
rango de 360—700 nm en un espectrofotometro Perkin Elmer UV/Vis Lambda 2S.
La presencia de la estructura secundaria-f estuvo caracterizada por un pico maximo
de absorbancia en ~540 nm. Los espectros obtenidos de los péptidos se corrigieron
restando el espectro de las soluciones amortiguadoras, bajo las mismas condiciones

experimentales.

Adicionalmente, la presencia de la estructura-f se determiné con el ensayo de
tioflavina-T (ThT). Los espectros de emision de fluorescencia se registraron a 37 °C
en un rango de 470-530 nm con una longitud de onda de excitacién de 450 nm. Los
registros se llevaron a cabo con una velocidad de barrido de 73 nm/min en un
fluorimetro Olis DM45. Las concentraciones de la ThT y de los péptidos fueron 10
UM y 36 uM respectivamente.
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2.6 Cultivo celular

Células EOC (microglia de raton, American Type Culture Collection) fueron
cultivados en medio DMEM (Dulbecco’s modified Eagles’s) suplementado con 10
% de suero fetal bovino y 20 % de medio condicionado LADMAC, obtenido de
cultivos celulares de medula 6sea de raton que producen el factor de crecimiento
estimulador de colonias 1. Asi mismo, se adicionaron penicilina (50 U/ml) y
estreptomicina (50 pg/ml) a los medios de cultivo. Antes de realizar los
experimentos, se recambio el medio de cultivo por medio minimo Opti-MEM (sin
rojo de fenol y una concentracion baja de suero fetal), llevdndose a cabo todos los
experimentos en esta condicion para evitar posibles interferencias debidas al suero

fetal y al medio LADMAC.

2.7 Ensayos de viabilidad celular

La citotoxicidad de los péptidos se evalu6 a través del ensayo de reduccion de
la molécula 3-(4,5-dimetiltiazol-2-ilo) 2,5 bromuro difeniltetrazolio (MTT) en
células EOC tratadas con hélice-X, hélice-Z y el péptido B-amiloide (BA,s.3s). Las
células se cultivaron en placas de 96 pozos con una densidad de 10,000 células por
pozo en 100 pl de medio de cultivo, y se mantuvieron hasta una confluencia del 80
%. Posteriormente, el medio de cultivo fue reemplazado por medio Opti-MEM.
Después de 2 h en esta condicion, las células fueron tratadas bajo una serie de
concentraciones graduales de péptido durante 20 h. Finalmente, 30 pl de una
solucion stock de MTT en medio Opti-MEM (2.1 mg/ml) fueron adicionados a los

cultivos con la finalidad de alcanzar una concentracion 0.5 mg/ml.
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Los cristales de azul de formazan que se producen después de 4 h de
incubacion se disolvieron con la adicion de buffer de lisis (20 % SDS, 50 % N,N-
dimetilformamida, pH 3.7). A las 12 h de incubacion se midio la absorbancia a 570

nm usando un lector de microplacas.

2.8 Inmunotransferencia tipo Western

Con una confluencia del 80%, las células fueron expuestas a diferentes dosis
de los péptidos por 20 h. Después de este procedimiento, las células se lavaron con
PBS y se lisaron por 45 min a 4 °C en buffer de lisis [150 mM NaCl, 10 mM Tris
pH 7.4, Triton X-100 al 1%, NP40 al 0.5%, 1 mM EDTA, 1 mM EGTA, 0.2 mM de
ortovanadato de sodio, 10 mM benzamidina, 10 pg/ml leupeptina, 10 pg/ml
aprotinina y 250 pM PMSF]. Los lisados celulares se pasaron 5 veces por una
jeringa de insulina y posteriormente se centrifugaron a 8,000 rpm por 10 min, y el
sobrenadante fue recuperado para su andlisis. La concentracion de proteina fue
determinada con el método del acido bicinconilico (Pierce, IL, E.U.), en un siguiente
paso muestras de la fraccion total de proteinas (14 pg/carril) fueron analizadas a
través de geles SDS-PAGE al 8%, los cuales fueron transferidos a membranas de

PVDF (Millipore, MA, E.U.).

Las membranas fueron bloqueadas toda la noche a 4 °C en una solucidén
salina amortiguada con Tris (TBS), 1 % tween-20, y 5 % de leche sin grasa. Para la
deteccion de las proteinas, los siguientes anticuerpos policlonales provenientes de
cabra fueron usados: anti-B-adaptina (1:600), anti-CALM (1:600), asi como el de
conejo anti-eps 15 (1:2500) y un monoclonal anti-f-actina (1:500). Las membranas
previamente bloqueadas se incubaron con los anticuerpos primarios durante 1 h a

37 °C. Después de lavados sucesivos, las membranas se incubaron con anticuerpos
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secundarios especificos acoplados a peroxidasa de rabano (1:5,000) por 1 h a 37 °C.
Los anticuerpos usados fueron los siguientes: IgG anti-cabra para la deteccion de -
adaptina y CALM, un IgG anti-conejo para epslS5, y un IgG anti-raton para -actina.
Posteriormente, las membranas fueron lavadas con una solucién TBS/1 % tween, y

la actividad de peroxidasa fue detectada con el kit Immobilon Western (Millipore).

2.9 Microscopia optica

Bajo las diferentes condiciones experimentales, y usando concentraciones
variables de los péptidos hélice-X, hélice-Z y el péptidoBA,s.ss, las células EOC
fueron visualizadas. Las imagenes fueron tomadas con un microscopio Olympus

IX71 (100 y 400 X, aumentos).

2.10 Preparacion de micelas de lipidos

Preparacion de mezclas formadas de fosfatidilcolina (PC)/ésteres de

colesterol

Los lipidos se mezclaron en cloroformo, posteriormente fueron secados por 6
h bajo un flujo suave de N,, y un periodo adicional de 24 h en un concentrador
SpeedVac (Savant). Las mezclas fueron preparadas con una relacion molar de PC 2
mM vy ésteres de colesterol 100 uM (relacion molar 20:1). Posterior al secado, los
lipidos se resuspendieron en una solucion amortiguadora pH 6.8 y subsecuentemente
fueron sonicados con 4 ciclos de 10 min (pulsos de 15 s encendido/30 s descanso) en
un bafio de hielo y bajo un flujo de N,, a través de un ultrasonicador Sonifier 250
(Branson). Las muestras se dejaron equilibrar por 2 h y fueron centrifugadas a

13,000 rpm por 10 min.
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Preparacion de micelas de lyso-C;,PC, LPA y PA

Las cantidades requeridas de lisofosfatidilcolina-C12 (lyso-C;,PC) disuelta
en cloroformo fueron colocadas bajo un flujo suave de N, por 4 h. La completa
evaporacion del solvente se alcanzé con un tratamiento adicional por 22 h en el
equipo de vacio SpeedVac. Posteriormente, las muestras fueron resuspendidas en un
amortiguador de fosfatos pH 6.8 a 37 °C (50 mM), se mantuvieron 2 h a 25 °C y
fueron centrifugadas a 13,000 rpm por 10 min a 12 °C.

Por otra parte, las muestras de acido lisofosfatidico (LPA) se colocaron bajo
un flujo suave de N, por 6 h, y 12 h adicionales en un equipo de vacio. Las muestras
fueron hidratadas en el amortiguador de fosfatos para ser procesadas a través de 4
ciclos de congelamiento en N, liquido, y descongelamiento a 37 °C. Las muestras se
dejaron equilibrar por 2 h y fueron centrifugadas a 13,000 rpm por 10 min. Bajo las
mismas condiciones experimentales, micelas de acido fosfatidico (PA) fueron

preparadas con una etapa adicional de sonicacién por 4 ciclos de 10 min.

Preparacion de micelas de fosfolipidos y LPA

Los lipidos PC y LPA fueron mezclados en cloroformo y secados por 6 h
bajo un flujo de N,, asi mismo mediante un tratamiento adicional en el equipo de
vacio por 22 h. Las mezclas de lipidos fueron preparadas con una relacion molar de
PC 3.06 mM y LPA 0.92 mM. Después del secado, las mezclas de lipido fueron
resuspendidas en un amortiguador pH 6.8 y posteriormente fueron sonicadas por 4
ciclos, como previamente se ha descrito. Las muestras se mantuvieron equilibradas
por 2 h a 25 °C y al final fueron centrifugadas a 13,000 rpm por 10 min. Empleando
la misma metodologia, se prepararon micelas compuestas de DPPC/LPA y PE/LPA.
De igual forma, micelas con una carga negativa fueron preparadas con la adicion de
LPA, bajo una relacion de 75 % de POPC y 25 % de POPG.
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2.11 Microscopia electronica

Las muestras de péptido que fueron tratadas bajo las diferentes condiciones
experimentales se procesaron a través de la técnica de tincion negativa y fueron
visualizadas usando microscopia electronica de transmision (MET). Alicuotas de 10
ul de las soluciones se colocaron sobre rejillas de cobre recubiertas con una capa de
carbon (400 pozos) y se contrastaron con una solucion de acetato de uranilo (2 %).
Después de una incubacion por 5 min a 25 °C fueron secadas por 30 min. Las
imagenes de MET fueron obtenidas utilizando un microscopio JEOL JEM-

1200EX11, a 70 kV y con aumentos de 60,000X.
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3. Resultados

3.1 Cambios conformacionales en el dominio C-terminal de CETP

Estudios previos realizados en nuestro grupo de trabajo han demostrado el
papel clave del dominio C-terminal de CETP durante la transferencia de lipidos,
especificamente cuando se conserva la estructura a-helicoidal (residuos Esgs-S476)
[10,16], sin embargo no se ha determinado si este dominio presenta la capacidad de
mantener cambios conformacionales bajo la incubacion en diferentes ambientes de
lipidos. De manera que para investigar si este dominio puede presentar cambios
conformacionales a través de la modificacidon de las propiedades fisicoquimicas del
medio circundante, dos péptidos fueron evaluados: el péptido nativo derivado del C-
terminal denominado hélice-X, y uno que contiene la mutacion D470N, nombrado

hélice-Z (Figura 2).

En un primer panel de experimentos, la hélice-X y la hélice-Z se incubaron en
un rango de pH de 3.8-9.5, y a través de espectroscopia de dicroismo circular (DC)
fueron estudiadas. La estructura secundaria de la hélice-X fue consistente con la
presencia de un estado desordenado en todo el intervalo de pH estudiado (Figura
4A). En contraste, los espectros de DC de la hélice-Z mostraron una respuesta
especifica dependiente del pH, con un desplazamiento del minimo entre 201 a 219
nm asociado con un incremento en la elipticidad, lo cual es indicativo de la
formacion de una estructura secundaria de tipo-p (Figura 4B). Estos espectros se
encontraron solamente en un rango de pH de 7-8, alcanzando el valor mas alto en un

pH de 7.2 (Inserto Figura 4B).

Asi mismo, a través del empleo de ensayos de fluorescencia acoplados a
tioflavina T (ThT) se registr6 un incremento en el espectro de emision de la ThT
unicamente en las muestras de la hélice-Z, con un pico maximo cercano a 482 nm

(Figura 4C).
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Figura 4. Espectros de DC de la hélice-X (A) y de la hélice-Z (B) en un rango de pH
de 3.8-9.5. El inserto en B muestra los valores de elipticidad a 219 nm; (C) Ensayos
de fluorescencia acoplados a ThT en la hélice-X y hélice-Z, mostrando el pico
caracteristico de estructura-f§ a 482 nm ; (D) Cambio de birrefringencia del rojo-
Congo (A absorbancia) a diferentes tiempos de incubacion. Los experimentos en (C)
y (D) se realizaron en un pH de 7.2. La concentracion de los péptidos en los ensayos
de DC fue de 200 pg/ml, para los experimentos de ThT fue de 50 pg/ml, y en los
ensayos con rojo-Congo de 180 pg/ml.

De forma paralela, realizando experimentos con la molécula rojo-Congo, se observod

el cambio de birrefringencia caracteristico de la presencia de estructuras-f3, con una
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sefial maxima cercana a 540 nm (Figura 4D). Estos ensayos confirman la posibilidad
de que bajo condiciones especificas como el pH, el C-terminal de CETP podria

adquirir una estructura secundaria de tipo-p.

Por otra parte, durante la evaluacion de la estabilidad de la hélice-Z a través
del desplegamiento inducido por temperatura (490 °C), solamente en valores
mayores a 65 °C se encontrd6 una peérdida significativa en el contenido de la
estructura secundaria de tipo-f3 monitoreada a través de DC, lo cual sugiere una alta
estabilidad en la estructura secundaria de la hélice-Z (Figura 5A). En este sentido, la
presencia de un punto isodicroico cercano a 211 nm en los espectros de DC, y
considerando un comportamiento de tipo sigmoideo durante el desplegamiento,
sugieren la presencia de s6lo dos estados conformacionales (Inserto figura 5A).
Estos experimentos, junto con el hecho de que la hélice-Z mantiene el espectro
caracteristico de DC consistente con una hoja-f bajo el tratamiento con una fuerza
ionica alta (hasta 2.4 M NaCl, figura 5B), muestran que la estructura-f§ en la hélice-Z
no estd determinada por interacciones electrostaticas de largo alcance, sino por

interacciones fuertes inter- e intra-cadena, tales como puentes de hidrégeno.

En otra serie de experimentos, tanto la hélice-X como la hélice-Z fueron
incubadas en un ambiente hidrofébico compuesto de micelas de dodecil sulfato de
sodio (SDS). Los resultados muestran que ambos péptidos adquieren y mantienen
una estructura a-helicoidal (Figura 6A, B). Esta transicion fue monitoreada en
paralelo a través de la fluorescencia acoplada a ThT (Figura 6C) y siguiendo el

cambio en la absorbancia del enlace peptidico a 205 nm (Figura 6D).
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Figura 5. Evaluacion de la estabilidad de la hélice-Z. (A) Desplegamiento inducido
por temperatura en la hélice-Z, el recuadro muestra los valores de elipticidad a 219
nm (sefial de estructura-B); (B) Espectros de DC de la hélice-Z bajo un tratamiento
con concentraciones crecientes de NaCl.
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Nuestros resultados sugieren que la interaccion dentro de una interfase
hidrofilica/hidrofébica puede ser el parametro clave para mantener a ambos péptidos
en una conformacion hélice-a, de forma importante, en el caso de la hélice-Z ésta es

una condicion clave para evitar la formacion de la estructura-f3 [45].

Figura 6. Efecto del SDS sobre la estructura secundaria de los péptidos, evaluado
por DC. (A) hélice-X; (B) hélice-Z; (C) Fluorescencia acoplada a ThT a 482 nm; (D)
Absorbancia del enlace peptidico a 205 nm. La concentracién de los péptidos
empleada en los ensayos de DC fue 200 pg/ml. Para los ensayos de ThT fue de 50
png/ml, y para los ensayos de absorbancia 180 pg/ml.
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3.2 La mutacion D4;0N en el dominio C-terminal de CETP favorece la

formacion de fibras amiloides

Una caracteristica de las proteinas y péptidos precursores de las fibras
amiloides es que no se encuentran restringidos a un patrén comun en la secuencia de
aminoacidos, asi mismo en su forma nativa o soluble presentan diferentes
estructuras tridimensionales. No obstante, en la forma de fibras amiloides muestran
caracteristicas estructurales comunes, tales como un nucleo central compuesto
principalmente de hojas-f y la propiedad de interaccionar con moléculas anfipaticas

como el rojo-Congo y la tioflavina-T [46].

Con la finalidad de extender nuestro analisis estructural y considerando que
un aumento en la sefial de estructura-f3 no es una propiedad directa asociada con la
formacion de fibras de tipo amiloide, muestras de los péptidos fueron analizadas a
través de microscopia electronica de transmision (MET). A lo largo del intervalo de
pH evaluado (3.8-9.5), las muestras de la hélice-X no formaron algin tipo de
material estructurado, lo cual esta correlacionado con resultados mencionados
previamente en los cuales la hélice-X permanece en un estado desordenado (Figura
7A). En cambio, cuando muestras de la hélice-Z fueron analizadas, incluso desde la
primer muestra en donde el tiempo de incubacién es reducido (tiempo 0 h) fueron
identificados oligdbmeros de un tamafio reducido (Figura 7B, C), y solamente
después de 1 h de incubacion se registrd la formacion de protofilamentos (Figura

7D).

La incubacion de la hélice-Z durante 6 h con agitacion constante (200 rpm)
fue la condicidon que permitié identificar una mezcla de estructuras oligoméricas,
protofilamentos, y en algunos campos fibras maduras (Figura 7E). Muestras

analizadas después de un tiempo de incubacion de 72 y 120 h a 37 °C mostraron
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claramente fibras maduras con una alta similitud estructural a las muestras derivadas
del péptido BA, disminuyendo de forma importante en estas condiciones la cantidad
de estructuras oligoméricas (Figura 7F, G). Durante esta etapa, es interesante
mencionar que aunque la formacion de fibras fue evaluada en un rango de pH de
3.8-9.5, los agregados y las fibras solamente se observaron en un intervalo reducido
de pH entre 7 y 8, lo cual se encuentra correlacionado con la presencia de la
estructura-f} observada a través de DC. Cabe sefialar que el tiempo de incubacion es
clave en la formacion de las fibras maduras, mientras en tiempos de incubacion
menores a 12 h la poblacion de estructuras oligoméricas es alta, en condiciones

mayores a 72 h estas especies disminuyen de forma importante.

La mutacion DgyoN en el extremo C-terminal de CETP ejemplifica el balance
sutil que existe entre las interacciones que estabilizan a la conformacién nativa y
modificaciones minimas que pueden originar estructuras andémalas como las fibras
amiloides, en donde la hélice-Z a través de la formacion de estructuras amiloides
posiblemente encuentra el estado energético mas bajo. En este sentido, en la
siguiente etapa del proyecto se evaluaron las propiedades citotoxicas de la hélice-Z,
manteniendo como control a la hélice-X en la condicion de pH 7.2, considerando
que en este punto se encontrd el valor mas alto en el contenido de estructura

secundaria-f3 en la hélice-Z.
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Figura 7. Anélisis ultraestructural de los péptidos a través de MET; (A) La hélice-X
después de 48 h de incubacién a 37 °C (control); (B) La hélice-Z a 0 h de
incubacioén; (C) Hélice-Z a 0.5 h de incubacion; (D) Formacion de protofilamentos
en la hélice-Z a 1 h de incubacion; (E) La hélice-Z a 6 h de incubacion; (F) La
hélice-Z a 48 h de incubacion; (G) La hélice-Z a 120 h de incubacion. Las flechas
solidas indican estructuras oligoméricas, las flechas abiertas muestran
protofilamentos y fibras de tipo amiloide. La concentracion de péptido usada en
todas las condiciones fue de 60 pg/mL. La barra indica una escala de 200 nm.
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3.3 Efectos citotoxicos asociados a la hélice-Z

Tomando como base estudios previos que reportan el uso de macrofagos y
microglia como modelos celulares durante la caracterizacion de los efectos
citotoxicos del péptido PBA [47-49], células de microglia fueron expuestas a
incrementos graduales en la concentracion de ambos péptidos. Solamente la hélice-Z
mantuvo la capacidad de reducir significativamente la viabilidad celular evaluada a
través del ensayo de reduccion de la molécula 3-(4,5-dimetiltiazol-2-i1lo) 2,5
bromuro difeniltetrazolio (MTT) (Figura 8). Es interesante observar que
independientemente del tiempo de incubacidon usado para ambos péptidos en
solucion de manera previa al tratamiento celular (0, 6 o 120 h a 37 °C), la
concentracion mas baja empleada de hélice-Z (1.7 pM) origina una reduccidén
importante en la viabilidad celular, la cual se mantiene hasta 56 uM (Figura 8 A-C).
En este punto es importante mencionar que el tiempo 0 h corresponde en realidad al
tiempo empleado en colocar a ambos péptidos, primero en la solucion y
posteriormente en la placa de cultivo celular. Este procedimiento dura
aproximadamente 15 min, tiempo suficiente para producir oligbmeros en la hélice-Z

como se muestra en la Figura 7B-C

Debido a que la viabilidad celular se mantiene cercana al 50% independiente
de la concentracion de hélice-Z o del tiempo de incubacién necesario para la
formacion de estructuras amiloides, nuestros experimentos indican que la forma
oligomérica de la hélice-Z puede ser la especie mas toxica. En este sentido, las fibras
maduras también son responsables de la toxicidad celular después de la incubacion
de la hélice-Z por 120 h, sin embargo tendremos que dilucidar en experimentos
posteriores si bajo estas condiciones la presencia de oligdbmeros podria descartarse
por completo. Una propuesta puede ser que a las 120 h se mantiene el 50 % de
viabilidad, ya que solamente se observan fibras y no estructuras oligoméricas, las

cuales pueden ser mas toxicas durante tiempos cortos de incubacion (Figura 8A,B)
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Figura 8. Efectos citotoxicos en células de microglia asociados a la exposicion de la hélice-
Xy hélice-Z. (A) Viabilidad celular determinada a través de MTT en células tratadas con
péptidos previamente incubados durante 0.5 h a 37 °C; (B) Células expuestas a los péptidos
previamente incubados 6 h a 37 °C; (C) Células tratadas con péptidos previamente
incubados 120 h a 37 °C; (D) Microscopia optica de células de microglia tratadas con
ambos péptidos (56 uM), previamente incubados 120 h a 37 °C.
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De hecho, algunos autores han propuesto que la fibrilogénesis puede funcionar como
un mecanismo de defensa para disminuir los fenomenos de toxicidad relacionados

con la presencia de oligémeros [50,51].

Es interesante mencionar que mientras los oligobmeros de la hélice-Z que se
forman en un pH de 7.2 son citotoxicos, agregados amorfos del péptido B-amiloide
obtenidos en el mismo pH, no presentaron la capacidad de inducir un dafo a las
células de microglia en cultivo. Los cambios encontrados en la morfologia celular
bajo el tratamiento con la hélice-Z estan posiblemente relacionados con la presencia
de una condicién de estrés oxidativo, generado en gran medida por la formacion de
especies reactivas de oxigeno (ERO), condicién que si se mantiene de forma
extensiva puede desencadenar la aparicion de fendmenos como la apoptosis. Esto ha
sido descrito por nuestro grupo de trabajo en el estudio de moléculas como el
péptido B-amiloide [22] (Figura 8D), y la proteina paramiosina [52]. Cabe destacar
que el ensayo con MTT se ha empleado como indicador de estrés oxidativo y

también de cambios que ocurren en el trafico vesicular de las células [53,54].

Previamente, en nuestro grupo de trabajo se ha encontrado que la proteina
adaptadora B-adaptina tiene un papel clave en la internalizacion del péptido f-
amiloide en células de microglia, ya que durante un estado de estrés oxidativo la
expresion de la B-adaptina se encuentra suprimida [49]. De tal forma, evaluamos si
esta condicion de citotoxicidad puede extenderse a otras estructuras fibrilares que no
estan relacionadas de forma directa con una condicidn patoldgica como es el caso de

la hélice-Z.

3.4 Expresion de proteinas endociticas

Después de un periodo de incubacion por 120 h a 37 °C de manera previa al

tratamiento, condicion en la cual la hélice-Z forma estructuras fibrilares maduras,
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c¢lulas de microglia fueron expuestas por 20 h a concentraciones graduales de los
péptidos. El experimento estuvo enfocado en evaluar los niveles de expresion de
proteinas que participan en el proceso de endocitosis mediada por receptor, tales
como P-adaptina, eps 15 y CALM (clathrin assembly lymphoid myeloid leukemia).
Las células expuestas a la hélice-Z mostraron una expresion diferencial en algunas
de estas proteinas endociticas. No obstante, en los experimentos realizados con la
hélice-X no se encontraron cambios. Si bien la expresion de proteinas tales como
epsl5S se mantuvo constante, la expresion de la proteina B-adaptina disminuyd con
respecto al tratamiento con concentraciones crecientes de hélice-Z, incluso
registrandose una sefial minima en la concentracion de 112 uM (Figura 9A). En
contraste, la expresion de la proteina CALM se vio aumentada con respecto a la
concentracion de hélice-Z (Figura 9B). De manera general estos resultados son
similares a los que se obtuvieron con el péptido B-amiloide (BAs.35), los cuales se

muestran en el siguiente capitulo.

Figura 9. Expresion de proteinas endociticas en células de microglia tratadas con la
hélice-X y hélice-Z. Ambos péptidos se incubaron previamente 120 h a 37 °C. (A)
Andlisis por western-blot de epsl5 y B-adaptina; (B) Western-blot de la proteina

CALM. La B-actina fue usada como control de carga.
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3.5 Efecto del péptido-PA,s.35 bajo condiciones de agregacion desordenada

Debido a que las caracteristicas fisicoquimicas del medio son clave en la
formacion de estructuras amiloides, se evaluaron diferentes condiciones en las
cuales se interrumpe la formaciéon de fibras amiloides bien definidas en el péptido-
BAjs3s. De tal forma que cuando el péptido BA,s.35 es incubado en un pH cercano a
la neutralidad (pH 7.2) tiende a formar agregados desordenados con caracteristicas
amorfas (Figura 10A). En muestras analizadas por MET no se identificaron las
caracteristicas morfoldgicas y de tamafio en las fibras de tipo amiloide (7-13 nm de
ancho). Asi mismo, cuando células de microglia fueron tratadas con estas muestras
no se observo la disminucion en la expresion de la proteina B-adaptina, ni cambios
en la expresion de CALM (Figura 10B). Incluso al usar junto con altas
concentraciones de BA;s.35 (400 pg/ml) una dosis muy baja de terbutil hidroperoxido
(1uM), agente que induce la produccion de ERO, no se vio modificada la respuesta

en la expresion de las proteinas B-adaptina y CALM (datos no mostrados).

Sin embargo, cuando el péptido BA;s.35 se incubo en H,O pH 5.5 por 72 h a
37 °C de manera previa al tratamiento celular, se registrd la formacion de fibras
amiloides en muestra procesadas por MET (Figura 10C). Bajo estas condiciones, en
células de microglia expuestas a estas fibras amiloides se encontraron cambios en la
expresion de las proteinas endociticas (Figura 10D), lo cual esta asociado con la
presencia de un estado de estrés oxidativo y una disminucién en la viabilidad celular
evaluada a través del ensayo con MTT (Figura 10E). Los resultados confirman que
las propiedades del medio circundante son un factor clave en el desplazamiento
hacia la formacion ordenada de estructuras fibrilares. De hecho, algunos autores han
planteado que la agregacion inespecifica y la formacion ordenada de fibras son dos
fendémenos competitivos que pueden aparecer simultdneamente [55], de manera que
cambios sutiles en el medio circundante podrian favorecer la formacion de uno u

otro estado.
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Figura 10. Efecto del pH sobre la formacion de fibras en el péptido BA,s3s. (A) El
péptido PBA,s3s incubado por 72h a pH 7.2 favorece la formacion de agregados
amorfos; (B) En célula de microglia tratadas con estos agregados amorfos no se
producen cambios en la expresion de proteinas endociticas; (C) La incubacion del
péptido BAjs.35 por 72 h a un pH de 5.5 induce la formacion de fibras amiloides bien
definidas; (D) Células tratadas con fibras del BAj,s.;s muestran cambios en la
expresion de B-adaptina y CALM; (E) El tratamiento con fibras bien definidas del
péptido PAjys3s inducen una disminucion gradual en la viabilidad celular de
microglia. Las imagenes de MET se obtuvieron con una concentracién 60 ug/mL de

péptido. Las barras corresponden a 200 nm.
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3.6 El grado de solvatacion sobre la superficie es una condicion clave para
mantener la estructura hélice-a

Los resultados hasta ahora mostrados indican que el péptido hélice-Z forma
una estructura secundaria de tipo-f dependiente del pH, fendmeno que se extiende
hasta la formacion de fibras amiloides. De manera que en esta Ultima etapa del
trabajo se evaluod el efecto de varios arreglos de lipidos sobre la estructura de la
hélice-Z a un pH de 7.2, condicidn en la cual se presentaron los niveles mas altos de
estructura-f. Especificamente, se realizd una serie de experimentos estudiando
algunas de las propiedades estructurales de los lipidos, tales como el tamafo de la
cabeza polar, la longitud de la cadena acilo, la carga electrostatica y el grado de
solvatacidn, condiciones que pueden modificar la estructura secundaria de la hélice-

Z.

El tratamiento con concentraciones crecientes de lisofosfatidilcolina-Ci,
(lyso-C,PC) de 0.01 a 40 mM mostr6 que concentraciones de lipido por debajo de 5
mM permiten a la hélice-Z mantener la conformacion en hoja-p (Figura 11A). La
incubaciéon con 1 mM de lyso-C;,PC, una concentracion cercana a la concentracion
micelar critica (cmc) de este lipido (0.9 mM), indujo un aumento en los valores de
elipticidad que corresponden todavia a la presencia de una estructura-f§ (Figura 11A,
11B). Bajo esta condicion, las interacciones de la hélice-Z con la lyso-C;,PC en un
ambiente acuoso deben llevarse a cabo en un equilibrio dindmico, por un lado entre
el péptido con los monomeros de lipido, asi como el péptido con las micelas de
lipido formadas. En este respecto, se ha reportado que moléculas con una estructura
similar a la lyso-C,PC disparan el fendémeno de agregacion en proteinas

amiloidogénicas bajo concentraciones equivalentes a las usadas en este estudio [56].
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Figura 11. Efecto de la lyso-C,PC sobre la estructura de la hélice-Z. (A) Espectros
de DC obtenidos bajo el tratamiento con concentraciones crecientes de lyso-C,PC;
(B) Valores de elipticidad molar media a 201 nm; (C) Bajo las mismas condiciones,
se evaluo la absorbancia a 218 nm; (D) Valores de fluorescencia a 482 nm; (E)
Fibras amiloides en la hélice-Z; (F) Muestras de la hélice-Z incubadas con lyso-
C,,PC (10 mM). La barra corresponde a 100 nm.
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Sin embargo, cuando se usaron concentraciones de lyso-C;,PC cercanas a 10
mM, se observo un punto de transicidén entre la estructura de tipo-f y la formacion
de una estructura a-helicoidal. Asi mismo, este cambio fue seguido a través de
evaluar el pico de elipticidad a 201 nm (®y;,,), caracteristico de la presencia de una
estructura en hoja-f (Figura 11B). Este fendmeno fue también estudiado siguiendo
los cambios en la absorbancia del enlace peptidico a 218 nm (Figura 11C) y por
medio de la fluorescencia acoplada a ThT (Figura 11D). Bajo el tratamiento con
lyso-C;,PC (10 mM) aun se identificaron estructuras fibrilares, en cantidades
reducidas pero mds extendidas con respecto a muestras de la hélice-Z que no se
incubaron con lipidos (Figura 11E, 11F). En las concentraciones mas altas de lyso-
C1,PC (20 y 40 mM), una senal residual de estructura-f3 fue detectada siguiendo la
absorbancia del enlace peptidico y por medio de fluorescencia acoplada a ThT, sin
embargo los espectros de DC muestran la formacién de una estructura a-helicoidal

bien definida.

Considerando que las caracteristicas hidrofobicas del microambiente
circundante son condiciones clave que favorecen cambios estructurales en dominios
especificos de proteinas de unién a lipidos, en otra serie de experimentos se
evaluaron varias moléculas de lipido con estructuras similares a la lyso-C,,PC,
molécula que en estudios previos de nuestro laboratorio mostrd la capacidad de

modular la estructura secundaria del dominio C-terminal de la apolipoproteina-CI

[7].

En un rango de concentracion de 0.1 a 10 mM de 4cido lisofosfatidico (LPA),
lipido con una pequefia cabeza polar cercana a la cadena acilo y un grupo hidroxilo
libre en el esqueleto de glicerol, se llevaron a cabo una serie de experimentos en los
cuales se estudiaron posibles cambios conformacionales de estructuras-f§ hacia
hélices-a. Los espectros obtenidos mostraron un punto isodicroico cercano a 215 nm

asociado a la presencia de sélo dos estados conformacionales (Figura 12A).
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Figura 12. El LPA modula la formacién de fibras amiloides en la hélice-Z. (A)
Espectros de DC de la hélice-Z, incubada con concentraciones crecientes de LPA;
(B) Valores de elipticidad molar media a 201 nm del péptido en las mismas
condiciones experimentales; (C) Valores de absorbancia de los péptidos a 218 nm;
(D) Registros de fluorescencia-ThT a 482 nm; (E) Fibras amiloides en la hélice-Z;
(F) Efecto del tratamiento con LPA en la formacion de fibras, cuatro muestras
fueron procesadas en diferentes dias. La barra corresponde a 100 nm.
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Los experimentos de DC muestran que esta transicion de - hacia a- también
fue identificada a través del cambio en la senal de ®,y;,m, €en donde se observd que
la incubacion con concentraciones de LPA por arriba de 1 mM induce una
disminucion drastica en los valores de DC asociados con la pérdida de estructura-3
(Figura 12B). De forma paralela, los cambios conformacionales fueron seguidos a
través del registro de la absorbancia del enlace peptidico a 218 nm (Figura 12C) y

por medio de la fluorescencia acoplada a ThT (Figura 12D).

Los resultados indican que en concentraciones por arriba de la cmc, el LPA
induce una transicion bien definida en la estructura secundaria de la hélice-Z, de una
hoja-f hacia una hélice-a. De hecho, después del tratamiento con 2.5 mM de LPA,
la fluorescencia asociada a ThT fue suprimida (Figura 12D inserto), indicando una
pérdida completa del contenido de estructura-f. En este sentido, no se encontraron
estructuras fibrilares en las muestras analizadas de LPA por debajo de 10 mM,
cuando fueron procesadas a través de MET (Figura 12F). Nuestros resultados
sugieren que los cambios conformacionales en la estructura secundaria dependientes
de LPA estan asociados con un proceso cooperativo, en donde la hélice-Z recupera
los niveles de estructura a-helicoidal de manera similar a los que se encontraron
cuando el péptido nativo es estudiado (Figura 13). Sin embargo, esto no se puede
considerar como un fendmeno general a los lipidos con grupos hidroxilos libres en
la cabeza polar, ya que en el panel de experimentos en donde se evalu6 el efecto de
la lyso-C,PC, en las concentraciones mads altas (20 y 40 mM) la sefial de
fluorescencia acoplada a ThT no fue completamente suprimida; de manera que la
incubacion con lyso-C,PC puede estar asociada con una transicion parcial hacia la

formacion de hélices-a.
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Figura 13. Espectros de DC de la hélice-Z y del péptido nativo hélice-X en la
ausencia de lipidos (A), y en presencia de 10 mM de LPA (B).

El tamano de la cabeza polar y la presencia de un grupo hidroxilo libre en la
posicion sn2 del esqueleto de glicerol, propiedades que pueden modificar el grado
de solvatacion en la superficie de las interfaces [7], deben jugar un papel clave en
los mecanismos que modulan la formacion de fibras amiloides dependiente de
lipidos [4,7]. En este caso, los componentes hidrofilicos de los fosfolipidos tales
como el grupo hidroxilo libre del LPA, pueden afectar la posicion y el arreglo de los
ensamblajes hidrofébicos en relacion con las interfaces [57,58]. De manera que
hemos evaluado esta posibilidad a través del tratamiento con concentraciones
crecientes de acido fosfatidico (PA); una molécula de lipido con dos cadenas acilo
unidas al esqueleto de glicerol, condiciones que no deben favorecer el cambio
conformacional de la estructura en hoja-f hacia la hélice-a. Esta tesis fue
corroborada cuando se estudio al péptido hélice-Z. Empleando las mismas técnicas
espectroscopicas, se incubd al péptido hélice-Z bajo un rango de concentracion 0.1-5
mM de PA. La estructura en hoja- se mantuvo junto con la capacidad de formacion

de fibras amiloides (Figura 14).
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Figura 14. El tratamiento con 4cido fosfatidico (PA) no induce un cambio
estructural en la hélice-Z. (A) Espectros de DC de la hélice-Z en diferentes
concentraciones de PA; (B) Imagen de la hélice-Z sin la incubacion con PA obtenida
con MET; (C) Efecto del tratamiento con 2.5 mM de PA. La barra corresponde a
100 nm.

Considerando que la carga electrostatica sobre la superficie de los lipidos es
un factor que podria modular la estructura secundaria de la hélice-Z, se estudid el
efecto de una serie de mezclas de fosfolipidos con LPA (76%/24%) (Figura 15). El
tratamiento de los péptidos con micelas con carga negativa formadas por
POPC/POPG y LPA no modifico el perfil de la estructura secundaria-p evaluada a
través de DC y fluorescencia acoplada a ThT (Figura 15A, 15B). Esta condicion se
mantuvo durante todo el intervalo de concentracion de 0.1-2.4 mM de estas mezclas

(datos no mostrados).

Cuando la hélice-Z se incubd con micelas neutras compuestas de POPC (1.23
mM) y LPA (0.37 mM), los espectros de DC y los valores de emision de
fluorescencia fueron similares a los valores del control, sin la adicién de lipidos
(Figura 15A, 15B). Una respuesta similar se obtuvo cuando micelas neutras con
fosfatidilcolina (PC) fueron estudiadas, una condiciéon en la que se mantiene la

formacion de fibras amiloides bien definidas (Figura 15C, 15D). Debido a que se
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utilizd6 un tiempo de incubacion prolongado (24 h) durante los experimentos, la
presencia de estructuras oligoméricas es reducida [38]. Sin embargo, en estas
muestras fue posible identificar fibras amiloides localizadas cerca de la superficie de
las micelas de lipidos (Figura 15D inserto), una condicidon que sugiere la posibilidad
de interacciones sobre la superficie de las micelas sin la presencia de un cambio

estructural en la hélice-Z.

Figura 15. Efecto de la carga electrostatica de los lipidos sobre la estructura de la
hélice-Z. (A) Espectros de DC de la hélice-Z bajo diferentes tratamientos de lipidos;
(B) Espectros de emision de fluorescencia acoplada a ThT. Iméagenes obtenidas a
través de MET de muestras de la hélice-Z sin tratamiento con lipidos (C); bajo la
incubacién con vesiculas compuestas de PC/LPA (D); DPPC/LPA (E) y PE/LPA
(F). La barra corresponde a 200 nm
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Bajo las mismas condiciones, la incubacion con micelas neutras formadas por
DPPC y LPA mantiene la conformacion-§ en la hélice-Z. Sin embargo, en este caso
fue registrado un aumento en el espectro de fluorescencia acoplada a ThT, condicion
que esta relacionada con la presencia de altas concentraciones de fibras encontradas
en muestras procesadas a través de MET. De igual forma, varias caracteristicas
relacionadas con la morfologia de estas fibras, como un patrén altamente

heterogéneo fueron registradas (Figura 15E).

El tratamiento con micelas compuestas de fosfatidiletanolamina (PE) y LPA
con una carga positiva sobre la superficie y un grupo de cabeza polar pequefio,
indujo una disminucién moderada en el contenido de estructura-B de la hélice-Z
(Figura 15A, 15B). Asi mismo, se registraron bajas cantidades de fibras amiloides
con respecto a los tratamientos anteriores de lipidos (Figura 15F). Bajo las
condiciones experimentales evaluadas, en un pH neutro la hélice-Z mantiene una
carga neta negativa (-1), de manera que estos resultados pueden estar asociados con
una baja capacidad de unidn electrostatica sobre la superficie de las micelas con
carga positiva. De forma interesante, cuando la hélice-X, en un estado desordenado
fue evaluada con la incubacion de micelas de PE/LPA, los niveles mas altos de

estructura hélice-o fueron promovidos (Figura 16).
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Figura 16. Efecto de la carga electrostatica de los lipidos sobre la estructura
secundaria del péptido nativo hélice-X. Espectros de DC de la hélice-X bajo la
incubacidn con micelas de diferente composicion lipidica.

48



4. Discusion

En la busqueda de los factores que pueden explicar la formacion de la
estructura-f en la hélice-Z, se propone que esta caracteristica estructural no esta
determinada por parametros como el momento hidrofébico (uH) o la hidrofobicidad
promedio en la secuencia, ya que las diferencias en estos valores con respecto a la
secuencia nativa hélice-X son minimos (Tabla 1). Sin embargo, hemos encontrado
que la hélice-Z presenta una estructura de tipo-P, solamente cuando la secuencia de
aminoacidos mantiene una carga neta cercana a -1 dentro de un rango de pH de 7-8,
en donde la cadena lateral de la Hyq debe proporcionar un poder amortiguador
significativo en este intervalo. En contraste, la hélice-X con una carga neta cercana a

-2 permanece en un estado desordenado (Tabla 2).

Tabla 1. Parametros fisicoquimicos de los péptidos.

Parametro hélice-X hélice-Z BA| .4 BAjss3s

PM (Da) 1 399.8 1399.6 4514 1 060.3
Punto isoeléctrico 4.17 5.13 5.21 8.75
Hidrofobicidad (kcal/mol) 0.27 0.28 0.21 0.37
uH (kcal/mol) 0.41 0.41 0.08 0.03
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Tabla 2. Distribucion de la carga neta de los péptidos en funcion del pH.

pH hélice-X hélice-Z ﬁA1_42 ﬁA25_35

4 0.07 0.65 3.17 1.02
4.5 -0.47 0.34 1.55 1.01
5 -0.87 0.06 0.38 1.00
5.5 -1.16 -0.18 -0.49 1.00
6 -1.47 -0.48 -1.42 0.99
6.5 -1.75 -0.75 -2.25 0.99
7 -1.91 -0.91 -2.72 0.99
7.5 -1.97 -0.97 -2.92 0.99
8 -2.00 -1.01 -3.01 0.97
8.5 -2.06 -1.06 -3.1 0.93
9 -2.16 -1.17 -3.32 0.79
9.5 -2.39 -1.39 -3.81 0.52

Los datos fueron obtenidos de la plataforma Biology Workbench, para el calculo usa los
datos disponibles del libro Bioquimica de Lehninger.

En este sentido, hay reportes que muestran una mayor propension para formar
una estructura secundaria de tipo-B cuando se combina la presencia de una carga
neta baja y una hidrofobicidad alta en secuencias de péptidos modelo, condiciones
que son Optimas para promover la formacion de fibras de tipo amiloide [59-61].
Considerando estos factores, Lopez de la Paz et al. [62] han reportado que
secuencias especificas de péptidos son capaces de formar fibras solo cuando
presentan una carga neta de +1 o -1, ya que las distancias entre las cargas

electrostaticas de las cadenas laterales estdn maximizadas, permitiendo la
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fibrilogénesis de manera ordenada como puede observarse en la region 25-35 del
péptido B-amiloide (Tabla 2). De hecho, existe una fuerte evidencia de que las
proteinas intrinsecamente desordenadas mantienen una carga neta elevada en la
secuencia como una estrategia para prevenir la agregacion [63]. Incluso, este
fenomeno se ha propuesto como una caracteristica clave en la evolucion molecular

que previene la aparicion de eventos como el plegamiento anomalo [64].

De tal forma que la carga neta en la secuencia de aminoéacidos puede ser uno
de los factores clave que desencadenan la formacion ordenada de fibras, como se ha
mostrado en la hélice-Z, lo cual posiblemente acarrea la formacion de nuevas
interacciones, como un mayor numero de puentes de hidrégeno en la cadena
principal y entre las cadenas laterales de los residuos, inicamente cuando el péptido
se encuentra en un rango de pH entre 7-8. En algunos casos se ha identificado a la
reduccion de la carga neta como una condicion determinante en varios tipos de
enfermedades asociadas con la formacion de fibras amiloides [65]. En este sentido,
la formacion de fibras se ha considerado como un proceso de dos etapas, con un
periodo de retraso asociado con la formacion de agregados y centros de nucleacion,

y una segunda etapa relacionada con una propagacion rapida [66].

Tomando como base los resultados espectrofotométricos, la evidencia de
estructuras fibrilares y las propiedades fisicoquimicas de la hélice-Z, tales como el
uH, la hidrofobicidad, el pKa de las cadenas laterales de los residuos y una carga
neta de -0.96 bajo un pH de 7.2, se presenta un modelo de la posible disposicion de
los residuos de la hélice-Z dentro de una cadena-p (Figura 17A). Considerando que
la mutacion D4;oN representa la pérdida de una carga negativa, en el cluster
hidrofébico que se forma en la nueva secuencia (*’LLVNFLQ"”) se mantiene la
estructura-f} a través de interacciones hidrofobicas. También es importante tomar en
cuenta que dentro de la secuencia hay residuos de asparagina y glutamina que son

considerados inductores de estructuras-p, ya que favorecen fenémenos como el
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apilamiento entre las cadenas polipeptidicas [67]. En la hélice-X no se presentan
estos fendmenos, en gran parte debido a la repulsion electrostatica por la carga
negativa del D470 que previene la formacion del claster hidrofobico, y mantiene al

péptido en un estado desordenado (Figura 17B).

Figura 17. Modelo de una cadena-f antiparalela en la hélice-Z. (A) La carga de
cada residuo se determind considerando un pH de 7.2. Los grupos N- y C-terminal
se mantienen cargados permitiendo una atraccion electrostatica entre las cadenas
peptidicas. Las regiones sombreadas identifican al clister hidrofobico
*TLLVNFLQ*", asi como a los residuos N y Q; (B) La hélice-X no presenta la
estructura secundaria-f debido a la repulsion electrostatica entre los residuos D470.

Los datos cristalograficos de CETP muestran que la hélice-X se mantiene con
una estructura hélice-a, sin embargo debido a su valor de pH de 0.41 kcal/mol, un
factor-B alto, y que es una region que se encuentra alejada del cuerpo principal de la
proteina, estas caracteristicas sugieren que puede presentar una estructura
desordenada. A este respecto, secuencias de péptidos que muestran el potencial para

el desorden intrinseco y dominios con valores altos de factor-B estdn asociados con
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una elevada vibracion térmica de los atomos individuales y por lo tanto presentan
una alta flexibilidad intramolecular, como es el caso del C-terminal de CETP [68].
Aunque la hélice-X presenta un perfil de hélice-a en la estructura cristalografica de
CETP, cuando se mantiene fuera de un ambiente de lipidos podria adquirir una
estructura desordenada con la posibilidad de que esta region presente transiciones
conformacionales orden-al-desorden y/o desorden-al-orden. Dominios similares a la
hélice-X se han documentado en otras proteinas de unidén a lipidos como la
apolipoproteina A-1, siendo regiones ligeramente apartadas del cuerpo global de la

proteina y que son sitios clave para la interaccion con lipidos [69,70].

El tipo de transiciones descritas previamente, podrian presentar un equilibrio
diferente cuando cambios como el que se encuentra en la hélice-Z se introducen en
esta region, en donde la formacion de la cadena-f puede ser reversible,
requiriéndose de condiciones especificas para modular la estructura secundaria. De
forma interesante, estudios recientes del laboratorio sugieren un posible mecanismo
para la transferencia de lipidos llevado a cabo por CETP, asignando al dominio C-
terminal la propiedad de facilitar por medio de transiciones de estructura secundaria
desorden-al-orden, la desorcion de lipidos a través de un ambiente acuoso en la

forma de micelas de lipido [58].

Los resultados obtenidos con micelas de SDS sugieren que la interaccion
dentro de una interfase hidrofilica/hidrofobica es clave para mantener la estructura
secundaria a-helicoidal, y en el caso de la hélice-Z para evitar la formacion de la
estructura-f y la posterior formacion de fibras amiloides, lo cual pudiera ser
extrapolado a la interaccion del dominio C-terminal de CETP con la superficie de

lipidos. Este analisis se ha extendido a una serie mas amplia de arreglos de lipidos.

En este sentido, las interfaces hidrofobicas-hidrofilicas presentan la capacidad

de promover la estabilizacion de la estructura secundaria de los péptidos. De hecho,
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se ha propuesto que dicha propiedad esta relacionada con cambios en los puentes de
hidrégeno entre el péptido y la superficie hidrofébica, asi como a una reduccion en
el costo energético de particion cuando se lleva a cabo la unidén [71]. Como se ha
sugerido previamente para el péptido melitina derivado del veneno de abejas, la cual
es una secuencia en gran parte desordenada en solucion, no obstante se estructura en
hélice-a cuando se particiona sobre vesiculas unilamelares de fosfolipidos [72]. Se
ha encontrado que mientras la reduccion de energia libre por residuo observada para
el plegamiento de la melitina en una interface de membrana es casi 0.4 kcal/mol
consistente con la formacion de puentes de hidrogeno, valores cercanos a 0.6

kcal/mol han sido reportados en péptidos formadores de cadenas-f3 [72].

Por otra parte, estudios realizados por nuestro grupo de trabajo utilizando
fibras del péptido f-amiloide como un ligando natural para los receptores scavenger
(RS), una asociacion directamente conectada con el desarrollo de estrés oxidativo,
han mostrado cambios en la expresion de varias proteinas adaptadoras que
participan en la maquinaria de endocitosis de macrofagos y microglia [49,73]. De
acuerdo a la dosis, el tratamiento con el péptido BA afecta de forma importante la
disponibilidad de la B-adaptina, una proteina que es clave para su internalizacion, lo

que origina la acumulacion del BA en el espacio extracelular de las células [49].

Los resultados obtenidos en el presente trabajo muestran que cuando las
células de microglia son expuestas a la hélice-Z, los oligdbmeros del péptido en
primera instancia, y posteriormente las fibras de tipo amiloide, representan la
principal causa de los fendmenos citotoxicos registrados. En este sentido,
consideradas como especies precursoras a las fibras maduras que aparecen en
tiempos cortos de incubacion, en varias de las proteinas amiloidogénicas que se han
estudiado, los agregados oligoméricos son las especies moleculares que inducen los

principales efectos citotdxicos [74,75], como ya se ha mencionado previamente.
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En nuestras condiciones experimentales, el tratamiento con fibras de la
hélice-Z en concentraciones elevadas inhibe la expresion de la proteina B-adaptina,
molécula que forma parte del complejo adaptador AP2, ademds de que su
interaccion con el arreglo de clatrina es clave durante la seleccion del ligando que va
a ser internalizado [76,77]. La disminucion de B-adaptina, de forma concomitante al
incremento observado en la expresion de CALM podria funcionar como un
mecanismo compensatorio para mantener la funcién celular de endocitosis. En este
sentido, el dominio ANTH (AP180 N-Terminal Homology) que comprende los
primeros 300 residuos del N-terminal de CALM permite la interaccion con el lipido
de membrana fosfatidilinositol 4,5-bifosfato [78], lo cual funciona como un puente
entre los pozos recubiertos de clatrina en la membrana plasmadtica y otras proteinas
adaptadoras [79]. Asi mismo, CALM desarrolla una funcion importante en la
regulacion y en el orden progresivo de la formacion de los pozos cubiertos de
clatrina [80]. Estas funciones la identifican como una proteina con una capacidad
compensatoria, que pudiera coadyuvar en la funcion de otras proteinas adaptadoras.
Tomando en cuenta que una respuesta similar en B-adaptina y CALM fue
encontrada cuando las células de microglia fueron expuestas a estructuras fibrilares
derivadas de la hélice-Z, estructura no asociada a una condicion clinica,
posiblemente esta respuesta puede estar relacionada con un fendmeno general de

citotoxicidad producido en las células bajo el tratamiento con las fibras amiloides.

Resultados recientes obtenidos por nuestro grupo de trabajo sugieren que la
proteina B-adaptina no solo tiene una funcion como estructura adaptadora en los
mecanismos de endocitosis, sino que podria tener una funcion alterna relacionada
con la regulacion de mecanismos como el ciclo celular a través de la interaccion con

el factor c-myc en el nucleo [Manuscrito en preparacion].

Por otra parte, el cluster hidrofébico originado por la mutacion Dy;0N en el

dominio C-terminal de CETP [**LLVNFLQ""] comparte caracteristicas similares
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con los motivos estructurales hidrofobicos denominados steric zippers, que se han
descrito forman la estructura molecular de las fibras amiloides [81,82]. En este
sentido, la mutacion D4;0N minimiza la repulsion electrostatica entre mondmeros de
péptidos, lo cual promueve la formacion de puentes de hidrégeno en la cadena
principal, disparando la estructura en hoja-f y la formacion de fibras amiloides en la
hélice-Z [38]. Estos fendémenos estdn restringidos a los ultimos 12 residuos del
extremo C-terminal  (residuos 465-476), ya que la secuencia del péptido
*“DFGFPEHL*" que antecede al cluster hidrofdbico no muestra la formacién de
estructura-f y permanece en un estado desordenado, incluso en la presencia de

lipidos (datos no mostrados).

La inhibiciéon en la formacion de fibras amiloides y la estabilizacion de la
estructura a-helicoidal en la hélice-Z, son condiciones que pueden estar directamente
asociadas con las propiedades fisicoquimicas especificas del LPA. La presencia de
un grupo hidroxilo libre y una cabeza polar pequefia pueden facilitar el
reconocimiento molecular en la hélice-Z, lo que facilita la interaccion de los
péptidos monoméricos sobre la superficie de las micelas. De manera que la
nucleacion y el apilamiento de los péptidos, fendomenos que conducen a la
agregacion y finalmente a la formacion de fibrillas son suprimidos. En este sentido,
se ha reportado que la estabilidad del plegamiento nativo esta determinada
principalmente por interacciones hidrofobicas entre las cadenas laterales, mientras
que la estabilidad de las fibras amiloides es en mayor medida dependiente de los

puentes de hidrogeno en el esqueleto [83].
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5. Conclusiones

La mutacion D47;0N en el dominio C-terminal de CETP ejemplifica el
delicado equilibrio en los cambios conformacionales a nivel de estructura secundaria
modulados por el pH y la modificacion de la carga electrostatica en los aminoacidos.
La disrupcion de este equilibrio dinamico puede conducir a la formacion de nuevas
interacciones como puentes de hidrégeno dentro de la cadena principal y entre las
cadenas laterales, que promueven la agregacion y finalmente la formacion ordenada
de estructuras fibrilares [83]. Aunque la mutacion Dy;oN (hélice-Z) que se describe
en este trabajo no se ha encontrado en la naturaleza, la hélice-X, el segmento natural
de 12 residuos del dominio C-terminal de CETP, cuando se particiona en agua o en
interfaces hidrofilicas/hidrofobicas podria presentar potenciales transiciones orden-
al-desorden y/o desorden-al-orden que normalmente son dificiles de identificar. De
manera que hemos utilizado a la hélice-Z para mimetizar posibles cambios en la
estructura secundaria de la hélice-X a través de la simple modificacion de un puente
de hidrogeno, que a su vez podria explicar cambios en la funcion general de la

CETP nativa cuando es estudiada in vivo.

Un gran niimero de eventos que ocurren en estrecha asociacién con los
lipidos estan determinados por los puentes de hidrogeno [84], de manera que la
unidon hélice-Z/lipido sobre la superficie de las micelas o lipoproteinas puede
implicar la liberacion de moléculas de agua altamente ordenadas localizadas en las
primeras capas de hidratacion, con la consiguiente reorganizacion de puentes de
hidroégeno e interacciones hidrofobicas. Por lo tanto, los cambios conformacionales
y la modulacién de la estructura secundaria de los péptidos que hemos estudiado
requieren condiciones especificas asociadas al microambiente circundante de

lipidos, siendo componentes clave el grado de solvatacion y el tamafio de la cabeza
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polar de los lipidos. De manera que nuestros resultados sugieren un papel regulador
para el LPA a través de la modulacién de los mecanismos que mantienen al dominio

C-terminal de CETP en la conformacion funcional hélice-a.

Experimentos en curso empleando CETPI, una nueva isoforma de CETP que
carece del dominio C-terminal nativo y en su lugar puede presentar un nuevo
carboxilo-terminal estructurado como una hoja-f [85], apoyan la propuesta de que
pequefias transiciones orden-al-desorden y/o desorden-al-orden sustentadas por
cambios en los puentes de hidrogeno pueden dar a las proteinas una funcion

fisiologica completamente nueva [4].

A través de una amplia evidencia experimental se ha demostrado que un
numero determinado de polipéptidos que no estdn relacionados de manera directa
con alguna enfermedad pueden formar estructuras amiloides; incluso se ha
propuesto que la agregacion amiloide puede ser una propiedad comun a las cadenas
polipeptidicas [86]. Tomando en consideracion que varias estructuras funcionales de
los amiloides han sido caracterizadas en bacterias [87,88], hongos [89-91], insectos
[92,93] y mamiferos [94,95] existe un consenso de que la formacion de fibras
amiloides podria representar una via evolutiva bien conservada en la estructura de
proteinas [96]. De manera que la diferencia entre amiloides funcionales y los que
estan asociados con enfermedad se podria explicar en términos de los mecanismos
regulatorios que las células han desarrollado para controlar su formacion. En la
actualidad, muchas enfermedades con mecanismos moleculares poco entendidos,
encontraran su explicacion en la forma en que el fenémeno del plegamiento de las
proteinas es regulado [39], asi mismo este conocimiento que se ha generado
permitira el desarrollo de estrategias terapéuticas Optimas para controlar a estas

patologias asociadas al plegamiento de proteinas.
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6. Perspectivas

Las transiciones en la estructura secundaria del dominio C-terminal de CETP
pueden ser claves en la funcion fisiologica de la proteina. De tal forma que en el
doctorado nos hemos centrado en el estudio de la funcién de la isoforma CETPI
descubierta por nuestro grupo de trabajo, la cual es expresada solamente en intestino
delgado y se encuentra en plasma. Resultados experimentales sugieren que su
funcion esta asociada con la union a lipopolisacaridos (LPS), componente de la
membrana externa de bacterias Gram-negativas [97]. La diferencia entre CETP y
CETPI esta restringida al dominio C-terminal, mientras en CETP es clave la
conservacion de la estructura hélice-a, la estructura secundaria primordialmente de
tipo-f3 en CETPI podria favorecer la union a LPS. De tal forma que el cambio en la
funcion puede estar determinado por cambios sutiles a nivel de estructura

secundaria.

En el presente trabajo ha quedado pendiente determinar de manera concreta si
las estructuras oligdmericas son las especies moleculares que ejercen los principales
efectos citotoxicos registrados en células de microglia, de manera que se tiene
proyectado el desarrollo de una metodologia para que a partir de la hélice-Z se tenga
una poblacion primordialmente de oligdmeros, y evaluar su efecto citotoxico a
través de las metodologias que se han usado en este estudio. De manera paralela se
tiene planeado explorar los mecanismos especificos de toxicidad celular que

desarrollan estas especies moleculares.
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Cholesteryl-ester transfer protein (CETP) is a plasmatic protein involved in neutral lipid transfer between
lipoproteins. Focusing on the last 12 C-terminus residues we have previously shown that mutation D470N
promotes a conformational change towards a B-secondary structure. In turn, this modification leads to
the formation of oligomers and fibrillar structures, which cause cytotoxic effects similar to the ones pro-
voked by amyloid peptides. In this study, we evaluated the role of specific lipid arrangements on the
structure of peptide helix-Z (D470N) through the use of thioflavin T fluorescence, peptide bond absor-
bance, circular dichroism and electron microscopy. The results indicate that the use of micelles formed
with lysophosphatidylcholine and lysophosphatidic acid (LPA) under neutral pH induce a conformational
transition of peptide helix-Z containing a B-sheet conformation to a native a-helix structure, therefore
avoiding the formation of amyloid fibrils. In contrast, incubation with phosphatidic acid does not change
the profile for the B-sheet conformation. When the electrostatic charge at the surface of micelles or
vesicles is regulated through the use of lipids such as phospholipid and LPA, minimal changes and the
presence of B-structures were recorded. Mixtures with a positive net charge diminished the percentage
of B-structure and the amount of amyloid fibrils. Our results suggest that the degree of solvation
determined by the presence of a free hydroxyl group on lipids such as LPA is a key condition that can
modulate the secondary structure and the consequent formation of amyloid fibrils in the highly flexible
C-terminus domain of CETP.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

CETP facilitates the transfer of neutral lipids between lipopro-
teins, and plays an important role in reverse cholesterol transport.
The tridimensional view of the C-terminus region of CETP
(aa 453-476) is composed of a B-sheet (aa 453-462) and the native
amphipathic o-helix (aa 465-476) named helix-X (Fig. 1). Several
studies have demonstrated that a critical site for the transfer
process is restricted specifically to the 12 residue C-terminus do-
main structured as an amphipathic a-helix [1-3]. Notwithstand-
ing, our group has reported that this domain shows
conformational changes in a non-lipid microenvironment when
mutation D47oN is introduced through the use of peptide denomi-
nated helix-Z [4,5]. These conditions give origin to a hydrophobic
cluster (*’LLVNFLQ*”3) which favors the presence of a -secondary
structure, a mechanism coupled with the formation of oligomers
and amyloid fibrils [5]. Employing helix-Z as a model peptide, we
have studied the role of several lipid arrangements as potential

* Corresponding author at: Instituto de Fisiologia Celular, Universidad Nacional
Auténoma de México, 04510 México, DF, Mexico. Fax: +52 55 5622 5611.
E-mail address: jmas@ifc.unam.mx (J. Mas-Oliva).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.03.067

modulators of secondary structure and potentially upon amyloid
fibril formation.

It has been reported that under specific conditions, lipid mole-
cules induce conformational changes in various amyloid precursor
proteins, in addition to the key role in the formation and stabiliza-
tion of amyloid fibrils [6-8]. Likewise, the interaction between
oligomeric precursor species on specific domains of the cell mem-
brane is a primary event that results in the appearance of early
cytotoxic effects associated with disease [9,10]. In this case, the
role of specific lipid compositions on the hydrophilic/hydrophobic
interface must be critical as a recognition site that can modulate
possible conformational changes in secondary structure, which in
turn could modify the formation of structures controlled by
order-to-disorder and disorder-to-order transitions [5-7,9,11]. In
this respect, it has been described that molecules such as lysophos-
phatidic acid (LPA), a phospholipid derived from the enzymatic ac-
tion of several extracellular phospholipases from precursor
molecules such as lysophosphatidylcholine or phosphatidic acid
(PA), can promote in the protein B,-microglobulin the formation
in vitro of amyloid fibrils [12,13]. Nevertheless, the route by which
the autotaxin enzyme particularly produces a high amount of LPA
from lysophosphatidylcholine, is still not well understood [14,15].


http://dx.doi.org/10.1016/j.bbrc.2013.03.067
mailto:jmas@ifc.unam.mx
http://dx.doi.org/10.1016/j.bbrc.2013.03.067
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

V. Garcia-Gonzdlez, ]. Mas-Oliva/Biochemical and Biophysical Research Communications 434 (2013) 54-59 55

Fig. 1. Structural representation of the C-terminus region of CETP showing
sequences of peptides helix-X and helix-Z. The H466-D470 salt bridge and the
hydrophobic cluster are shown. The structure was obtained from the Protein Data
Bank, access code: 2obd.

In this study, we present a series of experiments which demon-
strate that treatment of helix-Z with LPA and lysophosphatidylcho-
line (lyso-Cy,PC), lipids that can be found on the surface of
lipoproteins, promote a structural change from a p-chain to a na-
tive o-helix structure. Incubation of helix-Z with LPA concentra-
tions above 2.5 mM completely inhibits the formation of amyloid
fibrils, in a manner that interactions of peptide with specific hydro-
philic/hydrophobic interfaces formed by this lipid, should retain
peptide monomers at the surface and consequently prevent pep-
tide self-assembly. These conditions might allow helix-Z to recover
and maintain the functional o-helix conformation of the C-terminus
domain of CETP and therefore warranty protein function.

2. Materials and methods

Cholesterol, cholesteryl-ester, L-o. phosphatidic acid dipalmitoyl
(PA), L-a-phosphatidylethanolamine dipalmitoyl (PE), .-a-phospha-
tidylcholine dipalmitoyl (DPPC) and thioflavin T (ThT) were obtained
from Sigma-Aldrich (St. Louis, MO). r-a-Phosphatidylcholine
(PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-1-glycerol (POPG), 1-
lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-C;,PC) and
1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (LPA) were obtained
from Avanti Polar Lipids (Alabaster, AL).

2.1. Peptide synthesis and peptide preparation

Helix-Z  (*®°EHLLVNFLQSLS?’®) and  native  peptide
(S>EHLLVDFLQSLS*%) derived from the C-terminus of CETP were
synthesized by GenScript (Piscataway, NJ) and dissolved in a car-
bonate buffer pH 9.5 (1 mg/ml). From this solution a further 1:5
dilution was carried out. To evaluate the structure at pH 7.2 in
the different lipid environments, a sodium phosphate buffer was
also used. Under the same conditions, the control peptide
460DFGFPEHL*® was employed. Solutions were filtered through
0.22 um membrane filters before carrying out the experiments.
Purity of peptides was greater than 98% confirmed by mass spec-
trometry and HPLC analysis. Peptide concentration was deter-
mined by measuring the peptide bond absorbance at 205 nm.

Peptide samples at a concentration of 200 pg/ml were incu-
bated with the different lipid preparations for 12 h at 25 °C before
their structural characterization, employing circular dichroism,
thioflavin T fluorescence, peptide bond spectroscopy and electron
microscopy.

2.2. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded with an AVIV
62DS spectropolarimeter (AVIV Instruments) at 25 °C employing
far UV wavelength (190-260 nm). Experiments were performed
at a peptide concentration of 200 pg/ml in a 1.0 mm quartz path
length cuvette, running AVIV software. Spectra were recorded with
a 1 mm bandwidth, using 1 nm increments and 2.5 s accumulation
time averaged over 3 scans. CD results are reported as mean molar
ellipticity (©, deg cm? dmol~!) considering the baseline correction.

2.3. Thioflavin T fluorescence and peptide bond spectroscopy

Employing 180 pg/ml of peptide, the absorbance was measured
every 1 nm using a Perkin Elmer UV/Vis Lambda 2S spectropho-
tometer scanning from 200 to 240 nm. Peptide spectra were cor-
rected by subtracting the corresponding control spectra obtained
under identical conditions. Additionally, the B-structure was char-
acterized with ThT fluorescence assay. Fluorescence emission spec-
tra were registered at 25 °C from 470 to 540 nm with an excitation
wavelength of 450 nm. A scan velocity of 60 nm/min using an Olis
DM45 spectrofluorimeter was used. The concentrations of ThT and
peptides were 10 M and 36 pM, respectively.

2.4. Preparation of micelles formed by phosphatidylcholine/
cholesteryl-esters

Lipids were mixed in chloroform and dried for 6 h under a gen-
tle stream of N, and an additional period of 24 h in a SpeedVac
concentrator (Savant). Lipid mixtures were prepared with a molar
ratio of PC 2 mM and cholesteryl-ester 100 pM (20:1). After drying,
lipids were resuspended in pH 6.8 buffer and subsequently soni-
cated 15 s on/30 s off pulses for 4 cycles of 10 min in an ice bath
under a flow of N, using a Sonifier 250 ultrasonicator (Branson).
Samples were left to equilibrate for 2h and centrifuged at
13,000 rpm for 10 min before being used.

2.5. Preparation of micelles formed by lyso-C;,PC, LPA and PA

The required amounts of lyso-C;,PC dissolved in chloroform
were placed under a gentle stream of N, for 4 h, complete solvent
free treatment was achieved by an additional 22 h in a vacuum
equipment. Samples were resuspended in a phosphate buffer pH
6.8 at 37 °C (50 mM). Samples were kept 2 h at 25 °C and subse-
quently centrifuged at 13,000 rpm for 10 min at 12 °C.

LPA samples in chloroform were placed under a gentle flow of
N, for 6 h, and additional 12 h in vacuum equipment. The samples
were hydrated in phosphate buffer and afterwards processed
through 4 cycles of freezing in liquid N,, and thawing at 37 °C.
Solutions were left to equilibrate for 2h and centrifuged at
13,000 rpm for 10 min. Under the same experimental conditions,
PA vesicles were prepared with an additional step of sonication
for 4 cycles of 10 min.

2.6. Preparation of micelles by phospholipids and LPA

PC and LPA were mixed in chloroform and dried for 6 h under a
gentle stream of N, with an additional treatment using a SpeedVac
concentrator 22 h in vacuum. Lipid mixtures were prepared with a
molar ratio of PC 3.06 mM and LPA 0.92 mM. After drying, lipid
mixture was resuspended in pH 6.8 buffer and subsequently soni-
cated for 4 cycles. Samples were left to equilibrate for 2 h and cen-
trifuged at 13,000rpm for 10 min. Employing the same
methodology, micelles consisting of DPPC/LPA and PE/LPA were
prepared. Under a ratio of POPC 75% and POPG 25%, negatively
charged micelles were prepared with the addition of LPA.
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2.7. Electron microscopy

Peptide samples incubated under different conditions were pro-
cessed employing a negative staining technique and visualized
using transmission electron microscopy (NS-TEM). Samples
(10 ul) were placed on carbon-coated copper grids (400 mesh)
for 10 min at 25 °C. Excessive liquid was removed and the grids
were negatively stained with uranyl acetate solution (2%, w/v)
for 5 min. Samples were dried for 20 min. NS-TEM images were ac-
quired using a JEM-1200EX11 JEOL microscope at 70 kV with a
magnification of 60,000x.

3. Results and discussion

Previous studies from our laboratory have shown that peptide
helix-Z shows the formation of a B-type secondary structure
dependent on pH and peptide concentration [5]. Conditions such
as ionic strength did not modify the content of B-structure, and
only temperatures above 70 °C promote a decrease in the percent-
age of this type of secondary structure [5]. In this study we evalu-
ated the effect of several lipid arrangements upon helix-Z structure
at pH 7.2 under physiological conditions. Specifically, we con-
ducted a series of experiments by changing regional characteristics

of lipid such as: polar head size, acyl chain length, electrostatic
charge and degree of solvation, all of them able to modify the sec-
ondary structure of helix-Z.

Treatment with increasing incubation concentrations of lyso-
C2PC (0.01-40 mM) showed that lipid concentrations below
5mM allow helix-Z to maintain a B-sheet conformation when
monitored by CD (Fig. 2A). Incubation with 1 mM lyso-C;,PC, a
concentration close to the critical micelle concentration (0.9 mM)
for this lipid, increased values that correspond to a B-structure
(Fig. 2A and B). Under this condition, interactions of helix-Z and
lyso-C;,PC in an aqueous environment must have taken place in
a dynamic equilibrium between lipid monomers as well as formed
micelles. In this regard, it has been reported that molecules with a
similar structure to lyso-C;,PC trigger the aggregation phenome-
non in amyloidogenic proteins at concentrations equivalent to
those used in this study [16]. In our hands, concentrations of
lyso-C1,PC close to 10 mM induced a transition point between
B-sheet structures and the formation of a-helical structures. This
change was followed by evaluating the CD characteristics for a
B-sheet conformation at 201 nm (@301nm) (Fig. 2B). This phenom-
enon was also studied following changes in peptide bond absor-
bance at 218 nm (Fig. 2C) and by fluorescence coupled to ThT
(Fig. 2D). Under treatment with lyso-C;,PC (10 mM), fibrillar struc-
tures were still identified in smaller quantities but more extended

Fig. 2. Effect of lysophosphatidylcholine upon the structure of helix-Z. (A) CD spectra obtained under treatment with increasing concentrations of lyso-C;,PC. (B) Mean molar
ellipticity values at 201 nm. (C) Under the same conditions, absorbance at 218 nm, (D) fluorescence coupled to ThT at 482 nm. Native peptide was used as control. (E) Amyloid
fibrils formed by helix-Z. (F) Helix-Z incubated with lyso-C;,PC vesicles (10 mM). Bars correspond to 100 nm.
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with respect to helix-Z samples not incubated with lipid (Fig. 2E
and F). At higher concentrations of lyso-C;,PC (20 and 40 mM),
although a residual signal for B-structures was detected following
peptide bond absorbance and fluorescence coupled to ThT, CD
measurements showed the formation of well-defined o-helix
structures.

In another series of experiments, considering that the hydropho-
bic characteristics of the surrounding microenvironment are key
conditions that favor structural changes in specific domains of lipid
binding proteins, we evaluated several lipid molecules with struc-
tures similar to lyso-C;,PC. Using a concentration range between
0.1 and 10 mM LPA, a lipid with a small polar head close to the acyl
chain, a series of experiments were carried out and the conforma-
tional changes from B-structures to o-helices studied. Spectra ob-
tained showed an isodichroic point near to 215 nm associated
with the presence of only two conformational states (Fig. 3A).

CD experiments show that this B to o transition was also iden-
tified by plotting the signal at @,01nm, Where it was found that
incubation with concentrations of LPA above 1 mM induces a dras-
tic decrease in CD values associated with the loss of B-structure
(Fig. 3B). In parallel, conformational changes were followed record-
ing absorbance of peptide bonds at 218 nm (Fig. 3C) and by
measurements of fluorescence coupled to ThT (Fig. 3D).

The present data indicate that LPA induces a well-defined struc-
tural transition in secondary structure from B-sheet towards an
o-helix at concentrations above its cmc. In fact, after treatment
with 2.5 mM LPA, ThT fluorescence was suppressed (Fig. 3D insert),
indicating a complete loss of B-structure content. Fibrillar struc-
tures were not found in LPA samples analyzed below 10 mM and
processed through NS-TEM (Fig. 3F). Our results suggest that con-
formational changes in secondary structure dependent of LPA are
associated with a cooperative process, where helix-Z recovers the
levels of an o-helical structure similar to what it is found when
the native peptide is studied (Supplementary Fig. 1). However, this
might not be considered a general phenomenon for lipids with a
free hydroxyl groups at the polar head. At the highest lyso-C;,PC
concentrations (20 and 40 mM), the fluorescence signal coupled
to ThT was not completely abolished; therefore, incubation with
lyso-C;,PC is associated with a partial transition towards the for-
mation of a-helices.

Polar head size and the presence of a free hydroxyl group in po-
sition sn2 of the glycerol backbone, properties that should modify
the degree of solvation at the surface of interfaces [7], should play a
key role in the mechanisms that modulate lipid-dependent amy-
loid fibril formation [7,9]. In this case, the hydrophilic components
of phospholipids such as a free hydroxyl group in LPA, may affect

Fig. 3. Lysophosphatidic acid prevents the formation of amyloid fibrils by helix-Z. (A) CD spectra of helix-Z incubated with increasing concentrations of LPA. (B) Mean molar
ellipticity values at 201 nm. (C) Absorbance values at 218 nm. (D) ThT-fluorescence at 482 nm. The native peptide was used as control. The insert shows the emission spectra
of helix-Z at different concentrations of LPA. (E) Amyloid fibrils formed by helix-Z. (F) Effect of LPA treatment in the formation of fibrils. Four samples were processed on

different days. Bars correspond to 100 nm.
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the position and the array of the hydrophobic assemblies in rela-
tion to the interface [17]. We tested this possibility by treatment
with increasing concentrations of PA, a lipid molecule with two
acyl chains associated to the glycerol backbone, conditions that
should not favor the conformational change from B-sheet struc-
tures to an o-helix. Employing spectroscopic techniques, this thesis
was corroborated using a concentration range of 0.1-5 mM PA,
when a B-sheet structure was maintained and the property to form
amyloid fibrils was observed when peptide helix-Z was studied
(Supplementary Fig. 2).

Considering that the electrostatic charge on lipid surfaces is a
factor that could modulate the secondary structure of helix-Z, we
studied the effect of a series of phospholipids mixed with LPA
(76%/24%) (Fig. 4). Peptide treatment with micelles formed with
POPC/POPG and LPA does not modify the profile of the B-secondary
structure evaluated by CD and ThT fluorescence (Fig. 4A and B).
This condition is maintained throughout the concentration range
of 0.1-2.4 mM of these mixtures, showing micelle formation at
the highest concentrations (data not shown).

When helix-Z was incubated with neutral vesicles composed of
POPC (1.23 mM) and LPA (0.37 mM), CD spectra and fluorescence
emission values were similar to the control values without the
addition of lipids (Fig. 4A and B). A similar response was obtained
when neutral micelles formed by phosphatidylcholine (PC) were
studied, a condition in which the formation of well-defined
amyloid fibrils is maintained (Fig. 4C and D). Since an extended
incubation time (24 h) was used, the presence of oligomeric struc-
tures was reduced [5]. However, in these samples it was possible to
identify amyloid fibrils located at the surface of lipid micelles
(Fig. 4D insert), a condition that suggests there might be interac-
tions at the surface of micelles without the presence of a structural
change in helix-Z.

Treatment with increasing concentrations of lipids contained in
mixtures composed of PC/cholesteryl-esters extensively used in a
previous work employing CETP [18], did not modulate the struc-
tural changes described above for LPA and lyso-C;,PC and only a
slight decrease in B-structure content was recorded (data not
shown).

Under the same conditions, incubation with neutral micelles
formed by DPPC and LPA maintains a B-sheet conformation in
helix-Z. Nevertheless, in this case an increase in the fluorescence
spectrum of ThT was registered, condition that is related to the
presence of high concentrations of fibrils shown by samples pro-
cessed for NS-TEM. Several characteristics related to the morphol-
ogy of these fibrils showing a highly heterogeneous pattern, were
registered (Fig. 4E).

Treatment with micelles composed of phosphatidylethanol-
amine (PE) and LPA presenting a positive charge at their surface
and a small polar head group, induced a moderate decrease in
the content of B-structures of helix-Z (Fig. 4A and B). Likewise,
lower amounts of amyloid fibrils were recorded with respect to
previous lipid treatments (Fig. 4F). Under our experimental condi-
tions, at neutral pH helix-Z maintains a net negative charge (—1), in
such a way that these results could be associated with a low elec-
trostatic binding capacity at the surface of positive charged vesi-
cles. Interestingly, when helix-X, the native C-terminus domain
of CETP in a disordered state was evaluated in the presence of
PE/LPA vesicles, the highest levels of a-helix are promoted (Supple-
mentary Fig. 3).

A hydrophobic cluster at the C-terminus domain of CETP
467LLVNFLQ*”3 originated by mutation D47oN shares similar charac-
teristics with the hydrophobic structural motifs for steric zippers,
which have been described to integrate the molecular structure
of amyloid fibrils [19,20]. In this sense, mutation D470N minimizes
the electrostatic repulsion between peptide monomers, promoting
the formation of hydrogen bonds in the backbone and triggering
B-sheet and fibril formation in helix-Z [5]. These phenomena are
restricted to the C-terminus end (residues 465-476), since peptide
sequences that corresponds to “°DFGFPEHL*®’, do not show
B-sheet formation, and even in the presence of lipids the peptide
remains in a disordered state (data not shown).

The inhibition of fibril formation and stabilization of an o-
helical structure in helix-Z seem to be directly associated with
the specific physicochemical properties of LPA. The presence of a
free hydroxyl group and a small polar head group may facilitate
the molecular recognition for helix-Z, allowing the interaction of

Fig. 4. Effect of lipid electrostatic charge upon the structure of helix-Z. (A) CD spectra of helix-Z incubated with lipid micelles of different composition. (B) Emission spectra
of ThT-fluorescence. NS-TEM of helix-Z without lipid treatment (C), and with micelles composed of PC/LPA (D), DPPC/LPA (E) and PE/LPA (F). Bars correspond to 200 nm.
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monomeric peptides at the surface of micelles. Therefore, nucle-
ation and stacking of peptides, phenomena that lead to aggregation
and ultimately to fibril formation are suppressed. In this sense, it
has been reported that the stability of native folding is primarily
determined by hydrophobic interactions between side chains,
whereas the stability of amyloid fibrils is more dependent on back-
bone intermolecular hydrogen bonding interactions [21].

On the other hand, a large group of events occurring at the
surface of lipids are influenced by hydrogen bonding networks
[22], in such a way that binding of lipid/helix-Z at the surface of
micelles or lipoproteins may involve the release of highly ordered
water molecules located at the first layers of hydration, with the
consequent reorganization of hydrogen bonds and hydrophobic
interactions. Hence, conformational changes and modulation of
secondary structure of peptides requires key conditions associated
to the microenvironment, being key components the degree of
solvation and the size of the polar head of lipids. In conclusion,
our results suggest a regulatory role for LPA by modulating the
mechanisms that maintain the C-terminus domain of CETP in a
functional conformation directly associated to the presence of an
a-helical structure for this segment.
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Abstract: The cholesteryl-ester transfer protein (CETP) facilitates the transfer of
cholesterol esters and triglycerides between lipoproteins in plasma where the critical site
for its function is situated in the C-terminal domain. Our group has previously shown that
this domain presents conformational changes in a non-lipid environment when the mutation
D470N 1is introduced. Using a series of peptides derived from this C-terminal domain, the
present study shows that these changes favor the induction of a secondary B-structure as
characterized by spectroscopic analysis and fluorescence techniques. From this type of
secondary structure, the formation of peptide aggregates and fibrillar structures with
amyloid characteristics induced cytotoxicity in microglial cells in culture. These
supramolecular structures promote cell cytotoxicity through the formation of reactive
oxygen species (ROS) and change the balance of a series of proteins that control the
process of endocytosis, similar to that observed when [-amyloid fibrils are
employed.Therefore, a fine balance between the highly dynamic secondary structure of the
C-terminal domain of CETP, the net charge, and the physicochemical characteristics of the
surrounding microenvironment define the type of secondary structure acquired. Changes in
this balance might favor misfolding in this region, which would alter the lipid transfer
capacity conducted by CETP, favoring its propensity to substitute its physiological function.
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1. Introduction

To date, a significant number of diseases caused by the aggregation of misfolded proteins have been
described. Of these, approximately 40 diseases present amyloid properties associated with the
extracellular and intracellular deposition of peptides and proteins [1]. However, self-assembly into
fibrillar structures is not a feature restricted to a small group of peptides and proteins with specific
patterns in their amino acid sequence or three-dimensional structure, since in the past ten years several
peptide sequences have been found not to be related to disease despite their ability to form amyloid
structures. The adaptation of specific cellular processes coupled to the formation of amyloids has also
been found; for instance, during the polymerization of melanin precursor molecules in melanocytes [2].
Therefore, nowadays the formation of amyloid structures has been considered a property that may be
generic to many polypeptide chains and in many cases directly related to function [3].

For several years, our laboratory has been interested in the study of the relationship between
structure and function of proteins involved in lipid binding and transport. Secondary to changes found
in the secondary structure of specific regions of several of these proteins such as apolipoprotein C—I,
we have proposed the possibility that these regions respond to specific changes in the
microenvironment that surrounds them, and through specific disorder-to-order transitions these
changes act as molecular switches that trigger function [4—6].

The cholesteryl-ester transfer protein (CETP) promotes the transfer of cholesterol esters and
triglycerides between lipoproteins, mainly directing the cholesterol flow from high density lipoprotein
(HDL) to low and very low density lipoproteins (LDL and VLDL). In this regard, extensive studies on
genetic polymorphisms and CETP deficiencies suggest a direct relationship between its activity and
cardiovascular disease [7]. Site specific mutagenesis studies have shown that the domain located in the
C-terminus (E46s5-S476), structured as an amphipathic a-helix, corresponds to a key region in lipid
transfer (Figure 1) [8—10]. During the structural characterization of this domain, we have found that
disruption of the Hag6-Da47o salt bridge across the D470N mutation causes the loss of native structure,
due in part to the change of the negatively charged carboxylate group of D for the amide group in N
(Figure 1) [8].

Three-dimensional structure resolution has provided a solid basis for the proposal that CETP
operates through a carrier mechanism of lipid transfer [11]. Nevertheless, studies from our laboratory
suggest that the lipid transfer process can be also directly related to the formation of a lipid micellar
system where conservation of the a-helical structure of this region is critical for the process [12].
Therefore, this work focused on the 12 residues of the C-terminal domain of CETP, and the structure
and function of two peptides derived from this site, the native sequence named helix-X and a peptide
with the mutation D470N appointed helix-Z (Figure 1), were characterized. Employing helix-Z as an
example of hydrogen bonding disturbance has allowed us to demonstrate a conformational change of
this region from an a-helix to a B-sheet. Ongoing experiments employing CETPI, an isoform of CETP
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that lacks the normal C-terminal domain and instead presents a new carboxy-end mainly structured as
a P-sheet [13], supports the fact that small order-to-disorder and/or disorder-to-order transitions
supported by changes in hydrogen bonding might give proteins an entirely new physiological
function [14]. Secondary to the formation of B-sheet structures, helix-Z—the D/N mutated 12 amino
acid (aa) fragment of the C-terminal domain of CETP—shows the consequent formation of oligomers
and amyloid-like fibril structures that in turn cause cytotoxic effects similar to those exercised by the
B-amyloid peptide.

2. Results
2.1. Conformational Changes in the C-Terminal Domain of CETP

Although previous studies performed by our group have demonstrated the key role of the
C-terminal domain of CETP during the process of lipid transfer when holding an a-helix conformation
(residues Eues-Sa76) [8,13], it has not been determined yet whether this domain presents the ability to
undergo conformational changes. Therefore, in order to investigate if this domain might undergo
conformational changes by modifying the physicochemical properties of the surrounding media, two
peptides were synthesized: the native C-terminal peptide called helix-X, and a second one containing
the mutation D47oN and named helix-Z (Figure 1).

Figure 1. Structural representation of the C-terminal region of cholesteryl-ester transfer
protein (CETP), showing the sequences of helix-X and helix-Z. The Hasss-Da7o salt bridge
and the hydrophobic cluster are shown. The structure was obtained from the Protein Data
Bank, access code: 2obd.

Helix-X and helix-Z were incubated in water in a pH range of 3.8-9.5 and studied by circular
dichroism (CD) spectroscopy, in parallel. The secondary structure of helix-X was consistent with the
presence of a disordered state over the whole range of pH values tested (Figure 2A). In contrast,
CD spectra of helix-Z showed a pH specific response with minimum shift signals from 219 nm to
201 nm, which is associated with an increase in ellipticity indicative of the formation of B-type
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secondary structures (Figure 2B). This spectrum was only found in a pH range of 7-8, reaching the
highest value at pH 7.2 (Figure 2B insert).

Moreover, through the use of thioflavin-T (ThT) fluorescence assays, an increase in the emission
spectrum of helix-Z with a maximum signal near 482 nm was observed (Figure 2C). Also, by testing
with a Congo red-shift assay, the characteristic birefringence change observed in the presence of
B-structures with a maximum signal close to 540 nm was determined (Figure 2D). Therefore, these
assays confirm the possibility that under specific conditions the C-terminal domain of CETP can
acquire a secondary structure consistent with the formation of a B-structure.

Figure 2. Circular dichroism (CD) spectra of helix-X (A) and helix-Z (B) in a pH range of
3.8-9.5. Inset in (B) shows ellipticity values at 219 nm; (C) Fluorescence assay coupled to
ThT, showing a characteristic peak at 482 nm; (D) Birefringence changes of Congo red
(A absorbance) at different incubation times. The peptide concentration used in all CD assays
was 200 pg/mL, for ThT assays was 50 pg/mL, and for Congo red assays 180 ug/mL.

During the evaluation of the stability of helix-Z through temperature-induced unfolding CD assays
(4-90 °C), only temperatures close to 65 € were found to induce significant loss in its B-type
secondary structure, suggesting high stability. The presence of an isodichroic point near 211 nm in the
obtained spectra is associated with the presence of only two conformational states (Figure 3). These
experiments, together with the fact that helix-Z keeps its characteristic CD profile consistent with a
B-strand under a range of high ionic strength solutions (up to 2.4 M NaCl, data not shown), show that
the acquired B-structure is not determined by long-range electrostatic interactions, but rather by
stronger inter- and intra-chain interactions such as hydrogen bonds.
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Figure 3. Temperature-induced unfolding of helix-Z. CD spectra were obtained from 4 to
90 °C. Inset shows ellipticity values at 219 nm (B-structure signal). The concentration of
helix-Z employed was 200 pg/mL.

Another set of experiments, where both helix-X and helix-Z were incubated in a hydrophobic
environment composed of sodium dodecyl sulfate (SDS) micelles, shows that both peptides acquire
and maintain an a-helical conformation (Figure 4A,B). This transition was monitored in parallel
following fluorescence coupled to ThT (Figure 4C) and the change in absorbance of peptide bonds at
205 nm (Figure 4D). Our results suggest that the interaction within a hydrophilic/hydrophobic
interface may be the key parameter to maintain both peptides in an a-helix conformation; more
importantly, in the case of helix-Z, this is a key feature to avoid the formation of a B-structure.

2.2. Dy7oN Mutation in the C-Terminal Domain of CETP Induces Amyloid Fibril Formation

In order to extend our structural analysis and considering that an increase in -signal is not a direct
indication of the formation of amyloid fibrils, peptide samples were analyzed by transmission electron
microscopy (TEM). Throughout the pH-range evaluated (4-9), helix-X samples did not form any kind
of structured material, which correlates well with previous results in which helix-X remains in a
non-ordered state (Figure 5A). In contrast, when helix-Z samples were analyzed, even from the first
sample without incubation (time 0), small oligomers were clearly identified (Figure 5B,C). It was only
after 1 h of incubation that protofilament formation was observed (Figure 5D).

Incubation of helix-Z for 6 h with stirring (200 rpm) was the condition that identified a mixture of
oligomeric structures, protofilaments, and mature fibrils in some areas (Figure SE). Samples analyzed
after an incubation time of 72 and 120 h at 37 °C clearly showed mature fibrils with high
morphological similarities to B-amyloid samples (Figure 5F,G). At this stage, it is interesting to
mention that although the formation of fibrils from pH 4-9 was evaluated, aggregates and fibril
formation were only observed at pH 7-8, which correlates well with the presence of B-structures at this
pH range when monitored by spectrophotometric techniques.
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Figure 4. The effect of SDS on the secondary structure of peptides monitored by CD.
(A) helix-X; (B) Helix-Z; (C) ThT fluorescence at 482 nm; (D) Absorbance at 205 nm. The
peptide concentration used in all CD assays was 200 pg/mL. For ThT assays was 50 pg/mL
and for absorbance assays 180 ug/mL.

2.3. Cytotoxic Effects Associated with Helix-Z.

Taking into account previous studies from several laboratories where microglia and macrophages
were employed in the characterization of the cytotoxic effects of the B-amyloid peptide [15—-17], when
microglial cells were exposed to a gradual increase in concentrations of both peptides, only helix-Z
was able to significantly reduce cell viability as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay (Figure 6). It is interesting to observe that
independently of the incubation time used for both peptides in solution (0, 6, 120 h) the lowest
concentration employed for helix-Z (1.7 pM) shows an important reduction in cell viability that is
maintained up to 56 M (Figure 6A—C). At this stage it is important to mention that 0 time actually
corresponds to the time employed to place both peptides, first in solution and second into the cell
culture plate. This procedure takes approximately 15 min, enough time to apparently produce peptide
oligomers as shown in Figure SB—C. Because cell viability is maintained close to 50% independently
of the concentration of helix-Z or the time of the incubation needed for the formation of amyloid
structures, our experiments indicate that helix-Z in the form of oligomers seem to be the highest toxic
form for this peptide. Whether or not mature fibrils are also responsible for cell toxicity after the
incubation of helix-Z for 120 h, will have to be elucidated in experiments where under these conditions
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the presence of small amounts of oligomers can be ruled out. At this stage it is interesting to mention
that while helix-Z oligomers formed at pH 7.2 are cytotoxic, amorphous aggregates of the f-amyloid
peptide obtained at the same pH do not present the ability to damage microglial cells in culture
(Figure 1 supplementary data). Changes found in cell morphology are possibly related to the presence
of a cellular stress condition as described by our group when studying the B-amyloid peptide [17]
(Figure 6D). It is noteworthy that the MTT assay is also an indicator of oxidative stress and changes in
the vesicular trafficking of cells [18,19].

Figure 5. Ultrastructural analysis of peptides by transmission electron microscopy (TEM);
(A) Helix-X at 48 h of incubation at 37°C; (B) Helix-Z at 0 h of incubation; (C) Helix-Z at
0.5 h of incubation; (D) Formation of helix-Z protofilaments at 1.0 h of incubation;
(E) Helix-Z under constant agitation at 6.0 h of incubation; (F) Helix-Z under constant
agitation and 48 h of incubation; (G) Helix-Z under constant agitation at 120 h of
incubation. Solid arrows indicate oligomeric structures, open arrows show protofibrils and
amyloid fibrils. The concentration of peptide used in all conditions was 60 pg/mL. Bar
indicates 200 nm.



Int. J. Mol. Sci. 2011, 12 2026

Figure 6. Cytotoxic effects in microglia associated with the exposure of helix-X and helix-Z.
(A) Cell viability determined by MTT for cells treated with peptide previously incubated
0.5 h at 37 °C; (B) Cells treated with peptide previously incubated 6 h at 37 € ; (C) Cells
treated with peptide previously incubated 120 h at 37 °C; (D) Light microscopy showing
microglia treated with both peptides (56 uM) previously incubated 120 h at 37 € .
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2.4. Endocytic Protein Expression

After an incubation period of 120 h at 37 € (condition at which mature fibrils are obtained with
helix-Z) microglial cells were treated for 20 h with increasing concentrations of peptides. The
experiment was focused on assessing the expression levels of proteins such as B-adaptin, eps 15, and
clathrin assembly lymphoid myeloid leukemia (CALM). Cells exposed to helix-Z showed differential
expression of some of these endocytic proteins, in contrast to experiments performed with helix-X in
which no changes were found. While the expression of proteins such as eps 15 was held constant,
B-adaptin protein expression decreased with respect to exposure to increasing concentrations of helix-Z
(Figure 7A). In contrast, CALM protein expression increased with respect to the concentration of
helix-Z (Figure 7B). These results, as shown previously by us, correlate well with the p-amyloid
peptide (AB,s-35) experiments that were employed under the same conditions as used here with helix-Z
(Figure 1 supplementary data).

Figure 7. Endocytic protein expression in microglial cells treated with helix-X and helix-Z.
Both peptides were previously incubated 120 h at 37 °C. (A) Western blot analysis of
eps 15 and B—adaptin; (B) Western blot analysis of clathrin assembly lymphoid myeloid
leukemia (CALM) protein. B-actin was used as loading control.

3. Discussion

During the search for factors that might explain the formation of a B-structure in helix-Z, we
propose that this structural feature is not determined by parameters such as the hydrophobic moment
(uH) or the mean hydrophobicity, since differences in values with respect to helix-X are minimal
(Table 1). However, we found that helix-Z presents a -sheet structure, only when it presents a net
charge close to —1 in the pH range of 7-8. In contrast, helix-X with a net charge closer to —2 remains in
a non-structured state (Table 2).
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Table 1. Physicochemical parameters of peptides.

Parameter helix-X helix-Z APi_az AP2s_3s

MW (Da) 1399.8 1399.6 4514 1060.3
Isoelectric point 4.17 5.13 5.21 8.75
Hydrophobicity (kcal/mol) 0.27 0.28 0.21 0.37
uH (kcal/mol) 0.41 0.41 0.08 0.03

Table 2. Net charge distribution of peptides as a function of pH.

pH helix-X helix-Z Aﬁ1_42 Aﬁ25_35
4 0.07 0.65 3.17 1.02
4.5 -0.47 0.34 1.55 1.01
5 —0.87 0.06 0.38 1.00
5.5 —1.16 —0.18 -0.49 1.00
6 -1.47 —0.48 -1.42 0.99
6.5 -1.75 —0.75 —2.25 0.99
7 -1.91 -0.91 —2.72 0.99
7.5 -1.97 -0.97 -2.92 0.99
8 —2.00 —-1.01 —3.01 0.97
8.5 —2.06 —1.06 —3.1 0.93
9 -2.16 -1.17 —-3.32 0.79
9.5 —2.39 -1.39 —3.81 0.52

In this sense, there are reports that show a higher propensity to form B-structures when a low net
charge and a high hydrophobicity are present in the peptide sequence, conditions that promote amyloid
fibril formation [20-22]. Considering these factors, Lopez de la Paz ef al. [23] have reported that
peptide sequences are capable of forming fibrils only when they present a net charge of +1 or —1 and
distances between charges are maximized, allowing fibrillogenesis in an orderly form as observed with
region 25-35 of the f-amyloid peptide (Table 2). This phenomenon has been proposed as a key feature
in molecular evolution preventing the occurrence of misfolding phenomena [24]. Also, there is strong
evidence that intrinsically disordered proteins maintain a high net charge as a strategy to prevent
aggregation [25]. Therefore, net charge may be the factor that triggers the orderly fibril formation
shown by helix-Z. It is considered to be a two-stage process with a lag period related to the formation
of aggregates and nucleation centers and a second stage related to fast spreading [26].

Taking into account the spectrophotometric results, the evidence of fibrillar structures and the
physicochemical properties of helix-Z such as pH, hydrophobicity, and a net charge of —0.96 at pH 7.2,
we present a model for the amino acid residue disposition within the B-strand (Figure 8A). Since D47oN
showed the loss of one negative charge, the hydrophobic cluster (L4s7LVNFL47,) maintained a
B-conformation through hydrophobic interactions. It is also important to consider that along the
sequence, there are asparagine and glutamine residues that are considered as inducers of B-structures
and therefore allow the stacking of polypeptide chains [27]. Helix-X does not show this phenomenon,
largely due to an electrostatic repulsion at Asp-470 that prevents the formation of a hydrophobic
cluster that maintains the peptide under an extended state (Figure 8B).
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Figure 8. Model of an antiparallel B-strand in helix-Z. (A) The charge of each residue is
determined considering a pH of 7.2. N and C terminal groups are loaded allowing an
electrostatic attraction between peptide chains. Shaded regions identify the hydrophobic
cluster L4g7LVNFLy47,, as well as N and Q residues; (B) Helix-X does not form a B-strand
structure due to the electrostatic repulsion between D residues.

On the other hand, it is surprising that helix-X is maintained as an o-helix in the crystallographic
data shown for CETP due to its pH value of 0.41 kcal/mol, factor B value, and relative freedom from
the main body of the protein. In this regard, peptide sequences showing the potential for intrinsic
disorder and domains with high factor-B values are associated with a high thermal vibration of
individual atoms and therefore present high intramolecular flexibility [28]. Although helix-X presents
an o-helix profile in the crystal structure of CETP, when held outside a lipid environment it might
adopt a disordered structure with the possibility that this region might undergo disorder-to-order and/or
order-to-disorder transitions. This type of transition must probably present a different equilibrium
when changes like the one found in helix-Z is introduced to this region since the formation of a B-sheet
might not be reversible.

Oil-water interfaces also present the ability to promote the stabilization of the secondary structure
of peptides believed to the due to hydrogen bonding and a reduction of the energetic cost of
partitioning [29]. As previously suggested for the bee venom peptide mellitin, this peptide is largely
unstructured when placed in solution, but highly structured as an amphipathic a-helix when partitioned
into unilamellar phospholipid vesicles [30]. While the free energy reduction per residue observed for the
folding of mellitin in a membrane interface is almost 0.4 kcal mol' consistent with the formation of
hydrogen bonding, values close to 0.6 kcal mol ' have been also shown for B-sheet forming peptides [30].

Studies performed by our group using B-amyloid fibrils as a natural ligand for the scavenger
receptor (SR), an association directly related to the development of oxidative stress, have shown changes
in the expression of several adaptor proteins involved in the endocytic machinery of macrophages and
microglia [17,31]. Proteins a-, B-, u-, and c-adaptins integrate into the AP2 adaptor complex, a key
component in the initial stages of endocytosis [5]. Within the mechanism of clathrin-mediated
endocytosis of the SR, more than 30 proteins have been described, many of which are adaptor
molecules involved in the formation of coated pits. In addition to clathrin, proteins such as CALM,
epsin, dynamin, amphiphysin, and eps 15 also play an important role in this process [32].
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The present results show that when microglial cells are exposed to helix-Z, peptide oligomers first
and fibrillar species next, are the leading cause for the registered cytotoxic phenomena. Moreover, high
concentrations of helix-Z fibrils inhibit B-adaptin expression. With the decline of B-adaptin, the
increased expression observed for CALM could function as a cellular compensatory mechanism for
endocytic function. In this sense, the ANTH domain (AP180 N-Terminal Homology) located in the
first 300 residues of CALM allows interaction with PtdIns(4,5)P, [33], functioning as a bridge between
the plasma membrane clathrin-coated pit and other adaptor proteins [34]. Taking into account that a
similar response in -adaptin and CALM was found in this study when cells were exposed to helix-Z
fibrils, possibly this condition may be associated with a phenomenon found in cells that come in
contact with toxic peptide oligomers and/or amyloid fibrils.

4. Experimental Section
4.1. Materials

All cell culture reagents were purchased from Gibco-Invitrogen (Carlsbard, CA, USA), while tissue
culture dishes and other plasticware were obtained from Nulgene Nunc (Rochester, NY, USA). Salts
and buffers were purchased from Baker. Tert-butyl hydroperoxide (TBH), ThT, Congo-red, SDS and
MTT were obtained from Sigma (St. Louis, MO, USA). Antibodies used in CALM, B-adaptin, and
eps 15 protein detection as well as goat secondary antibodies were from Santa Cruz Biotechnoloy Inc.

4.2. Peptide Synthesis and Preparation

Based on the function of the C-terminal of CETP, two peptides were synthesized: one named helix-X
that corresponds to the native peptide, and the second one named helix-Z containing the mutation
D470N. Lyophilized peptides were dissolved in ammonium carbonate buffer (pH 9.5) to a concentration
of 1 mg/mL. From this solution a further 1:5 dilution was carried out. To evaluate the structure at
pH 3.8 and 4.8, a sodium acetate buffer was used; pH 6.3 and 7.2, a sodium phosphate buffer was
used, and at pH 8.6 and 9.5, an ammonium carbonate buffer was employed.

Fragment AB,s_35 (B-amyloid) was employed as a reference molecule for the cytotoxicity assays.
Experiments performed with B-amyloid were carried out at two pH conditions using a phosphate buffer
(pH 7.2) and ultrapure water (pH 5.5), both with the same peptide concentration (1.5 mg/mL). All
buffers were used at 50 mM, and solutions were filtered through 0.22 pm membrane filters before use.

Purity of peptides was greater than 98% (GenScript Corp., Piscataway, NJ, USA). Their identity
and purity were confirmed by mass spectrometry and HPLC analysis (data not shown). Protein
concentration was determined by peptide bond absorption at 205 nm.

4.3. Circular Dichroism Spectroscopy

Far-UV CD spectra were recorded on an Aviv 62DS spectropolarimeter in a 0.1 cm quartz cell,
using an average time of 2.5 s and a step size of 0.5 nm. CD results are reported as mean molar
ellipticity (O, deg cm?® dmol ") considering the baseline correction. For the pH studies, CD spectra
were obtained from pH 3.8 to —9.5. Peptide unfolding induced by temperature was monitored by CD
measurements over a temperature range of 4 to 90 °C.
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4.4. Congo Red Spectroscopy and Thioflavin T Fluorescence

Congo red assays were performed based in the protocol designed by Klunk et al. [35]. Employing
10.6 yM Congo red and 180 pug/mL of peptide, the absorbance was measured every 2 nm using a
Perkin Elmer UV/Vis Lambda 2§ spectrophotometer scanning from 360 to —700 nm. Peptide spectra
were corrected by subtracting the corresponding buffer spectra obtained under identical conditions.
Additionally, the presence of B-structures was characterized with the ThT assay. ThT fluorescence
emission spectra were registered at 37 °C from 470 to 530 nm with an excitation wavelength of
450 nm. A scan velocity of 73 nm/min using an Olis DM45 spectrofluorimeter was used. The
concentrations of ThT and peptides were 10 M and 36 UM , respectively.

4.5. Cell Culture

EOC cells (mouse microglia, American Type Culture Collection) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, and 20% mouse bone
marrow, producing colony stimulating factor-1 (LADMAC) conditioned media. Penicillin (50 U/mL)
and streptomycin (50 pg/mL) were added to the media. After the initial culture, all experiments were
performed using Opti-MEM medium without phenol red and reduced fetal serum.

4.6. Cell Viability Assay

Peptide cytotoxicity was assessed by MTT reduction assays in EOC cells exposed to helix-X,
helix-Z, and the B-amyloid peptide (AP2s_3s). Cells were seeded into 96-well plates at a density of
1 x 10* cells/well and allowed to grow to 80% confluence. Next, culture medium was replaced with
Opti-MEM medium. After 2 h under this condition, cells were treated with a series of gradually
increasing peptide concentrations for 20 h. After this time, 30 puL of an MTT stock solution in
Opti-MEM medium was added to the cultures in order to obtain a final concentration of 0.5 mg/mL.
Formazan crystals that formed after 4 h of incubation were further dissolved by the addition of cell
lysis buffer (20% SDS, 50% N,N-dimethylformamide, pH 3.7). After 12 h of incubation, absorbance
was measured at 570 nm using a microplate reader.

4.7. Western Blot Analysis

With a plate confluence of 80%, cells were treated for 20 h with different doses of peptides. After
this procedure, cells were washed with PBS and lysed for 45 min at 4 °C in lysis buffer. Lysed cells
were centrifuged at 5000 rpm for 5 min and the supernatant was recovered. Protein concentration was
determined with the BCA protein assay (Pierce, Rockford IL, USA) and samples (14 pg/lane) from the
total protein fraction were analyzed by SDS-PAGE on 8% gels and further transferred to PVDF
membranes (Millipore, Billerica, MA, USA). Membranes were blocked overnight at 4 °C in a solution
containing Tris-buffered saline (TBS), 1% tween-20, and 5% non-fat milk. For protein detection, the
following primary polyclonal antibodies were used: goat anti-f-adaptin (1:600), CALM (1:600), and
rabbit anti-eps 15 (1:2500). In addition, the mouse monoclonal anti B-actin (1:500) was used. The
blocked membranes were incubated with the primary antibodies for 1h a 37 °C. After washing,
horseradish peroxidase (HRP) conjugated secondary antibodies (1:5000) were added to the membrane
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and were incubated for 1h at 37 € in blocking buffer. The secondary antibodies used were: donkey
anti-goat IgG for B-adaptin and CALM, goat anti-rabbit IgG for eps 15, and goat anti-mouse for
B-actin. Later, membranes were washed with TBS/1% tween and HRP activity was detected with the
Immobilon Western kit (Millipore).

4.8. Optical Microscopy

Under the different exposures using variable concentrations of helix-X, helix-Z, and the -amyloid
peptide (AP2s-35), EOC cells were visualized and images were taken with an Olympus IX71
microscope (100 and 400x).

4.9. Electron Microscopy

Peptide samples incubated under the different conditions tested were processed using a negative
staining technique and visualized using TEM. Samples (10 uL) stained with uranyl acetate solution
(2% w/v) were placed on carbon-coated copper grids (400 mesh); and after incubation for 5 min
at 25 °C they were dried for 10 min. TEM images were acquired using a JEM-1200EX11 JEOL
microscope (70 kV).

5. Conclusions

Since the mutation D47oN in the C-terminal domain of CETP exemplifies the delicate balance that
exists in the conformational changes at the secondary structure level modulated by pH and amino
acid-charge modification, disruption of this dynamic equilibrium could lead to the formation of new
interactions like hydrogen bonds within the hydrocarbon backbone and between side chains, which
promote aggregation and the formation of fibril structures [36]. Although the D479N mutation (helix-Z2)
described in this investigation has not been found in nature, helix-X, the natural 12 aa segment of the
C-terminal domain of CETP, when partitioned into water or into oil-water interfaces might present
potential disorder-to-order and/or order-to-disorder transitions that normally are difficult to identify.
Therefore, we have used helix-Z in order to mimic potential changes in secondary structure of helix-X
by simply modifying hydrogen bonding that in turn might explain changes in the overall function of
native CETP when studied in vivo.
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Figure 1S. Effect of pH on A5 3s fibril formation. (A) AP,s-3s incubated for 72 h at
pH 7.2 induces the formation of amorphous aggregates; (B) Microglial cells treated with
these amorphous aggregates did not produce changes in endocytic protein expression;
(C) Incubation of APB,s_35 for 72 h at pH 5.5 induces the formation of well-defined fibrils;
(D) Cells treated with AB,s_3s fibrils show changes in B-adaptin and CALM expression;
(E) Well-defined fibrils of AB,s 35 induce a gradual decrease in microglial cell viability.
TEM images were obtained with a peptide concentration of 60 pg/mL. Bars correspond
to 200 nm.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



Mol Cell Biochem (2009) 330:105-120
DOI 10.1007/s11010-009-0105-6

Disorder-to-order conformational transitions in protein structure

and its relationship to disease

Paola Mendoza-Espinosa - Victor Garcia-Gonzalez -
Abel Moreno ‘- Rolando Castillo © Jaime Mas-Oliva

Received: 4 December 2008 / Accepted: 30 March 2009/ Published online: 9 April 2009

© Springer Science+Business Media, LLC. 2009

Abstract Function in proteins largely depends on the
acquisition of specific structures through folding at physi-
ological time scales. Under both equilibrium and non-
equilibrium states, proteins develop partially structured
molecules that being intermediates in the process, usually
resemble the structure of the fully folded protein. These
intermediates, known as molten globules, present the fac-
ulty of adopting a large variety of conformations mainly
supported by changes in their side chains. Taking into
account that the mechanism to obtain a fully packed
structure is considered more difficult energetically than
forming partially “disordered” folding intermediates,
evolution might have conferred upon an important number
of proteins the capability to first partially fold and—
depending on the presence of specific partner ligands—
switch on disorder-to-order transitions to adopt a highly
ordered well-folded state and reach the lowest energy
conformation possible. Disorder in this context can repre-
sent segments of proteins or complete proteins that might
exist in the native state. Moreover, because this type of
disorder-to-order transition in proteins has been found to be
reversible, it has been frequently associated with important
signaling events in the cell. Due to the central role of this
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phenomenon in cell biology, protein misfolding and aber-
rant disorder-to-order transitions have been at present
associated with an important number of diseases.

Keywords Protein structure - Protein misfolding -
Disorder-to-order transitions - Disease

Introduction

Although for many years now human disease has been
directly related with specific anomalies in protein—protein,
protein—-DNA and protein—RNA interactions, in the near
future such accumulated knowledge will require expansion
in order to take the next technological step with the
application of many proteomic concepts to patient-oriented
therapies [1]. Recently in this regard, an important number
of diseases have been associated with problems specifically
related with protein folding. The concept of protein folding
is directly related with the process of reversible disorder-
to-order transitions, by which an unfolded polypeptide
chain folds into a specific functional native structure [2, 3].
Although for a long time it was thought to be only a the-
oretical concept, it was only recently that it became clear
that incorrectly folded proteins might be related with the
development of disease. From that time, conformational or
protein-folding diseases have been divided basically into
two groups. The first, includes errors in the genetic blue-
print that leads to incomplete or incorrectly folded proteins
directly affecting function; classical examples of this group
comprise malfunction of p53 as a critical tumor suppressor
protein directly related with cancer [4, 5] and specific
alterations in diseases such as cystic fibrosis [6] and sickle
cell anemia [7]. The second group, which is made up to
excessive quantities of incorrectly conformed proteins
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causes the formation of multimolecular structures or
plaques with the property of altering normal cell function.
Such alterations, known as amyloidosis, are found in
diseases like Alzheimer disease [8], Creutzfeldt—Jakob
disease [9], Parkinson disease [10], and type II non-insulin-
dependent diabetes mellitus [11]. Although in all of the
previously mentioned diseases, protein aggregates or
plaques are known to be constituted of amyloid fibrils
polymerized as beta-sheet structures, important factors
involved in the process dealing first with formation and
propagation, and second with their stability are far from
being understood in vivo.

Physicochemical approach

For folding into a native state, unfolded polypeptide chains
require the intervention of weak interactions. Driven by
hydrophobic interactions, a polypeptide chain begins to
fold when placed in an aqueous medium, and rapidly
becomes a molten globule followed by an important release
of latent heat. Stabilization of the molten globule is
achieved mainly through the distribution of hydrophobic
residues away from the water matrix. On the other hand,
because the polar residues contained in a protein develop
hydrogen bonds with the water network as well as with
each other, o-helices and f-sheets can be formed when
bonds switch between molecules. It has been calculated
that such bonds might be in the order of 107'% s, very
similar to those we find in water itself. The random equi-
librium can be shifted toward one of these conformations
by means of two stages: a fast stage, during which the
unfolded polypeptide becomes a molten globule; and a
slow stage, in which the molten globule slowly transforms
into a fully folded form or native state [12]. These two
stages in protein folding can be illustrated by a “folding
funnel”, during which due to a small change in entropy
with a large loss of energy, a molten globule evolves into
the native state (Fig. 1) [13, 14]. Although the process is
extremely efficient, there is always the possibility that this
accurate mechanism might fail, and the possibility of
finding a protein folded into a non-native state becomes a
reality [15]. Proteins that follow this pathway might present
transiently stable conformations, promoting their interac-
tion with other molecules and facilitating the fact that they
might form amorphous oligomers and end in a state of
aggregation. Aggregation does not arise from a random coil
state, but rather from a series of intermediates that—based
on the type of secondary structure acquired during fold-
ing—might or might not resemble the native state (Fig. 2)
[14, 16]. It is well known now that primary polypeptide
sequences become the key factor during this process, while
the environment surrounding the protein is an important
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Fig. 1 Folding funnel energy landscape. Globular proteins organize
themselves from a random coil to a molten globule during a large loss
of entropy and small changes in energy. However, the molten globule
becomes transformed to a native state during a low change in entropy
at the expense of a large loss of energy. Adapted from references
[12-14]

factor for explaining the folding process [17]. On the other
hand, natively unfolded proteins, known to lack the pres-
ence of permanent secondary and tertiary structures, have
been recognized at least in the absence of other proteins, to
present the tendency to organize themselves into amyloi-
dogenic structures. This is the case for o-synuclein, an
important protein found in Lewy bodies in the brain of
patients affected with Parkinson disease [18]. In the case of
prion diseases, the P.P protein has been isolated from
amyloid plaques, in which a clear conformational change
in secondary structure from o-helix into f-sheet following
a templating mechanism has been recognized as the pro-
cess that causes aggregation [17].

Considering that the native state is located at the lowest
minimum of the “folding funnel”, it indicates that this
region is the most thermodynamically stable configuration
of the polypeptide chain under physiological conditions.
For proteins, whose functional state is a tightly packed
globular fold, a key step in fibril formation related to partial
or complete unfolding is less likely to occur and therefore
remains protected against aggregation [19]. In this respect,
it has been proposed that the more transient structures thus
formed in proteins, the better probability for key determi-
nants in amyloid fibril formation to be found [20]. Thus,
many of the known forms of amyloid diseases are
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Fig. 2 Protein aggregation
energy landscape. Although the
funnel shape for protein folding
is organized from an active
process that results in the
selection of forms with
favorable native contacts, when
a high concentration of
polypeptide is present, a large
number of interactions appear
followed by protein
aggregation. Landscape regions
characterized by low energy and
low entropy are recognized for
the appearance of well-ordered
species such as fibrils and
crystals. Adapted from
reference [14]

associated with genetic mutations that decrease protein
stability and promote unfolding [20], both related to dis-
order-to-order conformational transitions.

Chen et al. showed that monomeric polyglutamine in
solution represents the nucleus for aggregation and nucleation
of a f-sheet aggregate through an initial disorder-to-order
transition [21]. Multiple molecular dynamic simulations have
provided quantitative characterization of these polyglutamine
peptides showing disorder-to-order fluctuations directly
related to chain length and average compactness [22]. Here, it
was shown that the concentration of side chain primary amides
around backbone units and solvation, either by hydrogen
bonds or surrounding water molecules, importantly contribute
to these average compactness values [22]. In this context, the
first experimental evidence about a specific disorder-to-order
transition was presented over 30 years ago with the mecha-
nism description for the conversion of trypsinogen to trypsin
[23]. This mechanism is characterized by the enzymatic
removal of an hexapeptide from the N-terminal region of
trypsinogen in order to form trypsin. This basic change pro-
motes the transition from a disordered state of the “specificity
pocket” in trypsinogen to an ordered state in trypsin [24].

Since it is known that several amino acids that make up
a protein strongly favor a disordered state, at present
this “new view” of folding is beginning to be further
studied, in which the influence of external or environmental

conditions sustains well-tested transitions between disor-
dered and ordered states [25-27]. Specific polypeptide
chains contained in proteins or complete proteins lacking
defined tertiary structures are known to have the capacity to
undergo disorder-to-order transitions upon binding to spe-
cific [28] or multiple partners [29]. It is precisely this
ability that allows the concept of “protein disorder” to be
proposed as an important feature in the capability of pro-
teins to present regions with switching properties [30-32].
Dunker and Obradovic [26] and later Uversky [27]
designed a protein/function paradigm extended from the
classic form of thought in which ordered 3D structures are
indispensable for function due to the fact that the function
might arise from ordered structures as efficiently as from
disordered functions, namely pre-molten globules and
random coils (Fig. 3). An example of the latter would be
o-synuclein, shown to be partially folded in the presence of
di- and trivalent metal ions, in which in response to cation-
binding intrinsic coils change into a pre-molten globular
conformation [33]. On the other hand, structural arrange-
ments that take place from a random coil to a molten
globule-like conformation have been observed with the
myelin basic protein upon binding to lipids [34]. From an
evolutionary point of view, it appears that intrinsic disorder
in proteins might have been the driving force behind many
of the adaptability processes found in proteins [15, 35].
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Fig. 3 Protein quartet model for protein structure transitions.
Adapted from references [26, 27]

Taking into account that the number of proteins pre-
senting disordered regions directly related with function and
therefore with disease is increasingly growing, an interest to
also generate accessible data banks for improving infor-
mation management has increased. Therefore, the database
of disordered proteins (DisProt) was created and released in
August 2006 by the group of Dunker [36] with extremely
good results at present [37]. Since then, other systems for
studying disorder in proteins have been released, such as the
Integrated Protein Disorder Analyzer, which aims at iden-
tifying and predicting disordered region in proteins [38], or
algorithms for predicting and evaluating aggregation “hot
spots” (AGGRESCAN) [39]. According to Dunker’s group
and as predicted by PONDR' [40], a large percentage of all
proteins involved with some sort of a disease have been
identified as directly related with disordered regions in
proteins closely associated with signaling.

Protein conformational diseases

From a general point of view, disordered regions in proteins
have been divided into the following two classes: the class in
which proteins retain a low percentage of secondary struc-
ture together with unstable tertiary structures during a molten
globule state, recognized as the collapsed class; and second,
the class in which proteins with a highly extended backbone
resemble a ff-sheet conformation related with the extended
class [25, 41]. In general, proteins containing disordered
regions have been recognized as associated with several
human diseases, including cardiovascular disease, cancer,
degenerative diseases, and diabetes. Interestingly, because in
many of these cases cell signaling function has been
involved, there is a strong possibility that disorder-to-order
transitions in proteins playing normal switching roles in
the cell might become distorted and therefore abolish or
transform the normal protein—protein language into an
aberrant one. Therefore, the basic properties of a switching
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mechanism must be based on the equilibrium between high
specificity and weak affinities accompanied by a large con-
formational entropy decrease. This phenomenon is based
principally on the fact that upon binding, disorder-to-order
transitions can overcome steric restrictions and thereby
enable larger interaction surfaces in protein—protein com-
plexes than those that could be obtained for rigid partners
[42]. Despite the extraordinary importance of this type of
transition, we continue to lack detailed biophysical studies
that might demonstrate a close relationship between this type
of disorder-to-order organization and protein function.

During the last few years and mainly employing powerful
bioinformatics and data mining, many proteins showing
intrinsic disorder have been studied in relationship with the
disease [43, 44]. A good number of these proteins can be
considered as potential candidates in the understanding and
treatment of the disease when specific group domains under-
going abnormal disorder-to-order transitions are recognized
[42, 45]. An example of this possibility is the lymphoid
enhancer-binding factor 1 (LEF-1), which corresponds to a
sequence-specific and cell type-specific transcription factor
playing a key role in T-cell receptor (TCR)-o gene-enhancer
modulation [46]. Based on circular dichroism studies, helix I
adopts a helical structure and becomes fully stabilized,
reaching a well-folded state in the presence of DNA [47].

Another example corresponds to the p53 tumor-sup-
pressor protein as one of the most studied proteins in history.
It is known that p53 activates a large number of genes, with
its main function being the arrest of the cell cycle in G1 and
G2, allowing the activation of DNA repair mechanisms and
therefore the development of its cancer-inhibiting proper-
ties. Persons inheriting only one functional copy of the p53
gene are predisposed to develop several tumor types. This
condition has been found in the Li-Fraumeni syndrome
(LFS), in which individuals are predisposed to develop
sarcomas, leukemias, adrenocortical carcinomas, and breast
cancer at early ages [48, 49]. More than 50% of human
cancers have been associated with mutations in p53, and
according to systematic analysis of a large number of
mutations, it has been revealed that 304 of the 882 mutations
studied affecting the structure of the p53 core domain can be
explained by their effects on protein folding [50]. Although
reversible aggregation appears to play an important role in
p53 core-domain folding [51], it remains to be studied
whether a percentage of the structural changes found with
this important protein might be associated with localized
disorder-to-order transitions, which in turn could modu-
late—and therefore affect, for example—protein—-DNA
interactions.

Moreover, with regard to RNA function, several RNA
chaperones with key participation in cellular RNA metab-
olism have been described as organizing several networks of
RNA-RNA, RNA-protein, and protein—protein interactions
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Fig. 4 Structural conformations for the NCp7 (Zn-finger) protein.
a Relatively unstructured NCp7 (residues 12-53) showing coordina-
tion with zinc atoms in purple around a poorly structured section. b In
the presence of DNA (HIV-1 primer binding site) a change in
secondary structure (o-helix, blue) is observed, when a complex is

[52]. Here, these chaperone proteins presenting an important
intrinsic disorder assist RNA function by successive disor-
der-to-order and order-to-disorder transition cycles to aid
RNA in acquiring the most stable conformation required for
optimal function [53]. One classical example is NCp7, a
nucleocapsid protein from the HIV type 1 virus. NCp7 is a
55 amino-acid nucleic-acid-binding protein that represents
an important structural segment of the HIV type 1 virus
nucleocapsid. It is characterized by two zinc fingers [54, 55]
and participates in several key functions during the HIV-1
viral life cycle [56-58]. The two main activities of NCp7 are
destabilization of nucleic acid loop structures [59-61] and
nucleic acid aggregation—condensation [62-64]. NCp7 has
been mainly studied through its interaction with four con-
tiguous stem-loop structures, where SL1-SL4 of the HIV-1
 recognition site [65-67] shows a high degree of disorder
[53] and therefore excellent adaptation properties for a wide
range of RNA and DNA molecules (Fig. 4) [66-70].

Lipid transfer protein structure and disease

In an attempt to define the possibility that folding key
features in proteins could provide us with the manner in
which to explain basic issues such as receptor recognition,
lipid transfer activity, and self-exchangeability carried out
by several lipid transfer proteins including apolipoproteins,
our group has attempted to address these points by directly
measuring molecular conformational changes of apolipo-
proteins at air/water and lipid/water interfaces, in order
to approach the possible mechanisms that might explain
these phenomena [71]. This has been achieved employing
Langmuir monolayers in conjunction with Brewster angle
microscopy (BAM), atomic force microscopy (AFM) of
LB films of protein [72-75], grazing incidence X-ray

formed around the HIV-primer binding site of DNA and the N-
terminal region of NCp7 (Zn-finger). Structures were obtained from
PDB access code: lesk and 2jzw. Images visualized employing the
Pymol program [212]

diffraction on protein monolayers [76], and surface force
measurements (SFA) [77]. Because at that time, we were
unable to define whether the secondary structure of spe-
cific segments of apoCl and -AIl remained stable
independently of their position at air/water and lipid/water
interfaces, more recently we have addressed the possibility
that these segments responding to specific environmen-
tal changes and following disorder-to-order transitions
might function as molecular switches that trigger function
[78, 79].

ApoCl is synthesized with a 26-residue signal peptide
that is cleaved co-translationally in the rough endoplasmic
reticulum which inhibits both phospholipase A2 [80, 81]
and hepatic lipase [82] and activates the lecithin-choles-
terol acyltransferase (LCAT) [83]. Also, it has been
reported that the C-terminal fragment of human apoCI acts
as an inhibitor in vitro of the cholesterol ester transfer
protein (CETP) [84, 85]. On the other hand, the discovery
that apoE-enriched f-migrating very-low-density lipopro-
tein (f-VLDL) binds to the lipoprotein receptor-related
protein (LRP) [86], the effect of apoCI content upon this
binding has been studied [87]. When individual members
of the C apolipoprotein family were examined, it was
found that apoCI is the most potent inhibitor of apoE-
mediated f-VLDL binding to the lipoprotein-related pro-
tein (LRP) [88]. It has been suggested that in addition to
displacement of apoE from the particle, apoCI binding
might exert its effect by inducing a change in resident apoE
conformation, which in turn abolishes its ability to interact
with LRP. Apolipoprotein E is a 299-residue protein that
exists as three allelic variants, denominated apo E2, -3, and
-4. In Alzheimer disease, the apo E4 allele is a risk factor
associated with an earlier age of onset for sporadic cases
[89, 90].
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Although function that depends specifically on 100%
disordered proteins represents the extreme case, the con-
cept of having disordered segments in proteins that only
respond and acquire a well-defined secondary structure
associated with the binding of specific ligands, might be
more common than we thought. We have postulated that
changes in lipid composition of HDL particles might pro-
mote an alteration in normal disorder-to-order transitions
found in apoCl, changing its switching properties, and
therefore predisposing the onset of diseases related with
LCAT activation and CETP function [79]. Acquisition of a
very rapid lipid-specific a-helical conformation following a
disorder-to-order transition in the C-terminal peptide of
apoClI has provided new insights into how this protein
might modulate function [77, 79]. Moreover, following the
same approach with specific peptides synthesized from the
reported structure of apolipoprotein Al, when left in water
at 4°C, a very slow disorder-to-order transition develops
over the course of weeks, from a fully disordered state to a
well-developed f5-sheet secondary structure (Mas-Oliva J,
personal communication). This behavior further supports
the fact that the physicochemical characteristics of the
environment must be considered as a key factor in the
equilibrium displacement within the secondary structure of
a protein or specific segments toward a-helices or f-sheets
[91]. Here, the result that specific segments of apolipo-
protein Al slowly develop fibril-like structures indicates
the possibility that pathological processes such as athero-
genesis might be also considered as an amyloidotic-related
process (Fig. 5) [92].

Amyloid-related diseases

At present, an important number of human diseases
affecting several tissues and producing a series of common

Fig. 5 Atomic force microscopy image of apolipoprotein Al-peptide
DRV (amino acids 9-24) (Mas-Oliva J, personal communication).
Fibrils show an average length of 300 nm and 25 nm in height
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symptoms find their origin in the assembly of proteins into
insoluble deposits [93, 94]. Although absolute establish-
ment of this connection is lacking to date, there is solid
evidence indicating a strong correlation between the for-
mation of amyloid fibrils and their toxicity upon cells in
vitro [95-97]. The missing point continues to reside in
basic understanding of the characteristics of the so-called
amyloidogenic proteins that define their capacity to orga-
nize themselves into a f-structure conformation. This
capacity has been, on the one hand, related to a hereditary
component with several dominant autosomic diseases [98],
and on the other, with a “sporadic” form of the disease [98,
99]. Here, independently of whether the precursor protein
is being synthesized as a normal protein, secondary
external factors mainly related with the protein environ-
ment during synthesis or during transit to its target
pathway, define their potential amyloidotic pathway.
Because not every protein that aggregates forms amyloid
deposits, the study—and eventually the understanding—of
the mechanisms that govern, first, protein folding and
second, aggregation-related phenomena, include possible
implications for disorder-to-order transitions. Again, the
potential implications of having disordered segments in
these proteins that might present conformational transitions
to ordered states still remains to be fully evaluated.

Amyloid-related diseases are in direct association to a
failure of the regulatory mechanisms that normally ensure
that proteins remain in their correctly folded functional
states [13]. Such mechanisms and quality control systems
include the action of folding catalysts, molecular chaper-
ones, degrading enzymes, and endoplasmic reticulum-
associated degradation, that normally detect misfolded or
damaged proteins and either rescue or destroy them [19,
100]. If the function of these protective mechanisms
is diminished, the probability of pathogenesis increases
[101, 102].

On the other hand, several studies have shown that a
certain number of polypeptides not directly related to
amyloid disease might be also capable of forming amyloid
fibrils under destabilized conditions [103—108]. This shows
that amyloid deposition may be a common property of
proteins, and not only to the ones associated with disease
[109]. In fact, the difference between “functional” amyloids
and the ones associated to disease might be explained in
terms of evolutionary regulating mechanisms. These
mechanisms might have evolved functional amyloids where
cellular toxicity associated to their formation might have
been quenched by other proteins [110] as in the case of
protein Pmell7 [111, 112]. Pmell7 corresponds to a trans-
membrane protein located in the plasma membrane of
melanocytes [113]. This protein is of central importance in
the way melanin is polymerized in melanocytes since Mo, a
proteolytic fragment of Pmell7 structured as amyloid fibrils
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functions as a key support in the polymerization of melanin
[111]. Since it has been shown that amyloidogenesis of Mo
is four orders of magnitude faster that Af and a-synuclein,
we can consider this optimized process of fibrillogenesis as
an evolutionary way to avoid intrinsic toxicity mostly
associated to fibril polymerization [112].

Amyloids are basically classified according to the pro-
cess-specific protein rather than their clinical manifestations.
One of the most important models for studying amyloido-
genesis has been the one that occurs during inflammation
[114, 115]. This model has been useful in the study of the
common characteristics among amyloids, in which an acute
phase related with protein synthesis in liver has been
described. Because many amyloid peptides/proteins corre-
spond to a fragment of larger precursor molecules, it has been
observed that usually a 1,000-fold increase in the plasma
concentration of these precursors is needed in order to start
the deposition of amyloid. Proteolytic processing of these
precursors associated with an altered expression of a series of
sorting and trafficking factors appears to be a pathogenic
factor in the formation of amyloid deposits [116].

To date, many proteins have been proposed as presenting
amyloidogenic properties. Interestingly, on examining their
shared characteristics from the perspective of primary
structure, no common features are found among them.
Therefore, their amyloidogenic properties must rely on the
secondary and tertiary levels. Kinetic data are consistent
with the possibility that “intermediate” or “molten globule-
like” conformational states are in equilibrium, and that the
process of fibril formation takes place only by shifting this
equilibrium [117]. Since amyloidogenesis corresponds to a
two-step reaction with a slow lag period related with the
formation of a nucleation center and as a secondary stage its
propagation, this process has been compared with protein
crystallization [118]. The presence of metal ions and the
association with accessory proteins such as apolipoproteins
and sulfated proteoglycans has shown the property to
modulate amyloidogenesis [119-121]. Therefore, the
sometimes denominated pathological chaperones have also
been shown to contribute to amyloid toxicity [122].

Amyloid-associated proteoglycans

Perhaps the most common amyloid-associated molecules
are proteoglycans, which contain a large number of sulfate
glycosaminoglycan (GAG) chains linked to large molecu-
lar-weight protein cores [123, 124]. The possibility that
GAG interaction contributes as a driving force in fibril
assembly and amyloid plaque formation has been sug-
gested [125]. In this context, sulfated proteoglycans are
ubiquitously expressed on various cell membranes and they
are common to all type of amyloids studied to date. They
have been also suggested as key factors in the formation of

mature plaques serving as scaffolds and protecting against
proteolysis [126—128]. Several subtypes have been asso-
ciated with Af plaques, including heparin, dermatan,
keratin, and chondroitin sulfate proteoglycans [129, 130].

It seems that the most common amyloid-associated
proteoglycan is perlecan [130, 131] that constitutes the
major component of the basement membrane/extracellular
matrix proteoglycan of the cell [127, 132, 133]. Perlecan
has been associated to virtually all human amyloid diseases
including Alzheimer’s disease, familial amyloidosis, and
type 2 diabetes [128, 134-137]. Although several in vitro
studies have shown that sulfated GAG chains can induce
extensive Afi aggregation via electrostatic interactions
[138] and have been found to increase the ff-sheet content
of several amyloidogenic proteins such as serum amyloid
A protein (SAA) [139], sulfated GAG chains also seem to
reduce amyloid fibril degradation [140]. The SAA [139]
has been reported to contain specific binding sites for
heparin and heparan sulfate, associated to phylogenetically
conserved basic residues. The occupation of these sites is
likely to increase the amyloid conformation of SAA [141].

f amyloid precursor protein (ASPP) and f# amyloid
(A)

Together with its precursor protein, the amyloid peptide is
considered a normal molecule found in plasma, cerebro-
spinal fluid, and the extracellular space. AfSPP corresponds
to a transmembrane protein with a low amyloidogenesis
potential in vitro. This is in contrast with the high tendency
of Ap to form fibril aggregates [142]. Three ASPP isoforms
are shown to date (751, 770, and 695 amino-acids) [143]
and all of them, followed by the action of an a-secretase,
form a soluble ectodomain with the retention in the
membrane of the carboxy end fragment [144]. Secondary
to the action of f and y secretases, Af is liberated gener-
ating diverse forms of the  amyloid peptides ranging in
size from 39 to 43 residues, being Af,,, the one with the
highest fibrillogenic potential (Fig. 6) [145]. Several years
ago, we found that upon activation platelets secrete a
120 kDa proteoglycan that presents the ability to inhibit
acetylated-low-density-lipoprotein internalization through
binding to the scavenger receptor class A (SR-A) in mac-
rophages [124]. This proteoglycan was identified as an
a-secretase product of ASPP [146]. This finding supports
the possibility that SR-A might participate in the clearance
of several forms of ASPP from atherosclerotic lesions, thus
contributing to the reduction of foam cell formation.
Moreover, competition of ASPP for ff-amyloid uptake by
microglial cells through the SR-A, might contribute to
f-amyloid accumulation in the brain’s extracellular space.
Although changes in secondary structure of AfSPP related
to a disorder-to-order transition has not been addressed, at
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Fig. 6 Structural representation of Aff peptides. a Primary sequence
of A fragment 17-42 showing segments that correspond to fj1
(18-26) and f2 (31-42) connected through a poorly structured region
(residues 27-30). b Fibrilar structure of Af (17-42) obtained with
NMR and mutagenesis complementation methodologies. The struc-
ture shows a pentamer with interchain distances of approximately
4.7 A. ¢ Lateral view through the axis of a Af fiber showing the
lateral amino-acid residues of both f-sheets separated by a 10 A gap.
PDB access code: 2beg. Images visualized employing the Pymol
program [212]

this stage this possibility can not be discarded. f-amyloid
has been also shown to promote an important cellular
oxidative state [147] and further promote, for example, the
development of Alzheimer disease, the most common
amyloidosis and leading cause of dementia among the
elderly.

The amyloid-enhancing factor (AEF) is defined as a
factor that dramatically shortens the induction time for
amyloid development during inflammatory processes (from
36 h to 2-3 weeks). This characteristic is consistent with
amyloidogenesis requiring a nucleating event that shortens
initiation of the process. Likewise, many AEF character-
istics are related with experiments in which exogenously
delivered prions have been injected, and apparently served
as templates for endogenously synthesized prions trans-
formed into pathologically active agents [148, 149].
However, different from prions, AEF generates amyloi-
dosis only in the presence of an inflammatory event, reason
why instead of being an infective agent it is considered a
potentiator of the disease [150].

Prion disease

Prion diseases are chronic neurodegenerative disorders
associated with the accumulation of abnormal isoforms of
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PrP protein in the brain. Among these diseases, we rec-
ognize at present scrapie (in sheep and goat), spongiform
encephalopathy (in cattle) [151, 152], and in the human,
Kuru [153], Creutzfeldt-Jakob disease (CJD) [154], fatal
familial insomnia (FFI), Gerstmann-Striausler—Scheiker
disease (GSS), and PrP-cerebral amyloid angiopathy (PrP-
CAA) [155-157]. The cellular prion protein (PrP®) corre-
sponds to a single gene-encoded 35 kDa sialoglycoprotein
[158]. The translated protein contains 253 amino acids with
glycine/proline-rich octopeptide repeats spanning residues
51-91. It is polymorphic at residue 129 with methionine/
valine and at residue 219 with glutamic acid/lysine, and is
glycosylated at residues 181 and 197 [159]. Circular
dichroism has shown that PrP¢ presents a high content of
o-helical secondary structure and shows no f-sheet con-
formation [160]. It is transported in secretory vesicles
while anchored to these structures through a GPI moiety
[161]. Although the normal function for PrP° remains
unknown, it has been suggested that it might play a role in
synaptic function [162]. Because PrP knockout mice have
shown to be resistant to development of scrapie, it has been
postulated that synthesis of the normal form of PrP° is an
absolute pre-requisite in this protein’s abnormal form
(PrP*%), which involves a conformational change from an

Fig. 7 Structure of the prion like domain of HET-s (218-289).
a Primary sequence of HET-s fragment 218-289 showing segments
that correspond to f-strands fla (226-229), f1b (230-234), f2a
(236-241), f2b (243-246) and f3a (262-265), f3b (266-270), f4a
(272-277) and p4b (279-282) separated by a poorly structured region
(residues 247-261). b Side view of five domains of HET-s (218-289)
calculated from solid state NMR with a tridimensional structure in the
form of a left-handed-f-solenoid. Each color represents a single
domain. ¢ Side view of a single domain showing f-structured regions
as marked in (a). PDB access code: 2rnm. Images visualized
employing the Pymol program [212]
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o-helix-based structure into f-sheets [163]. Prion rods
possess the same tinctorial properties of amyloid fibers
(binding the amyloidophilic fluorophores thioflavin and
Congo red) [164] and resemble amyloid fibrils found in
vivo (Fig. 7) [165, 166].

Peripheral nerve amyloidosis and transthyretin (TTR)

Peripheral nerve amyloidosis is common in familial amy-
loid polyneuropathy (FAP) [167] and can be a key feature
in primary light chain amyloidosis and f2-microglobulin-
related amyloidosis. FAPs are a heterogenous group of
autosomal dominant disorders characterized by deposition
of a fibrillar protein associated to transthyretin (TTR) in the
form of amyloid [168, 169]. TTR composed of four iden-
tical 127 residue subunits is the plasma protein responsible
for transport of thyroxin and vitamin A [170, 171].
Although several mutations in TTR causing extracellular
tissue-selective deposition have been described [172], the
clinical basis for the predominant manifestation of each
mutation has not been established yet [173]. Nevertheless,
pathogenesis has been associated with dissociation of the
native tetramer molecule into partially unfolded species,
which can subsequently self-assemble in the form of
amyloid fibrils (Fig. 8) [174-177].

Fig. 8 Three-dimensional structure of the transthyretin monomer
obtained from X-ray diffraction. Arrows represent f-sheet secondary
structure showing in color the position of regions with the most common
amyloidogenic mutations. White color represents regions with no
incidence of mutation, red one mutation, green two-three mutations,
and blue four or more mutations. Citation for each mutation can be
found at the TTR database of mutations maintained by C. E. Costello at
Boston University School of Medicine (http://www.bumc.bu.edu/msr/
ttr-database/). PDB access code: 1rlb. Image visualized employing the
Pymol program [212]

FAP can also occur secondary to apolipoprotein A-I
[178] and gelsolin deposition [179], where two mutations
described in the gelsolin gene have been directly associated
to this type of disease [180, 181]. In this respect, it has been
also shown that serum apo A-II concentrations are much
higher in patients with FAP than in normal controls or
asymptomatic carriers, suggesting that apo A-II may play a
role in amyloid formation in these patients [182]. More-
over, the disease known as familial amyloidosis of Finnish
type (FAF) related to gelsolin deposition is characterized
by progressive cranial neuropathy, corneal dystrophy, and
skin elasticity complications [183, 184]. The first step in
FAF is determined by an aberrant proteolysis carried out by
furin [185] followed by the proteolytic cut of a MT1-matrix
metalloprotease generating amyloidogenic peptides of 5 or
8 kDa [186].

Islet amyloid polypeptide (IAPP) and Beta 2
microglobulin (f2m)

IAAP or amylin synthesized in pancreatic islet f-cells
suffers a series of post-translational modifications to yield a
mature 37-amino acid peptide (Fig. 9) [187, 188]. IAPP is
a molecule involved in the modulation of glucose metab-
olism [189, 190] as well as in calcium metabolism [191].
IAPP aggregates are the primary component of amyloid
deposits found in the pancreatic f-cells of patients with
type 2 diabetes mellitus [192]. Prefibrillar oligomeric IAAP
has been shown the property to permeabilize membranes
through a pore-like mechanism, suggesting that this pro-
cess might be related to the pathogenic mechanism
involved in the genesis of non-insulin-dependent (type II)
diabetes mellitus (NIDDM) and other amyloid-related
diseases [193]. In adult diabetes (type II), it has been

Fig. 9 Three-dimensional structure of human amylin. a Primary
amino-acid sequence of the entire amylin molecule (1-37) showing in
red the amyloidogenic region in between S20 and S29. A mutation
that changes S20 for G20 has been directly related to the most severe
cases of non insulin dependent diabetes mellitus (NIDDM). b
Secondary structure of amylin determined by NMR using SDS
micelles. The amyloidogenic region of amylin is shown in red as in
(a). PDB access code: 2kb8. Image visualized employing the Pymol
program [212]
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observed that 90% or more of patients with this disorder
present amyloid deposits in the islets of Langerhans [194].

f2m is a protein found in a noncovalently association
with the heavy chain of major histocompatibility class I
complex (MHCI). Due to the natural turnover of f2m, it is
normally found in plasma and therefore carried to the
kidneys where it is degraded and excreted [195]. Due to
renal disfunction, the concentration of 2m in plasma can
increase up to 60-fold, where it accumulates as a fila-
mentous structure in connective tissues and leads to
dialysis-related amyloidosis [196-198]. Although it is
known that dissociation from MHCI predisposes the
amyloid-transition of f2m [199], the mechanism underly-
ing 2m fibrillogenesis in vivo is still largely unknown
[200, 201].

Concluding remarks

According to scientists working in different fields of
knowledge, nature appears to have employed disorder to
create high levels of organization. Moreover, in some cases
nature seems to have created disorder, when there is, in the
first place a lack of it [202]. This latter situation extrapo-
lated to medicine has shown that many diseases find their
origin in the way proteins carry out many structural
changes employing finely tuned disorder-to-order and
order-to-disorder transitions.

Taking into account that several amyloid-functional-
structures have been characterized in bacteria [203, 204],
fungi [205-207], insects [208, 209], and mammals [111,
210], there is consensus that the formation of amyloid
fibrils represents a well conserved evolutive pathway in
protein structure [110, 211]. Therefore, differences
between “functional” and “pathological” amyloids might
simply reside in the modulatory pathways involved along
their synthesis. As professor Christopher M. Dobson has
stated, “One can therefore think of the amyloid diseases as
resulting from the reversion of the highly evolved biolog-
ically functional forms of peptides and proteins into an
alternative and unwelcome structural state that exists as a
result of the inherent physicochemical nature of polypep-
tide chains” [19]. Without a doubt we can state that in the
near future, many diseases with still unknown origins will
find their explanation in the way this class of phenomenon
is regulated.
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