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RESUMO

VIEIRA, Tuane Cristine Ramos Gongalves. Aspectos estruturais da interacdo entre a
proteina do prion e heparina. Rio de Janeiro, 2009. Tese (Doutorado em Quimica
Biologica)-Instituto de Bioquimica Médica, Universidade Federal do Rio de Janeiro, Rio de
Janeiro, 2009.

A conversdo entre a isoforma celular de PrP (PrP%) e sua conformagdo patologica, PrP*,
envolve o contato entre as duas isoformas e provavelmente requer um fator celular, como um
glicosaminoglicano (GAG). Embora a interagdo direta entre a proteina do prion e heparina
tenha sido reportada, ainda ndo existem informacdes estruturais suficientes sobre essa
interagdo. No presente trabalho, realizamos experimentos de espalhamento de luz,
fluorescéncia, ressonancia magnética nuclear, e outras técnicas espectroscopicas a fim de
fornecer informagdes sobre as propriedades quimicas e fisicas da interacdo entre a proteina
recombinante do prion murina (rPrP>**") e heparina (Hep) em pH 7,4 ¢ pH 5,5. Nesta tese
mostramos que Hep interage com rPrP>>"' induzindo sua oligomerizagdo/agregagdo. Estes
agregados ndo se mostraram toxicos para células ou com caracteristicas amiloides. Através de
cinéticas de ligacdo e conteudo de estrutura secunddaria, verificamos que essa oligomerizagao
¢ em grande parte transiente. A interagdo de PrP murina com Hep mostrou ser maior em pH
acido. Apos alcangar o equilibrio, espectros de HSQC e SAXS mostraram que a proteina do
prion complexada com Hep tem uma estrutura muito similar a da proteina livre, embora
apresente algumas mudangas em deslocamentos quimicos e aminoacidos nas regides N e C-
terminal. Também investigamos a interacdo entre Hep e outras construcdes de prion, com
delecdes em porgdes do dominio N-terminal (rPrP*'™* and rPrP***'?!). Heparina nio
interagiu com essas construgdes em pH 7,4, mas foi capaz de interagir em pH 5,5, indicando
que heparina interage com a regido octapeptidica em pH 7,4, mas pode interagir também com
outra regido da proteina (assim como o dominio C-terminal) quando a interagdo ocorre em pH
5,5. Essa interagdo em pH 5,5 foi dependente da presenca dos residuos de histidina da
proteina. Além disso, procuramos por grupamentos sulfato de Hep importantes para a
interagdo utilizando heparinas modificadas. Heps contendo somente grupamentos 6-O-
sulfatados ou 2-O-sulfatados ndo alteraram significativamente a estrutura secundaria de Hep.
Desta forma, pudemos inferir que esses dois grupamentos sulfato desempenham um papel
importante para interacdo prion-heparina. Apesar das pequenas mudancas induzidas na
estrutura da proteina pela interagdo com heparina, o complexo formado foi menos susceptivel
a agregacgdo por temperatura ou ligagdo com RNA. O complexo também perdeu a propensio a
converter-se em formas amildides em condi¢des de conversdo in vitro.



ABSTRACT

VIEIRA, Tuane Cristine Ramos Gongalves. Aspectos estruturais da interacdo entre a
proteina do prion e heparina. Rio de Janeiro, 2009. Tese (Doutorado em Quimica
Biologica)-Instituto de Bioquimica Médica, Universidade Federal do Rio de Janeiro, Rio de
Janeiro, 2009.

Conversion of cellular PrP (PrP%) into the pathological conformer, PrP*, involves contact
between both isoforms and probably requires a cellular factor, such as a glycosaminoglycan
(GAGQG). Though direct interaction between prion protein and heparin has been reported, little
is known about the structural features implicit in this interaction. In the present work, we
performed light-scattering, fluorescence, nuclear magnetic resonance spectroscopy
measurements and other spectroscopic techniques in order to provide information on the
chemical and physical properties of the murine recombinant PrP (rPrP**"') interaction with
heparin (Hep) at pH 7.4 and pH 5.5. Here we found that Hep interacts with rPrP>**! inducing
its oligomerization/aggregation. These aggregates were not toxic to cells or with amyloid
characteristics. Following the binding kinetics and secondary structure content we found that
this oligomerization is mostly transient. The interaction of murine PrP with heparin showed to
be higher at the acidic pH. After reaching equilibrium, NMR HSQC and SAXS spectra
showed that the prion protein complexed with Hep has the same general fold of the free
protein, although displaying some chemical shifts changes on the N and C-terminal amino
acid residues. We also investigated the interaction of Hep with other PrP constructs lacking
portions of the N-terminal domain (rPrP**'* and rPrP***"*"). Heparin did not bind these
constructs at pH 7.4 but was able to interact at pH 5.5, indicating that heparin interacts with
the octapeptide repeat region at pH 7.4, but can also interact with another region of the protein
(as the C-terminal domain) when the interaction occurs at pH 5.5. This interaction at pH 5.5
was dependent on histidine residues of the protein. In addition, we searched for Hep sulfations
important for interaction using modified heparins. Heps containing only 6-O-sulfated or 2-O-
sulfated groups did not alter significantly the PrP secondary structure. On this basis it may be
inferred that these two sulfations play an important role in prion-heparin interaction. Despite
the little changes on prion protein structure induced by heparin binding, the complex formed
was less susceptible to aggregation by temperature or RNA binding. It also lost its intrinsic
propensity to convert into amyloid forms in in vitro conversion reaction.
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1.1 0 ENOVELAMENTO PROTEICO

As proteinas sdo responsaveis por catalisar inimeras reagdes quimicas necessarias as
células vivas assim como s3o importantes moléculas estruturais. A funcionalidade de uma
proteina requer a localizag@o espacial correta de seus aminoacidos, necessitando, portanto, de
uma estrutura tridimensional definida. A estrutura tridimensional de uma proteina ¢ obtida
através do enovelamento da cadeia polipeptidica a partir de uma configuragdo desordenada,
chamada de estado desenovelado, a uma configuragdo bem definida, compacta, conhecida
como estado nativo (MURPHY, 1995). A estabilidade de uma proteina ¢ descrita pela

diferenga de energia livre de Gibbs entre o estado desenovelado e nativo, AG. Um valor

positivo de AG indica que o estado nativo é energeticamente mais favoravel que o estado

desenovelado (MURPHY, 1995).

A diferenca de energia livre, AG, ¢ definida em termos da diferenga de entalpia, AH, e
entropia, AS, como:

AG=AH-T AS

O enovelamento da cadeia polipeptidica pode ser entendido como a aquisi¢do
seqiiencial de todas as interagdes necessarias para a manuten¢do do estado nativo. No estado
nativo, muitos grupamentos funcionais de uma proteina encontram-se escondidos no interior
de sua estrutura, excluidos do solvente, e suas cadeias laterais fixas por interagdes especificas
Cadeias de aminoécidos presentes na superficie da proteina também possuem sua mobilidade
restringida pela proximidade umas com as outras, porém com restricio menor que as do
interior da proteina. No estado desenovelado, as interagdes entre cadeias laterais de

aminoacidos e o esqueleto polipeptidico sdo desfeitas e substituidas por interagdes com o
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solvente. O balanco entre todas essas interagdes resulta no enovelamento da proteina

(MURPHY, 1995; CHITI e DOBSON, 2006; LUHESHI e cols., 2008).

Proteinas nao exploram todas as combinagdes possiveis de interagdes até chegar ao
estado nativo (DOBSON, 2003). Somente um pequeno nimero de conformagdes possiveis
precisa ser experimentado durante a transi¢ao de uma estrutura randémica para uma estrutura
nativa (DINNER e cols., 2000; DOBSON, 2003). Isso se deve a propria sequéncia de
aminoacidos da cadeia polipeptidica, que possibilita que interagdes préximas a nativa entre os
residuos sejam mais estaveis que as ndo nativas, levando a cadeia polipeptidica a alcangar sua
estrutura de menor energia. Subsequentemente, pontes de hidrogénio e interagdes
hidrofobicas permitem que a proteina atinja sua forma completamente enovelada. Com isso, ¢

possivel que uma proteina se enovele rapida e eficientemente (DOBSON, 1999).

Outra caracteristica importante ¢ a capacidade de uma cadeia polipeptidica chegar a
sua conformacdo nativa através de diferentes rotas, isto é, ndo existe uma ordem fixa para a
aquisi¢do das diversas interacdes. O enovelamento ¢ desenhado em um funil no qual
moléculas individuais, em uma ordem estocastica, adquirem um numero crescente de
interagdes nativas seguindo uma rota principal de decréscimo de energia, finalmente
chegando a conformag¢do nativa com o minimo de energia para a molécula e a dgua sendo

excluida do interior da proteina (DINNER e cols., 2000) (Figura 1).
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Figura 1 - Funil de enovelamento protéico versus mau-enovelamento. Proteinas

desenoveladas (representadas no topo do diagrama) possuem uma alta entropia
conformacional e sdo altamente hidratadas. Enquanto a proteina evolui pelo funil, as espécies
intermedidrias vao se tornando mais estruturadas e menos hidratadas. Algumas proteinas
alcangam uma bifurcagdo, levando a conformagdes metaestaveis que, dependendo das
condi¢cdes, podem avancgar para espécies mal-enoveladas estaveis e levar a sua agregacao.
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Mesmo em condigdes Otimas, em algumas situacdes o processo de enovelamento
protéico ndo acontece perfeitamente, e parte das proteinas celulares ndo enovela corretamente.
Neste processo algumas proteinas podem formar interagdes “erradas” e ficarem presas
cineticamente em um minimo de energia local, gerando proteinas mal-enoveladas. Moléculas
que sofreram enovelamento incorreto podem formar interagdes com outros polipeptidios mal-
enovelados resultando em agregacdo (SPEED e cols., 1997). A agregagdo também resulta de
mudangas na hidratagdo, similarmente ao enovelamento e a interagdo com ligantes (FOGUEL

e SILVA, 2004) (Figura 1).

Existem mecanismos na célula capazes de reparar esse problema, seja induzindo seu
re-enovelamento para uma estrutura correta através das chaperonas moleculares, ou levando
essas proteinas para um processo de degradagdo por um sistema proteolitico como o
complexo proteasoma ou através de mecanismos lisossomais ou autofagicos (HARTL e
HAYER-HARTL, 2009). Esses mecanismos sdo na maioria das vezes suficientemente
eficientes, porém mudangas no ambiente das células ou no que ¢ produzido dentro delas pode
levar a um aumento na produgdo de proteinas mal-enoveladas, podendo resultar em
mecanismos de perda ou ganho de funcdo prejudicial ao organismo. Doencas que surgem
pela incapacidade de um peptideo ou proteina adotar seu estado conformacional nativo sdo

chamadas de Doeng¢as Conformacionais.

O enovelamento ineficiente de uma proteina pode reduzir sua disponibilidade,
influenciando diretamente sua fun¢do na célula (LOMAS e CARRELL, 2002; AMARAL,
2004). Contudo, grande parte das doengas conformacionais esta associada ao acumulo de

agregados de proteinas mal-enoveladas, que em alguns casos podem se organizar em
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estruturas chamadas fibrilas amildides, ou placas amildides, ou at¢é mesmo em agregados

amorfos (PRUSINER, 1991; KELLY, 1998).

1.1.1 Agregacio protéica

Durante e imediatamente ap6s a sua tradug@o no ribossomo, a proteina recém-formada
deve enovelar-se na conformacao correta, a fim de cumprir sua fungdo. Esta ndo é uma tarefa
trivial dado o grande niimero de interagdes que o peptideo nascente deve experimentar, ¢ a
grande concentragdo de proteinas que encontra dentro da célula (ELLIS, 2001), aumentando a

chance de contatos inapropriados e conseqiiente agregagao.

A agregacdo protéica tem sido sugerida como uma caracteristica genérica da cadeia
polipeptidica, sem necessariamente estar relacionada a uma patologia (DOBSON, 1999).
Porém, a propensdo de uma proteina em agregar depende de suas propriedades fisico-
quimicas; hidrofobicidade, tendéncia em formar determinada estrutura secundaria, ¢ carga.
Pequenas perturbagdes em sua sequéncia, estabilidade, ou em seu ambiente quimico, afetardo
essa propensdo (TJERNBERG e cols., 2002; CHITI e cols., 2003; TARTAGLIA ¢ cols.,

2004).

Proteinas que sdo totalmente ou parcialmente desenoveladas em condigdes normais na
célula em geral apresentam sequéncias de aminoacidos com propriedades quimicas de baixa
propensao para agregar (UVERSKY e FINK, 2004), porém mutacdes localizadas ou outros
tipos de perturbagdes podem aumentar essa propensao (PAWAR e cols., 2005). No caso de

proteinas globulares, acredita-se atualmente que estas precisam desenovelar, ao menos
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parcialmente, antes de agregar (KELLY, 1998; DOBSON, 1999; UVERSKY e FINK, 2004).
Além disso, durante o processo de enovelamento existe a formagao de diversos intermediarios
parcialmente enovelados até chegar ao estado nativo (BALDWIN, 1975; WETZEL, 1994), ¢
estes intermedidrios estariam susceptiveis a agregacao. Condi¢des como alta temperatura, alta
pressdo, baixo pH, e solventes organicos sdo capazes de aumentar a propensdo a agregagao
por provocarem perturbagdes em pontes de hidrogénio e interacdes hidrofobicas entre cadeias
laterais, levando a um desdobramento parcial para um estado intermediario (CHITI e cols.,

1999; FERRAO-GONZALES e cols., 2000; VILLEGAS e cols., 2000).

Os mecanismos que levam uma proteina a agregar envolvem inicialmente a formacao
de espécies com caracteristicas similares as suas estruturas precursoras, sejam estas
nativamente desenoveladas ou enoveladas, que por um processo mutacional ou de estresse
celular expdem residuos hidrofobicos ao solvente, estando propensas a auto-associagdo e
posterior agregagdo e precipitagdo. Essa agregacdo pode ocorrer em duas rotas, uma com a
formacgao de espécies com caracteristicas morfologicas e estruturais bem ordenadas, como as
fibras amilodides, e outra com a formagdo de estruturas desordenadas, como os agregados
amorfos (Figura 2). A propor¢ao na qual uma proteina desenovela e agrega, sua sequéncia de
aminoacidos e a natureza dos intermedidrios formados irdo determinar a rota de agregacao
predominante (DOBSON, 2003; STEFANI e DOBSON, 2003; FERNANDEZ-ESCAMILLA

e cols., 2004).
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Figura 2 — As vias de enovelamento que levam a agregacdo. Uma proteina desenovelada
alcanga sua conformagdo nativa via a formagdo de intermedidrios parcialmente enovelados.
Este processo ¢ rapido e reversivel. No entanto, em determinadas condigdes os intermedidrios
podem persistir e associar-se através da exposi¢do de regides hidrofobicas que normalmente
estariam escondidas no interior da proteina em seu estado nativo. Quando isso ocorre, 0s
intermediarios agregam através de um mecanismo ordenado ou desordenado, levando a
formagao de precipitados amorfos ou fibras amildides. Adaptado de ECROYD e CARVER
(2008).
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1.1.1.1 Agregados nao-amiloides ou amorfos

A rapida perda de estrutura e subsequente agregacdo de intermediarios do
enovelamento de uma proteina resultam em mecanismos de agregacdo desordenada, onde
monodmeros individuais adicionam-se ao crescente aglomerado de proteinas agregadas através
de um processo aleatorio. Isso leva a formacdo de agregados amorfos que contém
intermediarios parcialmente enovelados com uma conformacao estendida, que eventualmente
tornam-se grandes o suficiente, formando precipitados insoluveis (ECROYD e CARVER,
2008). Este tipo de agregagdo estd envolvido com a formagdo de corpos de inclusdo em
células de bactéria durante a expressdo de proteinas recombinantes, levando a perda de

produtividade do sistema de expressao (SPEED e cols., 1996).

Agregados amorfos também vém sendo relacionados a diferentes patologias. Em
Amiloidose de cadeia leve a formacdo dos agregados amorfos acontece pela existéncia de
residuos de aminoacidos especificos (HELMS e WETZEL, 1996). Ja para peptideos de Af,
relacionados a doenca de Alzheimer, a formac¢do de agregados amorfos se mostrou
dependente de pHs acidos (WOOD e cols., 1996). No caso da agregacao da proteina do prion,
90% dos pacientes acometidos pela doenca de Creutzfeldt-Jakob apresentam agregados

desorganizados (PRUSINER, 2001).

1.1.1.2 Agregados amilodides

Ao contrario dos agregados amorfos, a agregacdo pode ocorrer mais lentamente

através de um processo ordenado, no qual formas parcialmente enoveladas de uma proteina se
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associam para formar um nucleo estavel. Este nucleo atua em seguida como um molde,
sequestrando outros intermedidrios que sdo adicionados ao crescente filamento de proteina
agregada (protofibra). A adi¢do seqiiencial de intermedidrios as extremidades da cadeia leva a
formag¢do de uma forma protéica altamente estruturada, insoluvel, conhecida como fibra
amiléide. A cinética de formagdo da fibra amildide envolve uma fase lag, envolvendo a
formag¢ao de um nucleo estavel, e uma fase de elongacdo (LOMAKIN e cols., 1996; HARPER
e LANSBURY, Jr., 1997; KELLY, 2000). Este mecanismo ¢ descrito para a maioria das

espécies estudadas formadas in vitro.

Os depositos amildides eram historicamente detectados por corantes histologicos, e
sua caracteristica fibrilar confirmada por microscopia eletronica. Desde 1920 o corante
vermelho do Congo ¢ utilizado para identificar depdsitos amildéides (HOWIE ¢ BREWER,
2009). Quando em contato com essas estruturas, este apresenta birrefringéncia verde sob luz
polarizada (SIPE e COHEN, 2000). Testes espectrofotométricos de ligacdo a esse corante
(KLUNK e cols., 1999) e a outro corante chamado tioflavina T (NAIKI e cols., 1989) também
sdo utilizados. Estudos de microscopia eletronica demonstraram que a fibra formada possui
uma estrutura ndo ramificada, torcida, com didmetro de 7 a 12 nm (COHEN e cols., 1982).
Outra metodologia bastante utilizada ¢ a difragdo de raios X, capaz de detectar uma repeti¢ao
estrutural ao longo do eixo da fibra de 4.7 A (reflexdo meridional) e um espagamento
estrutural de 10 A perpendicular ao eixo da fibra (reflexdo equatorial), caracteristica de uma
folha-B cruzada (Figura 3) (PAULING e COREY, 1951). Analises espectroscopicas como
dicroismo circular (CD) (CASCIO e cols., 1989) e infravermelho (FTIR) (O'LEARY e
LEVIN, 1985) também sdo utilizados por serem sensiveis a estrutura secundaria, rica em
folhas B, das fibras amildides. Recentemente, técnicas como ressonancia magnética nuclear

(RMN) no estado so6lido (JARONIEC e cols., 2002; PETKOVA e cols., 2002) e difracdo de
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raio-X por cristais (MAKIN e cols., 2005; NELSON e cols., 2005) vem permitindo a

constru¢do de modelos descrevendo a estrutura molecular dos filamentos.

Figura 3 — Estrutura em folhas-f cruzadas de fibras amildides. (A) Padrao de difracdo de
raio-X de cruz-f. Os detalhes caracteristicos sao a reflexao meridional de ~ 4,7 A e areflexdo
equatorial da ordem de 10 A (adaptado de ECROYD e CARVER, 2008). (B) Visao
esquematica da estrutura em cruz-f3 central das fibras amildides (adaptado de JIMENEZ e
cols., 2002). Folhas-f paralelas sdo mostradas, mas a estrutura poderia ser composta também
de folhas-f antiparalelas ou de uma mistura de paralelas e antiparalelas. O espacamento de ~
4,7 A dentro de cada folha-f3 ¢ paralelo ao eixo longo da fibra. O espagamento de 10 A folha-
a-folha pode variar de 5 a 14 A dependendo do tipo da cadeia de aminoacido (adaptado de
NELSON e EISENBERG, 2006).
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Agregados amiloides também podem representar uma estrutura funcional, evolutiva,

altamente conservada, que contribua com a fisiologia normal da célula. Organismos

evoluiram tirando vantagem da capacidade de algumas proteinas de formar uma estrutura que

apresenta alta resisténcia a proteolise, caracteristicas auto-replicativas, e potencialmente

transmitem informacdo. Amildides funcionais sdo encontrados em diversos organismos, de

bactérias aos mamiferos, com diversas fungdes como a formagdo de biofilmes, regulacao da

sintese de melanina, e controle epigenético de poliaminas, entre outras (Tabela 1). Para evitar

a geracdo de intermedidrios toxicos ou depdsitos amildides patoldgicos, a amiloidogénese

funcional deve ser estritamente controlada.

Proteina amiloide Origem Funciao proposta Referéncia
Chaplin Streg? fomyces Formacao de hifas aéreas CLAESSEN e cols., 2003
ceolicolor
Formacgao de biofilme CHERNY e cols., 2005;
Curlin E.coli Adesao celular BARNHART ¢ CHAPMAN,
Invasdo 2006
[PSI+] prion Sacch'ai.’omy ces Regulacdo de poliaminas NAMY e cols., 2008
cerevisiae
[RNQ+] prion Sacch'ai.’omy ces Citoprotecao DOUGLAS e cols., 2008
cerevisiae

[Het-s] prion

Podospora anserina

Formagao de heterocarion BALGUERIE e cols., 2003

CPEB prion Aplysia californica  Memoria de longa duracao 2801350RTER e LINDQUIST,

Corion amilodide Lepidoptera Protegao ICONOMIDOU e cols., 2000

Arpllolde daovede A.uS”Of Qe Resisténcia a desidratagdo  PODRABSKY e cols., 2001

peixe limnaeus

Pmel Mamiferos Regulggao da biosintese de BERSON e cols., 2003
melanina

Fibrina Mamiferos Ativagdo de fatores HERCZENIK e cols., 2007
hemostaticos

Tabela 1 — Exemplos de amildides funcionais. Adaptado de MAURY (2009)
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1.1.3 Amiloides associados a doencas

Um grande nimero de doencas estd diretamente associado com a formagdo de
agregados extracelulares ou intracelulares (Tabela 2), incluindo as doengas de Parkinson e
Alzheimer, as encefalopatias espongiformes, e diabetes tipo II. Doengas deste tipo estdo entre
as mais debilitantes, socialmente perturbadoras e onerosas atualmente, ¢ sdo cada vez mais
prevalentes com o envelhecimento de nossa sociedade, tornando-nos mais dependentes de
novas praticas médicas. Cada uma dessas doengas envolve predominantemente a agregacao
de uma proteina especifica, além de moléculas adicionais como outras proteinas e
carboidratos quando essa agregagao acontece in vivo. Quase trinta proteinas ja foram descritas
como capazes de formar estruturas amildides, e embora ndo exista homologia entre sua
sequéncia de aminodacidos, todas compartilham a mesma estrutura secundaria com ligacdes de
hidrogénio altamente organizadas que garantem sua estabilidade cinética (Tabela 2)

(DOBSON, 1999).

A citotoxicidade associada a formagdo da estrutura amildéide ndo esta relacionada
somente a fibra, mas também aos seus precursores. Embora a deposi¢cdo da placa amildide
cause efeitos negativos, e tenha sido demonstrada a toxicidade das fibras maduras (WARD e
cols., 2000; NOVITSKAYA ¢ cols., 2006), diversos trabalhos vém apontando para o efeito
toxico de espécies soluveis, dimeros e trimeros pré-fibrilares, ou outros oligdmeros
produzidos durante os estagios inicias de formacgao da fibra (SOUSA e cols., 2001; DODART

e cols., 2002; STEFANI e DOBSON, 2003; CHITI e DOBSON, 2006).
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Doenca associada Proteina

Doengas neurodegenerativas

Doenca de Alzheimer Peptideo B-amiloide
Encefalopatia espongiforme Prion

Doenga de Parkinson a-sinucleina

Esclerose amiotropica lateral Superoxido dismutase |
Doenca de Huntington Huntintina

Amiloidoses sistémicas

Amiloidose AL Imunoglobulina de cadeia leve
Amiloidose AA Proteina amildide A
Amiloidose sistémica senile Transtirretina

Polineuropatia amiloidética familiar Transtirretina

Amiloidose relacionada a hemodialise ~ 32-microglobulina

Amiloidoses localizadas

Diabetes tipo 11 Amilina (IAPP)
Amiloidose atrial Fator atrial natriurético
Prolactinoma pituitario Prolactina

Amiloidose cornea Lactoferrina

Catarata y-cristalina

Tabela 2 — Principais doencas humanas associadas com a formacio de depodsitos
amiléides. Adaptado de CHITI e DOBSON (2006).
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1.2 DOENCAS NEURODEGENERATIVAS

A defini¢do convencional para neurodegeneragdo indica que este ¢ um processo de
morte neuronal progressiva idiopatica, ocorrendo geralmente com uma distribuicdo seletiva
que frequentemente envolve vias funcionais relacionadas (CALNE e cols., 1992). Esta
definicdo envolve, por exemplo, o desgaste normal que ocorre pelo envelhecimento do

sistema nervoso; entretanto, o termo neurodegeneragdo implica anormalidade, doenga.

As doengas neurodegenerativas estdo associadas com a formagdo progressiva de
agregados protéicos extracelulares ou de inclusdes intracelulares em células do sistema
nervoso. A perda de células neuronais nestas doengas ¢ caracterizada por mudangas
histologicas marcantes. Determinados neurdnios podem ser afetados em um padrao desigual
de distribuicdo pelo sistema nervoso central, ¢ vias funcionalmente relacionadas, como moto
neurdnios superiores ¢ inferiores, podem ser seletivamente afetadas (BRAAK ¢ BRAAK,

2000).

As doencas neurodegenerativas mais registradas na atualidade s3o as doencas de
Parkinson e Alzheimer. A doenga de Alzheimer foi relatada pela primeira vez em 1907
(GRAEBER ¢ MEHRAEIN, 1999), mas somente 80 anos mais tarde foram identificadas as
proteinas envolvidas no desencadeamento desta doenca (GLENNER e WONG, 1984). Ha
pouco mais de 20 anos atrds particulas protéicas infecciosas (denominadas prion “scrapie’)
foram identificadas como o agente transmissivel de uma desordem neurodegenerativa
(PRUSINER, 1982). Na ultima década, diversas investigagdes revelaram um mecanismo
patogénico em comum dentre varias doencas neurodegenerativas: a agregacao e deposi¢ao de

proteinas mal-enoveladas levando a amiloidose progressiva do sistema nervoso central.
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Portanto, proteinas soliiveis sdo gradativamente convertidas em polimeros insoliveis, em

geral com estruturas em cruz-f que acumulam como depositos amildides fibrilares.

1.3 PRION E AS ENCEFALOPATIAS ESPONGIFORMES

As encefalopatias espongiformes transmissiveis (EETs) sdo doencas raras que afetam
mamiferos (incluindo humanos) (Tabela 3). EETs Manifestam diversos sintomas clinicos de
disfuncdo cognitiva e motora como deméncia, disturbios psiquiatricos, mioclonia, parestesia,
insonia e ataxia. Estas doencas podem ser hereditarias, esporadicas (de origem ndo
determinada), e também possuem natureza infecciosa (Tabela 3) (PRUSINER, 1998). As
caracteristicas neuropatoldgicas incluem perda neuronal, gliose astrocitica (crescimento
anormal dos astrécitos), e alteragdo espongiforme (neurodegeneracdo em forma de vactolos)
(PRUSINER, 1998; AGUZZI ¢ POLYMENIDOU, 2004). Todas as EETs sdo progressivas,
fatais e at¢ o momento incuraveis (PRUSINER, 1998). As EETs que afetam humanos sao:
doenga de Creutzfeldt-Jakob (DCJ), sindrome de Gerstmann-Straussler-Scheinker (SGS),

Insonia Familiar Fatal (IFF) e Kuru (atualmente erradicada).
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Doenca Hospedeiro natural Mecanismo de inducao da doenca

Doenga de Creutzfeldt-Jakob Humanos Esporadica, hereditaria, iatrogénica

Doenga de Creutzfeldt—Jakob Ingestao de EEB — alimento

) Humanos g
variante contaminado
Kuru Humanos Ingestdo em rituais de canibalismo
Insonia familiar fatal Humanos Hereditaria
Doenga de Gerstmann—
Striaussler—Scheinker Humanos Hereditaria
Scrapie Infeccdo em ovelhas geneticamente
p Ovelhas §ao em ov &
susceptivels
Encefalopatia espongiforme . . .
. P pong Rebanho bovino Ingestdo de carne contaminada
bovina
Encefalopatia espongiforme Felinos de zoologico e o .
. P pong P & Ingestao de carne contaminada
felina domésticos

Tabela 3 — Principais doencas de prion. Adaptado de AGUZZI e SIGURDSON (2004).

A primeira descri¢ao de uma EET ¢ anterior a metade do século 18, quando o primeiro
caso de “scrapie” (doenca de prion que acomete ovelhas) comprometeu a expansiao da
industria téxtil durante a Revolugdo Industrial (AGUZZI ¢ POLYMENIDOU, 2004). No
inicio do século XX, o primeiro caso de doenga de Creutzfeldt-Jakob foi relatado em humanos
(CREUTZFELDT, 1920; JAKOB, 1921). Na metade do século XX, Kuru foi identificada
como uma EET em Papua Nova Guiné, e foi consequente da contaminagdo por pratica de
ritual canibalistico, levando a morte grande parte da populagao aborigene local (GAJIDUSEK
e ZIGAS, 1957). Ulteriormente, Alper e colaboradores demonstraram que o agente infeccioso
relacionado as EETs era altamente resistente a tratamentos que degradavam acidos nucléicos,
como radiacao ionizante e luz ultravioleta (ALPER e cols., 1967), sugerindo que uma proteina
por si s6 poderia infectar e se replicar na auséncia de um acido nucléico (GRIFFITH, 1967).
Na década de oitenta, o neurocientista Stanley Prusiner (ganhador do prémio Nobel de
Medicina em 1997) caracterizou esse agente infeccioso, que € sensivel a agentes que
modificam proteinas (proteases, fenol, dodecil sulfato de s6dio) e cunhou o conceito de prion:

“proteinaceous infectious particle” (PRUSINER e cols., 1980; PRUSINER, 1982). O termo
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prion denomina uma particula protéica infecciosa, capaz de se replicar e transmitir infec¢ao

na auséncia de informacao genética.

Até o momento, todas as evidéncias indicam fortemente que as EETs, incluindo
“scrapie” em ovelhas ¢ EEB em vacas, sdo causadas pelo mesmo agente infeccioso, que €
uma isoforma de uma proteina constitutiva conhecida como proteina do prion (PrP),
codificada pelo gene PRNP (AGUZZI ¢ POLYMENIDOU, 2004). Existem duas moléculas
principais envolvidas nas doencas de prion, que apresentam a mesma sequéncia de
aminoacidos. A primeira é a proteina do prion celular (PrP%), uma isoforma que ocorre
naturalmente nas células do organismo do hospedeiro (PRUSINER e cols., 1984). A segunda
¢ um variante conformacional da primeira, que esta envolvida com a transmissdo da doenga,
conhecida como prion “scrapie” (PrP*) ou ainda PrPres (de PrP resistente a proteases)

(CAUGHEY e CHESEBRO, 2001).

1.3.1 Doencas de causa hereditaria

As doengas de prion de causa hereditaria estdo associadas com mutagdes no gene que
codifica a PrP (PRNP). PRNP esta presente no cromossomo 20 humano e possui dois exons
(3 em camundongos e ratos), com toda sua fase de abertura de leitura no segundo exon
(MEAD, 2006). O polimorfismo encontrado no cdédon 129 entre uma metionina (129M) e
valina tem mostrado susceptibilidade a doengas de prion (MEAD, 2006). Mutagdes
patogénicas comumente encontradas no gene PRNP incluem E200K, D178N, P102L, V210I,
e inser¢des adicionais de repetigdes octapeptidicas (Figura 4). D178N estd associada com

duas doencas, IFF ou DCJ, dependendo da presenca de metionina ¢ valina na posi¢do 129,



35

respectivamente. Outras mutagdes véem sendo descritas, mas sdo raras (MEAD, 2006). A
DCJ de origem genética engloba aproximadamente 10% de todos os casos descritos para essa
doenca (KOVACS e cols., 2005; HEINEMANN e cols., 2007). Mais de trinta mutagdes
diferentes ja foram descritas; algumas estdo associadas com caracteristicas clinicas

particulares de determinadas doengas de prion. Outras estdo associadas com fenotipos clinicos

variados (MEAD, 2006).

E196K
F198S
. - Tiask || E200
Mutacdes patogénicas T188R / 02020
\ /v
H187 e
OPRI e
H meaLn
2 -I'. P105L Y1455t = | MISIR
0PRD P10ST o £ vioe E2110  |poags
"._ ‘ 02 | G“lw IllllvBH Dtm' |r|91_-m |
y ! ozL (a117v e
1 o e [T ] o (] e ]| e
B RENEERLI N
l -I-l I 1 10—
wigsw | warru E219K | 52308
AN7A | T |
G1428 N1T1S n212q
. 61246
0PRD -
M129V Tatae

Variantes polimorficos OPRI insergao de repeticao octapeptidica

OPRD delecao de repeticao octapeptidica

Figura 4 — Mutacdes de PRNP associadas com formas hereditarias das EETs. Mutac¢des

confirmadas ou ndo confirmadas representadas no gene da proteina do prion. Adaptado de
MEAD (2006).

1.3.2 Doengas esporadicas

A maioria dos casos de DCJ sdo esporadicos. O termo “esporadico” indica que até o
presente momento nao foi possivel identificar nenhum fator de risco que justifique o

desenvolvimento da doenca, como exposi¢do a uma infeccdo nos pacientes afetados
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(COLLINS e cols., 2004). Por outro lado, existem achados mostrando uma susceptibilidade
genética ao desenvolvimento deste tipo de doenga. Individuos homozigotos para metionina no
codon 129 parecem apresentar maior chance de desenvolver DCJ esporadica do que outros
pacientes (LADOGANA e cols., 2005). A explicagdo freqiiente para essas doengas é uma
mutagdo somatica espontanea no gene PRNP ou mudangas conformacionais raras, ao acaso,
na proteina PrP presente no organismo do paciente (PRUSINER, 2001). Doengas esporadicas
ndo estdo restritas a humanos, ocorrendo também em animais como gado (BUSCHMANN e

cols., 2006).

1.3.3 Doengas infecciosas

Infecgdes por prion sdo responsaveis por um grande nimero de incidentes médicos e
veterindrios. Sao diversos os casos epidémicos desde a primeira descricdo de uma epidemia
de scrapie em ovelhas apds imunizagdo com vacinas contaminadas e a comprovagdo de sua
transmissibilidade (AGUZZI ¢ POLYMENIDOU, 2004; COLLINS e cols., 2004), até o
surgimento do mal da vaca louca (Encefalopatia espongiforme bovina-EEB), famoso caso que
se tornou popular e trouxe crescente interesse dos meios de comunicagdo em 1986 e sua
consequéncia em humanos sob a forma de uma DC]J variante, em 1996 (EGGENBERGER,

2007).

A origem da EEB ainda ndo estd totalmente determinada. Contudo, ndo ha duvidas de
que alteracdes nas praticas de alimentagdo do gado levaram ao desenvolvimento da mesma. A
racdo era suplementada com derivados de carne de ovinos e bovinos mortos por um

processamento modificado, que excluia o tratamento com altas temperaturas prolongadas e
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solventes (EGGENBERGER, 2007). Existe a sugestdo de que a nova DCJ variante seria
causada pela contaminagdo humana por EEB. Nao existe uma prova experimental direta,
porém estudos epidemiologicos, bioquimicos e neuropatoldogicos apontam para essa
explicagdo. Os pacientes afetados pela forma variante da doenga s3o muito mais jovens
(mortes em torno dos 29 anos para a forma variante ¢ 65 anos para a forma esporadica),
apresentam sintomas psiquiatricos iniciais proeminentes, e a proteina acumula principalmente
em tecidos linforeticulares (COLLINS e cols., 2004; EGGENBERGER, 2007; AGUZZI ¢

cols., 2008a).

Uma doenca também associada a ingestdo de carne contaminada foi descrita em
humanos. Esta doen¢a, chamada Kuru, afetou humanos de tribos na Papua-Nova Guiné entre
5 e 60 anos, com uma razao relativa ao género parecida entre os pré-adolescentes, porém com
um excesso em mulheres adultas. A incidéncia da doenga foi atribuida ao ritual de luto
canibalistico praticado naquelas tribos, principalmente por mulheres e criangas pequenas.
Com o fim dos rituais a doenca foi extinta (LIBERSKI e GAJDUSEK, 1997;

EGGENBERGER, 2007).

Outras formas de contaminacdo também ja foram relatadas, como por instrumentos
neurocirurgicos esterilizados inadequadamente, enxertos de cornea, horménio de crescimento
humano extraido de cadaveres, implantacdo e uso terapéutico de dura mater humana
(BROWN e cols.,, 2000b). Tecidos a partir do sistema nervoso central e o sistema
linforeticular sdo os mais provaveis a oferecer risco de contaminag¢do. Porém, tem sido
identificada a presen¢a da proteina do prion associada as EETs em outros tecidos como no
caso de orgdos inflamados extra neuronais ndo linféides de camundongos

(HEIKENWALDER e cols., 2005), e também em fluidos como saliva (MATHIASON e cols.,
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2006) e urina (SEEGER e cols., 2005). Casos de transmissao através de transfusdes de sangue
também foram reportados (LLEWELYN e cols., 2004; PEDEN e cols., 2004; WROE e cols.,

2006).

A proteina do prion capaz de causar EET ¢ resistente aos métodos de esterilizagdo e
descontaminagdo convencionais (TAYLOR, 2000). Detergentes, alcodis, permanganato de
potassio, peroxido de hidrogénio, luz ultravioleta, sdo ineficazes. Temperatura em torno de
134°C, hidroxido de sédio e hipoclorito de sédio concentrado, durante uma hora, sdo os

procedimentos atuais para reduzir a infecciosidade (RUTALA e WEBER, 2001).

1.3.4 Cepas de prion e barreira de espécie

Uma determinada EET pode exibir diferentes padroes com relagdo ao tempo de
incubacdo, a manifestagdes clinicas, transmissibilidade e patologia (padrdo de vacuolizagdo e
formagao de agregados) (FRASER e DICKINSON, 1973; FRASER, 1993), que persistem
mesmo apds uma transmissdo serial. Em analogia a outros agentes infecciosos, essas
diferengas se devem a existéncia de diferentes cepas de prion. O padrido de acumulagdo da
proteina infecciosa e sinais clinicos, caracteristicos de determinada cepa, sdo utilizados para
rastrear a origem do material infeccioso, como foi o caso da transmissao de EEB para
humanos, originando a DCJ variante (BRUCE e cols., 1997; SCOTT e cols., 1999). O que
determina as diferengas in vivo de cada cepa sdo suas caracteristicas bioquimicas,
apresentando diferente susceptibilidade ao tratamento com proteases (KUCZIUS e
GROSCHUP, 1999), diferentes padroes de glicosilagio (COLLINGE e cols., 1996) e de

resisténcia a agentes caotropicos (PERETZ e cols., 2001), entre outras. Existe a hipotese de
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que todas essas diferencas residem na diversidade de conformacdes que a proteina patogénica
pode adotar, com o fenotipo da doenga sendo determinado por uma conformacao especifica
presente no doador (SAFAR e cols., 1998; AGUZZI e cols., 2007). Essa hipdtese ainda ¢é
debatida pela controvérsia em existirem um grande numero de conformagdes diferentes para a
mesma proteina (CHESEBRO, 1998), além disso, as diferentes conformag¢des podem ser co-
determinadas por outros fatores, cuja presenga ou auséncia na célula infectada pode definir

sua competéncia a replicar uma determinada cepa (WEISSMANN, 2009).

Cada cepa possui um grau de infecciosidade diferente, fazendo com que uma espécie
tenha maior dificuldade em se propagar em uma espécie diferente, demonstrando a existéncia
de uma barreira entre espécies. Na passagem inicial de uma espécie A para uma espécie B,
nem todos os animais da espécie B morrem, ¢ aqueles que morrem com a doenga apresentam
periodos de incubagdo mais longos e variados do que naqueles quando a transmissdo se da
entre a mesma espécie, no qual todos os animais inoculados morrem com periodo de
incubacdo curto e similar. Em passagens subseqiientes de infecciosidade de B para B, a
transmissdo ¢ semelhante a transmissdo entre espécies (COLLINGE e CLARKE, 2007;
MORALES e cols., 2007). Alguns dados apontam para as diferencas entre estrutura primaria
da PrP derivada do inoculo e do hospedeiro inoculado como a base molecular para a barreira
de espécie (PRUSINER e cols., 1990), além do tipo de cepa (BRUCE e cols., 1994). A
sequéncia de aminoacidos e o tipo de cepa afetam a estrutura tridimensional da PrP,
provavelmente afetando a eficiéncia de suas interagdes e determinando a sua propagagdo. A
presenca de co-fatores deve também contribuir para a barreira de espécies (COLLINGE,

1999; COLLINGE e CLARKE, 2007).
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1.3.5 Terapia e diagnostico das doencas de prion

Uma série de estratégias terapéuticas tem sido utilizada a fim de encontrar um
tratamento efetivo contra as EETs. Neste caso, o agente terapéutico deve ser eficiente e
eliminar o acimulo da proteina do prion, deve ser direcionado para os sitios onde hé infec¢ao
dentro de um determinado tempo, e ser tolerado pelo organismo. Uma vez que o acimulo de
proteina e o dano ao sistema nervoso central ocorrem anteriormente aos sinais clinicos da
doenga, o desenvolvimento de uma terapia eficiente ¢ um grande desafio. Ainda ndo ha um
tratamento eficaz que previna o desenvolvimento da doenga e a subseqiiente morte. Diversos
compostos tém sido testados a fim de reverter ou prevenir a formagio de PrP*, como o
vermelho do Congo (CAUGHEY e RACE, 1992), porfirinas (PRIOLA e cols., 2000),
poliaminas (SUPATTAPONE e cols., 2001), e polianions sulfatados (CAUGHEY e
RAYMOND, 1993). Esses compostos parecem funcionar diretamente ou indiretamente na
conversio da PrP® para PrP>, e assim prevenindo a disseminagdo da forma infecciosa.
Infelizmente, esses compostos ndo se mostraram efetivos quando administrados apds os

primeiros sintomas da doenca (CASHMAN e CAUGHEY, 2004a).

Além da necessidade do desenvolvimento de terapias contra as EETs, € necessario o
desenvolvimento de novas metodologias para o diagnodstico dessas doengas. Uma metodologia
eficaz permitird a detecgio de PrP em estagios pré-sintomaticos da doenca, facilitando a
remogdo de agregados antes deles se tornarem significativamente toxicos. A maioria dos
métodos utilizados para o diagnostico das infecgdes por prion sdo baseadas na presenca de

PrP® pela sua resisténcia a digestio com protease (MCKINLEY e cols., 1983; MEYER e
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cols., 1986). Como PrP*¢ acumula em grande quantidade no cérebro, esse érgdo & utilizado
para sua detec¢do, necessitando portanto de analises pds-morte. Analises histopatologicas sao
comumente utilizadas. Outras metodologias vém sendo desenvolvidas, entre elas
metodologias que podem ser utilizadas com o hospedeiro vivo (Tabela 4) (SAKUDO e cols.,
2007). Anticorpos e aptameros sdo capazes de distinguir entre a forma “scrapie” e a forma
celular, mas sdo ferramentas que ainda precisam ser extensivamente exploradas (RHIE e cols.,

2003; CURIN, V e cols., 2004).

Método Indicador do método Procedimento
Western blot Resisténcia a proteinase K Detecta PrP resistente
ELISA Resisténcia a proteinase K Detecta PrP resistente
. , . NPT . I a 0
Imunohistoquimica Resisténcia a proteinase K tg}?gg?arcagao de secgoes de

Resisténcia a proteinase K
Tempo de incubagdo
Cultura de células Resisténcia a proteinase K Transmissdo para células
Amplificagdo por ciclos de
Resisténcia a proteinase K incubacgao e sonicagao

Bioensaio Transmissdao a camundongos

PMCA — amplificagao ciclica de
proteina mal-enovelada

) Interacdo especifica de anticorpo
CDI - Imunoensaio dependente ¢ p P

~ Conformacgao de PrP com formas nativas e
de conformacgao
desenoveladas
Usa aptameros de RNA que
Aptameros Conformagao de PrP reconhecem especificamente PrP®
e Prp*

Tabela 4 — Métodos de diagndsticos de infeccdes por prion. Adaptado de SAKUDO e cols.
(2007).

1.4 A PROTEINA DO PRION (PrP)

A proteina do prion celular (PrP%) é um constituinte normal da membrana de células
de mamiferos, sendo expressa amplamente em todos os tecidos, mas apresentando abundancia
particular no sistema nervoso central (OESCH e cols., 1985), linfocitos e orgdos linfoides

(CASHMAN e cols., 1990).
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O gene PRNP codifica uma proteina com 253 aminoacidos. Os primeiros 22
aminoacidos formam um peptideo sinal, que ¢ clivado apo6s a translocagdo pelo reticulo
endoplasmatico. PrP ¢ uma proteina extracelular ligada a parte externa da membrana celular
por uma ancora de glicosil-fosfatidilinositol (GPI) através do aminoacido Ser230 (por¢ao (C)-
terminal) (STAHL e cols., 1987; PRUSINER, 1998). Possui dois sitios de N-glicosilagdo nos
residuos ASN181 e ASN197, nos quais pode ser adicionada uma variedade de tipos de
acticares (RUDD e cols., 1999; RUDD e cols., 2001). E uma proteina altamente conservada
em mamiferos (mais de 90% de identidade de sequéncia) e altamente homologa (30%
identidade e 50% de similaridade) em répteis e anfibios (WOPFNER e cols., 1999; RIVERA-

MILLA e cols., 2006).

A PrP® pode ser dividida em duas regides com propriedades estruturais ¢ dindmicas
distintas (Figura 5) (RIEK e cols., 1997; LYSEK e cols., 2005; CALZOLALI e cols., 2005).
O dominio N-terminal, com aproximadamente 100 residuos, possui uma flexibilidade
desordenada (DONNE e cols., 1997). Outra caracteristica interessante desta regido ¢ a
presenca de repetigdes de uma determinada seqliéncia de oito residuos de aminoacidos
(PHGGGWGQ), entre os residuos 50 a 90 (VILES e cols., 1999). Esta regido ¢ altamente
conservada, com quatro repeti¢des da seqliéncia de oito aminodcidos na PrP humana, e liga
cobre fisiologicamente (VILES e cols., 1999). Zinco, niquel ¢ manganés também interagem,
mas com afinidade menor que a do cobre (PAN e cols., 1992; BROWN e cols., 2000a;
JACKSON e cols., 2001). Verificou-se também que essa regido pode interagir diretamente
com PrP* exdgena ou com componentes da matriz extracelular, como glicosaminoglicanos

(PRIOLA e CAUGHEY, 1994), laminina (GRANER e cols., 2000) ou com outros ligantes
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(MARTINS e cols., 2002). O N-terminal possui ainda um dominio hidrofébico € um dominio
carregado (AGUZZI e cols., 2008b).

O C-terminal ¢ estruturado e apresenta uma estrutura globular com trés o-hélices (H1
— residuo 144 a 154, H2 — residuo 173 a 194, e H3 — residuo 200 a 228) e uma pequena folha-
B antiparalela (S1 —residuo 128 a 131, S2 —residuo 161 a 164). Uma ponte dissulfeto entre os
aminoacidos Cys179 e Cys214 conecta as hélices H2 ¢ H3 (WUTHRICH e RIEK, 2001;

PASTORE e ZAGARI, 2007).

®een®

Figura 5 — Estrutura tridimensional da proteina do prion. a-hélices 1, 2 e 3 estdo
representadas em vermelho; Folhas-B 1 e 2 em amarelo; loops e voltas estdo coloridas em
verde. A linha pontilhada representa a regido N-terminal ndo estruturada da PrP. Adaptado de
RIEK e cols. (1997).
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1.4.1 Funcio fisiologica da PrP€

O gene que codifica PrP® foi identificado na década de 80. O primeiro animal nocaute
para esse gene foi gerado em 1992. Mesmo trés décadas apos essas importantes descobertas,
sabe-se muito pouco sobre a funcdo fisiologica de PrP®, sendo um tema de intenso debate. Ao
longo desses anos, muitas fun¢des tém sido apontadas para PrP, incluindo regulagdo do
sistema imune, transdugdo de sinal, metabolismo de cobre, processamento de &cidos
nucléicos, transmissdo sinaptica, protecao, e indug¢do de apoptose (MARTINS e cols., 2002;

AGUZZI e HEIKENWALDER, 2006; LINDEN e cols., 2008).

Muitos parceiros bioldgicos para PrP foram identificados, e podem estar envolvidos na
sua funcdo. Com base nos dados atualmente disponiveis, sugere-se que a presenca da ancora
de GPI indicaria a necessidade da PrP de interagir com uma proteina transmembrana
extracelular, transferindo um sinal para o espaco intracelular, indicando que PrP pode
funcionar como uma proteina acessoria (AGUZZI e cols., 2008b). Sao diversas as moléculas
que interagem com PrP. Elas estdo envolvidas em diversos processos fisioldgicos, incluindo
os citados anteriormente; no entanto, o significado bioldgico da maioria dessas interagdes

continua desconhecido.

Animais nocaute e seus derivados celulares tem sido utilizados para elucidar as
funcgdes de PrPC. Experimentos com animais nocaute demonstraram que a expressdo de PrP° é
dispensavel ao desenvolvimento e fungdo celular. No entanto, sua expressdo ¢ crucial para a
replicagdo e desenvolvimento das doengas de prion (BUELER e cols., 1992; BUELER e cols.,
1993). Dois modelos de camundongos nocaute demonstraram ataxia e perda de células de

Purkinje, porém a remogdo de PrP® nesse caso levou a super-regulacdo da expressdo de outro
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transcrito localizado abaixo do gene para PrP gerando a proteina denominada Doppel. A
causa da degeneragdo seria resultado da superexpressao de Doppel e ndo da auséncia de PrP

(MOORE e cols., 1999; AL e cols., 2005).

O ligante mais estudado da proteina prion é o cobre (BROWN e cols., 1997), que
interage com PrP através do seu dominio N-terminal, sugerindo uma fun¢ao no metabolismo
desse ion (MARTINS e cols., 2002). Alguns estudos tém sugerido que PrP® é capaz de
interagir com macromoléculas da matriz extracelular, tais como laminina (GRANER e cols.,
2000) e receptor de laminina (GAUCZYNSKI e cols., 2001). PrP também interage e modula a
ativacao de plasminogénio (ELLIS e cols., 2002). Outros ligantes celulares de PrP t€m sido
relatados: as chaperonas Hsp60 e GroEL; STI1 (stress-inducible protein I); nNOS (Neural
nitric oxide synthase), alfa-tubulina (BARRET e cols., 2005) e acidos nucléicos (SILVA e

cols., 2008; AGUZZI e cols., 2008a).

1.4.2 PrP% e conversio

Ao contrario da PrPS, a estrutura de PrP ainda é pouco conhecida devido a sua
insolubilidade e natureza fibrilar, que dificultam seus estudos estruturais por métodos
classicos de alta resolugdo e exigem o uso de abordagens alternativas. Experimentos de
espectroscopia de infravermelho por transformada de Fourier (FT-IR) indicaram que a
isoforma PrP*® apresenta um incremento de 42% de estrutura em folha-B e um decréscimo de
10% de estrutura em o-hélice em relagdo a PrP© (PAN e cols., 1993). Sua natureza amiléide
foi confirmada pela presenga de estrutura cruz-f§ em experimentos de difragdo de raios-X por

fibras, que permitiu a constru¢cdo de um modelo no qual a regido 89-175 forma hélices-f3 que
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se associam formando trimeros (Figura 6)(GOVAERTS e cols., 2004). Esta conversao
estrutural (PrPC-PrP*%) afeta profundamente as propriedades fisico-quimicas desta proteina,
que forma agregados toxicos que levam células neuronais a morte (LEGNAME e cols., 2004),
e possuem resisténcia parcial a digestdo por proteinase K (por esse motivo essa isoforma
também ¢ chamada de PrP-res). Apos sofrer clivagem pela proteinase K ¢ gerado um
fragmento de 27 a 30 kDa, designado PrP 27-30, que ndo possui os primeiros 90 aminoacidos

da regido N-terminal e que retém a infecciosidade (PRUSINER, 1998).

Figura 6 — Modelo trimérico de PrP 27-30 em hélices-f. Este modelo trimérico inclui os
residuos de 89-175 da sequéncia da PrP em uma conformagao de B-hélice com o C-terminal
(residuos 176-227), retendo a conformagado em o-hélice observada na isoforma celular.

A primeira teoria para tentar explicar a conversdo de PrP® em PrP* foi a hipotese de
que a proteina PrP%° seria o Gnico agente responsavel pelo desenvolvimento de EETs
(“Protein-only Hypotesis”). A hipotese “protein-only” foi primeiramente delineada por
GRIFFITH (1967) e desenvolvida por PRUSINER (1998). De acordo com essa teoria, a Prp%°
seria capaz de replicar sua conformacio anormal, induzindo a conversio de PrP® em PrP*,

semelhante a uma “particula infecciosa” (KOCISKO e cols., 1994; KOCISKO e cols., 1995;
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CAUGHEY e cols.,, 2001). A descoberta de que camundongos nocaute para PrP sdo
resistentes a infec¢do por prions ¢ um dos achados que mais suportam esta teoria (BUELER e

cols., 1992; BUELER e cols., 1993).

Acredita-se que a conversdo de PrP ocorra em um local onde as duas isoformas da
proteina se encontrem e interajam fisicamente. Até hoje ndo ha evidéncia direta sobre a
participagdo de um compartimento intracelular especifico para que esse evento ocorra
(CAUGHEY e cols., 1991; BARMADA ¢ HARRIS, 2005; GODSAVE ¢ cols., 2008).
Baseado em andlises sobre a localizagdo subcelular de PrP, apontam os lisossomos e
endossomos como possiveis locais para o processo de conversao (MCKINLEY e cols., 1991;
ARNOLD e cols., 1995; PIMPINELLI e cols., 2005; MARIJANOVIC e cols., 2009), embora

existam dados controversos (SHYNG e cols., 1993; SUNYACH e cols., 2003).

1.4.2.1 Mecanismos de conversao

Os mecanismos que levam a conversio de PrP® em PrP* ainda ndo sdo
completamente entendidos, mas existem modelos propostos. Existem duas teorias que
explicam o mecanismo de conversdao: modelo de conversao assistido por molde, ou do
heterodimero (GAJDUSEK, 1988; PRUSINER ¢ DEARMOND, 1990); ¢ o modelo de

polimerizacao mediada por semente (COME e cols., 1993) (Figura 7).

O modelo de polimerizacdo nucleada por semente propde que a mudanga

conformacional entre PrP¢ e PrP%° ¢ termodinamicamente controlada: a conversio é um
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processo reversivel, mas em equilibrio a conformacao celular é favorecida. A conversao para
PrP® ¢ estabelecida e estabilizada somente quando PrP ¢ incorporada a um agregado de
PrP*, uma semente. Havendo a presenga de uma semente, a adi¢do de mondmeros ¢ acelerada
(Figura 7). De acordo com essa hipdtese, o estado agregado estaria diretamente ligado a
infecciosidade; PrP* monomérico seria inofensivo, mas pode ser capaz de gerar oligdmeros

(AGUZZI e cols., 2001; AGUZZI e SIGURDSON, 2004; AGUZZI ¢ cols., 2008Db).

O modelo de converséo assistido por molde propde que PrP*® é capaz de iniciar uma
cascata catalitica utilizando PrP® ou um intermediario de enovelamento (PrP*) como
substrato, convertendo essas espécies em uma nova proteina rica em folha-p. A nova PrP*
formada vai por sua vez converter novas PrP® em novas PrP* (Figura 7). Esse modelo se
baseia nos experimentos que mostram que, em um ensaio livre de células, a incubagao de
PrP¢ com grandes quantidades de PrP*° conferiu resisténcia a digestdo por protease, sugerindo
que PrP*° catalisa a conversio em novas formas resistentes de PrP** (KOCISKO e cols., 1994;
KOCISKO e cols., 1995). Consequentemente, a isoforma “scrapie” induz conversdo de PrP®
em PrP%, sendo responsavel por sua propria propagacio (WEISSMANN, 2004). Nesta
hipotese a mudanga conformacional ¢ cineticamente controlada; uma grande barreira

energética preveniria a conversao espontanea.
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Figura 7 — Modelos de conversio de PrP€ para PrP%. (a) Modelo de conversio assistido
por molde. (b) Modelo de polimerizacao nucleada por semente. Adaptado de AGUZZI e cols.
(2008b).
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Diversas abordagens biofisicas tém sido aplicadas a fim de caracterizar as
propriedades termodinamicas de PrP© e PrP*. Estudos demonstraram que a transigio entre os
dois estados envolve mudangas de hidratagdo (CORDEIRO e cols., 2004; DE SIMONE e
cols., 2005; CORDEIRO e cols., 2005). O diagrama de energia livre e de volume (Figura 8)
destaca o modelo no qual a isoforma celular estd em uma conformacdo metaestavel, e as
diferengas envolvem maiores mudangas em volume do que em energia livre. Estudos com
alta pressdo demonstraram que a isoforma celular ¢ mais hidratada e tem uma superficie
acessivel ao solvente maior que a proteina recombinante agregada (CORDEIRO e cols.,
2004). O papel da hidratagdo na estabilidade e amiloidogenicidade da PrP tem sido também

corroborado por dindmica molecular (DE SIMONE e cols., 2005).
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Figura 8 — Diagrama de energia e de volume do mau-enovelamanto de PrP. PrP©
(esquerda) pode enovelar para uma isoforma mal-enovelada rica em folhas-f capaz de formar
agregados toxicos e infecciosos (PrP%°) (direita). A transicdo entre as espécies é separada por
uma grande barreira energética. I e U representam os estagios intermedidrios e mal-
enovelados da proteina. Um fator adjuvante reduziria a barreira de energia livre que previne a
conversio, levando a formagdo de PrP*. PrP® apresenta uma acessibilidade ao solvente maior
do que a forma mal-enovelada e agregados, ¢ a via de enovelamento também exibe uma
barreira cinética no volume de ativacdo (inserto, modificado de CORDEIRO e cols., 2004).
Os estados desnaturados por pressdo de a-rPrP (PrP%) e B-rPrP (similar a PrP%%) sdo U e U’,
respectivamente.
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Ao longo dos anos, a hipdtese “protein-only” vem sendo questionada. Estudos com
camundongos transgénicos sugerem que a conversdo assistida pelo molde de PrP* ¢ auxiliada
por outra molécula biolégica (SILVA e cols., 2008), que seria o fator que contribui para a
barreira de espécies do prion (TELLING e cols., 1995). Sendo a conversdo espontanea da
PrP em PrP prevenida por uma barreira energética elevada, somente alteragdes no
equilibrio, como a presenga de um catalisador, por exemplo, levariam a esta conversiao
(Figura 8) (COHEN e PRUSINER, 1998). A interacdo com um cofator levaria a um
decréscimo da acessibilidade ao solvente e uma diminui¢do do nivel de hidratagdo. Ao
interagir com o cofator, segmentos desordenados da proteina podem enovelar e se tornarem
menos hidratados. Diversas moléculas vém sendo promovidas a cofatores adjuvantes da
conversao, como moléculas de adesao celular (GAUCZYNSKI e cols., 2001; GAUCZYNSKI
e cols., 2006), 4acidos nucléicos (SILVA e cols., 2008), e principalmente os

glicosaminoglicanos (GAGs) (BEN ZAKEN e cols., 2003).

1.5 PROTEOGLICANOS E GLICOSAMINOGLICANOS

Os proteoglicanos (PGs) sdo um grupo de glicoconjugados formados por uma porg¢ao
protéica e uma por¢ao polissacaridica ndo ramificada denominada glicosaminoglicanos
(GAGs). Os GAGs compdem o maior grupo de polissacarideos sulfatados encontrados em
tecidos animais. Esses compostos possuem carga negativa, devido a presenga de residuos de
acucar carboxilados e/ou sulfatados. Nestes polissacarideos um agtcar carboxilado (um acido
hexurdnico) alterna-se através de uma ligagdo O-glicosidica com um agucar aminado (uma

hexosamina) formando unidades dissacaridicas que se repetem ao longo da cadeia (I0ZZO,
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1998; PRYDZ e DALEN, 2000; KRESSE e SCHONHERR, 2001; SASISEKHARAN e cols.,

2006).

Os PGs atuam como organizadores de tecidos, influenciam o crescimento e a
maturacdo das células de tecidos especializados, desempenham fungdes como filtros
bioldgicos, modulam a atividade de fatores de crescimento, regulam a fibrilogénese do
coladgeno, afetam a invasdo e o crescimento das células tumorais, regulam o crescimento de
neuritos, atraem cations, atuam na coagulacdo sangiiinea e absor¢ao de variagdes de pressao
(I0ZZ0, 1998; FUNDERBURGH, 2000; PERRIMON e BERNFIELD, 2000; PRYDZ ¢
DALEN, 2000; KRESSE e SCHONHERR, 2001; BELTING, 2003; SASISEKHARAN ¢
cols., 2006). As cadeias de GAGs sdo as principais responsaveis pelas fun¢des dos PGs,
contudo a cadeia protéica atua ndo somente como um suporte para os GAGs, mas também
apresenta dominios com atividades bioldgicas, tais como a sinalizagdo celular na gastrulacio e

na organogénese (I0ZZ0, 1998; KRAMER e YOST, 2003; WHITELOCK e cols., 2008).

1.5.1 Nomenclatura e aspectos gerais dos GAGs

Os GAGs sao classificados de acordo com sua organizagdo estrutural (unidades
dissacaridicas) assim como pela extensdo e natureza das suas modificagdes apds a
polimerizagdo (N-sulfatagdo, O-sulfatagdo e epimerizacdo). Segundo a nomenclatura de

JEANLOZ (1960) podem ser divididos nos seguintes grupos (Figura 9):
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Figura 9 — Estrutura das cadeias dos diferentes GAGs. As estruturas dissacaridicas dos
diferentes tipos de glicosaminoglicanos estdo representadas sem sulfatagdo. As diferentes
posicdes de sulfatagdo em cada GAG estdo marcadas por um quadrado de linha tracejada
vermelha. Modificado a partir de PRYDZ e DALEN (2000).
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Acido hialurénico (AH):

O AH apresenta uma maior simplicidade na sua composic¢ao estrutural. Suas unidades
dissacaridicas sdo constituidas por um 4acido glicurénico (GIcA) ligado a uma N-
acetilglicosamina (GIlcNAc) por ligagdes B 1 — 4, ¢ nao apresentam sulfatacdo, logo, a
propriedade anionica do AH ¢ dada apenas pelos seus grupos carboxila. Diferente dos outros

GAGs, o AH ndo ¢ sintetizado covalentemente ligado a cadeia protéica, sendo portanto

classificado simplesmente como GAG (PREHM, 1983a; PREHM, 1983b; ITANO, 2008).

Eles formam polimeros de alto peso molecular, sendo importantes componentes de
matriz extracelular, onde interagem ndo-covalentemente com os PGs. Possuem importantes
papéis funcionais na sinalizagdo durante a morfogénese embriondria, reparo celular,
lubrifica¢do de articulagdes, além de estar envolvidos com doengas pulmonares e vasculares
(GANDHI e MANCERA, 2008; ITANO, 2008). Sao particularmente abundantes no tecido
conjuntivo, derme, musculos lisos, pulmdes, lamina propria da mucosa e camada adventicia

que envolve os vasos sanguineos (NAOR e cols., 1997).

Condroitim sulfato (CS) / Dermatam sulfato (DS):

CS e DS sdo considerados como GAGs pertencentes a mesma familia por
apresentarem em suas unidades dissacaridicas uma N-acetilgalactosamina (GalNAc), também
sendo chamados de galactosaminoglicanos (SUGAHARA e KITAGAWA, 2000). O CS tem
sua unidade dissacaridica formada por uma GalNAc ligada a um GIcA por ligacdes B 1 — 4
ou B 1 — 3, e pode apresentar sulfatacdo nas posi¢des 4- ou 6- da GalNAc, formando os

condroitim 4 (condroitim A) ou 6 (condroitim C) sulfatos respectivamente. J& o DS possui
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residuos de GalNAc alternados com porgdes varidveis de residuos de GIcA e de acidos
idurdnico (IdoA), que sdo formados a partir da epimerizagdo do GIcA durante a polimerizagao
e subsequente sulfatagdo na posicdo 4 da GalNAc. O DS pode ser considerado como um
variante do condroitim 4-sulfato sendo também chamado de condroitim B. Além disso, o DS
¢ freqiientemente sulfatado na posi¢do 2 do IdoA e pode ser sulfatado na posicdo 6 da
GalNAc. (KOBAYASHI e cols., 1999; TROWBRIDGE ¢ GALLO, 2002; KUSCHE-

GULLBERG e KJELLEN, 2003; SUGAHARA e cols., 2003).

CS e DS desempenham fung¢des no desenvolvimento do sistema nervoso central,
reparacgdo tecidual, infecgdo, sinalizagdo com fatores de crescimento, morfogénese e divisao
celular (SUGAHARA ¢ cols., 2003; MALAVAKI e cols.,, 2008). DS participa
especificamente na coagulagdo, estabilidade da matriz extracelular, modulagdo de resposta
inflamatoéria (TROWBRIDGE e GALLO, 2002) ¢ CS na memodria e aprendizado, regulagao
do crescimento axonal, adesdo neuronal, migra¢do e neuritogénese (SUGAHARA e cols.,

2003).

Queratam sulfato (QS):

O QS apresenta unidades dissacaridicas compostas por GIcNAc e um agticar neutro no
lugar do acido hexurdnico, uma galactose (Gal), B 1 — 3 ligados. Esse polissacarideo exibe

uma grande variedade de tamanhos e padrdes de sulfatacdo. Estd presente na coérnea,
cartilagem, zona pelicida e derme (FUNDERBURGH e cols., 1996; FUNDERBURGH,

2000).
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Heparam sulfato (HS) / Heparina:

O HS e a heparina sdo GAGs de estrutura intimamente relacionados. Constituem outro
grupo de GAGs, onde a glicosamina ¢ o acticar aminado e a ligagdo hexosaminidica estd na
configuragdo o 1 — 4. A glicosamina apresenta-se N-sulfatada (GIcNSO;), N-acetilada
(GleNAc) ou N-livre (GlcNH»), ou ainda uma GIcNSO; 6-sulfatada. O 4cido hexurdnico pode
ser um GIcA ou um IdoA O-sulfatado na posicdo 2 (SILVA e DIETRICH, 1975;
GALLAGHER, 2001). No HS cerca de 40-50% da glicosamina apresenta-se N-sulfatada
(GALLAGHER, 2001), ja4 na heparina essa sulfatagdo estd em torno de 80% e este
polissacarideo consiste majoritariamente de dissacarideos trisulfatados (NADER e cols.,

1987; LINDAHL e cols., 1989; MULLOY e FORSTER, 2000).

E importante destacar que a heparina pode ser isolada a partir de diferentes tecidos
animais, sejam eles vertebrados ou invertebrados (NADER e cols., 1999). Nos mamiferos ela
¢ sintetizada e estocada em granulos citoplasmaticos de mastocitos, sendo liberada como
cadeias livres, ndo ligadas a proteinas, apds ativacdo e degranulacdo dos mastocitos em
eventos associados ao sistema imune. O HS ¢ sintetizado por uma grande variedade de tipos
celulares, podendo ser secretado tanto na forma de cadeias livres de GAGs quanto de PGs . E
encontrado na superficie celular e na membrana basal (LINDAHL e cols., 1989; PIEPKORN
e cols., 1989; SALMIVIRTA ¢ cols., 1996; CAPILA ¢ LINHARDT, 2002; BISHOP e cols.,

2007).

Por sua localizagdo, o HS interage com diversas proteinas. Essas interagdes sao
importantes fisiologicamente, uma vez que ird modular a funcdo de diversas proteinas como

fatores de crescimento, proteinas da matriz extracelular, enzimas lipoliticas, entre outras,
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regulando diversas atividades bioldgicas como sinalizagdo celular, organizagao do
citoesqueleto, migracdo, inflamagao, metastase e formagao sinaptica (Figura 10) (KRAMER
e YOST, 2003; BISHOP e cols., 2007). A heparina além de sua conhecida atividade
anticoagulante possui outras atividades, como a regulacio do metabolismo lipidico, e
atividade antiproliferativa entre outras (CISAR e cols., 1989; KRAMER e YOST, 2003;

BISHOP e cols., 2007).
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Figura 10 — Proteoglicanos de heparan sulfato (HSPG) desempenham diversos papéis
fisiologicos na célula. HSPGs funcionam como co-receptores para fatores de crescimento e
seus receptores tirosina quinases, presentes na mesma célula (a) ou em uma célula adjacente
(b). Transportam quimiocinas através da célula (c) e as apresentam na superficie celular (d).
Processamento proteolitico leva ao desprendimento de sindecanas e glipicanas da superficie
celular (e), e heparanase cliva as cadeias de HS (f), liberando ligantes (como fatores de
crescimento). HSPGs de superficie sdo ativamente interiorizados por endocitose (g) e podem
ser reciclados de volta a superficie ou degradados por lisossomos (h). HSPG também
facilitam a adesdo celular a matriz extracelular (i) e formam pontes ao citoesqueleto (j). HSPG
secretados estdo envolvidos com a formagao de matrizes extracelulares organizadas formando
barreiras fisiologicas (k) e seqiiestram hormonios de crescimento para serem liberados depois
(1). Serglicinas carregando cadeias de heparina altamente sulfatadas sdo empacotadas em
granulos secretérios de células hematopoiéticas (m). Finalmente, alguns experimentos
sugerem que cadeias de HS existem no nucleo (n), embora sua fun¢do neste local seja
desconhecida.
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Acharan sulfato (AS):

Em 1996, KIM e cols. descreveram um novo GAG que foi denominado acharan
sulfato (AS) como sendo o Unico polissacarideo sulfatado presente no corpo do molusco
Achatina fulica. As andlises por ressonancia magnética nuclear (RMN) determinaram a
estrutura —4-a-D-GIcNAc (1-4)- a-L-IdoA2S(1— (KIM e cols., 1996; VIEIRA e cols.,
2004) (Figura 11). A analise das estruturas oligossacaridicas identificou uma variagdo de 5 a
15% na presenga de IdoA nao sulfatado, unidades N-sulfatadas ndo foram detectadas (KIM e
cols., 1998). Embora apresente algumas semelhancas com o HS e a heparina, o AS apresenta
peso molecular, seqiiéncia e homogeneidade estrutural que diferem muito desses GAGs,
permitindo a classificagdo de AS como um novo GAG, porém pertencente a0 mesmo grupo
do HS e da heparina (KIM e cols., 1996; VIEIRA e cols., 2004). AS foi localizado em
diversos 6rgaos, no muco e na concha do caracol, indicando sua importancia para a fisiologia

do animal (JEONG e cols., 2001; VIEIRA e cols., 2004).

—4)-2-acetil,2-deoxi-a-D-glucopiranose(1—4)-2-sulfo-a-L- 4cido idopiranosiluronico (1—

Figura 11 — Estrutura dissacaridica de acharan sulfato.

O AS apresenta diferentes atividades farmacologicas, como inibi¢do de FGF-2
(WANG e cols., 1997), atividade anticoagulante in vitro quando este foi quimicamente N-
sulfatado (WU e cols., 1998) e in vivo (LI e cols., 2004), inibi¢do da angiogénese e atividade

antitumoral (GHOSH e cols., 2002; LEE e cols., 2003).
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1.6 GLICOSAMINOGLICANOS E AMILOIDOSES

O primeiro achado de que depdsitos amildides continham polissacarideos foi em 1854
por VIRCHOW. Somente nos anos de 1940, outro estudo veio a identificar e caracterizar
esses polissacarideos. HASS (1942) observou a presenca de polissacarideos aminados e
sulfatados em agregados amildides, que mais tarde foram identificados como GAGs

(ANCSIN, 2003).

PGs e GAGs tém sido implicados em muitas doengas conformacionais e detectados
em diferentes tipos de depdsitos amildides (SNOW e KISILEVSKY, 1985; YOUNG e cols.,
1989; YOUNG e cols., 1992). Além disso, a importancia destas moléculas ndo esta restrita
apenas a deposicao espacial, mas também ao aspecto temporal (MCBRIDE e cols., 1998) ¢ a

inducdo de mudangas conformacionais (WONG e cols., 2001) na amiloidogénese.

De todos os tipos de GAGs, HS e DS s3o os mais encontrados em depositos amildides
(HIRSCHFIELD e HAWKINS, 2003). Além dos diversos depositos amildides extracelulares,
GAGs também se associam a proteinas que formam depdsitos intracelulares, como no caso
dos corpos de Lewy de pacientes com doenga de Parkinson (COHLBERG e cols., 2002). Seu
papel nas amiloidoses vem sendo relacionado a nucleagdo e formagdo das fibras. Foi
observado que GAGs sdo capazes de estabilizar fibras maduras contra dissociacao
(YAMAGUCHI e cols., 2003) e degradacao proteolitica (GUPTA-BANSAL e cols., 1995)
além de interagirem com diversas proteinas amildides (Tabela 5) facilitando a formagdo de
fibras. GAGs ndo teriam um papel passivo, como simples componentes do depdsito amiloide,
e sim promovendo conformagdes protéicas propensas a fibrilizar (COHLBERG e cols., 2002;

ANCSIN, 2003).
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Proteina Doenga asociada Efeito
Proteina do prion Encefalopatia espongiforme  Facilitam formagio/propagacio de PrP™
a-sinucleina Doenga de Parkinson Modula formagao de fibras
Peptideo AP Doenga de Alzheimer Aumenta a formagao de fibra e induz
mudanca conformacional
IAPP Diabete tipo 11 Acelera formagao de fibra ¢ induz mudanga
conformacional

Tabela S — Resumo da influéncia de heparina/HS em proteinas amiloides.

1.7 INTERACAO ENTRE PrP E POLISSACARIDEOS SULFATADOS

GAGs, principalmente heparam sulfato (HS), tém sido objeto de muitos estudos sobre
doencas de prion. Snow e colaboradores foram os primeiros a demonstrar a presenca de
heparam sulfato em placas amildides de prion em doengas como a doenca de Creutzfeldt-
Jakob, na sindrome Gerstmann-Straussler-Scheinker, e scrapie (SNOW e cols., 1989; SNOW
e cols., 1990). Desde entdo, estudos vém sendo concentrados sobre a fungdo destes

carboidratos na patogénese das encefalopatias espongiformes transmissiveis.

Diversas evidéncias revelam a ligagdo direta de GAGs & PrP® tanto em sua forma
solivel quanto na superficie da célula (GABIZON e cols., 1993; CAUGHEY e cols., 1994;
WARNER e cols., 2002; PAN e cols., 2002). A diminui¢ao do conteudo celular de cadeias de
heparam sulfato leva a uma forte reducdo da formagdo e incorporagao de PrP nas células,
regulando o metabolismo do prion (BEN ZAKEN e cols., 2003; HIJAZI e cols., 2005). Estas
observagdes indicam que a interacio dos proteoglicanos de HS e PrPS/PrP* ¢ essencial para a

patogénese das doengas de prion (Figura 12).
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Fibras

Endossomo

Lisossomo

Figura 12 — Formaciio de PrP* mediada por GAG. O modelo associa a formacio de PrP*
com GAGs, no qual a isoforma “scrapie” se ligaria a isoforma celular através das cadeias de
HS, causando mudancas conformacionais. Esta conversdo ocorreria na superficie celular ou

em vesiculas endociticas, embora o exato local onde essa conversdo aconteceria ainda nio
esta esclarecido. Adaptado de CASHMAN e CAUGHEY (2004a).

1.7.1 O efeito paradoxal dos polissacarideos sulfatados

Apo6s a identificagdo dos GAGs como consideraveis componentes de agregados
amildides, alguns estudos mostraram que polissacarideos sulfatados podem inibir o acimulo
de PrPres em células infectadas com scrapie (CAUGHEY e cols., 1993; CAUGHEY e cols.,
1994). Nio foi observada nenhuma alteragdo na sintese ou degradagio de PrP¢, quando sob
efeito de compostos sulfatados administrados de forma exogena, que justificasse a inibigdo da

producio de PrP*® pela diminui¢io de PrP¢ presente na célula. Contudo, sugere-se que o
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efeito observado seja devido a um aumento na taxa de endocitose de PrP® presente na
membrana celular induzida por esses compostos (SHYNG e cols., 1995). Outro trabalho
demonstrou que GAGs sulfatados sdo capazes de inibir a polimerizagdo de peptideos

sintéticos do prion em fibrilas amiloides (PEREZ e cols., 1998).

WONG e cols. (2001) utilizando um ensaio de conversao livre de célula sugeriram que
carboidratos sulfatados induzem mudancas conformacionais em PrP-sen e estimulam a
conversao de PrP-sen para uma isoforma PrP-res (Figura 13), agindo como um cofator no
processo patogénico. Além disso, em outro estudo, GAGs exdgenos foram capazes de
reconstituir a formagdo de PrP* em células com grande redugdo de GAGs associados a
membrana (BEN ZAKEN e cols., 2003). HSPG também estimularam a amplificacdo de PrP-
res in vitro (DELEAULT e cols., 2005), e heparina foi capaz de aumentar a agregacao de um
fragmento da proteina do prion (PrP185-208) e induzir a formacdo de agregados amiloides
toxicos para células neuronais (KLAJNERT e cols., 2006; CORTIJO-ARELLANO e cols.,

2008).

4.5

Extin¢ao molar

-4.5

180 200 290 240 260
Comprimento de onda

PrP-sen
----- PrP-sen + Pentosan Polissulfato, t=0 hrs
= == PrP-sen + Pentosan Polissulfato, t=44 hrs

Figura 13 — Carboidratos sulfatados induzem mudan¢a conformacional na PrPC.
Espectro de dicroismo circular de PrP® na auséncia e na presenga de pentosan polisulfato.
Reproduzido de WONG e cols. (2001).
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Essa contradicdo na literatura sobre a capacidade de polissacarideos sulfatados em
estimular ou ndo a conversao de PrP revela o efeito paradoxal dessas moléculas. A principal
hipétese para explicar esse efeito postula que a interagdo de PrP (PrP® e/ou PrP*) com GAGs
enddgenos seria necessaria para a propagacio de PrP, e GAGs exdgenos atuariam como
inibidores bloqueando a interacdo de PrP com PG endégenos (Figura 14). Sendo assim,
faltaria as moléculas exogenas alguma caracteristica importante para facilitar a

formacio/propagacio de PrP*° por elas proprias, diferente dos GAGs presentes na membrana

celular.
A Cofator /Ancora
Prpc = prpsc h"l:"'
\ 4 -
Converséo R
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B — GAG:s livres ou analogos
/- ~~
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._. J_ﬂ H ﬁ Sem conversao _‘T!'h — oo
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Figura 14 — O efeito paradoxal dos GAGs. (A) PrP-sen interagiria com um cofator e com
PrP*° para uma conversdo eficiente. (B) GAGs exogenos ou analogos inibiriam a formagdo de
PrP® por interagir com PrP-sen na regido de ligagdo com o cofator. (C) Em reagdes livres de
células os trés componentes se associariam e estimulariam a conversdo. Adaptado de WONG
e cols. (2001).



64

1.7.2 Uso terapéutico dos polissacarideos sulfatados

Até hoje ndo existe um tratamento eficaz para EETs (CASHMAN e CAUGHEY,
2004b). Agucares sulfatados foram as primeiras drogas contra EETs, na época ainda utilizadas
como antivirais, ¢ demonstraram prolongar o tempo de incubacdo da doenga e prevenir os
sintomas quando administrado profilaticamente em camundongos (KIMBERLIN e
WALKER, 1986; FARQUHAR e DICKINSON, 1986; DIRINGER e¢ EHLERS, 1991;
LADOGANA e cols., 1992). Infusdo intraventricular de pentosan polissulfato, um analogo da

heparina, aumentou a sobrevivéncia de pacientes com DCJ variante (TODD e cols., 2005;

HORONCHIK e cols., 2005).

Devido as diversas fungdes biologicas de HS e seu envolvimento com as doencgas de
prion, muitos HS miméticos (HMs) tem sido desenvolvidos e testados como drogas anti-
prion. HMs sdo moléculas baseadas em dextranas com éteres carboximetilados, ésteres de
sulfato, e grupamentos hidrofobicos, substituindo grupamentos hidroxil. Essas moléculas
demonstraram inibir o acamulo de PrP*° em culturas sem afetar o nivel de PrPS, efeito de
longa duragdo, e prolongamento da sobrevivéncia de hamsters infectados com scrapie, sem
induzirem efeitos citopaticos ou citostaticos (ADJOU e cols., 2003; SCHONBERGER ¢ cols.,
2003; LARRAMENDY-GOZALO e cols., 2007). HMs interagiriam com PrP diminuindo sua
ligacdo ao HS celular. Aumento no tamanho, graus de sulfatacdo intermediarios e introdugao

de hidrofobicidade modulam positivamente esse efeito (OUIDJA e cols., 2007).
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1.7.3 Papel funcional da interacio PrP¢:GAG

A capacidade de PrP em interagir com GAGs pode estar envolvida ndo s6 na
patogénese de prion, mas também na fun¢do normal da PrP e HS. PrP esta localizada
principalmente na superficie da célula (OESCH e cols., 1985), e este seria o provavel
ambiente onde interagiria com os proteoglicanos de superficie celular ¢ com a matriz
extracelular. Proteoglicanos de heparam sulfato (HSPG) presentes na membrana celular sao

principalmente sindecanas (Sdc) ou glipicanas (Gpc) (BISHOP e cols., 2007).

Embora PrP® seja uma proteina ancorada por GPI na membrana celular, sem possuir
nenhum dominio citoplasmatico, esta proteina parece estar envolvida no crescimento de
neuritos e sobrevivéncia neuronal através de vias de transdugdo de sinais, incluindo p59 (Fyn)
(membro da familia Src-relacionada), PI3 quinase/Akt, proteina quinase A dependente de
cAMP, e MAP quinase (CHEN e cols., 2003). N-sindecanas sao proteoglicanos
transmembranares da superficie celular que interagem com quinases Src mediando
crescimento de neurito (KINNUNEN e cols., 1998). Portanto, o efeito da PrP na indugdo de
crescimento de neuritos e sobrevivéncia neuronal pode estar associada a sua interagdo com

HSPG.

GAGs também auxiliam a interagdo da proteina do prion com outras moléculas, como
o receptor de laminina 37-kDa/67-kDa (LRP/LR) (HUNDT e cols., 2001; GAUCZYNSKI e
cols., 2006). Assim como o heparam sulfato, LRP/LR ¢ outro ligante ao prion que se acredita
ser um receptor de membrana celular para PrP¢ e PrP* (GAUCZYNSKI e cols., 2001;

LEUCHT e cols., 2003). Nao somente heparina atua como um cofator modulando o papel de
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PrP¢ em estimular a atividade de plasminogénio mediada por t-PA, talvez influenciando

proteodlise celular (PRAUS e cols., 2003).

O trafego de HSPG e de PrP estdo intimamente relacionados. Glipicanas sdo
proteoglicanos ancorados na membrana celular por GPI presentes em “rafts” lipidicos
(FRANSSON e cols., 2004). A reciclagem de Gpc-1 envolve a internalizagdo via caveola e
degradagdo em lisossomos. Este processo leva a remogao e degradagao enzimatica das cadeias
de HS (por heparanase) ou degradacdo nao enzimatica (por clivagem deaminativa catalizada
por 6xido nitrico, dependente de Cu (I) -/Zn (II)-). Estes processos geram produtos, tais como
oligossacarideos de anidromanose, que interagem com proteinas oxidadas e o proteosoma,
participando do processo de remogao de proteinas mal enoveladas (MANI e cols., 2007). A
reciclagem de Gpc-1 é também crucial para a captagdo de poliaminas, que sdo moléculas
importantes para o crescimento e sobrevivéncia celular (BELTING e cols., 1999). Gpc-1
possui residuos de cisteinas conservados no dominio central que sdo S-nitrosiladas em um
ciclo redox dependente de Cu (II)-Cu (I) durante endocitose (DING e cols., 2002). PrP€ é
conhecida como ligadora de cobre na regido octapeptidica de seu dominio N-terminal
(MILLHAUSER, 2007). PrP¢ ligada a Cu(Il) é capaz de transferir cobre e sustentar a
autodegradagdo de Gpe-1 catalisada por NO in vitro (MANI e cols., 2003). Gpc-1 e PrP sio
co-internalizadas, evento este induzido por ions Cu(Il). A expressdo de Gpc-1 ndo influencia a
endocitose de PrP®, no entanto PrP® controla a interiorizagio e auto-processamento de Gpe-1
(CHENG e cols., 2006). Polissacarideos sulfatados e ions Cu(Il) também estimulam

endocitose de PrP¢ (SHYNG e cols., 1995; PAULY e HARRIS, 1998).
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1.7.4 Sitios de ligacdo a Heparina/HS

GAGs sdao moléculas carregadas negativamente pela presenga de grupamento sulfato e
carboxilico. Por esta razdo, sua interagdo com proteinas sera principalmente idnica, com
grupos de aminoacidos basicos. Essa intera¢dao, embora parega aleatoria, possui especificidade
por determinadas sequéncias. CARDIN e WEINTRAUB (1989) foram os primeiros a
demonstrar a presenca de determinados padrdes em dominios ligadores de heparina em quatro
proteinas investigadas. Eles caracterizaram duas sequéncias consenso, XBBXBX ¢
XBBBXXBX, onde B ¢ um residuo basico e X outro aminoacido. SOBEL e cols. (1992)
também propuseram uma terceira sequéncia consenso XBBBXXBBBXXBBX. Esses motivos
ndo sdo sempre encontrados em regides de ligagdo, com isso, um padrdo espacial distinto ¢é
também importante em determinar a habilidade de interagir com heparina (MARGALIT e

cols., 1993; FROMM e cols., 1997).

Lisina e arginina sdo aminoacidos basicos que mostram a maior afinidade, arginina
ligando 2,5 vezes mais fortemente (FROMM e cols., 1995). De maneira diferente, residuos de
histidina se mostram importantes para interagdo de heparinas com algumas proteinas, com
forte dependéncia a pH e ligagdo com cations (PIXLEY e cols., 2003; HALLGREN e cols.,

2004; SEBOLLELA e cols., 2005; ABEDINI e cols., 2006).

A proteina do prion possui uma regido conservada em seu dominio N-terminal
chamada de regido octapeptidica, tendo a sequéncia consenso PHGGGWGQ (WOPFNER e
cols., 1999). Essa regido ¢ conhecida por ligar Cu(Il), e repeticdes extras dessa regido estao
associadas com a doenga de prion (GOLDFARB e cols., 1991; YU e cols., 2007). Embora

essa regido ndo possua um motivo ligador de heparina, alguns trabalhos a apontam como a
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regido de interagdao na proteina do prion. Essa interacdo seria mediada por ions divalentes por
cadeias laterais de histidinas (BRIMACOMBE e cols., 1999; GONZALEZ-IGLESIAS ¢ cols.,
2002). Além disso, acredita-se que a interagdo entre LRP/LR ¢ PrP ¢ dependente de uma
ponte formada por HSPG interagindo através da regido octapeptidica (HUNDT e cols., 2001).
Peptideos sintéticos compreendendo os aminodcidos 53-93 sdo capazes de interagir com

HS/Heparina conforme avaliado por analises com biosensores (WARNER e cols., 2002).

Além da regido octapeptidica, WARNER e cols. (2002) também identificaram mais
dois peptideos sintéticos capazes de interagir com Heparina/HS independentemente,
compreendendo as regides 23-52 e 110-128. A primeira regido contém um motivo Cardin-
Weintraub com quatro residuos basicos, KKRPK. PAN e cols. (2002) usando um peptideo
sintético 23-35 identificaram essa regido como a unica capaz de interagir com GAG, sobre
varias outras testadas incluindo aqueles da regido octapeptidica. Mais tarde, eles verificaram
que a delecao dos primeiros 12 aminoacidos na proteina do prion era suficiente para terminar
com a interagdo com GAGs, e que a presenga de repeticdes extras de peptideos deixavam a
regido N-terminal mais flexivel, interagindo mais fortemente com GAG. Uma por¢ao N-
terminal com maior mobilidade exporia a regido de interagdo a heparina, aumentando sua

interacdo com GAGs (YIN e cols., 2006; YIN e cols., 2007; YU ¢ cols., 2008).

Existe outro motivo Cardin-Weintraub presente na sequéncia N-terminal da proteina
do prion, compreendendo os aminoacidos 112-121, que estdo incluidos na terceira sequéncia
identificada por WARNER e cols. (2002). O fragmento 185-208 da proteina do prion também
foi capaz de interagir com heparina/HS, e essa interagdo induz a formacdo de agregados

amildides (KLAJNERT e cols., 2006; CORTIJO-ARELLANO e cols., 2008).
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Nao s6 a sequéncia de aminoacidos ¢ importante para a interacdo, mas também
dominios especificos sacaridicos na cadeia polissacaridica. Residuos de acido idurdnico de
Heparina/HS podem ser 2-O-sulfatados ou ndo substituidos (livre), e a glucosamina pode ser
6-O-sulfatada, N-acetilada, livre ou N-sulfatada. Os grupamentos GIcN N-livre e 3-O-sulfato
(uma modificagdo nao usual encontrada em GIcN) estdo envolvidos com ligacao especifica de
HS com a proteina gD do virus herpes (SHUKLA e cols., 1999). GIcN N-sulfatada, IdoA,
grupamentos 6-O-sulfato e 3-O-sulfato s3o importantes para ligagdo com antitrombina
(CASU e LINDAHL, 2001). Tamanho e grau de sulfatagdo de HMs foram importantes para a
eficacia em inibir endocitose da proteina do prion (OUIDJA e cols., 2007). No entanto, a
propriedade do esqueleto sacaridico, ndo s6 a densidade de cargas, ¢ importante para
interagdo. Condroitim sulfato e kappa-carragenana possuem densidade de cargas similar,
porém nao apresentam o mesmo efeito (CAUGHEY e RAYMOND, 1993). Utilizando
experimentos de competigdo, WARNER e cols. (2002) mostraram que removendo o
grupamento 2-O-sulfatado reduz-se a capacidade de competir pela interagio com PrP‘-
heparina. A remog¢do do grupamento 6-O-sulfato teve menores efeitos. Portanto, heparinas 2-

O-sulfatadas tém importante papel para o reconhecimento.

Glicosaminoglicanos, principalmentente Heparan sulfato, sdo moléculas que
compartilham o mesmo ambiente celular que a proteina do prion, sendo entdo grandes
candidatos a parceiros em eventos fisiologicos e também patologicos na célula. Existe ainda
na literatura grande controvérsia com relagdo ao papel desses polissacarideos no
desenvolvimento das doencas de prions. Nao existe ainda uma profunda caracterizagdo
estrutural sobre essa interacdo, e sdo ainda contraditorios os dados sobre as regides de
interacao na proteina. Sendo assim, sdo de grande importancia os estudos sobre como se da a

interagdo entre essas moléculas e seus efeitos.
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O principal objetivo deste trabalho ¢ caracterizar as mudancas estruturais na proteina
do prion induzidas pela interagdo com heparina, investigando sua participagdo no processo de
conversao estrutural da forma celular para a forma scrapie. Também estdo entre os objetivos
identificar os sitios de ligacdo na PrP e na heparina importantes para que ocorra interacao,
além de investigar o possivel efeito dessa interacdo para a estabilidade da proteina. Para a
obtenc¢do dos resultados utilizamos diversas técnicas de ponta em biologia estrutural. Assim,

nossos objetivos especificos para este estudo foram:

23-231

ﬁ'“‘ Avaliar a interacdo entre Hep e rPrP

em dois pHs diferentes (dcido e neutro),
referentes aos encontrados em compartimentos celulares que sdo possiveis locais de

conversao da proteina.

Investigar a influéncia da interagdo com Hep na estrutura da proteina, identificando as
possiveis mudangas estruturais, através de diversas técnicas espectroscopicas como
fluorescéncia, dicroismo circular, espalhamento de raios-x a baixos angulos, ressonancia

magnética nuclear, entre outras.

oo

7 Identificar as regides da proteina e de Hep importantes para a interagdo entre as duas

moléculas.

By Avaliar os efeitos da interagdo com Hep na estabilidade da proteina.

Aoy . . ~ ~ .
“"7 Investigar os efeitos de Hep na agregag@o e conversdo da proteina.
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3.1 MATERIAL

Todos os reagentes utilizados foram de grau analitico. As heparinas utilizadas, A6039
(NADOS), A8036 (NA) e H3400 (Hep), a sonda tioflavina T, o reagente dietil pirocarbonato
e 0 DMEM (Dulbecco’s Modified Eagle’s Medium - high glucose) para cultura das células de
neuroblastoma, com e sem vermelho de fenol, foram adquiridos de Sigma-Aldrich St. Louis,
MO, EUA). Acharan sulfato foi purificado de acordo com VIEIRA e cols. (2004). O soro fetal
bovino foi comprado da Cultilab (Campinas, SP, Brasil). A Acrilamida foi obtida de
Amersham Bioscience. Todos os experimentos foram realizados com PrP recombinante,
obtida por expressdo heterdloga em Eschericha coli, purificada em nosso laboratério com

pureza > 95%.

3.2 METODOS

. . . 23-231 A32-121 A51-90
3.2.1 Expressao, purificacio e estoque de rPrP , dos mutantes PrP e PrP

23-231 A32-121
A proteina recombinante de Prion de camundongo rPrP e os mutantes PrP e

A51-90
PrP foram expressos em E. coli e purificados de acordo com o protocolo proposto por

ZAHN e cols. (1997). Todas as PrPs expressas continham seis residuos de histidina
fusionados para facilitar sua purificagdo. Apds a expressdo protéica, as células foram
homogeneizadas em cloridrato de guanidina (Gdn-HCl) 6 M. A fragdo protéica soluvel obtida
apds sonicagdo e centrifugacdo foi adicionada a uma coluna contendo resina de niquel-

agarose imobilizando a PrP fusionada a histidina. Realizou-se o re-enovelamento oxidativo da
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r-PrP ligada a resina, retirando-se lentamente a Gdn-HCI da coluna. A proteina foi eluida com
imidazol ¢ a cauda de histidina clivada com a-trombina humana, gentilmente cedida pelo
Professor Robson Queiroz Monteiro, do Instituto de Bioquimica Médica da Universidade
Federal do Rio de Janeiro. A protease foi removida da proteina aplicando-se a solugdo em
uma resina de troca idnica Carboxi-Metil celulose (Sigma-Aldrich, St. Louis, MO, EUA) ¢ a
proteina eluida com gradiente de cloreto de sodio (NaCl) de 0 a 500 mM. A cauda de histidina

foi removida por dialise contra dgua. A pureza das proteinas foi determinada por eletroforese

em gel de poliacrilamida e suas concentragdes foram aferidas através do €** a 280 nm

23-231

-1 -1 -1 -1 -1 -1
calculado em 63.495 M cm para a rPrP ,33.015M cm e 41495 M cm para os

A32-121 A51-90
mutantes PrP e PrP , respectivamente. As proteinas, depois de devidamente

purificadas e clivadas, foram estocadas em &agua estéril e congeladas a -200 C. Para sua
utilizagdo nos experimentos, os estoques foram descongelados e aliquotas foram diluidas nos
tampdes utilizados nos experimentos para obter-se as concentragdes finais desejadas.

**0Os coeficientes de extingdo molar (¢) foram calculados através do programa ProtParam
(www.expasy.ch/tools/protparam.html), a partir da seqiiéncia primaria dos polipeptidios

estudados.

3.2.2 Sintese e Estoque do Peptideo ShaPrP (109-149)

O peptideo foi sintetizado quimicamente em fase soélida e purificado pelos professores
Maria Aparecida Juliano e Luiz Juliano Neto do Departamento de Biofisica da UNIFESP
(Universidade Federal de Sao Paulo). Seu peso molecular foi determinado por espectrometria
de massa e sua pureza acessada por cromatografia liquida de alta performance de fase reversa

(RP-HPLC).
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O peptideo ShaPrP (109-149) foi estocado em solugdo tampao (MES 50 mM pH 5,0),
contendo 1% de SDS e 6 M de Uréia. Esta solugdo permite que o peptideo permanega
desenovelado e nao agregue, podendo ser estocado durante algum tempo. A concentracao do

peptideo em solucdo foi determinada pelo coeficiente de extingdo molar** (¢) a 280 nm de

-1 -1
8250M cm .

3.2.3 Medidas espectroscopicas

Espalhamento de luz:

As medidas de espalhamento de 1luz (LS) foram realizadas em
espectrofluorimetro ISS PC-1 (ISS, Champaign, IL, EUA). O espalhamento de luz das
amostras foi monitorado a 90° em relacdo a incidéncia da luz de excitacdo, e os valores de LS
estdo diretamente relacionados ao tamanho médio das particulas em solu¢ao (SZABO, 2000).
Sendo assim, uma vez ocorrendo agrega¢do, observa-se um aumento no espalhamento de luz.
As amostras foram iluminadas a 320 nm e coletou-se o valor de espalhamento de luz de 300 a
340 nm. A 4rea correspondente aos valores de intensidade obtidos neste intervalo foi

determinada e comparada ao valor de espalhamento de luz inicial (ELO). A razdo EL/ELO foi

utilizada para se avaliar a extensdo da agregagao das amostras.

As cinéticas de agregacdo foram realizadas em funcdo do tempo. Nelas, o
comprimento de onda para excitagdo e emissdo ¢ o mesmo: 320 nm, o que nos permite

monitorar apenas o espalhamento da luz que ilumina as amostras. Neste experimento, a
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solucdo com proteina foi pré-equilibrada antes da adi¢ao de heparina, e a luz de espalhamento

foi iluminada e coletada em 320 nm e monitorada em fun¢ao do tempo.

Também foram realizados experimentos variando a temperatura de 20°C - 84°C
através de banho termostatizado conectado ao compartimento onde a amostra se localiza.
Enquanto a temperatura da amostra aumentava os dados de espalhamento de luz a 320 nm
eram coletados. Os valores de espalhamento ap6s o retorno da temperatura para 20 °C foram

coletados ao final do experimento.

Fluorescéncia:

A fluorescéncia intrinseca das proteinas resulta da emissao de residuos aromaticos de
triptofano, tirosina e fenilalanina. Esses residuos, quando excitados em um determinado
comprimento de onda, absorvem energia e emitem fluorescéncia, que (assim como o
espalhamento) ¢ medida a um angulo de 90°. A emissao dos triptofanos ¢ a que mais contribui
para o espectro de emissdo da proteina. Além disto, o grupamento indol dos residuos de
triptofano ¢ bastante sensivel as mudangas de polaridade do meio em que se encontra. Assim,
o maximo de emissdo de fluorescéncia deste residuo depende diretamente da polaridade do
ambiente em que o mesmo se encontra, podendo variar de 320 nm a 355 nm (LAKOWICZ,
1999). Quando o residuo de triptofano se encontra em um meio mais hidrofébico, como o
interior das proteinas, 0 maximo de emissdo fica em torno de 320 nm. Entretanto, quando o
triptofano se torna mais exposto ou em ambiente mais polar, ou seja, em maior contato com o
solvente, o0 maximo de emissdo se desloca para valores proximos a 355 nm (LAKOWICZ,

1999).
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Os espectros de fluorescéncia foram obtidos em um espectrofluorimetro modelo ISS
PC-1 (ISS Inc., Champaign, IL). Os espectros de emissdo de triptofano foram obtidos
excitando-se a amostra em 280 nm e coletando a emissdao na faixa de 300-420 nm. Os
espectros foram analisados e comparados pela quantificagdo do centro de massa (v), que € o
ponto que divide o espectro em duas areas iguais. O centro de massa (v), quando expresso em
numero de ondas, ¢ diretamente proporcional a energia de emissao, sendo calculado de acordo

com a seguinte equacao:

<v>=Xv..F/ZF (eq. 2),
p

onde F; ¢é a fluorescéncia emitida em um nimero de onda v;, sendo o somatorio realizado a
partir de valores apreciaveis de F.

O grau de dissociagdo (o) € relacionado ao centro de massa (V) a partir da expressao:

o= (<vp> - <V, >)/(<vi> - <Vf>) (eq. 3),

onde <v >¢ vz sd0 os valores iniciais e finais de centro de massa espectral.
1

A area correspondente aos valores de intensidade obtidos no intervalo de 300-420 nm

foi determinada e comparada ao valor inicial (ILO). A razdo I/I0 foi utilizada para se avaliar as

mudancgas no rendimento quantico. Todos os experimentos foram realizados no minimo trés

vezes, com lotes diferentes de proteinas.
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Cinética rapida:

e e . ~ 23-231
A fim de acessar os passos iniciais da interagio entre rPrP>>

e Hep foram realizados
experimentos de cinética rapida utilizando-se um espectrofluorimetro do tipo stopped-flow
(Figura 15) que permite acompanhar mudangas na fluorescéncia e espalhamento das amostras

induzidas pela interagdo entre as duas moléculas em tempos muito reduzidos (MANCHENO e

cols., 1994).

Noés usamos o modelo SX17MV da Applied Photophysics (London, UK). O
monocromador era ajustado a 295 nm para as leituras de fluorescéncia de triptofano e a 360
nm para as leituras de espalhamento com fendas de 5 nm na entrada e 5 nm na saida. A
emissdo era captada colocando-se um filtro com cut-off de 320 nm. As amostras eram
colocadas nas seringas apropriadas e o sinal analisado usando software do fabricante. Todas

as reacOes foram feitas a temperatura ambiente.

Fluorescéncia

Filtro -

:
R R Wpan— — YT e

Caminho -
Gptico

Mistura

Seringa
de descarte

n

Pulso de Nitrogénio

S——

Figura 15 - Esquema simpliticado do espectrotluorimetro de stopped-flow. O pulso de
nitrogénio empurra 50 pl de cada seringa na cdmara de mistura.
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As concentracoes de Prp?2!

e Hep nas seringas eram 2x a concentracao final, uma
vez que 50 pl de cada seringa sdo misturados para obter-se 100 pl na camara de mistura,
reduzindo a concentragido do conteido de cada seringa a metade. O sinal era coletado a 90° da
luz incidente e repetido cinco vezes para cada condi¢do. Os pontos nos graficos sdo as médias

de trés experimentos com preparagdes diferentes de proteina. O tempo morto no aparelho foi

de cerca de 2 milissegundos.

Polarizacao e anisotropia de fluorescéncia

As medidas de polarizagdo de fluorescéncia foram realizadas no espectrofluorimetro
ISS-PC1 (ISS, Champaign, IL, EUA). E possivel se obter informacdes sobre a forma, o
tamanho e a mobilidade de macromoléculas excitando-se um sistema fluorescente com luz
plano-polarizada e detectando-se componentes linearmente polarizados da emissdo
(CANTOR e SCHIMMEL, 1980). Estas medidas se baseiam no principio da excita¢do foto
seletiva de fluoréforos pela luz polarizada (LAKOWICZ, 1999). Um fluor6foro ird absorver
preferencialmente fotons que apresentam vetores elétricos alinhados paralelamente ao seu
momento de transicdo. Em uma solucdo isotropica, os fluoréforos estdo orientados
randomicamente, mas, durante excitacdo com luz polarizada, podemos excitar seletivamente
aquelas moléculas fluorescentes que apresentam dipolos de transicdo de absor¢do orientados
paralelamente ao vetor elétrico da excitacdo. Esta excitagdo seletiva resultard em uma
populagdo de fluordforos parcialmente orientada e em uma emissdo de fluorescéncia
parcialmente polarizada. A emissdo também ir4 ocorrer com a luz polarizada ao longo de um
eixo fixo no fluoréforo. O angulo relativo entre esses momentos determina a anisotropia
maxima medida. No decorrer desta tese, utilizamos tanto medidas de anisotropia (r), quanto

de polarizagao (P) de fluorescéncia que sdo definidas por:
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r=IV—Ih/IV+ZIhePZIV—Ih/IVJth (eq. 4),

onde I e Ih sao as intensidades de fluorescéncia da emissdo polarizada verticalmente ( ) e
\

v

horizontalmente (h), quando a amostra ¢ excitada com luz verticalmente polarizada. Sendo

assim, a técnica de anisotropia de fluorescéncia tem sido amplamente utilizada para se medir

associagdes proteina:proteina ou proteina:ligante (LAKOWICZ, 1999).

Para os experimentos de polarizacdo utilizou-se a fluorescéncia intrinseca da proteina

23231 AS1-90 ) ) ) ) A32-121 o
rPrP e rPrP (ndo foi possivel realizar a mesma medida com rPrP devido a

diminui¢dao do niimero de aminoacidos aromaticos pela dele¢do), sendo excitada em 280 nm e
emissao observada através dos filtros W7-54 ¢ WG 335, ou Hep marcada com isotiocianato de
fluoresceina — FITC. Hep foi marcada com FITC segundo LIBERDA e cols. (1997). A partir
desse protocolo, uma solugdo aquosa contendo Hep foi misturada a etileno diamino em uma
propor¢ao de 2,5:1 (mg Hep:uL ED). Em seguida, N-etil-N’-(3-dimetil-aminopropil)
carbodiimida foi adicionada na propor¢ao 1,25:1 (mg Hep:mg carbodiimida). A mistura foi
agitada por duas horas em temperatura ambiente e depois aplicada em coluna G25 e
liofilizada. A amostra de polissacarideo foi em seguida dissolvida em tampao carbonato 0,1
M, pH 9,2 e misturada a 200 pL de uma solu¢do de FITC (20 mg FITC em 1 mL de
dimetilformamida e 8 mL de etileno glicol). A reagdo de mistura foi agitada no escuro, a 4°
durante 1 hora. Em seguida foram adicionados 200 pL da solu¢do de FITC por mais trés
vezes. O excesso de fluoresceina foi retirado depois precipitando o polissacarideo com etanol
P.A. (3 volumes de ETOH:1 de solugdo). Nos ensaios com FITC, na emissao utilizou-se o

filtro 3.69, especifico para a fluoresceina, e excitou-se a amostra a 485 nm.
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Atenuacao (“quenching”) da fluorescéncia:

A molécula de acrilamida é comumente utilizada como um atenuador da fluorescéncia
de proteinas (Figura 16). Neste caso, a acrilamida ao colidir com o fluoréforo (triptofano) no
estado excitado faz com que este retorne ao estado fundamental sem emitir foton. Isto nos da
idéia sobre a acessibilidade do atenuador ao fluordéforo, fornecendo em conseqiiéncia

informagdo sobre o enovelamento da proteina LAKOWICZ, 1999.

O

CH,———CH

O

NH,

Figura 16 — Estrutura quimica da acrilamida. Extraido de BESARATINIA e PFEIFER

(2005).

Os experimentos de supressdo com acrilamida foram realizados com amostras de
23-231 23-231 )
rPrP (2 uM), rPrP + Hep (2 uM, 1:1) no tempo O (amostra preparada no momento

anterior 2 medida, t=0), e rPrP>%'

+ Hep (2 uM, 1:1) no tempo “over-night” (amostra
preparada no dia anterior a medida, t=o/n) em diversas concentragdes. A acrilamida foi
adicionada seqiliencialmente para a concentragdo final de 80 mM. Os espectros de emissdo de
triptofano foram obtidos excitando-se a amostra em 295 nm e coletando a emissdo na faixa de
315-420 nm. As intensidades de fluorescéncia foram subtraidas dos respectivos tampdes, e a
supressao de fluorescéncia calculada usando a relagdo (Fo/F), onde Fy e F sdo as medidas das

intensidades na auséncia e na presenga de acrilamida, respectivamente. As constantes de

supressao de Stern-Volmer (Ky,) foram obtidas através da equagao:
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Fo/F = 1+K, [Q] (eq. 5),
K,v, calculada como a inclinagdo do plot de Stern-Volmer, € a constante de supressao
de Stern-Volmer e dai a medida de acessibilidade aos triptofanos pela acrilamida. [Q] ¢ a

concentragdo do supressor.

Os dados de supressao geralmente sdao apresentados como graficos de Fy/F versus [Q].
Isto é porque Fy/F ¢é esperado ser linearmente dependente da concentragdo do agente
supressor. Um grafico de Fy/F versus [Q] produz um intercepto de 1 sobre o eixo y € uma
inclinacdo igual a Ksy. Um grafico de Stern-Volmer linear geralmente ¢ indicativo de uma

classe simples de fluor6foros, todos igualmente acessiveis ao supressor (LAKOWICZ, 1999).

Nesta analise, uma maior exposi¢do do fluoréforo ao solvente resulta em uma menor
intensidade de fluorescéncia, em decorréncia das colisdes das moléculas de acrilamida com o

anel aromatico.

Dicroismo circular:

As medidas de Dicroismo Circular (CD) sdo utilizadas para se estudar o
conteudo de estrutura secundaria de polipeptidios e proteinas (KELLY e cols., 2005). A
espectroscopia de CD mede a diferenca na absor¢do de luz circularmente polarizada para a
esquerda e para a direita de uma substancia. Espectros de CD na faixa do ultravioleta distante
(de 260 a 180 nm) podem caracterizar os diferentes tipos de estruturas secundarias. Valores
negativos maximos de elipticidade em 222 e 208 nm indicam a presenca de uma estrutura
predominantemente em a-hélice, e valores de elipticidade negativos entre 215 e 225 nm

sugerem a presenca de estrutura em folha- (JOHNSON, Jr., 1988).
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As medidas de CD foram realizadas em um espectropolarimetro Jasco J-715 (Jasco
Corporation, Toquio, Japao), utilizando-se uma cubeta circular de 0,01 ou 0,02 cm de
caminho dptico a 25°C. Os espectros finais sdo resultantes de 4 acumulagdes para cada
medida abrangendo comprimentos de onde de 190-260 nm, e subtraidos dos espectros dos
respectivos tampdes ¢ da heparina. Os resultados sdo expressos como valores de epipticidade

bruta (em miligraus).

Para os ensaios de desnaturacao térmica foi utilizada cubeta reta de 2 mm de caminho
otico ¢ o valor da elipticidade foi monitorada a 222 nm em funcdo da temperatura. As
amostras foram aquecidas a 2°C por minuto de 20 °C a 85 °C. Os valores de elipticidade

também foram subtraidos dos valores do tampao.

Ressonincia magnética nuclear:

Para os ensaios de RMN, utilizamos 300 uM de proteina recombinante do prion
uniformemente marcada com °N em 200 mM tampio acetato de soédio 20 mM (pH 7.4) ou
acetato de sodio 20 mM (pH 5,5), 100 mM NacCl, em 10% D,0O/ 90% H,O, na presenca (1:1
razdo molar) ou auséncia de Hep. Todos os espectros de ressonancia magnética nuclear foram
adquiridos a 298K em um espectrometro Bruker Avance 800 MHz (Bruker, Alemanha). Os
espectros foram processados utilizando TOPSPIN 2.1 (Bruker) e analisados com CARA 1.8.
Os espectros de HSQC, 1H-15N foram adquiridos com 64 acumulagdes e com 2048 e 200
pontos em F1 e F2, respectivamente. O assinalamento foi realizado com base nos dados do
arquivo star BMR4402 star file (ZAHN e cols., 2000). Os parametros de aquisi¢do e

23-231 1.
processamento usados para a rPrP livre e com Hep foram os mesmos.
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Espalhamento de raios-X a baixos angulos (SAXS) e analise dos dados:

As medidas de SAXS foram empregadas para determinarmos padrdes estruturais do
complexo rPrP:Hep. Esta abordagem estrutural se baseia na medida da densidade eletronica
de uma particula em solu¢do e fornece informagdo direta sobre o tamanho, forma e
comportamento oligomérico de biomoléculas. Nos medimos através de SAXS os parametros
gerais da particula tanto para a rPrP livre quanto para a proteina ligada a Hep. Utilizamos
nesses experimentos a rPrP de camundongo com delecdo na regido amino-terminal que

engloba os residuos 51 a 90 (tPrP*').

Os dados de SAXS foram coletados na linha de luz 2 no Laboratério Nacional de Luz
Sincrotron, Campinas, Sao Paulo (KELLERMANN e cols., 1997), utilizando um detector uni-
dimensional sensivel a posi¢do (position-sensitive detector), com capilar de quartzo e
comprimento de onda de 0,1488 nm (1,488 A), a 22 °C. Os experimentos foram realizados em
tampao Tris HCI 10 mM, NaCl 100 mM, pH 7,5 ou Acetato de sddio 5 mM, NaCl 100 mM,

pH 5,5 com ligantes a 150 uM.

A aquisi¢do dos dados foi realizada coletando-se varias tomadas de 600-s de cada
amostra, o que permitiu controlar qualquer dano causado pela radiacdao. O modulo do vetor de
espalhamento ¢ foi calculado de acordo com (¢ = (47/A) sin260), onde A € o comprimento de
onda utilizado e 20 ¢ o angulo de espalhamento. A monodispersidade das amostras foi
confirmada através do grafico de Guinier dos resultados (GUINIER e FOURNET, 1955) ¢ o
calculo do peso molecular dos complexos foi efetuado utilizando a lizosima de clara de ovo
de galinha como padrao. As correg¢des usuais para a homogeneidade do detector, intensidade

do feixe de luz incidente, absor¢ao da amostra e subtracdo do branco foram incluidas na rotina
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de analise e tratamento dos dados. O ajuste dos dados foi realizado utilizando o programa

computacional GNOM (SVERGUN e STUHRMANN, 1991).

3.2.4 Agregacao do peptideo Peptideo ShaPrP (109-149)

Aliquota do estoque de peptideo ShaPrP (109-149) foi diluida em tampao Tris 10 mM,
NaCl 100 mM, pH 7,4 ou acetato de soédio 10 mM, NaCl 100 mM, ph 5,5 na concentracao de
1 uM, e sua cinética de agregacdo monitorada. ApoOs atingir o maximo de agregacao,
concentracdes crescentes de rPrP? %! (estoque 20 uM), PrP>! + Hep (1:1, 20 uM, t=0) ou

rPrP> ! + Hep (1:1, 20 pM, t=o0/n) foram adicionadas, e o espalhamento de luz monitorado.

3.2.5 Agregaciao mediada por RNA na presenca de Hep

Amostras de rPrP>?! foram diluidas para a concentragio de 1 M em tampao Tris 10
mM, NaCl 100 mM, pH 7,4 na auséncia ou na presenca de Hep. Apds t=o/n, aliquotas de
RNAs sintéticos (SAF) e de extratos celulares (N2a e HEPG2) foram adicionados as amostras

na concentracdo final de 1 uM, e o espalhamento de luz monitorado.

3.2.6 Conversao de PrP em fibras amildides

23-231 . ) )
em fibras amildides foi desenvolvido

O ensaio de conversdo in vitro de rPrP
segundo BASKAKOV e BOCHAROVA (2005) com algumas modificagdes. Amostras de
rPrP> ! foram diluidas para a concentragdo de 22 uM em tampéo acetato de sédio 20 mM,

NaCl 150 mM, 6 M de uréia ¢ incubadas a 37°C com agitacdo continua, na auséncia ou

presenga de Hep, durante 48 horas. Apos o tempo de incubagdo as amostras foram avaliadas
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com relacdo a ligacdo de tioflavina T. A sonda tioflavina T ¢ bastante utilizada para a
identificagdo de fibras amil6ides, que sdo compostas por uma estrutura rica em folhas-f. Esta
sonda possui grande afinidade por este tipo especifico de estrutura, e quando esta ligada a ela,
nota-se um consideravel incremento em seu espectro de emissdo de fluorescéncia em 482 nm
(NAIKI e cols., 1989). As amostras contendo esta sonda foram excitadas a 433 nm e a

emissdo de fluorescéncia foi coletada de 450 a 550 nm.

3.2.7 Modifica¢iio de rPrP>*! por dietilpirocarbonato (DEPC)

DEPC modifica quimicamente os residuos de histidina pela carboetoxilacdo do anel

imidazolico (Figura 17).

J— (C,H,0C0),0 / —\
‘ >

N NH N N -C - OC,H;
\\/ Diethylpyrocarbonate W [
0]
Histidine Mono-carbethoxyhistidine
(+72.06 Da)

Figura 17 - Modificacdo do anel imidazdlico de histidina por DEPC.

23-231

3

Primeiramente foi realizada uma curva de saturacdo de DEPC com 2 uM de rPrP
em tampao acetato de soédio 10 mM, NaCl 100 mM, pH 5,5, monitorando-se a formagao do

produto da reacdo de modificagdo pelo DEPC pela sua absorbancia a 240 nm (Figura 18).
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Figura 18 - Curva de saturag¢io de DEPC.

A concentra¢do de DEPC escolhida para o experimento seguinte foi de 10 mM para 2
uM de rPrP>**!. DEPC foi diluido em 4gua no momento do experimento e adicionado a

23-231 x - - -
na concentracao escolhida, durante 30 minutos em temperatura ambiente

amostra de rPrP
(HESP e cols., 2007). Em seguida concentracdes crescentes de Hep foram adicionadas as
amostras tratadas e ndo tratadas com DEPC e o espalhamento de luz medido. As amostras
foram iluminadas a 320 nm e coletou-se o valor de espalhamento de luz de 300 a 340 nm. A

area correspondente aos valores de intensidade obtidos neste intervalo foi determinada e

comparada ao valor de espalhamento de luz inicial (ELo)' A razdo EL/ELO foi utilizada para se

avaliar a extensao da agregacao das amostras.

3.2.8 Redu¢ao de MTT — avaliacao do potencial redox celular

Sais de tetrazolium pertencem a um grande grupo de compostos organicos
heterociclicos que apresentam alta coloracdo e formam cristais de formazan insoltveis apods
redu¢do. A reducdo do sal de tetrazolium MTT (3[4,5-dimethylthiazol-2-y1]-2,5-

diphenyltetrazolium bromide), ilustrada na Figura 19 ¢ um dos métodos mais utilizados para
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medir a proliferagdo celular e citotoxidade neural. O MTT ¢ reduzido pela atividade
mitocondrial em células vivas. O MTT reduzido pelas células é confinado em vesiculas

intracelulares na forma de cristais de formazan (LIU e cols., 1997).

N- N’Q Redugio O_{N_H
I —_—
D N.—:NL‘_S N=N 5
ot O e
CH
MTT CH, Formazan .

Figura 19— Esquema de reducido do MTT. Adaptado de: www.dojindo.com

. C g eqe o 23231
Para o ensaio de viabilidade celular utilizamos a rPrP**%

, sozinha ou na presenca de
Hep. As amostras foram preparadas em tampao Tris 5 mM, NaCl 10 mM, pH 7,4 ou Acetato
de sédio 5 mM, NaCl 10 mM, pH 5,5, e o tampao foi previamente filtrado. As amostras foram
preparadas imediatamente antes da aplicagdo nas células (t=0) ou 24 horas apods a preparagao

(t=o/n). A concentragdo final de proteina de todas as amostras em cada pogo foi de 3 uM.

Todas as amostras foram preparadas em fluxo laminar.

A linhagem de células utilizadas foi o neuroblastoma (N2a), mantida em DMEM
com 10% de soro fetal e 2% de antibiotico (penicilina e estreptomicina) em uma atmosfera de

5% de COz' Apds 3 dias de cultura (mais de 80% de confluéncia), as células foram

plaqueadas em placas de 96 pogos, com aproximadamente 5.000 células por pogo, e mantidas

a 37° C em uma atmosfera de 5% de COZ. Depois de 24h de cultura na placa de 96 pogos, as

células foram lavadas com PBS (estéril) e aplicou-se 75 pL de meio DMEM, sem vermelho

de fenol, para ndo interferir na leitura, com 5% de soro fetal e 2% de antibiotico e 35 pL de
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amostra de proteina alcangando-se um volume final de 100 uLL por pogo. Apds a aplicagao das

amostras, a placa foi incubada a 37° C em uma atmosfera de 5% de CO2 por 3 dias.

Passado esse tempo, adicionou-se 25 pL. de MTT a 5 mg/mL em cada pogo e

incubou-se a placa por 4 horas a 37° C em uma atmosfera de 5% de CO2 para que as células

metabolizassem o MTT. Aplicou-se entdo 25ul. de tampao de lise (20% de SDS,
dimetilformamida 1:1, 2% de acido acético, 2,5% de HCl 1 M) a cada pogo e apos 3 h o
formazan produzido, foi quantificado por DO a 540 nm em um leitor de ELISA. Todas as

amostras foram feitas em triplicata.

A reducdo do MTT mede a atividade metabolica das células. Para simplificar nds
expressamos os resultados como porcentagem de sobrevivéncia celular relativa aquela vista
no controle, a expressao que utilizamos para calcular a porcentagem de sobrevivéncia foi a

seguinte:

100X (DO amostra- DO branco) / (DO controle- DO branco) (eq. 6),

onde a DO do branco foi calculada medindo-se a DO de um pogo que continha somente

DMEM sem células e a DO controle foi obtida medindo-se a DO de um po¢o com DMEM e

neuro- 2A, na auséncia das amostras de proteina.
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4.1 INTERACAO rPrP**': HEPARINA

Glicosaminoglicanos, principalmente heparan sulfato, tém sido apontados como
receptores celulares para Prp5¢ (BEN ZAKEN e cols., 2003; HORONCHIK e cols., 2005), e a
interagdo direta entre PrP e glicanos sulfatados tem sido documentada (WONG e cols., 2001;
GONZALEZ-IGLESIAS e cols., 2002; ANDRIEVSKAIA e cols., 2007; YIN ¢ cols., 2007).
Heparina, um analogo de HS, foi capaz de interagir com a proteina do prion bovina em pHs
acidos (GONZALEZ-IGLESIAS e cols., 2002; ANDRIEVSKAIA ¢ cols., 2007). A fim de
investigar a ligagdo de Hep (MW ~ 3000 Da) a proteina do prion murina, realizamos
experimentos de anisotropia de fluorescéncia intrinseca da rPrP*>' (3 uM) adicionando

concentragdes crescentes de Hep em dois pHs diferentes, pH 7,4 e pH 5,5 (Figura 20).

. . ~ 23-
O aumento dos valores de anisotropia confirma a formag¢do do complexo rPrP

231 - . L .

:Hep, tanto em pH 4cido, como ja havia sido mostrado com constru¢des de PrP de outros

organismos, como também em pH neutro. Podemos observar que a saturacdo da curva foi

mais tardia em pH 5,5 do que em pH 7.4; o plateau foi atingido na razdo molar aproximada

1:1 (Hep:PrP) em pH 7,4 e 2:1 (Hep:PrP) em pH 5,5.
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Figura 20 — Interacio entre a proteina do prion murina com heparina em dois pHs
diferentes. Adicdo de concentragdes crescentes de Hep a 3 uM de rPrP> 2!, A ligagdo foi
monitorada pela anisotropia de fluorescéncia da proteina a 280 nm. Os experimentos foram
realizados em tampdo Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de sddio 10 mM, NaCl
100 mM, pH 5,5.
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O mesmo experimento de anisotropia foi realizado com diferentes concentragdes de

23-231

rPrP***!, demonstrando que a interagdo entre rPrP :Hep ¢ dependente da concentracao de

proteina (Figura 21).
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Figura 21 — Anisotropia de fluorescéncia com diferentes concentragdes de rPrp>>¥,
Adicio de concentragdes crescentes de Hep a 1 uM, 2 uM e 3 uM de rPrP>**!. A ligagdo foi
monitorada pela anisotropia de fluorescéncia da proteina a 280nm. Os experimentos foram
realizados em tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e Acetato de s6dio 10 mM, NaCl
100 mM, pH 5,5.
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4.2 EFEITO DE HEP NA ESTRUTURA DE rPrp*!

Apbs confirmar a interagdo entre PrP:Hep através das medidas de anisotropia,
partimos para investigar as mudangas de estrutura terciaria e secunddria da proteina
provocadas por essa interacdo. O espectro de emissdo de fluorescéncia de proteinas que
apresentam residuos aromaticos em suas sequéncias pode fornecer informagdes valiosas
acerca das propriedades estruturais locais (LAKOWICZ, 1999). Os residuos de triptofano na
rPrP?**! estio localizados na regiio N-terminal, que ¢ bastante flexivel. Estes residuos estdo
normalmente expostos ao solvente e o espectro de emissdo de fluorescéncia nesta condi¢ao
encontra-se desviado para comprimentos de onda maiores € menos energéticos. Medidas de
fluorescéncia intrinseca do triptofano foram realizadas a fim de investigar se a formagao do
complexo era capaz de alterar o ambiente quimico desse fluoréforo (Figura 22), dando-nos

informagdes sobre alteragdes na estrutura terciaria da proteina.

Os resultados mostraram que houve um pequeno aumento na emissao de fluorescéncia
de PrP com o aumento da concentragdo de Hep (Figura 22A), ¢ ndo houve desvio
significativo no espectro de emissdo (Figura 22B). O mesmo resultado foi encontrado nos
dois pHs avaliados (ndo mostrado). Este dado sugere que a interacdo com Hep causou um
aumento no rendimento quantico dos residuos de triptofano, contudo essa alteracdo nio foi
suficiente para provocar uma grande alteracdo de polaridade no ambiente quimico desses

aminoacidos.
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Figura 22 — Efeito de Hep na emissiao de fluorescéncia do triptofano. (A) Intensidade de
fluorescéncia relativa dos triptofanos de rPrP>! a 1 pM com concentragdes crescentes de

Hep. (B) Espectro de fluorescéncia de triptofano normalizado na auséncia () e na presenca

de Hep (--). As amostras foram excitadas a 280 nm ¢ a emissao coletada de 300 nm a 420 nm.
Os experimentos foram realizados em tampao Tris 10 mM, NaCl 100 mM, pH 7.,4.
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A pergunta se heparina induziria mudancas estruturais na proteina do prion, levando a
uma conformacao “scrapie” ou um intermedidrio do processo de conversdo, foi investigada
avaliando-se os espectros de dicroismo circular (CD) do complexo (Figura 23). A rPrP*!
murina exibiu um tipico espectro de CD UV-distante em a-hélice, com minimos em 222 nm e
208 nm (inserto da Figura 23). Observamos que o aumento na concentracao de Hep levou a

um decréscimo de elipticidade em 222 nm em pH 5,5 e pH 7,4 (Figura 23), sugerindo que

essa interacdo afeta a estrutura da proteina.
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Figura 23— Efeito de Hep na estrutura secundaria de rPrP>?"', Elipcicidade de dicroismo

circular (CD) bruta em 222 nm de rPrP?*' na presenga de diferentes concentragdes de
heparina em pH 7,4 (—) e pH 5,5 (—). O inserto da figura mostra o espectro de CD de rPrP*
By e rPrPP P! + Hep (—) em pH 7,4. Os espectros de CD foram coletados a 25° C, com
cubeta circular de 0,01 cm. Os experimentos foram realizados em tampao Tris 10 mM, NaCl
100 mM, pH 7.4 e acetato de s6dio 10 mM, NaCl 100 mM, pH 5,5, t=0.
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Com o objetivo de compreender o mecanismo de interacdo entre PrP e Hep,

. 23-231
incubamos o complexo rPrP*?

:Hep em concentracdes crescentes de diversos sais. A
importancia da for¢a idnica na conversao de PrP tem sido alvo de investigagdo em diversos
estudos (MORRISSEY ¢ SHAKHNOVICH, 1999), ¢ ja foi mostrado que a concentragao
salina pode influenciar na conversio de PrP®, mediada por PrP* (HORIUCHI ¢ CAUGHEY,

1999).

Podemos observar na Figura 24, através de medidas de espalhamento de luz, que o
complexo ¢ desfeito de acordo com o aumento da forga i6nica, principalmente na presenga de

cloreto de magnésio e de calcio.
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Figura 24 — A interacio com Hep é dependente de forca ionica. Hep foi adicionada a
rPrP***! em concentragdes equimolares e o espalhamento de luz a 320 nm foi avaliado em
funcdo de concentragdo crescente dos diversos sais. Os experimentos foram realizados em
tampao Tris 10 mM, , pH 7,4, t=0.



98

Os dados de CD também nos mostram que a dissociacdo do complexo mediada por

aumento da forga ionica do meio ¢ acompanhada pelo retorno dos sinais de CD da proteina

(Figura 25).
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Figura 25 — Modulaciio do efeito de Hep na estrutura secundaria de rPrP>**'! por NaCl.
Elipticidade bruta de CD em 222 nm de rPrP**":Hep na presenca de diferentes
concentracdes de NaCl. O inserto da figura mostra o espectro de CD de rPrP**':Hep na

auséncia de NaCl (—) e na presenga de 400 mM de NaCl (). Os espectros de CD foram
coletados a 25° C, com cubeta circular de 0,01 cm. O experimento foi realizado em tampao
Tris 10 mM, , pH 7,4, t=0.

Também realizamos medidas de espalhamento de luz para investigarmos o efeito de
Hep no estado de oligomerizagdo da proteina, ¢ podemos observar que o aumento da
concentragdo de Hep foi acompanhado por um aumento no espalhamento de luz (Figura 26),
sugerindo a formagdo de oligdmeros/agregados, o que também pdde ser confirmado a olho nu
pela observagdo de turbidez da amostra na presenca de Hep. Essa oligomerizacao/agregagao

foi mais acentuada em pH 5,5 (Figura 26).
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Figura 26 - Efeito de Hep na agregacio de rPrP . Espalhamento de luz de rPrP

uM) na presenga de diferentes concentragdes de heparina em pH 7,4 (—) e pH 5,5 (—). Todos
os espectros foram subtraidos dos respectivos tampdes e do espectro de Hep e o resultado ¢
média de 3 espectros. Intensidade de fluorescéncia a 90° foi medida iluminando as amostras
em 280 nm e coletando a emissdo de 300 nm a 420 nm. Os experimentos foram realizados em
tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de sédio 10 mM, NaCl 100 mM, pH 5,5.

A fim de acessar os passos iniciais da formacdo do complexo PrP:Hep, foram
realizados experimentos de cinética rdpida através de medidas de “stopped-flow” em
diferentes concentracdes de Hep, monitorando tanto as varia¢des de fluorescéncia quanto as
mudancas de espalhamento de luz da proteina. Um exemplo do sinal adquirido ¢ mostrado na
Figura 27, onde podemos observar um aumento na intensidade de fluorescéncia e no

espalhamento de luz, seguido por um decréscimo a partir de 6 segundos.
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Figura 27 — Exemplo do sinal obtido por cinética rapida. (A) Amplitude de fluorescéncia e
(B) amplitude de espalhamento para amostras de rPrP>>*' 2 uM misturadas a Hep 4 uM. O
comprimento de excitagdo para fluorescéncia foi de 295 nm e de 360 nm para o
espalhamento. Os experimentos foram realizados em tampao Tris 10 mM, NaCl 100 mM, pH
7,4 e acetato de sodio 10 mM, NaCl 100 mM, pH 5,5.
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Para todas as concentragdes de Hep estudadas, todas as curvas foram fitadas por uma
funcdo exponencial simples, e as amplitudes de fluorescéncia (AF) (Figura 28), amplitudes
de espalhamento (AE) (Figura 29), ¢ constantes de velocidade observadas (kobs) (Figura 30)
obtidas. Tanto as AFs quanto as AEs foram maiores em pH 5,5. Além disso, a ks em pH
acido também foi maior, mostrando que nesse pH os efeitos da Hep na estrutura e
oligomerizagdo da proteina s3o comparativamente mais pronunciados, além de ocorrerem
com uma maior velocidade. Nos dois pHs a velocidade ¢ dependente da concentragdo de

ligante.
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Figura 28 — Amplitude de fluorescéncia observada para as amostras em pH 5,5 e pH 7.4.
Concentragdes crescentes de Hep foram misturadas a 2 pM de rPrP*?! ¢ para cada
concentragdo de Hep foi obtido um sinal de AF em fun¢do do tempo. O ajuste de cada curva
forneceu os valores de AF para cada concentragdo. Os experimentos foram realizados em
tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de sédio 10 mM, NaCl 100 mM, pH 5,5.
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Figura 29 — Amplitudes de espalhamento observadas para as amostras em pH 5,5 e pH
7,4. Concentracdes crescentes de Hep foram misturadas a 2 pM de rPrP> !, ¢ para cada
concentracdo de Hep foi obtido um sinal de AE em fun¢do do tempo. O ajuste de cada curva
forneceu os valores de AE para cada concentragdo. Os experimentos foram realizados em
tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de sédio 10 mM, NaCl 100 mM, pH 5,5.
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Figura 30 — Constantes de velocidade observadas de fluorescéncia (A) e de espalhamento
(B) para as amostras em pH 5,5 e pH 7,4. Concentragdes crescentes de Hep foram
misturadas a 2 pM de rPrP>?!, ¢ para cada concentra¢io de Hep foi obtido um sinal de AF
ou AE em fungao do tempo. O ajuste de cada curva forneceu os valores de fluorescéncia e kops
de espalhamento para cada concentracdo. Os experimentos foram realizados em tampao Tris
10 mM, NaCl 100 mM, pH 7,4 e acetato de s6dio 10 mM, NaCl 100 mM, pH 5,5.



104

A fim de avaliar o fendmeno de reversdao do efeito da heparina apds 6 segundos de
interagdo, realizamos experimentos de cinética longa para avaliar a extensdo de reversdao do
processo de agregacdo. Concentragdes equimolares de heparina foram adicionadas a uma

solucdo pré-equilibrada de rPrP*>"

em pH 5,5 ou pH 7,4 (Figura 31). Hep induziu um
aumento imediato no espalhamento de luz, chegando a valores correspondentes a formagao de
grandes agregados, principalmente em pH 5,5. Este efeito foi subsequentemente seguido por

uma diminui¢ao da intensidade, sugerindo um processo de reorganizacio que apds 6 a 7 horas

retorna quase completamente aos valores iniciais (Figura 31).
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Figura 31 — Cinética lenta de agregacio de rPrP>>*' com Hep. Valores de espalhamento

de luz a 320 nm foram medidos em fungio do tempo. rPrP***' ¢ heparina a 2 pM. A seta
indica o momento da diluicdo de heparina no tampao. Os experimentos foram realizados em

tampao Tris 10 mM, NaCl 100 mM, pH 7,4 (—) e acetato de s6dio 10 mM, NaCl 100 mM, pH

5,5 (—). As amostras permaneceram por todo o tempo da cinética em agitacdo para evitar
possivel precipitagdo.
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Pudemos observar também esse efeito utilizando espectroscopia de CD em UV-
distante (Figura 32). Logo apo6s a diluicdo de Hep na amostra contendo PrP podemos
observar uma diminui¢do dos valores de elipticidade nos dois pHs analisados (Figura 32A).
Além disso, 20 horas depois (t=o/n) a estrutura da proteina retornou em pH 7,4 mas ndo em
pH 5,5 (Figura 32B). Esta diferenca entre pHs pode ser resultado de parte da proteina ainda
permanecer agregada ou por uma diferenga de efeito na estrutura da proteina quando o

complexo ¢ formado em pH 5,5.

A reversdo nos valores de intensidade de fluorescéncia também foi avaliada. Amostras
de rPrP??! contendo diferentes concentragdes de Hep tiveram seus espectros de emissdo de
fluorescéncia coletados nos tempos t=o e t=o/n (Figura 33). Podemos observar um aumento
relativo na intensidade de fluorescéncia de PrP no tempo t=o, porém as mesmas amostras
apos t=o/n apresentaram uma intensidade de fluorescéncia menor que a intensidade da
proteina, com o mesmo tempo, sozinha. Esse dado mostra que o aumento de fluorescéncia
induzido por Hep ¢ revertido, e, além disso, essa interagdo provocou uma subseqiiente
supressao da fluorescéncia da proteina, com a Hep atuando como supressor da fluorescéncia

dos triptofanos.
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Figura 32 — Reversao do efeito de Hep acompanhado por CD. Espectros de CD de rPrP*

21 sozinha ou na presenga de Hep (1:1) em pH 7,4 (—) e pH 5,5 (7). PrP? ! ¢ Hep a 30
uM. Espectros do complexo foram coletados das amostras preparadas no momento da medida
(---, t=0) (A) e 20 horas depois (---, t=0/n) (B). Os espectros foram coletados a 25°C, com

cubeta circular de 0,02 cm.
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Figura 33 - Reversio do efeito de Hep acompanhado por fluorescéncia. Intensidade de
fluorescéncia relativa do triptofano de rPrP*' a 1 uM com concentragdes crescentes de

Hep. Espectros foram coletados das amostras preparadas no momento da medida (-, t=0) e
20 horas depois (—, t=o/n). Os experimentos foram realizados em tampao Tris 10 mM, NaCl

100 mM, pH 7,4. As amostras foram excitadas a 280 nm e a emissao coletada de 300 nm a
420 nm.

Observando a reversao dos efeitos de Hep, surge a pergunta se Hep e PrP permanecem
complexadas apds t=o/n. Para responder essa pergunta, Hep foi marcada com o fluoréforo
isotiocianato de fluoresceina e sua anisotropia de fluorescéncia medida ao longo do tempo
(Figura 34). O que se observa ¢ um aumento da anisotropia seguida pela adi¢do de rPrP*!
a amostra (seta no grafico), seguida por um decréscimo dos valores. No entanto, neste caso os
valores ndo retornaram aos valores iniciais, mostrando que o aumento de anisotropia
observado foi correspondente a ligacdo de heparina a PrP e formacgdo de agregados. Apds o
tempo necessdrio para o retorno dos valores de espalhamento a amostra permanece com
valores de anisotropia acima dos valores de Hep livre, mostrando que esta permanece

. . 23-231
interagindo com rPrP .
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Figura 34 — Cinética lenta monitorando a anisotropia de fluorescéncia de Hep. Variacao
dos valores de anisotropia de fluorescéncia de Hep-FITC a 485 nm foram medidos em fungao
do tempo. Para emissdo utilizou-se o filtro 3.69. rPrP***!' ¢ heparina a 2 pM. A seta indica o
momento da dilui¢do de rPrP*! no tampéo. O experimento foi realizado em tampéo Tris 10
mM, NaCl 100 mM, pH 7,4. As amostras permaneceram por todo o tempo da cinética em
agitacdo para evitar possivel precipitagao.

Para investigar mudancas provocadas por Hep no enovelamento da proteina,
realizamos experimentos de supressdo de fluorescéncia, que neste caso nos dard informacao
sobre a acessibilidade dos residuos de triptofano a molécula supressora utilizada, acrilamida.
Os residuos de triptofano de PrP estdo principalmente situados na regido N-terminal, expostos
ao solvente. Mudancgas no enovelamento da proteina, como por exemplo, ganho de estrutura

nessa regido, poderiam diminuir a exposicao desses residuos de aminoacidos ao solvente. Na
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Figura 35 mostramos os plots de Stern-Volmer para cada condi¢do analisada; rPrP>2,

rPrP* > :Hep (=0, 1:1) e rPrP**":Hep (t=o/n, 1:1). O aumento da concentragdo de
acrilamida provoca uma diminuicdo da intensidade de fluorescéncia da proteina, com
consequente aumento da razao Fy/F. A interagdo com Hep, seguida pela agregagdo, resultou
na diminui¢do da acessibilidade da acrilamida aos residuos de triptofano. Apods a
desagregacdo os valores retornaram a valores proximos aos da proteina livre, mesmo
formando complexo com Hep (Tabela 6). O plot observado para todas as condi¢des foge a
linearidade, mostrando que existe mais de uma populagdo de triptofanos, respondendo de
maneira diferente, com acessibilidade diferente ao supressor. O mesmo resultado foi

observado para os dois pHs analisados.

Amostra Ko pH 7,4 M) K, pH5,5M™")
Prp> ! 56,2+ 3,4 435+3,15
PrP? ! + Hep, t=0 38,7 £ 4,0 28,9+2,1
rPrP> %! + Hep, t=0/n 51,9+ 1,9 38,3 +2,0

Tabela 6 — Contantes de Stern-Volmer para as amostras de PrP livre ou formando
complexo com Hep.
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Figura 35 — Plot de Stern-Volmer para supressio da fluorescéncia intrinseca de
triptofanos de rPrP>*>*! por acrilamida. Amostras de PrP e Hep na concentragio de 2 pM
(1:1) em pH 7,4 (A) e 5,5 (B). As curvas foram adquiridas no tempo t=0 ¢ em t=o/n. A
excitacdo foi realizada a 295 nm, e a emissao coletada de 315 nm a 420 nm. Os experimentos
foram realizados em tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de s6dio 10 mM,
NaCl 100 mM, pH 5,5.
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Existe um paradoxo na literatura sobre os efeitos de polissacarideos sulfatados, em
especial heparina e heparan sulfato, no processo de conversdao da proteina do prion. Alguns
autores demonstraram a indu¢do da formagdo de fibras por parte dessas moléculas
(CORTIJO-ARELLANO e cols., 2008). Outros demonstraram um efeito inibidor (PEREZ e
cols., 1998). A fim de avaliar se em nosso modelo Hep era capaz de induzir a formagdo de
agregados amiléides, utilizamos o corante tioflavina T em amostras de rPrP”*' agregadas
pela presenca de heparina no t=0 ¢ no t=o/n (Figura 36). A sonda tioflavina T (ThT) ¢
bastante utilizada para a identificacdo de fibras amildides, que sdo ricas em folhas-p. Esta
sonda possui grande afinidade por este tipo especifico de estrutura e, quando ligada a ela,
apresenta um consideravel incremento em seu espectro de emissdo de fluorescéncia em 482
nm (KREBS e cols., 2005). Podemos observar na Figura 36 que nenhuma das amostras de

PrP ou PrP conjugada a Hep foi capaz de interagir com ThT.
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Figura 36 — Hep nio induz a formacio de fibras amiloides de rPrP? 3!, Amostras de
rPrP?**! (3 uM) foram incubadas com Hep (6 pM) nos tempos t=0 e t=o/n e em seguida foi
adicionada 20 uM de ThT. A proteina Sup35 (PALHANO e cols., 2009) foi utilizada como
controle positivo. ThT livre foi utilizada como controle negativo. As amostras foram
excitadas em 450 nm e a emissdo coletada de 465 nm a 520 nm.
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No intuito de melhor caracterizar se a ligagdo com Hep provocava alguma mudanga na
estrutura da proteina, apos a reversdo da agregacdo, partimos para analises com maior
resolugdo estrutural. Uma das técnicas utilizadas foi o espalhamento de raios-X a baixos
angulos (SAXS). Esta técnica fornece informagdo sobre tamanho, forma e estrutura
oligomérica de biomoléculas em solugdo. Nos experimentos de SAXS nao foi possivel obter

A 23-231
amostras homogéneas para rPrP 23

, por isso nesses experimentos utilizamos o mutante
rPrP*'°. A regressdo linear da fungdo de espalhamento obtida para as amostras nos da o raio
de giro da molécula (GUINIER e FOURNET, 1955). Tanto a proteina sozinha quanto
proteina complexada com Hep apresentaram aproximadamente o mesmo raio (19 A para a
PrP e 20 A para o complexo) (Figura 37A). Este resultado sugere que a proteina tenha
retornado ao seu estado monomérico ap6s t=o/n, € que ndo houve nenhuma mudanga drastica
no seu envelope molecular. Por ser uma molécula bastante pequena, a presenca da molécula
de Hep ndo ¢ suficiente para aumentar significativamente o raio de giro de PrP. Outra andlise
possivel dos dados obtidos é o plot de Kratky. Com ele obtemos informagdo sobre a
compacidade da molécula através da intensidade de raios-X espalhada (FITZKEE e ROSE,
2004). Uma proteina globular apresenta um plot em forma de sino com um maximo definido.
Uma proteina parcialmente enovelada possui uma regido definida em valores de “q” (vetor de
espalhamento) menores e aumento da intensidade em “q” maiores (BOTELHO e cols., 2003;
FITZKEE e ROSE, 2004). Podemos observar na Figura 37B que rPrP*'*° apresentou um
plot de Kratky condizente com o esperado, com um méximo definido e uma regidao em “q”
maiores com alguma dispersao, ja que essa € uma proteina que possui parte de sua estrutura
bastante flexivel. No caso do complexo com Hep, ainda podemos observar um maximo

definido, em uma dispersdo maior dos pontos em “q” maiores, sugerindo uma maior liberdade

conformacional. Esses dados sugerem que a interagdo com Hep, mesmo apds agregagdo, nao
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causa uma grande modificacdo no envelope molecular da proteina, mas indica que houve um

alongamento da estrutura protéica.
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Figura 37 — Plot de Guinier e plot de Kratky para rPrP*'*" () e rPrP**"*":Hep ().
rPrP*'* ¢ Hep a 150 pM. Amostras em tampio acetato de sodio 10 mM, NaCl 100 mM, pH
5.,5.
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Outra metodologia utilizada para caracterizar mudancas na estrutura de PrP foi a ressonéncia
magnética nuclear (RMN). Analises de RMN de PrP em pH 4,5 e 5,5 revelaram que o N-
terminal da proteina ¢ altamente flexivel e ndo estruturado; de maneira diferente, a regido C-
terminal possui um dominio globular bem estruturado, rico em o-hélice (DONNE e cols.,
1997; ZAHN e cols., 2000). Noés realizamos experimentos bidimensionais de correlagdo
heteronuclear 'H-""’N (HSQC) de rPrP**' na presenca e na auséncia de Hep em pH 5,5
(Figura 38) e pH 7.4 (Figura 39). Espectros de HSQC apresentaram um pico para cada
grupamento amida na molécula (exceto aqueles envolvendo prolinas). De acordo com a

N 23-231
sequéncia de mrPrP

, 288 picos HN eram esperados no HSQC. Nos encontramos 260
picos com boa resolucdo na proteina livre. Hep foi adicionada, e ap6s a amostra alcangar o
equilibrio (t=o/n) os espectros foram coletados (Figura 38 e 39). Comparando-se os espectros
encontramos a superposi¢ao de diversos deslocamentos quimicos nos dois pHs, indicando que
Hep ndo causa uma mudanca na conformacgdo da proteina. Ainda assim, existem algumas
diferencas no deslocamento quimico entre os espectros da proteina livre e do complexo em
aminoacidos da regido N-terminal (setas laranjas) e C-terminal (setas verdes). Além disso, a
area entre 7,6-8,4 ppm de 'H e 124-129 ppm de "°N de deslocamentos quimicos apresenta
diversos picos adicionais nos espectros dos complexos. Essa extensdo espectral de 'H ¢é
populada por diversos picos amidicos de cadeias polipeptidicas desenoveladas (Figura 38 e
39). O efeito de Hep na estrutura da proteina foi o0 mesmo nos dois pHs, mostrando que o
resultado observado por espectroscopia de CD (Figura 32) se deu por diferengas na

solubilidade da proteina, que em pH 5,5 permaneceu mais agregada do que em pH 7,4; ainda

assim podemos apontar mudangas em alguns deslocamentos quimicos diferentes entre os pHs.
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Figura 38 — Efeito de Hep na estrutura da proteina do prion por RMN em pH 5,5.
Espectros de HSQC sobrepostos de rPrP>*! livre (preto) ligada a Hep (vermelho) mostrando
diferengas em deslocamentos quimicos em pH 5,5. Os experimentos foram realizados em
tampao acetato de sodio 10 mM, NaCl 100 mM, pH 5,5.
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Figura 39 — Efeito de Hep na estrutura da proteina do prion por RMN em pH 74.
Espectros de HSQC sobrepostos de rPrP***! livre (preto) ligada & Hep (vermelho) mostrando
diferencas em deslocamentos quimicos em pH 7,4. Os experimentos foram realizados em
tampao fosfato de s6dio 10 mM, NaCl 100 mM, pH 7,4.
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4.3 TOXICIDADE DO COMPLEXO rPrP?**!:HEP

E proposto que a interagio com polissacarideos sulfatados induz mudancas
conformacionais na proteina do prion, com consequente conversio em PrP* (WONG e cols.,
2001). Com base nessa informacao, testamos a toxicidade do complexo PrP:Hep em cultura
de células de neuroblastoma, adicionando o complexo soluvel (t=o/n) e principalmente o
complexo agregado (t=0). Células da linhagem de neuroblastoma sdo bem estabelecidas e
caracterizadas para experimentos com a proteina do prion (BUTLER e cols., 1988; WINDL e
cols., 1999). O ensaio utilizado para testar a toxicidade dos complexos foi o ensaio de reducao
de MTT (SORIANO e cols., 2003). O MTT ¢ captado do meio de cultura por endocitose
sendo consequentemente reduzido a formazan pela NADH redutase, entre outras enzimas. A
quantidade de formazan reflete o potencial redutor do citoplasma, apresentando uma boa
correlagdo com testes de viabilidade (LIU e cols., 1997; LOSKE e cols., 1998; SORIANO ¢
cols., 2003; REIXACH e cols., 2004). Podemos observar que ndo houve nenhum percentual
de morte significativo para as amostras do complexo agregado tanto em pH 7,4 quanto em pH
5,5 (Figura 40). O mesmo resultado foi obtido para as amostras do complexo soluvel (nao
mostrado). Estes dados mostram que Hep ndo foi capaz por si s6 de induzir mudangas

estruturais que tornassem o complexo PrP:Hep toxico para as células em cultura.
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Figura 40 - Toxicidade dos complexos PrP:Hep. Ensaio de toxicidade por redu¢ao de MTT.
([1) Células N2a nao tratadas; (') Células N2a tratadas com DMSO; (' ) Células N2a tratadas
com tampao; ( ) Células N2a tratadas com Hep a 3 uM; (1) Células N2a tratadas com
PrP23-231 a 3 uM; (1) Células N2a tratadas com complexo rPrP23'231:Hep(t=O) 3 uM (1:1).

Os experimentos foram realizados em tampao Tris 5 mM, NaCl 10 M, pH 7,4 e acetato de
sodio 5 M, NaCl 10 mM, pH 5,5.
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4.4 REGIOES IMPORTANTES PARA A FORMACAO DO COMPLEXO PrP:HEP

O N-terminal de PrP“ possui importante contribuigio para a patogénese (LAWSON e
cols., 2001; ZANUSSO e cols., 2004) assim como agregacao de rPrP (FRANKENFIELD e
cols., 2005). Algumas evidéncias vém apontando a regido N-terminal de PrP como sitio de
ligagdo para GAGs (SHYNG e cols., 1995; CHEN e cols., 1995; GONZALEZ-IGLESIAS e
cols., 2002; YIN e cols., 2006). Contudo, outros autores reportaram, utilizando fragmentos ou
peptideos sintéticos, a interacdo com outros sitios da proteina, incluindo regides do dominio
C-terminal (WARNER e cols., 2002; CORTIJO-ARELLANO e cols., 2008). Existe ainda o

debate sobre que residuos seriam importantes para a interacao.

Um dos ligantes de PrP mais conhecidos por interagir com a regido N-terminal da
proteina ¢ o cobre. O cobre interage fisiologicamente com a proteina do prion através da
regido octapeptidica, entre os aminoacidos 50 a 90 (VILES e cols., 1999). Sua interagdo ¢
capaz de induzir mudangas na conformagdo da proteina e facilita sua auto associacao
(LINDEN e cols., 2008). GONZALEZ-IGLESIAS e cols. (2002) propuseram que o Cu(Il)
faria uma ponte promovendo a interagdo de GAGs com os residuos de histidina da proteina do
prion presentes nessa regido. Com o objetivo de elucidar as regides da proteina rPrP*="
importantes para interacdo com Hep, primeiramente avaliamos a interagdo dessa proteina com
heparina na presenc¢a de cobre (Figura 41). O que podemos observar ¢ que as duas moléculas

apresentaram um efeito aditivo em induzir diminui¢ao de sinal de CD, possivelmente através

da ligacdo a regido octapeptidica (Figura 41).
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Figura 41 — Efeito do cobre em associacio com Hep na proteina do prion. rPrP23-231 30
uM, Hep 15 uM e CuCl; 0,2 uM. Experimento realizado em tampao Tris 100 mM, NaCl 10
M, pH 7.4.

Para investigar mais profundamente o papel da regido octapeptidica de PrP, nds
investigamos, através de medidas de anisotropia, a intera¢io entre Hep e rPrP*'°, mutante
de PrP que ndo possui regido octapeptidica (Figura 42A). Concentragdes crescentes de Hep

P10 em pH 7,4, demonstrando

nao levaram a mudangas significativas na anisotropia de rPr
a importancia dessa regido para a interagao proteina-Hep em pHs neutros. Ao contrario, pode-
se notar que houve interacdo em pH 5,5 mesmo faltando essa regidao da proteina, sugerindo a
existéncia de outros sitios de ligagdo na sequéncia da proteina do prion. Além disso,
observamos esse mesmo padrao de interagdo monitorando o aumento do espalhamento de luz

A32-121
P

induzido por Hep em rPr (Figura 42B). Houve mudan¢a na intensidade somente

quando a reacdo aconteceu em pH 5,5 (Figura 42B).
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Figura 42 — Importancia do dominio N-terminal para interacdo com Hep. (A) Adicao de
quantidades crescentes de heparina a 2 pM de rPrP*'™ em pH 7,4 () e pH 5,5 (4). A
interagdo foi monitorada por anisotropia de fluorescéncia a 280 nm. (B) Espalhamento de luz
relativo de rPrP***"?! na presenca de diferentes concentragdes de Hep em pH 7,4 ¢ pH 5,5. Os
experimentos foram realizados em tampao Tris 10 mM, NaCl 100 mM, pH 7,4 e acetato de
sodio 10 mM, NaCl 100 mM, pH 5.5.
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GONZALEZ-IGLESIAS e cols. (2002) sugeriram a participacdo de residuos de
histidina na interagdo da proteina do prion com polissacarideos sulfatados. A histidina é o
unico aminoacido cuja cadeia lateral pode servir tanto como um acido quanto como uma base
na faixa de pH fisiolégico (MARKLEY, 1975). Para investigar o papel das histidinas na
interagio com Hep, amostras de rPrP*' foram tratadas com DEPC (modificador de
histidinas) e em seguida o espalhamento induzido por Hep nessa amostra foi monitorado. O
resultado da Figura 43 nos mostra que apds o tratamento com DEPC a Hep nao ¢ mais capaz
de induzir a agregacdo da proteina, mostrando que esse aminodcido (e, por conseguinte

regides onde esse aminoacido esteja presente) € importante para a interagao PrP:Hep.

50

—*— rPrP23-231+ DEPC + Hep
rPrP23-231 + Hep

N
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w
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o

Espalhamento de luz (u.a.)
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Figura 43 — Importancia de residuos de histidina para a interacio entre PrP:Hep.
Amostras de rPrP”*' 2 uM foram incubadas com DEPC 10 mM, e apds 30 minutos

aliquotas de Hep foram adicionadas a amostra (—). Como controle positivo temos os valores

de espalhamento da amostra nao tratada com DEPC na presenca de Hep (). Os experimentos
foram realizados em tampao acetato de s6dio 10 mM, NaCl 100 mM, pH 5,5.
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Além da presenca de motivos especificos na sequéncia da proteina, para que haja
ligacdo efetiva entre PrP:GAG deve existir também caracteristicas especificas na estrutura do
polissacarideo. Glicanas sulfadas sio conhecidas por reduzir a formacdo de PrP* em células
em cultura (CAUGHEY e cols., 1994; PRIOLA e CAUGHEY, 1994), portanto o estudo sobre
dominios estruturais especificos ¢ bastante importante para o desenvolvimento racional de
drogas anti-prion. Uma série de heparan miméticos (HM) tém sido desenvolvidos, e foi
mostrado que estes sdo capazes de inibir a endocitose de PrP> (SCHONBERGER e cols.,
2003). Tamanho e grau de sulfatacdo destes compostos se mostraram importantes para sua
eficacia (OUIDJA e cols., 2007). A Heparina é composta por dissacarideos repetitivos de
acido hexurodnico (a-L-idurdnico ou B-D-glicurénico) ligados 1,4 a uma a-D-glicosamina
com substituigdes variadas de O-sulfato, N-sulfato e grupos N-acetil. WARNER e cols.
(2002), utilizando um ensaio de competi¢do, sugeriu que os grupamentos O-sulfatados da
heparina possuem importancia significativa para o reconhecimento de PrP:GST humana.
Nesta tese, utilizamos trés heparinas modificadas diferentes, e monitoramos sua ligagdo
através de anisotropia de fluorescéncia afim de investigar a importancia das substitui¢des.
Nosso resultados revelam que heparina N-acetilada (NA, -4)-0-L-IdoA2(OS0O5’)-(1—4)- a-D-
GlcNAc-,6(0S05)-1-) foi capaz de interagir com rPrP****' na mesma proporgio que Hep néo
modificada. No entanto, heparina N-acetilada de-O-sulfatada (NADOS, -4)-a-L-IdoA-(1—4)-
a-D-GlcNAc-,6(0S0O5')-1-) e acharan sulfato (um heparindide de ocorréncia natural formado
por dissacarideos -4)-a-L-IdoA2(OSOs3’)-(1—4)- o-D-GIcNAc-1-) ndo demonstraram
nenhuma interagdo (Figura 44). Este resultado indica que ndo s6 a 2-O-sulfatacdo, mas

também a 6-O-sulfatagdo, sdo grupamentos importantes para a intera¢ao prion-heparina.
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Figura 44 — Avaliacio da interacdio entre heparinas modificadas e rPrP>*' por
anisotropia de fluorescéncia. Adicdo de concentragdes crescentes de heparinas a 2 uM de
rPrP***!. A intera¢io foi monitorada por anisotropia de fluorescéncia a 280 nm. Todos os
experimentos foram realizados em Tris 10 mM, NaCl 100 mM, pH 7.4.

Confirmando os dados de anisotropia, podemos observar na Figura 45 o efeito dessas
heparinas modificadas no sinal de CD da proteina. NADOS e AS ndo causaram nenhuma
alteragdo significativa no espectro da proteina, diferente de Hep e de NA. Condroitin sulfato
(C6S) também foi capaz de provocar diminuigdo de elipcicidade na proteina, mostrando que a
interacdo ndo ocorre simplesmente pela carga da unidade dissacaridica e sim por seu arranjo
tridimensional, j& que este também apresenta somente um grupamento sulfato por unidade

dissacaridica e, ainda assim, ¢ capaz de interagir (Figura 45).
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Figura 45 - Avaliacdo da interaciio entre heparinas modificadas e rPrP>?**! por CD.
Espectros de CD de rPrP”?' na auséncia e presenca de diferentes heparinas (1:1). Os
espectros de CD foram realizados em cubeta circular de 0,01 cm. Todos os espectros foram

subtraidos dos respectivos tampdes. Todos os experimentos foram realizados em Tris 10 mM,
NaCl 100 mM, pH 7.4.

4.5 EFEITOS DA INTERACAO ENTRE PrP E HEP.

Mesmo nao tendo observado grande mudanga na conformagdo da proteina provocada
pela interacdo com Hep, o complexo formado pode adquirir caracteristicas distintas que

influenciem na sua estabilidade e na sua propensao a conversao.

Moléculas de acidos nucléicos sdo candidatos a adjuvantes do processo de conversao
de PrP® em PrP®, capazes de induzir agregagdo e mudangas conformacionais na proteina do

prion (CORDEIRO e cols., 2001; DELEAULT e cols., 2003; DELEAULT e cols., 2005;



126

SILVA e cols., 2008). Nosso grupo demonstrou que moléculas de RNA extraidas de cultura
de células de neuroblastoma sdo capazes de induzir a formacdo de agregados toxicos de
rPrP? ! e que essa interacdo se da através da regido N-terminal da proteina (restrita aos
residuos 51-90) em pH 7,4 (GOMES e cols., 2008). Medidas de espalhamento de luz foram
realizadas, com o intuito de avaliar a susceptibilidade do complexo PrP:Hep a agregacao
induzida por RNA (Figura 46). O grafico mostra a reversibilidade da agregacao induzida por
Hep. O RNA (N2a) foi capaz de induzir a agregacdo da proteina sozinha, porém nao
demonstrou o mesmo efeito para o complexo PrP:Hep (t=o/n). O resultado sugere que esses
dois ligantes anionicos interajam no mesmo sitio na proteina, sendo entdo competidores, com
uma maior afinidade para Hep. Porém, também pode sugerir que a interacdo com Hep

provoque mudangas na estabilidade da proteina e na sua susceptibilidade a agregacao.

14

12 1

10

Espalhamento de luz relativo

PrP Hep t=0 Hep t=on RNA PrP +
t=o/n +
RNA

Figura 46 — Efeito de N2aRNA no complexo rPrP>**':Hep. Espalhamento de luz relativo
das amostras de rPrP>*' 1 uM (m), rPrP>*":Hep (1:1) no t=0 (m), rPrP>*":Hep (1:1) no
t=o/n (m), rPrP?*!' + RNA (1:1) (), rPrP?*":Hep t=0 + RNA(m).Os experimentos foram
realizados em tampao Tris 10 mM, NaCl 100 M, pH 7.,4.
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Dados anteriores do nosso grupo mostraram que a rPrP® rica em o-hélices poderia ser
convertida em uma isoforma rica em folhas-p com o uso de altas temperaturas. Essa mudanga
estrutural ocorria concomitantemente a um processo de agregacdo da proteina, gerando
diferencas entre a estabilidade das duas isoformas (CORDEIRO e cols., 2004). Com o
objetivo de verificar se a formagdo do complexo PrP:Hep provocava alteracdes de
estabilidade, acompanhamos o enovelamento de rPrP>?’! livre e formando complexo com
Hep frente a variagdes de temperatura. Espectros de CD foram coletados de 20 °C a 84 °C, a
cada 2 °C, e os valores de elipticidade a 222 nm foram comparados (Figura 47A). O
experimento foi realizado em pH 7,4 para que os efeitos referentes a agregagdo fossem menos
pronunciados. Podemos observar que o valor de T, da proteina livre passou de 67,55 + 0,25
°C para 70,60 + 0,31 °C quando ligada a Hep. Além disso, a variacdo de sinal de CD foi muito
mais pronunciada para a proteina livre, mostrando que a interagdo com Hep trouxe maior
estabilidade a estrutura da proteina contra altas temperaturas. Acompanhando o perfil de
agregacio da rPrP>?! frente ao tratamento com temperatura, monitorando-se o espalhamento
de luz da amostra, percebemos que altas temperaturas provocam uma agregagio muito mais

intensa na proteina livre do que no complexo (Figura 47B). Na concentracao utilizada (7 uM)

ndo foi observada formacao de estruturas amilodides, ricas em folhas-f3, avaliado por ligacao

de ThT (ndo mostrado).
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Figura 47 — Comparacio do efeito da temperatura entre PrP e PrP:Hep por CD e
espalhamento de luz. (A) Variagio de elipcicidade de CD em 222 nm de PrP> ! () ¢
rPrP>*":Hep (—) na presen¢a de diferentes temperaturas. Os espectros de CD foram
coletados com cubeta reta de 0.2 cm. (B) Espalhamento de luz relativo de PrP>>! () ¢

rPrP***!:Hep (—) na presenca de diferentes temperaturas. Os experimentos foram realizados
em tampao Fosfato de sédio 10 mM, NaCl 100 mM, pH 7.4.
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O peptideo ShaPrP'®'*, derivado da proteina do prion de hamster sirio, corresponde a
uma curva, uma pequena fita beta e parte da primeira a-hélice da proteina nativa, estando
também envolvido na conversdo da PrP¢ em PrP* e faz parte de uma regido de grande
homologia entre as espécies de mamiferos (CAUGHEY, 2000). O peptideo ShaPrP'®%,
estocado em uréia 6 M e SDS 1%, foi diluido para uma concentragdo final de 1,0 pM em
tampao sem agentes desnaturantes. O processo de agregacdo se inicia imediatamente apds sua
diluicdo no tampdo e ¢ favorecido em pHs acidos (CORDEIRO e cols., 2001). Apds o

23-231

processo de agregacdo do peptideo ter atingido o equilibrio, aliquotas de rPrP , € de

Prp?% 1:Hep (t=o/n) foram adicionadas a amostra (Figura 48). A adi¢do de rPrP? %! livre
provocou um aumento do espalhamento de luz da amostra, j4 o complexo nao foi capaz de

causar nenhuma variacdo. Hep sozinha também ndo induz mudangas no perfil de

espalhamento. Esse dado mostra que PrP livre ¢ capaz de se incorporar aos agregados Sha'®"

149 5 o :
, mas a formac¢do do complexo com heparina impede esse efeito.
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Figura 48 — Efeito de rPrP??! pna agregacio do peptideo ShaPrP'®'®, Concentragdes

crescentes de rPrP> ! () e de rPrP? % 1:Hep (—) e Hep () foram adicionadas a amostras
agregadas do peptideo ShaPrP'”'*. Experimento realizado em tampao acetato de sodio 10
mM, NaCl 100 mM, pH 5,5.
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A conversao da isoforma celular para a isoforma scrapie da proteina do prion envolve
importantes mudangas conformacionais, ¢ a habilidade da isoforma scrapie em se propagar de
uma maneira autocatalitica ¢ um elemento chave para a reconstituicdo da infecciosidade in
vitro. BASKAKOV e cols. (2002) desenvolveram um protocolo de conversdo in vitro para
proteinas recombinantes capaz de gerar isoformas amildides autopropagativas. Esse protocolo
se baseia em adicionar a proteina do prion recombinante a uma solu¢do de pH 4cido, na
presenga de desnaturante e NaCl, sob agitagdo constante, a temperatura de 37 °C. Com base
nesse protocolo submetemos amostras de PrP> ! ¢ rPrP# % ]:Hep a essas condi¢des capazes
de induzir a formagdo de estruturas amildides, ¢ medimos o aparecimento dessas fibras

através da ligacdo de ThT (Figura 49). rPrP>>!

mostrou ser capaz de se converter em uma
estrutura amildide nas condigdes analisadas; contudo, a interagdo com Hep foi capaz de inibir

essa propensao (Figura 49).
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Figura 49 — Influéncia de Hep na formagcio de fibras amiléides de rPrP>*>*', Amostras de

rPrP? ! (22 uM) livre () ou incubadas com Hep (22 pM, t=o/n) (—) foram submetidas ao
protocolo descrito por BASKAKOV e cols. (2002), e em seguida sua capacidade em ligar
ThT (20 uM) foi avaliada. ThT livre foi utilizada como controle negativo. As amostras foram
excitadas em 450 nm e a emissdo coletada de 465 nm a 520 nm.
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5 DISCUSSAO
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O nome prion se refere a uma nova categoria de patdogenos infecciosos, responsaveis
por doengas neurodegenerativas, tanto humanas quanto animais. O que torna as doengas
pridnicas unicas dentre as varias doengas neurodegenerativas € o seu carater infeccioso, ou
seja, inoculando-se macerado de cérebro de um animal portador de EET em um animal sadio,

este ultimo desenvolvera a doenga (PRUSINER, 1998).

Mudangas na conformagio da PrP de uma proteina rica em estrutura em o-hélice para

uma isoforma predominantemente em folhas-p (PrP*) e subsequente agregagio, sdo as
principais causas paras as EETs (CAUGHEY e cols., 1991; PAN e cols., 1993). A PrP*° se
propaga através de um processo autocatalitico, no qual PrP¢ ¢ induzida por PrP* a adquirir a
conformagdo scrapie; in vitro, no entanto, essa simples reacdo de conversdo nao ¢ eficiente
(HILL e cols., 1999). Por esta razdo, acredita-se que o acimulo de prions esta envolvido com
a participacdo de diversos cofatores celulares, incluindo os glicosaminoglicanos. O principal
GAG envolvido na patogénese ¢ o heparan sulfato presente na membrana celular (BEN

ZAKEN e cols., 2003; HIJAZI e cols., 2005; HORONCHIK e cols., 2005).

A heparina é largamente utilizada terapeuticamente, ¢ ¢ disponivel em grandes
quantidades. Embora seja sintetizada e estocada somente em mastdcitos, sua estrutura ¢ muito
semelhante as regides altamente sulfatadas de HS, portanto ¢ normalmente substituta de HS
em experimentos de interagdo, apresentando-se como um excelente modelo. Heparina € capaz
de interagir com algumas construg¢des de proteina do prion e induzir a formagao de complexos
oligoméricos em pHs acidos (GONZALEZ-IGLESIAS e cols., 2002; ANDRIEVSKAIA e
cols., 2007). Neste trabalho, nds investigamos a intera¢ao da proteina recombinante murina do

23-231

prion (rPrP ) com heparina, € os aspectos estruturais contidos nessa interacao. Acredita-se

que a conversao da proteina do prion ocorra na superficie celular ou em vesiculas endociticas
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e de reciclagem (CAUGHEY e cols., 1991; CAUGHEY ¢ RAYMOND, 1991; BORCHELT e
cols., 1992; MARIJANOVIC ¢ cols., 2009), ¢ a interacdo dos proteoglicanos de HS com PrP®
mostrou ser importante para o trafego dessas moléculas entre compartimentos celulares
(CHENG e cols., 2006). Por esse motivo escolhemos realizar nossos experimentos em pH 5,5
e pH 7,4, que mimetizariam o pH lisosomal e da membrana celular, respectivamente. Nesta

. 4 . . 23-231
tese nos mostramos que Hep ¢ capaz de interagir com rPrP 323

nos dois pHs analisados,
mostrando uma razao aparente de 1:1 em pH 7,4 ¢ 2:1 (Hep:PrP) em pH 5,5 (Figura 20). Este
resultado indica a presenga de sitios de interacdo distintos em pH 5,5. Pudemos também

observar que com o aumento da forga i6nica do meio o efeito de Hep foi revertido, mostrando

que este se da através de interagdes eletrostaticas (Figura 24 e 25).

A hipdtese “protein-only” € a teoria mais aceita para a conversio da proteina do prion
(PRUSINER, 1998). Por outro lado, homogenatos de cérebro e polianions (incluindo HS) tém
mostrado gerar mais eficientemente a conversdo do que proteinas do prion purificadas
(SABORIO ¢ cols., 2001; LUCASSEN e cols., 2003; DELEAULT e cols., 2005). Estes
trabalhos sugerem que outras moléculas poderiam promover importantes mudangas na
estrutura da proteina induzindo ou facilitando a conversio. WONG e cols. (2001) e
ANDRIEVSKAIA e cols. (2007) sugeriram que polissacarideos sulfatados, heparina e
pentosan polissulfato respectivamente, eram capazes de induzir mudangas estruturais na
proteina do prion recombinante bovina, diminuindo o conteudo de a-hélices, monitorando-as
por espectroscopia de CD no UV-distante. Equipamentos de CD medem a diferenga na
absorbancia entre os componentes luminosos circularmente polarizados. Agregados de
proteinas causam artefatos devido ao espalhamento de luz diferencial e absor¢do dos
agregados. Estes fatores distorcem a magnitude do espectro de CD e diminuem a razao

sinal/ruido (LITMAN, 1972; KELLY e cols., 2005; CASTIGLIONI e cols., 2007). Nos
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observamos uma diminui¢dao na elipticidade de CD com concentragdes crescentes de Hep
(Figura 23). Este resultado poderia também demonstrar um decréscimo de conteudo em o-
hélice, mas mudangas no espalhamento de luz (Figura 26) nos mostram que a informacao
estrutural estd sendo escondida pela agregacdo da proteina, mesmo sem sua precipitacio.
Neste caso, esta metodologia ndo se mostra eficiente para inferirmos quais modificacdes
conformacionais estariam ocorrendo na proteina, mas serve para demonstrar que ha efeito de

Hep sobre a proteina e possivelmente interacdo direta.

CORTIJO-ARELLANO e cols. (2008), utilizando um fragmento da proteina do prion
(PrP'*2%) mostraram a formagdo de agregados amiloides toxicos na presenga de heparina. Ja
PEREZ e cols. (1998), com o peptideo PrP106'126, observaram o efeito contrario, de inibicao da
formacao de fibras amildides, embora houvesse ainda a formag¢ao de estruturas fibrilares. Em
nossos estudos verificamos que Hep induz agregacdo da proteina, porém nao hé formacao de
fibras (ndo mostrado) nem de fibras amildides (Figura 36). Além disso, o complexo agregado
ou soluvel mostrou nao ser toxico em cultura (Figura 40). Estes resultados mostram também

que resultados com peptideos nem sempre podem ser extrapolados para a proteina inteira.

A fluorescéncia intrinseca de proteinas fornece informacao sobre a conformacio de
proteinas ao correlacionarmos as propriedades espectrais do triptofano com sua localizacao
em um motivo estrutural (LAKOWICZ, 1999). A interagdo entre moléculas frequentemente
induz a mudanca de alguma propriedade fisica como, por exemplo, mudancas de
fluorescéncia, espalhamento de luz, calor produzido, entre outras. Pudemos observar que a
interagdo entre PrP e Hep promove aumento da intensidade de fluorescéncia de triptofano
(Figura 22A), concordando com os dados de GONZALEZ-IGLESIAS e cols. (2002),

sugerindo um aumento na hidrofobicidade do ambiente quimico desse fluoréforo, embora nao
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tenhamos observado um desvio significativo do espectro de emissdo para comprimentos de

onda mais energéticos (Figura 22B).

Experimentos de cinética rapida sdo capazes de perceber mudangas em tempos muito
curtos, acessando etapas que ocorrem rapidamente, que ndo se consegue acessar com medidas
classicas de estado estacionario ou equilibrio. Nossas medidas de cinética rdpida mostraram

23-231 - . . A .
3231 induz o aumento na intensidade de fluorescéncia e de

que a interacao de Hep com rPrP
espalhamento de luz no intervalo de 2 segundos (Figura 28 e 29), porém esse efeito ndo ¢
mantido, apds 6-8 segundos ha uma queda concomitante dos dois valores (Figura 27). Mais
do que isso, essa queda se prolonga até retornar praticamente aos valores iniciais de
espalhamento, em algumas horas (Figura 31). Interacdes entre proteina e a agua sao
importantes para a estabilidade conformacional da proteina. PrP® possui uma area acessivel ao
solvente grande em relacdo ao normalmente encontrado para proteinas enoveladas e regidoes
de troca rapida com a camada de solvatagdo (CORDEIRO e cols., 2004; DE SIMONE e cols.,
2005). Os dados sugerem que a interacdo com Hep provoca mudangas conformacionais locais
(possivelmente favorecendo contatos transientes entre as cadeias polipeptidicas que
permitirdo a associagdo entre os monOmeros € a consequente agregacao), diminuindo a
acessibilidade ao solvente, o que faz com que haja o aumento da intensidade de fluorescéncia
dos triptofanos. Regides flexiveis da proteina devem mediar essas interagdes
intermoleculares. Esse fendmeno parece ser seguido por um processo de estabilizagdo
seqiiencial, passando por variacdes conformacionais, no qual residuos de aminoacidos
mostram diferentes deslocamentos quimicos durante esse periodo (dado ndo mostrado), até o

equilibrio ser atingido. A conseqiiente desagregacdo provoca um aumento da hidratacdo da

molécula, com conseqiiente diminuicao da intensidade de fluorescéncia.
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No caso da fluorescéncia hd um retorno para valores de intensidade menores que os da
proteina livre (Figura 33), que pode ser explicado por um efeito supressor de fluorescéncia
por parte da molécula de Hep que permanece interagindo com a proteina; ou pela possivel
mudanca do ambiente quimico de determinados residuos de aminodcidos, aproximando
triptofanos a residuos supressores; ou por um aumento da acessibilidade ao solvente em
relagdo a proteina livre. A acessibilidade da acrilamida aos residuos de triptofano foi menor
no tempo 0, concordando com a agregacdo que ocorre nesse momento, porém, apos
desagregar, os valores retornam a valores de acessibilidade muito préximos aos da proteina
livre (Figura 35 e Tabela 6). Contudo, os triptofanos estdo localizados na regido flexivel da
proteina, normalmente bastante expostos ao solvente, podendo nao refletir o estado

conformacional da regido globular.

O passo seguinte foi investigar se essa agregacdo transitéria e ligagdo com Hep
provocavam mudangas conformacionais na proteina. Experimentos de dicroismo circular
foram capazes de mostrar que, ap6s desagregar, o conteido em a-hélice da proteina em pH
7,4 retorna a valor muito semelhante a proteina livre (Figura 32). Para investigar com maior
refinamento as alteracdes na estrutura da proteina, medidas de SAXS e de RMN foram
obtidas do complexo. As duas metodologias ndo revelaram mudancas dramaticas na estrutura
da proteina. O complexo solivel apresentou uma estrutura terciaria global bastante similar a
proteina livre (Figura 37, 38 e 39). Embora as diferencas entre os deslocamentos quimicos no
HSQC da proteina livre ou ligada a Hep sejam bastante pequenas, mostrando que a estrutura
secundaria da proteina foi mantida, podemos observar mudancas em algumas areas do
espectro. Podemos observar o aparecimento de novos picos em uma faixa espectral populada
por picos pertencentes a regido flexivel da proteina, sugerindo que esta regido esteja

adquirindo uma estrutura mais ordenada (ou rigida) com a ligacdo de Hep. Também podemos
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observar diferencas no deslocamento quimico de residuos das regides N- e C-terminais,
mostrando que os efeitos da ligacdo de Hep se estendem por toda proteina. Os dados de SAXS
mostram que nao ha alteracdes significativas no raio de giro da proteina, mas o complexo
apresentou uma menor compacidade, possivelmente referente a regido globular ja que pelos

dados de RMN a regido N-terminal teria uma menor flexibilidade.

YIN e cols. (2006) mostraram que a dele¢do dos 12 primeiros aminoacidos da rPrP
humana inibia a ligagdo com GAGs, e sugerem que insercdes adicionais de repetigdes
octapeptidicas promovem uma maior interagdo com GAGs por gerarem um dominio N-
terminal mais exposto. Outros autores apontaram a propria regido octapeptidica, além de
outras regides, utilizando fragmentos de PrP ou peptideos sintéticos, como os principais
componentes para interagdo com GAG (WARNER e cols., 2002; GONZALEZ-IGLESIAS e
cols., 2002), embora seja discutido se o comportamento desses peptideos é representativo para
a proteina inteira. Nesta tese utilizamos um mutante de rPrP com delecdo na sequéncia de 51-
90, referente a repeti¢ao octapeptidica (Figura 42). Essa regido é conhecida por interagir com
cobre fisiologicamente (MARTINS e cols., 2002). A adi¢ao de cobre teve um efeito aditivo ao
efeito da Hep em induzir perda de sinal de CD. Todavia, heparina ndo interagiu com rPrP*>'"*
em pH 7,4, mostrando que esta regido contém o Unico sitio de interagdo em pH neutro
(condizente com a estequiometria observada). Esse resultado estd de acordo com a observagao
de SHYNG e cols. (1995) que reportaram que a regido entre os residuos 25 ¢ 91 de PrP
(incorporando a regido octapeptidica) ¢ suficiente para interacdo com HSPG de células N2a;
mas contraria GONZALEZ-IGLESIAS e cols. (2002), que observaram interagdo com

BoPrP(63-94) somente em pH écido.
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A razdo molar entre Hep e PrP encontrada em pH &cido foi aparentemente de 2:1
(Hep:PrP) (Figura 20). A fim de investigar a presenca de sitios de interacdo adicionais em
pHs 4cidos, acompanhamos a interacdo de rPrP**'™® em pH 5,5 (Figura 42A). Embora nio
haja interagdo de heparina com esse mutante em pH 7,4, podemos observar ligagdo em pH
5,5, com uma razao molar de 1:1 (Hep:PrP), indicando que na proteina inteira existem dois
sitios de ligagdo neste pH, a regido octapeptidica e outra adicional (responsavel pela interagao

A51-90

com rPrP neste pH). Tentando esquadrinhar a localizagdo desse segundo sitio, utilizamos

o mutante rPrp***12!

(Figura 42B), apresentando um dele¢do mais extensa do N-terminal, e
observamos que, assim como com o outro mutante, Hep induziu agregacdo somente em pH
5,5, sugerindo que essa outra regido de ligagdo compreenda os primeiros aminoacidos do

dominio N-terminal (concordando com YIN e cols., 2006) ou uma outra regido presente na

regido C-terminal da proteina.

As propriedades conformacionais da proteina do prion s3o conhecidas por serem
moduladas por pH (SWIETNICKI e cols., 1997; CALZOLAI e ZAHN, 2003). Mudancas que
provocassem uma maior exposi¢do do dominio N-terminal e de motivos normalmente
escondidos do solvente justificariam a presenca de um novo sitio de ligagdo e aumento do
conteudo de heparina em pHs acidos. Outra possibilidade ¢ a protonagdo de residuos de
histidina. A histidina ¢ o unico aminoacido cuja cadeia lateral pode servir tanto como acido
quanto como base em pH fisioldgico, e poderia entdo ser responsavel por essa interacdo. O
pK(a) de His155 e His187 ¢ em torno de 5,5 (CALZOLAI e ZAHN, 2003; LANGELLA e
cols., 2006). Para avaliar a importancia de histidinas para a interagdo em pH 5,5, tratamos
rPrP23-231 com DEPC, um modificador da cadeia lateral de histidinas, amplamente utilizado
para bloquear interagdes entre esse aminoacido (HESP e cols.,, 2007). Nossos dados

mostraram que o bloqueio dessas histidinas foi capaz de impedir a interagdo com Hep (Figura
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43). Na sequéncia dos 12 primeiros aminoacidos sugeridos por YIN e cols. (2006) como
regido de interagdo, ndo existe nenhum residuo de histidina, sugerindo que o segundo sitio de
ligacdo estaria contido na regido globular da proteina do prion. Os resultados mostrados

apontam a importancia do pH ao investigar € comparar os sitio de interagao.

Polissacarideos anidnicos precisam proporcionar um padrio espacial definido de
grupamentos sulfatados e carboxilados para o reconhecimento molecular e consequente
atividade bioldgica. O residuo de acido urdnico de heparina/HS pode estar 2-O-sulfatado ou
nao substituido e a glicosamina pode estar 6-O-sulfadata, N-acetilada, N-livre ou N-sulfatada.
WARNER e cols. (2002) demonstraram a importancia da 2-O-sulfatagdo por ensaio de
competicdo. Nesta tese mostramos que a presenga da 2-O-sulfatacdo e 6-O-sulfatacdo ¢
necessaria para interagcdo prion:heparina (Figura 44). Este resultado indica que a interacao
ndo apresenta uma natureza exclusivamente idnica, depende de uma configuragdo espacial.
Essa interagdo sitio especifica deve se assemelhar a encontrada para histamina (CHUANG e
cols., 2000) na qual o anel imidazolico se liga a uma fenda limitada pela triade IdoA-(1—4)-
a-D-GlcN-(1—4)IdoA. Diversas moléculas que mimetizam a estrutura do HS tém sido
desenvolvidas como drogas anti-prion (ADJOU e cols., 2003; OUIDJA e cols., 2007). O
conhecimento sobre o arranjo estrutural importante para a interagdo com PrP ¢ de extrema

relevancia para o desenvolvimento dessas drogas.

Polissacarideos sulfatados apresentam um efeito paradoxal porque ora parecem
prevenir (LADOGANA e cols., 1992; GABIZON e cols., 1993; CAUGHEY ¢ RAYMOND,
1993; SCHONBERGER e cols., 2003; OUIDJA e cols., 2007), ora estimular (WONG e cols.,
2001; HIJAZI e cols., 2005; DELEAULT e cols., 2005; HORONCHIK e cols., 2005) a

conversdo em PrP*. Uma explicacio para os efeitos anti-prion de GAGs livres é a competicio
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pela ligacao da PrP com GAGs celulares. No entanto, GAGs livres estimulariam a conversao
celular (WONG e cols., 2001). As modificagdes observadas por nds na estrutura da proteina
mediante a interagdo com heparina ndo mostraram serem por si s6 suficientes para induzir a
conversao; pelo contrario, o complexo formado se mostrou menos suscetivel a agregagdo ¢ as
modificagdes estruturais induzidas por temperatura (Figura 47). Além disso, a interagdo com
Hep fez com que a proteina perdesse a capacidade de interagir com moléculas de RNA
(Figura 46), conhecidos por promover a conversao da proteina (DELEAULT e cols., 2003;
GOMES e cols., 2008). A proteina perdeu também a capacidade de se incorporar a nicleos de
agregados (Figura 48), e teve sua propensdo intrinseca em se converter a forma amildide

anulada/reduzida (Figura 49).

Os dados apresentados mostram que nao ha paradoxo com relagdo a interagdo com a
isoforma celular. Podemos dizer que heparina ndo provoca mudangas estruturais na proteina
do prion (sequéncia inteira) que levem a conversdo da proteina, e que os dados da literatura
que mostram perda de estrutura da proteina estdo na verdade relacionados a agregacdo. Essa
agregacao observada in vitro se mostrou bastante transiente e sofre a influéncia de diversos
sais. GAGs celulares, mais freqiientes na forma de proteoglicanos, estdo imobilizados na
membrana da célula, assim como PrP®. Uma agregacio induzida por GAG na membrana da
célula seria um evento esporadico, dificil de acontecer, dada a restri¢do espacial, grau e
transitoriedade do efeito observado em pH 7,4, e a influéncia de ions. Mais ainda, o complexo
PrP:Hep se mostrou menos suscetivel & conversdo. Isso explicaria o efeito protetor dessas

moléculas observado em diversos modelos.

HS se mostrou importante para infec¢do por estar envolvido com a ligagdo e

incorporagao da isoforma “scrapie” nas células (HORONCHIK e cols., 2005; HIJAZI e cols.,
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2005). Assim como heparina pareceu estabilizar a estrutura da isoforma celular, HS sulfato
pode ajudar a estabilizar a isoforma “scrapie”, além de poder servir como via de entrada para
essa isoforma na célula. A entrada na célula da isoforma “scrapie” ¢ um evento essencial para
a conversdo, ja que a inibi¢do da endocitose previne a formagdo de PrP** (BORCHELT e
cols., 1992; CAMPANA e cols., 2005). HS ¢ PrPC sdo normalmente co-internalizados na
célula (CHENG e cols., 2006). Ao ser internalizada na célula, uma molécula de HS ligada a
PrP®® encontraria na via endocitica local para encontrar e interagir com PrP®. Dentro da via
endocitica, HS ¢ destinado aos endossomos tardios, ao invés de endossomos de reciclagem,
reticulo endoplasmatico ou golgi (PAYNE e cols., 2007), no entanto MARIJANOVIC e cols.
(2009) mostraram que endossomos tardios ndo estdo envolvidos com o processo de
conversao, ¢ sim endossomos de reciclagem. O HS promoveria entdo o encontro entre as duas

isoformas, porém nao participaria do processo de conversao.
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6 CONCLUSOES
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Os glicosaminoglicanos sao molécuas que estao relacionadas a proteina do prion tanto
em condicdes fisiologicas quanto patologicas, sendo entdo de grande importancia os estudos
sobre como se da a interagdo entre essas moléculas e seus efeitos. Nossos resultados indicam

que:

B

7 Heparina interage com a proteina recombinante do prion murina.

‘5:“ A interacdo entre mPrP ¢ dependente de interagdes eletrostaticas, concentracdo de

proteina, e do pH do meio, sendo favorecida por pHs mais acidos.

£y Em pH 4cido mPrP exibe duas regides de ligagdo contendo residuos de histidina,

importantes para a interagao.

R

7 A ligacdo de heparina provoca uma agregacdo transiente da proteina, sem a formagio de
espécies amildides e/ou toxicas, seguido por um processo de reorganizagdo até alcangar o
equilibrio.

5.3':" =1 . ~ : N ~ 7 : 13 LR E)
? A interagdo com heparina ndo induz conversdo da proteina para uma isoforma “scrapie”,

ném provoca mudangas em seu enovelamento.

R

7 O complexo formado por mPrP e heparina se mostrou mais estdvel e menos propenso a

conversao.
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Conversion of the cellular prion protein (PrP€) into its altered
conformation, PrP5, is believed to be the major cause of prion
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molecules of RNA. The catalytic effect of RNA on the PrP¢ —
PrP5¢ conversion depends on the RNA sequence, and small RNA
molecules may exert a protective effect.

Prion diseases can be infectious, sporadic, or inherited (1).
Regardless of their origin, they are related to modifications of a
ubiquitous membrane-anchored protein, the prion protein
(PrP).? Through a poorly understood process, the cellular PrP
isoform (PrP<), an a-helix-rich protein, undergoes a profound
conformational change, acquiring higher -sheet content; the
latter isoform is known as PrP5¢ (Sc from scrapie) and is the only
known component of the infectious prion particle (1-4).

The protein-only hypothesis postulates that PrP5¢ “multi-
plies” by catalyzing the conversion of PrP€ into a likeness of
itself, thus becoming responsible for its own propagation (5).
This hypothesis is based strongly on the fact that PrP knock-out
mice are resistant to prion infection, suggesting that endoge-
nous PrP is necessary for prion propagation and infection (6). It
was also suggested, however, that an additional unknown factor
could influence the PrP€ to PrP5¢ conversion (7—10). This mol-
ecule would act by lowering the free energy barrier between
PrP€ and PrP*¢ and triggering conversion (11, 12). In this field,
a great number of biological macromolecules have emerged as
candidates for conversion catalysts. Cellular adhesion mole-
cules, nucleic acids (NAs), basal membrane molecules, and sul-
fated glycans, among other biological macromolecules, have
been reported to interact with PrP< and to induce its conver-
sion into a B-sheet-rich structure similar to the infectious prion
protein (8, 10, 13, 14).

Our previous findings have demonstrated that PrP interacts
with nucleic acids in vitro, binding small sequences of double-
stranded DNA, acquiring B-sheet secondary structure as
revealed by spectroscopic measurements and presenting some
PrP5<-like characteristics (8, 15). It has also been shown that
PrP interaction with nucleic acids can lead to partial unfolding
of prion protein, triggering formation of an amyloid-like struc-

3 The abbreviations used are: PrP, prion protein; rPrP, recombinant prion pro-
tein; HSQC, heteronuclear single quantum coherence; LS, light scattering;
N2aRNA, total RNA extracted from cultured neuroblastoma cells; NA,
nucleic acid; FITC, fluorescein isothiocyanate; MTT, 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide; PK, proteinase K.
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ture resistant to proteinase K digestion (8, 16 —18), depending
on the PrP-NA molar ratio.

The interaction of prion protein with ribonucleic acid has
also been reported. PrP€ interacts with mammalian RNA prep-
arations, acquiring resistance to protease digestion in vitro (17,
19, 20). Highly structured RNAs can also convert human PrP“
into PrP%¢-like forms (21), and some RNA aptamers bind with
high specificity to the disease-associated PrP conformation (22,
23). It has also been reported that the N terminus of the protein
is important for the interaction with nucleic acids, because
mutants lacking different portions of this region presented
lower or no affinity for some RNA aptamers (24, 25), and DNA
binding was obtained for a rPrP(23—144) construction (26).

All of these findings suggest that nucleic acids play a role in
prion diseases. Based on these results, we have proposed a com-
plement for the “protein-only” hypothesis in which nucleic
acids can act by serving as catalysts and/or molecular chaper-
ones in the conversion, not by encoding genetic information (8,
10, 13). More recently, Prusiner and co-workers (27) found that
the binding of single-stranded DNA thioaptamers to PrP
occurs on at least two different sites on the protein. Selection
against recombinant Syrian hamster PrP 90231 (recSHaPrP)
identified a 12-base consensus sequence within a series of 20
thioaptamers, all of which consist of 40 bases, and one thio-
aptamer bound to recSHaPrP with extremely high affinity (0.58
nMm) (27). The potential therapeutic use of these molecules
against prion diseases reinforces the importance of under-
standing the interaction of PrP protein with different nucleic
acids at the molecular level.

Besides the prion structural puzzle and the mystery involving
the mechanisms of conversion from PrP€ into PrP%, many
questions remain unanswered regarding the toxicity of prion
aggregates. In addition to amyloid fibers and unstructured
deposits of misfolded protein found in infected brains, smaller
oligomers have been reported to be the toxic species for several
amyloidogenic diseases, including transthyretin amyloidoses,
Alzheimer, and Parkinson diseases (28 —30). A series of PrP
aggregates, oligomers, and fibers generated in vitro have been
tested for toxicity in cultured cells and hamsters. In both cases,
the aggregates were toxic, leading to cell death in culture and to
neurodegeneration and spongiosis in hamster brains (31, 32).
Moreover, it cannot be completely excluded that a small oligo-
nucleotide may be present in PrP aggregates and account for
prion cytotoxicity, as previously proposed (33).

Here we report experimental data on the interaction between
murine recombinant prion protein (rPrP23-231) and RNA. We
used total RNA extracted from cultured cells and small syn-
thetic oligonucleotides, focusing on PrP secondary and tertiary
structure changes. We have also investigated the role of the
N-terminal PrP region in RNA binding using two mutants lack-
ing N-terminal domains and evaluating the toxicity of the PrP-
RNA complex in cultured mouse neuroblastoma cells (N2a).
The recombinant prion protein (rPrP) deletion mutants inves-
tigated were rPrPA51-90 and rPrPA32-121, the former lacking
residues 51-90, which is the copper-binding region, and the
latter lacking residues 32—-121, the majority of the PrP N termi-
nus (34). We show that RNA extracted from N2a cells
(N2aRNA) induces a loss of a-helical secondary structure and
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triggers aggregation of rPrP23-231 but has no effect on the
rPrP-lacking portions of the N-terminal region. Nuclear mag-
netic resonance experiments reveal, however, that full-length
rPrP partially recovers its native fold 3 days after RNA addition,
but the changes observed in heteronuclear single quantum
coherence (HSQC) spectrum suggest that RNA binding
induces changes in PrP structure. We also find that aggregates
generated from PrP-N2aRNA interaction are toxic to cultured
N2a cells, which suggests that RNA molecules are potential
candidates for catalyzing the PrP< to PrP5¢ conversion in vivo.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of Recombinant
Prion Proteins—Construction of rPrP N-terminal deletion
mutants rPrPA51-90 and rPrPA32-121, heterologous expres-
sion in Escherichia coli, and further purification of the con-
structs and full-length rPrP by high affinity column refolding
followed previously described protocols (8, 34, 35).

rPrP23-231, rPrPA31-121, and rPrPA51-90 Labeling with
Fluorescein Isothiocyanate—All of the rPrPs were labeled with
amino-reactive fluorescein isothiocyanate (FITC) for fluores-
cence anisotropy assays. For the labeling reaction, rPrPs were
dissolved in 0.1 M sodium bicarbonate buffer at pH 8.0 to a final
concentration of 5-10 mg/ml and incubated with FITC (final
concentration, 0.5-1.0 mg/ml) for 1 h at room temperature.
After incubation, the FITC-rPrP23-231 conjugate (FITC-rPrP)
was separated from the free dye by gel filtration using a PD-10
desalting column (Amersham Biosciences) equilibrated with
Tris buffer (50 mm, pH 7.4) containing 100 mm NaCl. After
elution, concentration of the labeled protein and the efficiency
of labeling were determined based on molar extinction coeffi-
cients of rPrP23-231 (63,495 cm ™' M~ ! at 280 nm), rPrPA32—
121 (33,015 cm ™~ * M~ ! at 280 nm), rPrPA51-90 (41,495 cm ™~ *
M~ 'at 280 nm), and FITC (68,000 cm ™' M~ ' at 494 nm). FITC-
rPrPs were stored at —20 °C and protected from light.

Ribonucleic Acid Samples—Total RNA from cultured neuro-
blastoma (N2a) cells (N2aRNA) (36) was extracted using the
RNeasy Midikit (Qiagen) and the RNAspin Mini isolation kit
(GE Healthcare, Milwaukee, WI). Other cell lineages used in
this work are listed in the supplemental data. High pressure
liquid chromatography-purified synthetic single-stranded
RNA fragment 43-59 of SAF93 aptamer (SAF93**~>%) (22) and
opRNA, a random 18-mer sequence, derived from a transla-
tional operator of MS2 bacteriophage (37) were obtained from
Integrated DNA Technologies, Inc. (Coralville, IA). Nucleotide
sequences were: SAF93*37>%, 5'_.GGA UGC AAU CUC CAU
CCC-3'; and opRNA, 5'-AAA CAU GGG UUC CCA UGU-3'.
Synthetic RNA samples were maintained lyophilized at —20 °C
and used in RNase-free water.

Reagents and Protein Samples—All of the reagents used were
of analytical grade. Protein concentration was 1.0 um (0.023
mg/ml for rPrP23-231, 0.018 mg/ml for rPrPA51-90, and
0.014 mg/ml for rPrPA32-121) for light scattering (LS) and
fluorescence measurements, 30 um (0.69 mg/ml for rPrP23—
231, 0.57 mg/ml for rPrPA51-90, and 0.42 mg/ml for rPrPA32—
121) for CD assays, and 50 nm (1.15 pg/ml for rPrP23-231, 0.9
pg/ml for rPrPA51-90, and 0.7 ug/ml for rPrPA32-121) for
fluorescence anisotropy assays. All of the experiments were
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performed in 50 mm Tris buffer containing 100 mm NaCl, pH
7.4. All of the figures presented in this work are representative
of at least three experiments.

Spectroscopic Measurements—LS, fluorescence anisotropy,
and fluorescence emission were recorded on an ISSPC1 fluo-
rometer (ISS, Champaign, IL). LS at 90 ° was measured illumi-
nating the samples at 320 nm and collecting LS from 300 to 340
nm. Tryptophan fluorescence of rPrP23-231, rPrPA51-90, and
rPrPA32-121 was measured by exciting the samples at 280 nm
and collecting the emission from 300 to 420 nm. For anisotropy
measurements, the samples were excited at 490 nm, and the
emission was observed through a 3— 69 filter.

Far-UV Circular Dichroism—CD spectra were recorded in a
Jasco J-715 spectropolarimeter (Jasco Corporation, Tokyo,
Japan) at 25 °C with circular 0.10-mm-pathlength cells. Buffer
spectra were subtracted from each sample spectrum, and traces
were collected with four accumulations each.

NMR Spectroscopy—NMR spectra were collected at 298 K
with a Bruker Avance 800-MHz spectrometer equipped with
gradient triple resonance probes. The spectra were processed
using TOPSPIN 2.1 (Bruker) and analyzed with CARA 1.8 (38).
Two-dimensional [**N,'"H]HSQCs were collected with 2048 X
200 points and 8 —64 scans for the different samples. One-di-
mensional 'H-NMR spectra were collected with 2048 points
and 128 scans for all samples. For HSQC measurements, we
used 0.2 mm uniformly labeled [*°N]rPrP23-231 in 20 mm
sodium phosphate buffer, pH 7.4, 100 mm NaCl, and a 10%
D,0, 90% H,O mixture in the presence (at 1:1 molar ratio) or
absence of SAF93*3~%%,

Transmission Electron Microscopy—Samples were adhered
to a carbon-coated grid, blotted to remove excess material, and
stained for 10 s with a 2% solution of uranyl acetate prepared in
water. The images were digitally collected with a Zeiss EM 900
electron microscope (Carl Zeiss Inc.).

Neuroblastoma Cell (N2a) Culture and Cell Viability
Assays—N2a cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and
2% antibiotic (penicillin, erythromycin, and gentamicin) ina 5%
CO, atmosphere for 3 days and then transferred to a 96-well
plate (~ 5,000 cells/well). After transfer, the cells were exposed
to samples containing rPrP23-231, N2aRNA, or rPrP-RNA
complex for 3 days. An MTT assay was performed following the
previously described protocol (30). MTT enters the cells by
endocytosis and is reduced to formazan by NADH reductase
and other enzymes in a reaction that can be measured spectro-
photometrically. The amount of formazan reflects the reduc-
tive potential of the cytoplasm and the cell viability and gener-
ally shows good correlation with other viability tests (30, 39, 40).
Live/dead assays were performed following the protocol pro-
vided by the kit (live/dead viability/cytotoxicity kit for mamma-
lian cells; Invitrogen). Live cells were distinguished by the pres-
ence of ubiquitous intracellular esterase activity, which was
determined by the enzymatic conversion of the virtually non-
fluorescent cell-permeant calcein AM to the intensely fluores-
cent calcein. The polyanionic dye calcein is well retained within
live cells, producing an intense uniform green fluorescence in
live cells (ex/em = ~495 nm/~515 nm). EthD-1 enters cells
with damaged membranes and undergoes a 40-fold enhance-
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ment of fluorescence upon binding to nucleic acids, thereby
producing a bright red fluorescence in dead cells (ex/em =
~495 nm/~635 nm). EthD-1 is excluded by the intact plasma
membrane of live cells. All of the assays were done in triplicate.
Live/dead images were generated in the Observer.Z1 Micro-
scope (SN: 3834000373; Carl Zeiss Inc.).

Western Blotting—All of the protease-digested (+PK) sam-
ples were incubated with 20 ug/ml proteinase K (Sigma-Al-
drich) for 1 h at 37 °C. SDS-PAGE was performed on 1.5-mm
15% polyacrylamide gels. The blocked membrane was incu-
bated overnight at 4 °C with anti-PrP monoclonal antibody
(SAF84; Cayman Chemical, MI) diluted 1:500. Following this
incubation, the membrane was washed and incubated for 1 h at
room temperature with secondary antibody, IgG-horseradish
peroxidase-conjugated goat anti mouse (SC-2005; Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:200. The blot was
stained with diaminobenzidine tetrahydrochloride and
revealed with hydrogen peroxide (both from Sigma-Aldrich).

RESULTS

We first investigated the effects of RNA on the full-length
recombinant PrP (rPrP23-231) in vitro. It has been shown that
PrP< present in hamster brain homogenates interacts with
RNA in vitro, acquiring protease resistance, and that RNase
treatment can inhibit this conversion without changing the
PrP€ content (17). Questions remain unanswered, however,
regarding the size and structure of the RNA that are necessary
for interaction with PrP< and for catalysis of this conversion. In
light of these results, we investigated the interaction of prokary-
otic and eukaryotic RNA extracts and of two synthetic RNAs
(SAF93**~°? and 18-mer opRNA) (Fig. 1 and supplemental
Table S1) with rPrP23-231 and with two N-terminal rPrP dele-
tion mutants (rPrPA51-90 and rPrPA32—-121). The SAF93*3->°
sequence was chosen based on previous work (22) that
described the isolation of 2'-fluoropyrimidine-substituted
RNA aptamers that bind selectively to disease-associated,
B-sheet-rich isoforms of PrP. The SAF93 sequence was identi-
fied by Sayer et al. (23) as a high affinity PrP ligand; therefore,
we selected the main binding domain (nucleotides 43-59) to
perform our studies. The opRNA random sequence was
selected because it has been suggested that PrP-nucleic acid
interaction is guided by NA structure and not by its specific
nucleotide sequence (22, 23). The local secondary structures of
the synthetic RNAs used in this work were predicted with the
program GeneBee, which indicated that both sequences adopt
a hairpin-like structure (not shown). Thus we report the PrP
binding behavior of two different base sequences with similar
secondary structures.

RNA Incubation with rPrP23-231 Leads to Protein
Aggregation—We verified that incubation of the RNA extracts
with recombinant PrP led to an increase in light scattering val-
ues for full-length rPrP, indicating that the protein aggregates
upon RNA addition (Table 1 and supplemental Table S1). This
result was obtained for incubation with both prokaryotic (from
E. coli) and eukaryotic (from mammals, N2aRNA and vRNA;
from mosquito cells, C6RNA; and from yeast, SCRNA) RNA
extracts (supplemental Table S1). Interestingly, incubation of
the rPrPA51-90 N-terminal deletion mutant with all of the
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FIGURE 1.RNA binding to rPrP and its effects on rPrP secondary structure.
A, opRNA was titrated into 50 nm FITC-labeled rPrP23-231 (black), rPrPA51-90
(dark gray), or rPrPA32-121 (light gray). Anisotropy values were collected
through a 3-69 filter (excitation was set at 490 nm). B, CD spectra of free
rPrP23-231 (solid black line) and in the presence of opRNA (solid blue line) or
SAF93*3~%9 (solid red line) and free rPrPA51-90 (dashed black line) and in the
presence of opRNA (dark green line) or SAF93*3=>° (dark gray line). The inset
represents the CD spectra of opRNA (dashed black line) and SAF93**~>° (dotted
black line) free in solution. C, CD spectra of free rPrP23-231 (solid black line)
and in the presence of N2aRNA at 0.69 mg/ml (dashed black line); free
rPrPA51-90 at 0.57 mg/ml (solid red line); rPrPA51-90 in the presence of
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RNAs investigated did not alter the LS values, revealing an
important role for the PrP N-terminal region in the RNA inter-
action. We further selected the neuroblastoma cell-derived
RNA (N2aRNA) to continue our studies because this RNA orig-
inates from the same tissue as our prion protein constructs
(from mouse) (Figs. 1C and 2).

The rPrP N-terminal Region Is Necessary for RNA-induced
Aggregation—We monitored the interaction of FITC-labeled
rPrP23-231, rPrPA51-90, and rPrPA32-121 with opRNA by
fluorescence anisotropy to further investigate the role of the
N-terminal region in RNA binding to rPrP. Increasing concen-
trations of opRNA led to an increase in the anisotropy values
only for RNA titration in rPrP23-231 solution, confirming the
high affinity interaction between full-length PrP and RNA (Fig.
1A, black symbols). Binding of rPrP23-231 to N2aRNA was also
observed, with a half-maximal effect at 5.95 ug/ml (Fig. 2). Con-
sistent with measurements taken when rPrPA51-90 is incu-
bated with different RNA extracts (supplemental Table S1),
anisotropy data confirm the absence of interaction between the
N-terminal deletion rPrP mutants and RNA in the investigated
concentration range (Fig. 1A, gray symbols).

PrP-RNA Interaction Leads to Secondary and Tertiary Struc-
tural Changes Only for rPrP23-231—The changes in secondary
structure of the prion protein constructs upon interaction with
the different RNAs were analyzed by CD. To determine
whether free RNA interferes with the CD spectra, far-UV CD
spectra were collected for all RNA samples used. They all
showed one negative peak (~208 nm) and one positive peak
(~265 nm) (Fig. 1, Band C, insets). These results show a signif-
icant secondary structure signal from the nucleic acids that
were investigated. Because the RNA structure may change
upon rPrP binding, the RNA spectra were not subtracted from
the spectra of the complex (PrP-RNA). Instead, the spectrum of
the PrP-RNA complex is displayed together with the sum of
each RNA spectrum and that of rPrP alone (supplemental Fig.
S1). In this way, it is possible to infer whether the changes seen
are due to modifications in the secondary structure of PrP or
due only to the addition of the free RNA and rPrP spectra.

The addition of synthetic RNA oligonucleotides SAF93**~>°
and opRNA (Fig. 1B) and of N2aRNA (Fig. 1C) led to immediate
loss of secondary structure in rPrP23-231. Interestingly,
changes in secondary structure caused by the synthetic RNA
sequences were different from the effects observed for
N2aRNA. Both SAF93%3~>° and opRNA induced an increase in
LS (supplemental Table S1), but this increase was much less
marked than the one induced by N2aRNA (Table 1 and supple-
mental Table S1). This result indicates that, for the synthetic
RNA sequences, an oligomeric species of limited size is popu-
lated. Unlike N2aRNA, in the presence of SAF93*37>° and
opRNA, rPrP23-231 fluorescence emission intensity was
reduced and shifts of the spectra (increase in center of spectral
mass values) to more energetic wavelengths were also observed
(supplemental Table S1). Because the N2aRNA is a pool of sev-

N2aRNA at 0.57 mg/ml (dashed red line); rPrPA32-121 at 0.42 mg/ml (solid
blue line) and rPrPA32-121 in the presence of N2aRNA at 0.42 mg/ml (dashed
blue line). The inset represents the CD spectrum of free N2aRNA at 0.69 mg/ml.
For B and C, protein and synthetic RNAs concentrations were 30 um.
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TABLE 1

Summary of N2aRNA effects on rPrP23-231 and rPrPA51-90
Spectroscopic rPrP23-231 RNA digestion by RNase A rPrPA51-90
measurements —RNA +RNA Before rPrP incubation with RNA After rPrP incubation with RNA —RNA +RNA
€222 nm” —12.32 —1.23 - - —6.85 —6.63
LS/LS,? 1 21.18 2.09 5.96 1 0.86
FI/FI’ 1 1.03 1.00 0.82 1 0.88
ACM (cm ™Y 0 227 -35 90 0 6

“ Raw ellipticity values at 222 nm obtained from CD measurements.

® Normalized values obtained by dividing each recorded value (in the presence of N2aRNA) by the initial value (LS, initial light scattering; F,, initial fluorescence intensity) for

free protein in solution.

¢ Changes in center of spectral mass values from the tryptophan emission spectra. N2aRNA digestion with RNase A was performed at room temperature for 1 h at pH 8.0 with

a N2aRNa:RNase ratio of 100:1.
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FIGURE 2. N2aRNA binds rPrP23-231 with high affinity. N2aRNA was titrated
into a 1.15 ug/ml (50 nm) FITC-rPrP23-231 solution, and the anisotropy values
were collected through a 3- 69 filter (excitation was set at 490 nm).

eral RNAs with distinct sequences, sizes, and structures, differ-
ences between synthetic RNAs and the RNA pool are to be
expected.

We observed that N2aRNA addition led to visible protein
aggregation and that the CD spectrum of the complex showed
immediate loss of a-helical content (at 222 nm) in the presence
of N2aRNA (Fig. 1C and supplemental Fig. S1). This process is
irreversible, because no significant gain in the secondary struc-
ture content was observed even after 7 days of incubation (not
shown).

The aggregation of rPrP23-231 was confirmed by the
increase in LS upon RNA addition (Table 1 and supplemental
Table S1). The fluorescence emission spectrum was displaced
toward more energetic wavelengths, as seen from the increase
in CM values after N2aRNA incubation with rPrP23-231
(Table 1 and supplemental Table S1) but not when this RNA
extract was incubated with rPrPA51-90 (Table 1). This result
indicates protection of the tryptophan residues, which are
mainly exposed to the solvent when rPrP23-231 is free in solu-
tion (35). Total fluorescence intensity did not change signifi-
cantly in the presence of N2aRNA (Table 1 and supplemental
Table S1).

There were no changes in secondary structure (a-helical
content) in either of the rPrP N-terminal deletion mutants after
incubation with opRNA, SAF93*375%, or N2aRNA, as shown in
Fig. 1 (B and C) and supplemental Fig. S1 for rPrPA51-90 (not
shown for rPrPA32-121). Furthermore, neither LS nor fluores-
cence emission changed significantly in either case upon RNA
addition, indicating no changes in tertiary structure (Table 1,
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FIGURE 3. rPrP23-231-N2aRNA resistance to PK digestion. Western blot-
ting for PrP C-terminal domain. The samples were treated with PK at 37 °C for
1 h (ratio PrP:PK = 100:1), except where indicated (—). Lanes 1 and 2, rPrP23-
231 at 5 um; Lanes 3 and 4, rPrP23-231 at 5 um + N2aRNA at 0.057 mg/ml.
Molecular mass markers (MW) are shown on the /eft.

last column, and supplemental Table S1 for rPrPA51-90).
These data agree with prior observations that suggest the
importance of the N-terminal region to PrP-NA interactions
(24, 25, 41, 42).

Treatment of rPrP23—-231-N2aRNA Complex with Proteinase
K—PrP€ and PrP*¢ differ substantially in their conformations.
Unlike PrP€, PrP*¢is a multimeric assembly characterized by an
increase in the amount of B-sheet structure and enhanced
resistance to proteinase K (PK) digestion (3, 4). After observing
rPrP23-231 changes in secondary structure and aggregation
upon N2aRNA binding, we treated the aggregates with PK for
1 h at 37 °C (ratio PrP:PK = 100:1). The Western blotting
shown in Fig. 3 revealed that PK treatment completely digested
free rPrP23-231, but the rPrP23-231-N2aRNA complex was
partially resistant to digestion. The same result was observed
when PK resistance of the rPrP23—121-N2aRNA complex was
monitored by SDS-PAGE and stained with silver (supplemental
Fig. S2). Larger aggregates are also formed upon incubation
with N2aRNA and present high resistance to PK digestion (sup-
plemental Fig. S2B, asterisk). Treatment of other rPrP23-231-
RNA complexes formed by other RNA extracts and synthetic
sequences SAF93**~>° and opRNA, however, resulted in total
digestion by PK (not shown). We performed the same assay for
rPrPA51-90 and verified that this rPrP construction does not
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+RNAT72h
A +RNAO

0.0 -1.0

— PrP(23-231)
— PrP(23-231) +RNA72h [

rPrP23-231 in the presence or

- 108 absence of RNA (SAF93*3-°%), We
-5 (°N)  selected this RNA sequence because
L ppm it is homogeneous and can be syn-
L 111 thesized in sufficient quantities to

perform the NMR measurements.
I The N2aRNA does not fulfill these
[ characteristics. A small region of
- 114 one-dimensional '"H NMR spectra

- taken for free rPrP23-231, rPrP23-
L 231 immediately after RNA addi-
tion, and 3 days after RNA addition
is shown in the inset of Fig. 4. These
spectra were recorded and pro-
cessed with the same spectral
parameters so that the methyl signal
- shown could serve as a relative
5 indication of soluble protein
concentration.

According to the protein se-
quence, 288 HN cross-peaks are
expected in the two dimensional
[*°N,'H]JHSQC for rPrP23-231. We
- found 225 HN cross-peaks in the
| ["°N,'HJHSQC of the sample prior
to RNA supplementation. Immedi-
ately after RNA addition, there were
no signals above the noise because

] L) T T
10 & ('"H) ppm 9 8

FIGURE 4. Characterization of rPrP23-231 and SAF93“3-%? interaction by NMR spectroscopy. Superposi-
tion of the two-dimensional ['°N,"HIHSQC spectra of rPrP(23-231) (black contours) and rPrP23-231 72 h after
the addition of SAF93*3~>? (red contours). The inset presents a region of one-dimensional 'H-NMR spectra of
rPrP23-231 (black line), rPrP23-231 immediately after SAF93*3-> addition (blue line), and 72 h after RNA addi-

tion (red line).

acquire protease resistance upon incubation with N2aRNA
(supplemental Fig. S3), further indicating that the N-terminal
mutants do not interact with the RNAs investigated here.

Treatment of N2aRNA with RNase Blocks the PrP-RNA Inter-
action Effects—Prior treatment of N2aRNA with RNase A abol-
ished the effect of the nucleic acid on rPrP23-231 aggregation,
asshown in Table 1. LS and fluorescence emission also returned
to values close to that of the soluble, nonaggregated rPrP23—
231. This indicates that the effects seen are specific for RNA
interaction and not caused by interaction with free ribonucle-
otides in solution. In contrast, treatment with RNase A after
RNA incubation with rPrP23-231 did not completely reverse
aggregation and tertiary structure changes (Table 1), suggesting
either that the rPrP aggregate formed can no longer be solubi-
lized after RNA removal or that the RNA bound to PrP is pro-
tected from cleavage. To confirm the latter assumption we
applied RNase-treated rPrP23-231-N2aRNA samples on agar-
ose gel in the presence of ethidium bromide (supplemental Fig.
S4). It is possible to visualize that larger aggregates are formed,
and even after RNase treatment there is still RNA associated to
the protein (supplemental Fig. S4, lane 4).

NMR Spectroscopy of PrP(23-231) and the Effect of RNA
Addition—In Fig. 4, we present the NMR data obtained for

JULY 11, 2008« VOLUME 283+-NUMBER 28

. of protein precipitation. It is worth

mentioning that the precipitation
can be visually detected during the
addition of RNA. After a few days,
the precipitation is no longer visible,
and 3 days after RNA addition the
sample presents 211 HN cross-
peaks. As we noticed from the one-dimensional spectra, the
amount of signal of this sample accounts for 8% of the signal of
the initial sample without RNA. The spectra of PrP23-231 and
PrP23-231 plus RNA are similar in regard to the chemical shift
of several cross-peaks, indicating that both samples present the
same three-dimensional structure. There are, however, many
evident chemical shift differences between the spectra of these
samples, in particular within the range of 7.8 —8.6 ppm of 'H
chemical shift. Furthermore, the area within 7.6 — 8.4 ppm of 'H
and 124129 ppm of "N chemical shift has many additional
cross-peaks. This 'H spectral range is populated by many amide
cross-peaks of unfolded polypeptide backbone.

Taken together, these NMR data indicate that immediately
after the addition of RNA, rPrP23-231 undergoes severe aggre-
gation, which turns slowly into a soluble form of rPrP23-231.
This is a new form of rPrP, which closely resembles the globular
region of the free protein but with some modification in the
unfolded N-terminal region of rPrP23-231. It is worth men-
tioning that the N terminus (residues 23 to ~120) accounts for
most of the PrP flexibly disordered behavior, whereas the C
terminus (residues 121-231) encompasses a globular fold (35).

Ultrastructural Analysis of rPrP-RNA Complexes—To char-
acterize possible morphological differences between the aggre-
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il s

FIGURE 5. Electron microscopy of rPrP23-231 and rPrPA51-90 in the
presence of RNA. A, rPrP23-231 at 2 um (46 png/ml). B, N2aRNA at 23 pg/ml.
C, SAF93%37°9 2 um. D, rPrP23-231 at 2 um (46 ug/ml) in the presence of
N2aRNA at 23 ug/ml. E, rPrP23-231 at 2 umin the presence of SAF93%3~>° at 2
uM. F, rPrPD51-90 at 2 um (38 wg/ml). G, rPrPA51-90 at 2 um (38 wg/ml) in the
presence of N2aRNA at 19 ug/ml. Scale bars, 0.2 um.

gates obtained after incubation with the RNA extract,
N2aRNA, and with the small oligonucleotide sequence,
SAF93*37°°, we collected transmission electron microscopy
images of the samples. Recombinant PrP23-231 was incubated
with the aforementioned RNAs, and the transmission electron
microscopy grids were prepared immediately. Fig. 5 displays
both complexes, and we observed that rPrP forms amorphous
aggregates upon incubation with RNA that are not present in
soluble, RNA-free rPrP samples. Both aggregates appear very
similar, but the one generated by the SAF sequence seems to
adopt a more organized structure. These slight differences may
account for the different structural changes elicited by the
RNAs investigated.

PrP-RNA Complex Alters Cultured Cell Viability— A series of
aggregates, oligomers, and fibers generated in vitro have been
shown to be toxic to cultured cells, leading to death by apopto-
sis (32), but there is no report of toxic PrP5“/** generated in
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FIGURE 6.rPrP23-231-N2aRNA complex alters MTT reduction in cultured
neuroblastoma cells. Samples containing rPrP23-231, RNA molecules, or
protein-RNA complexes were added to the culture medium 3 days before
MTT addition. MTT reduction assay was performed as previously described
(29). The following concentrations were used: rPrP23-231 at 0.115 mg/ml (5
um), N2aRNA at 0.057 mg/ml, rPrP-N2aRNA (0.115 mg/ml:0.057 mg/ml) com-
plex, SAF93*3-°? at 5 um, and rPrP23-231:5AF93*37>% (5 um:5 um) complex. For
simplicity, the results are expressed as percentages of living cells relative to
the value for control cells (cells in culture medium only). This expression is
100 X (OD,,mpie X ODpjani)/ (ODconeror X ODpjani)- The ODy,, Was established
from the average of the wells containing only Dulbecco’s modified Eagle’s
medium with no cells. OD_,.,,; was established from the average of wells
containing nontreated cells. DMSO, dimethyl sulfoxide.

vitro using total recombinant PrP purified from a heterologous
system. After structural characterization of the rPrP23-231-
RNA interaction, we investigated whether the aggregates
formed upon N2aRNA or SAF93*3~>° interaction with rPrP23—
231 were toxic to cultured N2a cells using MTT reduction (30)
and viability assays to measure cellular survival. As shown in
Fig. 6, only the rPrP23-231-N2aRNA complex was able to alter
the MTT reduction pattern in cultured neuroblastoma cells,
leading to a ~60% decrease in MTT reduction compared with
rPrP23-231 alone. The complex formed with the synthetic
sequence SAF93**7>? did not affect the cultures (Fig. 6), and
neither did the samples containing only RNA molecules, which
suggests that the PrP changes induced by RNA cause formation
of a toxic PrP species. MTT reduction results were corrobo-
rated by viability assays in the presence of SAF93**~°°, opRNA,
and N2aRNA. The rPrP-N2aRNA complex was the most toxic
to cells in culture (Fig. 7), and the rPrP complexes with
SAF93**7°? (Fig. 7) or opRNA did not show significant toxic
effects. The free opRNA sequence was already toxic to cells, but
the addition of rPrP23-231 did not increase the observed cyto-
toxicity (not shown).

All of these results show that prion protein interacts with
RNA molecules and that this interaction leads to protein aggre-
gation. There is still no single sequence identified that would
specifically bind to rPrP, but we have shown that the N-termi-
nal prion protein domain is responsible for RNA recognition
and binding. For DNA binding, both the globular and N-termi-
nal domains are important (15).

DISCUSSION

Although the protein-only hypothesis is currently the most
accepted explanation for the development of transmissible
spongiform encephalopathies (1), the evidence for an addi-
tional cofactor in the PrP€ conversion is accumulating (7-10,
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A Phase Contrast Live/Dead

Control

rPr PZ.? -231

N2aRNA

7PyP23-231
+ N2aRNA

SAF93%4-59

rPyrP23-2314
SAF9343-59

Hoechst prion protein binds to nucleic acid
sequences and acquires higher
B-sheet content but remains solu-
ble, assuming a scrapie-like form (8,
44). More recently, we have mapped
the regions that are directly
involved in DNA binding by PrP
(15), which revealed that both the
globular and N-terminal domains
participate in the binding event.
This result clarified the importance
of the PrP globular domain for DNA
recognition, but it also showed for
the first time that the N-terminal
domain is involved in stabilization
of the complex. Since then, new
information about the possible
physiological relevance of prion-nu-
cleic acid complexes in vivo has
appeared (13, 17, 19, 45). The use of
NA aptamers for the diagnosis of
prion diseases is another interesting
approach that takes advantage of
the selective PrP-NA interaction. It
has been reported that some aptam-
ers can interact with specific iso-
forms of the prion protein, recog-
nizing either the cellular or the
scrapie form of PrP in vitro (20, 23,
46). It remains a challenge to
develop such an assay for PrP*¢
identification in vivo.

Here we show that RNA
sequences can also interact with the
prion protein with high affinity but
with different specificities and that
they lead to different changes in the
secondary and tertiary structure of
recombinant PrP compared with

140

50

(1]

rPriP23-231 + N2aRNA

Living Cells (%)

40

20

N2aRNA 0,057 mg/ml.

FIGURE 7. Only rPrP23-231-N2aRNA complex is toxic to cultured neuroblastoma cells. A, cell viability

DNA binding. The interaction of
prion protein with ribonucleic acid
has been investigated by other
groups; it has been shown that PrP
can acquire protease resistance
upon RNA binding (17) and that
scrapie and cellular PrP isoforms
can bind with different affinities to
some highly structured RNA
sequences (19-21). This property
has allowed specific RNA aptamers

rPrP23.231 + SAF93°

measured by live/dead assay. The following concentrations were used: rPrP23-231 at 0.115 mg/ml (5 umj,  to be constructed to aid in the early
N2aRNA at 0.057 mg/ml, rPrP-N2aRNA (0.115 mg/ml:0.057 mg/ml) complex, SAF93*37°% at 5 um, and rPrP23- diagnosis of prion diseases in

231:SAF93%37°? (5 um:5 um) complex. B, statistics of viability assay presented in A. For simplicity, the results are
expressed as the percentages of living cells relative to the value for control cells (cells in culture medium only).

17,42). The physiological role of prion protein interaction with
nucleic acids has attracted special attention in the last five years,
with particular emphasis on the potential for new therapeutic
strategies (27, 43). We have shown that recombinant murine
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humans and animals. Although
much effort has been devoted to
identifying a key sequence or effect of RNA interaction with the
prion protein, this subject remains controversial. First, there is
no single, specific sequence that binds to PrP, nor is there a
single nucleic acid-binding domain in this protein. Moreover,
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the minimum number of bases required for efficient binding of
PrP by RNA is unknown. Therefore, the aim of the present work
was to investigate in more detail what happens to the prion
protein structure during interaction with RNA and also to com-
pare the observed changes with previous data on the PrP-DNA
interaction (8, 15). We have seen that these interactions,
although identical in some respects, display substantial
differences.

We have shown that PrP interacts with RNA with high affin-
ity (nanomolar range) and that this interaction leads to an insol-
uble aggregated protein. It is noteworthy that PrP is less prone
to aggregation when it interacts with double-stranded DNAs (8,
15). Moreover, the prion protein (N-terminal) deletion mutants
do not seem to interact with any of the RNA sequences inves-
tigated. RNA-induced aggregation of prion protein depends on
the N-terminal region of this protein, indicating that at least
part of the 51-90 PrP region is responsible for this process. It
has been reported that truncation of the PrP N-terminal region
affects formation of protease-resistant PrP (PrP-res) in vitro
(47). Reduced formation of PrP-res with deletion of N-terminal
residues relative to full-length hamster PrP (47) may be related
to RNA binding ability in vivo because N-terminal deletion
mutants do not bind RNA and are also not toxic to cultured
cells. This differs from what was observed with the PrP-DNA
interaction (15), suggesting that the role of these nucleic acids
in prion biology must be different. In an early publication,
Gabus et al. (26) found that the human prion protein has DNA
strand transfer properties comparable with the retroviral
nucleocapsid protein and that it forms large nucleoprotein
complexes upon binding to DNA. The same group found that
the huPrP(23-144) fragment could bind DNA and have strand
transfer activity (26). Our previous NMR study demonstrated
that most of the changes in chemical shift upon DNA binding
were in the N terminus domain and in helix 1 (15).

Interestingly, the NMR HSQC measurements revealed that,
although there is immediate aggregation of rPrP23-231 upon
RNA addition, a few days after incubation with RNA, the rPrP
recovers most of its original fold (Fig. 4). This result indicates
that the changes induced by this synthetic RNA are partially
reversible, but most importantly, the appearance of additional
cross-peaks in the HSQC spectrum indicates that part of the
protein N-terminal domain is modified after interaction with
RNA (Fig. 4). The NMR data lead us to conclude that, although
the overall fold of rPrP is recovered ~3 days after RNA addi-
tion, significant structural changes are now present and can
reveal important features about the PrP interaction with ribo-
nucleic acids.

We previously reported that a-helical rPrP is more hydrated
and has a larger solvent-accessible surface area than aggregated
B-rPrP as measured by pressure perturbation calorimetry (48),
and it may be that nucleic acid binding to cellular rPrP leads to
similar dehydration effects. These changes in structure of the
prion protein when complexed to the nucleic acid would be
typical of nucleic acid chaperones (10, 41, 42, 49).

To investigate whether the aggregates formed upon RNA
binding are toxic to N2a cells in culture, we performed cell
viability assays. Interestingly, the aggregates formed upon PrP
incubation with total RNA extract from N2a cells were signifi-
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cantly cytotoxic, leading to an approximately 60% loss in cell
viability (Fig. 6). In contrast, we did not observe significant tox-
icity when recombinant PrP aggregates were induced by small
synthetic oligonucleotides (opRNA or SAF).

Our findings obtained when PrP protein binds either to DNA
or RNA show that the heterogeneous mixture of RNA extracted
from neuroblastoma cells was the only one to trigger toxicity
and massive aggregation. The small RNAs were able to bind
PrP, also leading to protein aggregation (Fig. 5, Band D), but the
oligomeric species formed presented no toxicity (Figs. 6 and 7).

The component of the N2A RNA extract that leads to aggre-
gation and further toxicity remains to be identified, but we sup-
pose that a specific RNA sequence or structure present in this
preparation may be responsible for this effect. The local sec-
ondary structures of the synthetic RNAs, based on the predic-
tion program GeneBee, were predicted to be hairpins.
Although the SAF sequence has more guanine (~39% versus
~22% for opRNA), they are otherwise similar in base content.
The guanine base is expected to contribute to a greater number
of hydrogen bonds with the binding protein (50), but both RNA
sequences displayed a very similar pattern of interaction with
the prion protein, and this base composition difference would
also not explain the toxicity observed upon incubation with
N2aRNA. Moreover, because the N2aRNA pool is very hetero-
geneous, it is still not possible to infer whether there it contains
a specific RNA secondary structure responsible for rPrP bind-
ing and conversion to a toxic species. Altogether, our results
reveal that there is selectivity in the species generated by inter-
action with different molecules of RNA. Because the catalytic
effect of RNA on the PrP© — PrP*° conversion may depend on
the RNA sequence, small RNA molecules may exert a protec-
tive effect.
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1. ABSTRACT

Since the first description of prion diseases, great effort has been made toward comprehending this new paradigm in
biology. Despite large advances in the field, many questions remain unanswered, especially concerning the conversion
of PrP® into PrP%°. How this conformational transition evolves is a crucial problem that must be solved in order to
attain further progress in therapeutics and prevention. Recent developments have indicated the requirement for partners
of the prion protein in triggering the conversion. In the present review, we will explore the interaction of PrP with some
of its most intriguing partners, such as sulfated glycans and nucleic acids. These molecules seem to play a dual role in
prion biology and could be fundamental to explaining how prion diseases arise, as well as in the development of
effective therapeutic approaches.



2. INTRODUCTION

2.1 Prion Diseases

According to the World Health Organization (WHO) website, between 1986 and 2002, almost 200,000 cases of bovine
spongiform encephalopathy (BSE) were registered in Great Britain (WHO official website: www.who.int). The "mad cow
disease" epidemic caused serious damage to the European economy at the end of the 1980s and the beginning of the 1990s and
led to the death of thousands of cattle across Europe. Since the first description of variant Creutzfeldt-Jakob disease (vCJD) in
humans in 1995, over 200 cases have been recorded in England, France, Ireland, Italy, and the USA.

Transmissible Spongiform Encephalopathies (TSEs) belong to a group of conformationally misfolding
neurodegenerative disorders. They are rare, fatal, affect mammals (including humans), and are characterized, in general, by the
loss of motor control, paralysis, and dementia (1). In addition to the hereditary and sporadic forms of prion disease, the group
also possesses an infectious nature as well. All TSEs are progressive, fatal and incurable (1). The TSEs that affect humans are:
Creutzfeldt-Jakob disease (CJD), the Gerstmann-Straussler-Scheinker syndrome (GSS), Fatal Familial Insomnia (FFI) and the
previously eradicated kuru.

The first description of a TSE dates back to the mid-eighteenth century, when the first cases of scrapie (the prion
disease that affects sheep) compromised the expansion of the textile industry during the Industrial Revolution (2). At the
beginning of the twentieth century, the first cases of Creutzfeldt-Jakob disease were reported in humans (3, 4). In the mid-
twentieth century, kuru was identified as a TSE in Papua New Guinea, and resulted from contamination by the practice of
ritualistic cannibalism, killing a large number of the local aborigine population (5). Subsequently, Alper and collaborators
demonstrated that the infectious agent related to TSEs was highly resistant to treatments that affect nucleic acids, such as ionizing
radiation and ultraviolet light (6), suggesting that a protein alone could infect and replicate in the absence of nucleic acids (7). In
the 1980s, the neuroscientist Stanley Prusiner characterized the infectious agent and the concept of the prion: proteinaceous
infectious particle (8, 9).

All TSEs, including scrapie in sheep and BSE in cow, have been described as single infectious agents that are isoforms
of a constitutive protein known as the prion protein (PrP) (2). There are two main players involved in prion disease. The first is
the cellular prion protein (PrP%), an isoform that occurs naturally in cells of the host body (10). The second is a conformational
variant of the first, which is involved in transmission of the disease, such as the prion scrapie (PrP%%) (11).

2.2. Cellular prion protein (PrP°)

PrP® (or PrP-sen, for protease-sensitive) is a constitutive and highly conserved protein among mammals (1). It is
normally found in the membrane of mammalian cells in many tissues, such as kidney and skeletal muscle (2). PrP° is found in
particular abundance in the central nervous system (12), and also in lymphocytes and lymphoid organs (13). This protein is
encoded by a the PRNP gene contained in chromosome 20 in humans, and present only in one copy (12). Mature PrP contains
209 amino acid residues, two preserved glycosylation sites, and is anchored to the outer cell membrane through a glycosyl
phosphatidyl inositol (GPI) anchor (1, 14).

The mouse prion protein is synthesized in the endoplasmic reticulum as a protein with 254 amino acid residues. The
first 22 amino acids in the amino-terminal region localize the protein to the membrane. Post-translational processing attaches the
C-terminal region of the PrP GPI anchor, fixing it to the outer portion of the cell membrane (1). There are two N-glycosylation
sites present in asparagine residues 181 and 197 (in human PrP), to which are added a variety of sugar species (15, 16). PrP
possesses a sequence of eight amino acid residues (PHGGGWGQ) in its amino-terminal region between residues 50 and 90 that
are flanked by basic and hydrophobic segments (residues 23-50 and 99-120, respectively) (17, 18). This octapeptide region is
highly conserved and contains four repetitions of these eight amino acids that function to bind copper (18, 19).

The tertiary structures of recombinant prion proteins (rPrP®) from different species were determined by nuclear
magnetic resonance (17, 20-22). The human PrP structure reveals the presence of a globular domain (residues 125 to 228) and a
highly disordered amino-terminal domain (23). The globular domain contains three alpha-helices (residues 144-154; 173-194
and 200-228) and a small beta-sheet formed by two beta-strands comprising residues 128 to 131 and 161 to 164 (23) (Figure 1).

The Prnp gene was identified in the 1980s. It is located on chromosome 2 in mice and 20 in humans (see (24) for
review). The knockout mouse for this gene was generated in 1992 (25). Today, almost three decades after the identification of
the Prnp gene and 16 years after construction of the first prion protein knockout animal, little is known about its physiological
function. Over the years, many functions have been assigned to PrP°, including immune regulation, signal transduction, copper
metabolism, nucleic acid processing, synaptic transmission, protection, and induction of apoptosis (26-28).

Despite all efforts to elucidate the physiological role of PrP, a specific function has not been firmly established. Many
biological partners for PrP have been identified that could be involved in its function. Based on the currently available data, it is
suggested that the presence of the GPI anchor indicates the requirement for PrP to bind a transmembrane protein to transfer an
extracellular signal to the intracellular space, indicating PrP may function as an accessory protein (27).

The most studied ligand of the prion protein is copper (19), which interacts with PrP through its amino-terminal

domain, suggesting a function in copper metabolism (28). Some studies have suggested that PrPC is able to bind extracellular
matrix macromolecules, such as laminin (29, 30) and the laminin receptor (31). PrP has also been shown to interact with and
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modulate the activation of plasminogen (32). Other ligands for cellular PrP have been reported: the chaperones Hsp60 and
GroEL; STI1 (stress-inducible protein I); nNOS (Neural nitric oxide synthase); alpha-tubulin (33-36); and nucleic acids (37, 38).

2.3. The prion scrapie (PrP*%) and the conversion reaction

PrP% is the isoform of PrP¢ associated with prion diseases, and is enriched in beta-sheet structures, as measured by
Fourier transform infrared spectroscopy (FTIR). PrP% presents itself as an insoluble protein that has a tendency to aggregate, and
is partially resistant to digestion by proteases. For this reason it is also called PrP-res (39). The protease resistant core forms
amyloid fibrils and amorphous aggregates comprising residues 90 to 231 (40). Because of the tendency to form aggregates,
determination of the three-dimensional structure of PrP% by high-resolution techniques, such as X-ray crystallography and
nuclear magnetic resonance, has proven to be a challenge. However, molecular modeling studies suggest that the formation of
PrP%° involves the re-folding of residues 90 to 140 into beta-sheets (41). The single disulfide bond, which links the helices on the
C-terminal region, would remain intact since this bridge is necessary for the formation of PrP% (42). A recent model included the
flexible region of the prion protein (residues 89 to 175), suggesting that this domain could also fold into beta-sheets (43).

The “protein-only hypothesis” was first outlined by Griffith (7) and developed by Stanley Prusiner (1). According to
this theory, the prion protein is the main agent responsible for the outbreak of TSEs. The discovery that PrP knockout mice are
resistant to infection by prions (25, 44) is one of the most solid foundations that support this theory. Changes in protein secondary
structure from an alpha-helical-rich conformation to a higher beta-sheet content account for the physical-chemical differences
between PrP® and PrP. The mechanisms that lead to conversion of PrPC into PrP° are not yet fully understood, but there are
several proposed models. In a previous cell-free assay, incubation of PrP® with large quantities of PrPS° conferred resistance to
protease digestion (45, 46), suggesting that PrP° catalyzes the conversion of PrP¢ into newly formed, protease resistant PrPSe.
Accordingly, the scrapie form induces misfolding of PrP® into more PrP*, and is therefore responsible for its own propagation
(47). PrP> could act as a molecular template by helping PrP¢ refold incorrectly to generate more PrP%. No post-translational
modifications have been identified that distinguish the two isoforms. The mechanism by which the conversion takes place is
another open question. Several groups have suggested that an additional, unknown factor may initiate or modulate the
conversion of PrP® to PrP° (38, 48-52). This hypothetical co-factor molecule would function to lower the free-energy barrier
between PrP® and PrP%° in order to trigger conversion (1, 15) (Figure 2).

Several biophysical approaches have been applied to characterize the thermodynamic properties of the alpha-helical
PrP® and beta-sheet species (53-55) The free-energy diagram depicted in Figure 2 highlights a model in which the cellular
isoform is in a metastable conformation. High-pressure FTIR and pressure perturbation calorimetry studies have demonstrated
that the cellular PrP isoform is more hydrated and has a larger solvent-accessible surface area than aggregated a-rPrP obtained by
thermal treatment (55-57). The role of hydration in the folding stability and amyloidogenicity of PrP has been corroborated by
molecular dynamics (58, 59). As represented in Figure 1, binding of a cofactor or a catalytic effector (such as nucleic acid) would
lead to a decrease in solvent-accessible surface area and a decrease in the level of hydration. The finding that PrPC is highly
hydrated is consistent with the observation that the protein has a long, disordered segment (the N-domain), and the globular C-
domain is highly flexible and not well-packed. Upon binding to biological targets, disordered segments can fold and become less
hydrated. This could occur with PrP® when it binds a partner such as a glycosaminoglycan or nucleic acid. Alternatively, this
could also happen by protein-protein interactions with assembling oligomers or amyloid fibrils. Below, we focus our review on
the nucleic acid- and glycosaminoglycan- binding properties of the prion protein and try to clarify the importance of these
ubiquitous macromolecules in prion biology, as well as in the occurrence of transmissible spongiform encephalopathies.

3. ARE COFACTORS NEEDED FOR PRION INFECTIVITY?

Since the proposal of the protein-only hypothesis, scientists have had little success generating infectious prion particles
from recombinant prion protein (60, 61). Even the generation of detergent insoluble aggregates and protease resistant prion
particles, which possess classical characteristics of PrP, failed to produce infectivity in animals (62). The lack of infectivity
indicated that something was missing in the generation of infectious prion particles in vitro.

Through the protein-misfolding cyclic amplification (PMCA) technique first described by Saborio and collaborators in
2001, it was shown that a mixture of crude homogenates from normal and scrapie brain resulted in a 6-fold amplification of PrP-
res (63, 64). However, it was necessary to use a 50-fold excess of PrP-res template to drive conversion in a cell-free system
containing only purified proteins (45). These results indicate that other factors are required for efficient conversion and that brain
homogenates must contain such adjuvants.

Legname and coworkers (65) published a paper that claimed to contain the definitive proof for the protein-only
hypothesis. This group managed to induce the disease in transgenic animals by inoculating them with a recombinant prion protein
(residues 89 to 230) in its fibrillar beta-sheet-rich form. The disease was induced in transgenic animals overexpressing the prion
fragment (PrP 89-230). However, animals bearing many copies of the prion protein developed the disease later on and, in some
cases, presented a sub-clinical form of scrapie. Therefore, it seems that the injected material only accelerated the process in
transgenic animals expressing excess PrP.

Studies with transgenic animals also suggest that conversion of PrP® into PrPS° could be assisted by another biological
macromolecule (49). This observation could explain the species barrier in prion diseases (49). The adjuvant could be a binding
cofactor or even a specific posttranslational modifier (49, 66).



It is currently well-accepted that an unknown factor is involved in prion pathology (38, 48, 49, 67). This molecule
would function by lowering the free energy barrier between PrP© and PrP° and triggering conversion (53, 68). A great number of
biological macromolecules have emerged as candidates for conversion catalysts: cellular adhesion molecules, extracellular matrix
molecules, glycosaminoglycans, and nucleic acids. All of these molecules have been reported to interact with PrP and trigger
structural conversion from an alpha-helical-rich structure to a beta-sheet-rich form (38, 48, 50, 69, 70). Throughout this review,
we will focus mainly on two prion protein ligands: the glycosaminoglycans and nucleic acids.

4. INTERACTION WITH SULFATED POLYSACCHARIDES

Proteoglycans (PG) are glycoproteins consisting of a core protein covalently linked to one or more glycosaminoglycan
chains. Glycosaminoglycans (GAGs) are linear polysaccharides comprised of a disaccharide repeat unit of a hexuronic acid
linked to a hexosamine that is mainly modified by N-deacetylase and N-sulfotransferases. Sulfated polysaccharides have long
been shown to interact with several proteins. They play important roles in the regulation of many physiological processes,
including cell-cell and cell-matrix interactions, cell growth and proliferation, and viral infection (for review see (71)). GAGs have
been implicated in many conformational diseases and have been detected in different types of amyloid deposits since the 19™
century (72-76). In addition, the importance of these molecules is not only restricted to spatial deposition, but also to temporal
appearance (77) and the induction of conformational changes (78) in amyloidogenesis.

Numerous evidence reveals the direct binding of GAGs to PrP® in soluble form and at the cell surface (50, 79-81). The
decrease in cellular heparan sulfate content leads to a strong reduction in PrPS° formation and incorporation in cells to regulate
the metabolism of prions (82, 83). These observations indicate that the interaction of HS proteoglycans and PrPS/PrP% is
essential for the pathogenesis of prion diseases.

4.1. The paradoxical effect of sulfated glycans.

GAGs, mostly heparan sulfate (HS), have been the subject of many prion disease studies. Snow and collaborators were
the first to show the presence of heparan sulfate in amyloid plaques in prion diseases like Creutzfeldt-Jakob disease, Gerstmann-
Straussler-Scheinker syndrome, and scrapie (76, 84). Since then, efforts have focused on the function of these carbohydrates in
transmissible spongiform encephalopathy pathogenesis.

After the identification of GAGs as considerable amyloid aggregate components, some studies showed that sulfated
polysaccharides can inhibit the accumulation of PrP** in cells infected with scrapie, and can bind PrP® (50, 85). One explanation
for this finding is that exogenous sulfated compounds inhibit PrPS° production by decreasing the amount of plasma membrane
PrP¢. Since no alteration in the synthesis or degradation of PrP® was observed, the observed effect may be due to an increase in
the rate of endocytosis induced by these compounds (86). Another work demonstrated that sulfated GAGs could inhibit the
polymerization of synthetic prion peptides into amyloid fibrils (87). It is postulated that the interaction of PrP (PrP and/or PrP5%)
with endogenous GAGs could be necessary for PrP%® propagation, and that exogenous GAGs act as inhibitors that block the
interaction of PrP with endogenous PG (78). According to this hypothesis, endogenous GAGs at the cell membrane possess
characteristics that are necessary to facilitate PrPS° formation/propagation and differ from exogenous molecules that do not cause
this effect.

Wong and collaborators (78) used a cell-free conversion assay to show that sulfated glycans induce conformational
changes in PrP-sen and stimulate the conversion of PrP-sen to a PrP-res isoform, which probably acts as a cofactor in the
pathogenic process. Exogenous GAGs have been shown to reconstitute the formation of PrP% in cells possessing strongly
reduced membrane-associated GAGs (82). Furthermore, heparan sulfate proteoglycans (HSPG) stimulated PrP-res amplification
in vitro (88), and heparin enhanced the aggregation of a prion protein fragment (PrP'*%®) and induced the formation of amyloid
aggregates that are toxic to neuronal cells (89, 90). The ability to stimulate PrP conversion reveals the paradoxical effect of these
sulfated glycans.

4.2. Function of the PrP°:GAG interaction

PrPC is mainly located on the cell surface where it interacts with cell surface proteoglycans and the extracellular matrix.
Heparan sulfate proteoglycans (HSPG) on the cell membrane are mainly syndecans (Sdc) or glypicans (Gpc). The ability to bind
GAGs may be involved not only in the pathogenesis of prions, but also in the normal function of PrP and HS.

Although PrP° is a GPI-anchored membrane protein with no cytoplasmic domain, it appears to be involved in neurite
outgrowth and neuronal survival through signal transduction pathways, including the nonreceptor Src-related family member p59
(Fyn), PI3 kinase/Akt, cAMP-dependent protein kinase A, and MAP kinase.(91). N-syndecans are transmembrane cell surface
proteoglycans that interact with Src family kinases and mediate neurite outgrowth (92). Therefore, the effect of PrP on promoting
neurite outgrowth and neuronal survival may be modulated by its interaction with HSPG.

GAGs also mediate the interaction of prion protein with other molecules, such as the 37-kDa/67-kDa laminin receptor
(LRP/LR) (93, 94). Like heparan sulfate, LRP/LR is another prion ligand that is believed to be a cell membrane receptor for PrP©
and PrP% (31, 95). Not only does heparin function as a cofactor to mediate plasminogen activity through PrP¢ stimulation of
tissue-type plasminogen activator (t-PA), but it may also influence cellular proteolysis (96).

Glypicans, which include PrP€, are GPI-anchored proteins present in lipid rafts (for review see (97)). Gpe-1 recycling
involves internalization via the caveolae pathway and degradation in lysosomes. This process leads to removal and either
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enzymatic degradation of the HS sulfate chains by heparanase or non-enzymatic degradation by (Cu(II)~Zn(II)-dependent, nitric
oxide (NO)-catalyzed deaminative cleavage. These processes generate products, such as anhydromannose oligosaccharides, that
interact with oxidized proteins and the proteasome to participate in the clearance of misfolded proteins (98). Recycling Gpc-1 is
also crucial for the uptake of polyamines, which are important molecules for cell growth and survival (99). Gpc-1 possesses
conserved cysteine residues in the central domain that are S-nitrosylated in a Cu(II)-Cu(I)-dependent redox cycle during
endocytosis (100). PrP is known to bind copper at the octapeptide repeat region of its N-terminal domain, and has been related
to copper metabolism and oxidative stress (for review, see (101)). Cu(Il)-loaded PrP° transfers copper and supports NO-catalyzed
Gpe-1 autodegradation in vitro. Ectopic expression of PrP® in prion-null fibroblasts (PRNP”?) restores this process (102). Gpe-1
and PrP¢ are co-internalized by Cu(Il) ions. Gpe-1 expression does not influence PrP¢ endocytosis, but PrP controls GPC-1
internalization and auto-processing (103). Sulfated polysaccharides and Cu(II) ions also stimulate PrP® endocytosis (86, 104).

4.3. Heparin/Heparan sulfate binding sites

The presence of sulfur and carboxyl groups makes GAGs negatively charged molecules. Interactions with other
proteins are mainly ionic and depend on the presence of basic amino acids throughout the protein sequence. Although the
interaction might look random, GAGs have specific requirements for defined sequences. Cardin and Weintraub (105) were the
first to show the presence of defined motifs in heparin-binding domains of four proteins (105). They characterized two consensus
sequences, XBBXBX and XBBBXXBX, where B is a basic residue and X is any other amino acid (105). Sobel and collaborators
also proposed a third consensus sequence, XBBBXXBBBXXBBX (106). These motifs are not always found as binding regions;
therefore, other spatial patterns for heparin binding must exist (107, 108).

Lysine and arginine are basic amino acids that show greatest affinity for sulfated glycans, with arginine exhibiting 2.5
times greater affinity (109). Histidine residues are also important for heparin interactions, with some proteins demonstrating a
strong pH and cation binding dependence (110-113).

The prion protein’s conserved octapeptide repeat region at the N-terminus has a consensus sequence of PHGGGWGQ
that binds Cu(Il) (114). The presence of extra octapeptide repeats is associated with prion disease (115, 116). Although this
region is not a heparin-binding motif, evidence indicates that it can bind heparin. The interaction could be mediated by divalent
ions bound to protonated His side chains (117, 118). Additionally, the interaction between LRP/LR and PrP is thought to be
dependent on an HSPG bridge that interacts with the octarepeat region (93). A synthetic peptide of amino acids 53-93 was shown
to interact with heparin/HS, as demonstrated by biosensor analysis (80).

Aside from the octapeptide region, Warner and collaborators (80) also identified two additional synthetic peptides (a.a.
23-52 and 110-128) that independently bind heparin/HS. The first region contains a Cardin-Weintraub motif with four basic
residues, KKRPK. Pan and collaborators demonstrated that a synthetic peptide (a.a. 23-35) contained the only region capable of
binding GAG (79). They later reported that deletion of the first 12 amino acids was sufficient to abrogate binding to GAG, and
the presence of extra peptide repeats resulted in a more flexible N-terminus that bound GAG with greater affinity. A more
flexible N-terminus has been suggested to expose the heparin-binding region and increase its interaction with GAGs (119-121).

Another Cardin-Weintraub motif in the N terminal sequence of the prion protein (a.a. 112-121) was included in the
third sequence identified by Warner et al (80). The amino acid 185-208 fragment of the prion protein has been shown to interact
with heparin/HS to induce the formation of amyloid aggregates (89, 90).

The amino acid sequence and saccharide domains of the polysaccharide chain are important for the protein:GAG
interaction. The uronic acid residues of Heparin/HS can be 2-O-sulfated or unsubstituted. Glucosamine can be 6-O-sulfated, N-
acetylated, unsubstituted, or N-sulfated. An N-unsubstituted GIcN and a 3-O-sulfate group (an unusual modification encountered
in GIeN) are involved in the binding of HS to herpes simplex gD (122). The N-sulfated GIcN, IdoA, 6-O-sulfate, and 3-O-sulfate
groups are required for antithrombin binding (123). Both the size and the degree of sulfate content in heparan mimetics are
important for their ability to inhibit PrP endocytosis (124). Not only is sulfate density important for the interaction, but it also
affects the properties of the glycan backbone. Chondroitin sulfate and kappa-carrageenan possess similar sulfate densities, but
they do not have the same effect (85). Using competition assays, Warner and collaborators showed that removal of the 2-O-
sulfate group reduced the capacity to compete for interaction with PrP -heparin. Removal of the 6-O-sulfate group had only a
minor effect. Hence, the 2-O-sulfates of heparin play an important role in substrate recognition (80).

5. PRP INTERACTION WITH NUCLEIC ACIDS

Nucleic acid molecules, both deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), form a peculiar group of PrP
ligands. Due to the “protein-only” hypothesis, these molecules were excluded from prion biology for decades (1, 9), but they are
now being considered for several new roles: instead of carrying genetic information, DNA and RNA molecules can participate in
prion diseases as adjuvants in the conversion of PrP¢ into PrP*°, and they may generate toxic species (38, 48, 50, 69, 125, 126).
On the other hand, they have been shown to prevent PrP aggregation and accumulation in cultured cells (127, 128). The
participation of nucleic acids as prion protein cofactors was first considered by Weissmann in 1991 when he raised the idea that
another molecule, such as a nucleic acid, could play a crucial role in the propagation of prion proteins (10). Nucleic acid binding
of recombinant PrP to DNA was described by Nandi & Leclerc (129). In 2001, we provided the first experimental evidence for
the catalytic participation of a nucleic acid molecule in prion protein conversion (48).



Some research groups have also proposed the use of modified NA molecules as prototypes for prion diagnosis (130,
131). Another interesting feature of the interplay between prions and NAs is that the former might participate in nucleic acid
processing as an NA chaperone (38, 132-134). DNA and RNA molecules present similarities and differences in their effects on
prion structure, conversion, aggregation, and propagation (69). In this section, we focus on PrP interactions with DNA and RNA
separately. We will also examine new possibilities and questions raised by the experimental observations of these molecules in
prion biology.

5.1. Outline: a decade of interesting findings

5.1.1. DNA

The interaction between PrP and DNA molecules has captured the attention of scientists for over a decade, and was first
described by P. K. Nandi in 1997. Through fluorescence measurements, he observed that the human PrP-derived peptide PrP'%
126 could bind a small DNA sequence derived from the papilloma virus with micromolar affinity. This finding was similar to that
observed for the retroviral protein p10 (129).

Two years later, Nandi observed the polymerization of a full-length recombinant murine prion protein (rPrP) in nucleic
acid solution (135). In 2001, our group showed that the same prion protein can bind DNA sequences with high affinity in vitro.
This interaction can prevent the aggregation of a highly hydrophobic prion peptide derived from the Syrian hamster PrP sequence
(ShaPrP'®'*) In a concentration-dependent manner. It can also induce a change in the rPrP conformation, converting it from an
alpha-helical-rich structure to an alternative, beta-sheet-rich conformation (48). We proposed that the PrP-nucleic acid complex
could act as a catalyst. When the full-length prion protein was added to the rPrP-DNA complex, aggregation did not occur
(Figure 3); however, when a large amount of prion -sheet-rich aggregate was added to a solution containing the DNA complex,
aggregation increased drastically (Figure 3). These results led us to propose that the rPrP-DNA complex catalyzes aggregate
formation (Cordeiro et al., 2001). However, in addition to the PrP-DNA complex, a considerable amount of protein in the scrapie
conformation was required. Without excess PRP*, spontaneous aggregation of the a-helical PRP® form would occur if PrP bound
nucleic acids.

Following this observation, the interaction of rPrP with synthetic double-stranded DNAs was confirmed to lead to
partial unfolding of the protein into an amyloid-like structure. This was characterized by binding to amyloid-specific dyes of
Congo red and thioflavin T (136). These amyloid-like structures were also found to be spherical and resistant to proteinase-K
(PK) digestion, similar to those in infected brains (137).

Subsequently, we showed that double-stranded DNA sequences also interact with the rrPrP construct, which lacked
most of the unfolded N-terminal domain (PrPD32-121). This construct contains a deletion of amino acids 32 to 121 (138). The
structural data obtained from Small Angle X-ray Scattering (SAXS) and Nuclear Magnetic Resonance (NMR) measurements
showed that rPrP interacts with DNA through the globular domain (Figure 4). NMR measurements further identified chemical
shift changes in amino acids both in the C and N domains of the protein, suggesting a restructuring of the protein upon DNA
binding (138).

Mangé et al. reported translocation and accumulation of misfolded scrapie-like prions in the nuclei of infected cells,
and that this transport was independent of the proteasome machinery. They also reported that the misfolded PrP has the capacity
to interact with chromatin (139). Recently, the interaction of exogenous DNA and recombinant PrP was shown to result in DNA
internalization and expression in mammalian cells in the presence of Ca®" (140). Membrane-attached PrP® binds DNA during
DNA internalization, but not during DNA expression (140). Further investigation of DNA interactions with PrP led to the
identification of anti-DNA antibodies that were specific to the PrP>° of diseased human brain tissues. This raised the possibility
of using antibodies as markers of prion disease (131). These data indicate nucleic acids might be physiological ligands of PrP
(38).

The use of modified, more stable oligonucleotides represents another strategy used to identify PrP isoform-specific
ligands for use as aptamers in diagnostic and therapeutic procedures. Kocisko and coworkers designed degenerate
phosphorothioate oligonucleotides that reduce PrP> formation in vivo (141). Recently, King and collaborators described DNA
thioaptamers that bind with high affinity to different mammalian prion proteins and short phosphorothioate DNA molecules to
decrease the PrP© and PrP*° content of infected neuroblastoma cells (128, 142).

5.1.2. RNA

In 1997, Weiss and colleagues isolated RNA aptamers that specifically recognize recombinant prion protein (143). An
interaction was observed for the full-length Syrian golden hamster protein, but not a construct lacking residues 23 to 90,
suggesting that the amino-terminal region is required (143). Adler and colleagues (144) isolated highly structured RNA
molecules that bind recombinant human PrP with high affinity in the presence of bovine serum in vitro. They also observed that
this interaction formed oligomers that remained complexed with the RNA, protecting it from ribonuclease A degradation (144).
A few years later, Vasan and coworkers observed that bovine PrP, in the absence of bovine serum, interacted with their RNA
aptamers to produce soluble oligomers. These oligomers were sensitive to PK digestion, but were potentially toxic, according to
in vitro testing (125).



Gabus and colleagues demonstrated that PrP possesses the characteristics of RNA-binding chaperones and, similar to
the nucleocapsid protein of HIV-1, forms structures similar to nucleocapsid retroviral proteins. Based on their finding, the group
suggested that PrP could participate in the metabolism of nucleic acids (133).

In 2003, several groups investigated the interaction of PrP with RNA in vivo and in vitro to demonstrate that the
presence of RNA molecules could stimulate the conversion of PrP to PrP-res in hamster brain homogenates. They also showed
that treatment of these homogenates with RNase could inhibit the conversion (52). In the same year, Rhie and colleagues
characterized RNA aptamers that preferentially bind to the infectious form of PrP and inhibit the conversion of the cellular
isoform. The aptamer is thought to bind the scrapie form to prevent an interaction between PrP¢ and PrPS° (130). Following this
study, other groups presented a series of PrP-binding RNA aptamers (145, 146).

The in vivo evidence that RNA molecules induce PrP conversion to a PrP%-like form was provided by Deleault and
coworkers (88, 126). Through a modified PMCA in vitro reaction, they demonstrated that synthetic RNAs could generate PrP*®
formation (88). This is consistent with our in vitro DNA-binding results suggesting that nucleic acid molecules could be involved
in prion conversion. In their study, inoculation of commercially available synthetic RNAs, along with purified PrP and co-
purified lipids caused neurodegeneration in healthy wild type hamsters (126). Geoghegan and colleagues co-localized hamster
PrP extracellular aggregates with RNA molecules, suggesting that RNA molecules incorporate into forming prion aggregates
(147).

Recently, our group characterized the biophysical and structural features of the interaction between recombinant mouse
PrP and RNA molecules. We investigated PrP:RNA complex formation through structural changes in PrP during RNA binding.
The reagents used include: recombinant full-length rPrP, two constructs lacking different portions of the amino-terminal domain (
rPrPD23-121 and rPrPD51-90), total RNA extracts from prokaryotic and eukaryotic cells, and two small RNA sequences
synthesized in vitro. Our results revealed that the full-length rPrP aggregates upon RNA binding, and immediately loses most of
its alpha-helical content. This phenomenon was observed for all RNA samples tested. RNA extracted from neuroblastoma cells
(N2aRNA) elicited the most drastic effects. Complex formation with N2aRNA protected both the protein and RNA from
degradation with proteinase K and ribonuclease A, respectively (69). NMR measurements with the synthetic sequence, SAF93*"
¥ presented a surprising result: after 3 days of incubation, the soluble portion of PrP recovered most of its original fold, but with
distinct changes in NMR. The N-terminal deletion constructs revealed that RNA interacts with rPrP at the N-terminal,
octapeptide region of the protein between residues 50 and 90. In this study, we also performed viability assays to verify the
toxicity of PrP:RNA aggregates. Incubation of cultured neuroblastoma cells with the aggregates revealed that the toxicity of
PrP:RNA aggregates was restricted to total RNA extract from N2a cells. Synthetic sequences were not able to induce toxicity,
suggesting that an unidentified component present in the total RNA extract of N2a cells is responsible for PrP aggregation and
PrP:N2aRNA complex toxicity (69).

5.1.3. New insights on RNA structure and function

For many decades, RNA molecules were classically described as accessories of the cellular machinery involved in
DNA translation and transcription (148). The human genome project showed, however, that only a small portion of our DNA is
actually transcribed into protein and the majority does not encode functional sequences. In the past decade, evidence that this
portion of our genome is actually largely transcribed has emerged (148, 149). These versatile transcripts are being revisited, and
new functions for them are being proposed. Non-coding RNAs (ncRNA), for example, exercise a variety of important functions
in eukaryotic cells, such as post-translational regulation, cell morphogenesis, and participation in embryo and neural development
(for review see (148)). RNA is a flexible molecule, and its structural properties allow it to exercise different roles through a broad
range of mechanisms, including cell to cell communication (150).

As discussed in this review, the interaction of PrP with RNA molecules has been widely reported, and the secondary
structure of RNA has been suggested to be important for this interaction (69, 130, 144-146).The particular RNA structure
necessary for prion binding remains elusive, but the flexibility of such molecules certainly account for these interactions.

5.2. DNA vs. RNA: Similarities and differences

All experimental evidence for PrP:NA interactions suggests the partnership of these molecules in vivo. Both DNA and
RNA produce misfolded isoforms of PrP. Interestingly, the misfolded PrP isoforms generated by DNA and RNA are not
identical. DNA usually produces aggregates with amyloid properties, such as high beta-sheet content and fiber formation (135,
136). Under some conditions, soluble species are produced (48, 138). Depending on the RNA origin, PrP:RNA complexes can
form large aggregates or small oligomers (69, 125), but they adopt an amorphous morphology (69). DNA and RNA also bind PrP
at different sites: DNA interacts mostly with the C-terminal region, but causes significant changes in the N-terminal domain
(138). Experiments performed with RNA suggest that the RNA binding site is located in the PrP unfolded N-terminal domain;
PrP constructs lacking residues 50-90 do not interact with RNA (69, 143). The toxicity of PrP:NA complexes was observed only
for PrP:RNA aggregates (69, 126).

These findings suggest that a nucleic acid molecule could be involved in prion conversion. Emerging evidence for the
extracellular functions of RNA molecules (150) also contribute to the idea that a nucleic acid molecule might be implicated in the
generation of PrP%°.



Some groups reported that both DNA and RNA molecules can prevent prion misfolding and propagation in infected
cells (48, 128, 131, 141, 142), and that these molecules could preferentially recognize PrP¢ or PrP° (125, 130). The experimental
evidence raises the possibility for further development of new molecules for TSE diagnosis and therapy.

Binding of NA molecules to PrP can alter the structure of the protein, as well as the structure of the nucleic acid. NA
binding can induce modifications in the amino-terminal region of PrP (48, 69, 138). The interaction with PrP bends DNA
molecules and facilitates strand transfer (151). This property of PrP is consistent with the activity of proteins involved in protein
synthesis (151). These observations, along with the finding that PrP exhibits characteristics of NA-binding proteins (132, 133),
suggest a possible role as an NA chaperone (151, 152). To confirm this assumption, however, more experimental clues are
needed.

5.3. NA chaperone and PrP* generation

After decades of intense study, spongiform encephalopathies are clinically well-described, but they remain incurable.
The spontaneous generation of PrP in sporadic prion diseases, along with the capacity of transmission is still an obscure subject.
Despite the significant efforts of the scientific community, the physiological role of PrP® remains unknown (153). PrP interaction
with nucleic acid molecules presents an interesting avenue for understanding prion physiology and the occurrence of TSEs.

Recent studies suggest that the function of PrP€ is related to NA metabolism. PrP has been reported to share similarities
with viral NA-binding proteins, such as the Ncp7 of HIV1 (133). Using a methodology to predict DNA interaction sites in
proteins, Tjong and coworkers identified 23 residues as possible DNA-binding sites in the murine PrP globular domain (154).
Identification of this binding region is consistent with the findings of our group using chemical shift variation analysis of DNA
binding to rPrP via examination of rPrP HSQC spectra (138). Anchored PrP® enables DNA translocation to the intracellular
space (140), and recombinant prion proteins can bend small double-stranded DNA molecules and promote DNA expression (140,
155). The FRET experiments (Figure 5) performed by Nandi’s group provide clear-cut evidence that the prion protein modifies
the structure of nucleic acids. The observation that the prion protein has a disordered N-terminal domain is consistent with other
nucleic acid chaperones (156) and suggests a nucleic acid chaperone function for PrP.

A considerable amount of evidence suggests that nucleic acids can be involved in the conversion of PrP® to PrP%. Both
DNA and RNA can convert recombinant or purified PrP into misfolded isoforms that possess PrPS characteristics. These studies
reported a series of PrP:NA aggregates, some of which induced cell death and neurodegeneration (38, 48, 50, 69, 125, 126, 135-
137). However, the size, composition, and secondary structure of nucleic acid molecules necessary for binding and converting
PrP® to PrP*° are still open for debate. The different effects observed for DNA and RNA molecules indicate that these molecules
exercise distinct roles in prion biology. For example: both DNA and RNA can generate aggregated forms of PrP but, until
recently, toxicity was only observed in association with PrP:RNA aggregates (69, 126).

If PrP€ is indeed involved in nucleic acid metabolism, how do nucleic acids convert PrP¢ into PrP%*? Under what
conditions does this interaction become dangerous? The answers to these questions could explain the sporadic incidence of prion
disease cases.

6. PERSPECTIVES IN THERAPY AND DIAGNOSIS

A series of therapeutic strategies have been tested to find an effective treatment against TSEs. However, there is still no
efficient approach to preventing disease development and death (for a review on TSE drug therapies, see (157). A broad variety
of compounds have been tested in an attempt to reverse or prevent the formation of PrP%, such as Congo Red, amphotericin B,
porphyrins, polyamines, and sulfated polyanions (2). These drugs seem to function directly or indirectly in the conversion of PrP®
to PrP%, and thus prevent the spread of the infectious form. Unfortunately, the compounds tested were not effective in inhibiting
the spread of disease when given after the first appearance of symptoms (2). In 2001, Korth and colleagues reported that some
phenotiazine and acridine-derived compounds were able to inhibit PrP%® formation when administered to infected neuroblastoma
cells (ScN2a) (158). Unfortunately, when administered over a long period or at high doses, these drugs caused side effects in
humans, such as liver damage (159), and they were not suitable for prion disease treatment. Further work described a screening
assay for PrP% inhibitors and characterized a group of polyphenols that inhibit the cell-free conversion reaction (160). In 2004,
our group reported that the naphthalene derivative compound 4,4’-dianilino-1,1’-binaphthyl-5,5’-sulfonate (bis-ANS) can inhibit
Syrian hamster PrP peptide ShaPrP(109-149) aggregation (161). This compound is also able to convert rPrP23-231 from its
normal alpha-helical form to an alternative, beta-sheet-rich structure. This dual effect was also observed in response to small
double-stranded DNA sequences (48). Moreover, binding of bis-ANS to full-length rPrP was reduced by the addition of
nanomolar concentrations of oligonucleotides, demonstrating that they compete for the same binding site.

Other groups described the capacity of some NA molecules to reduce PrP> formation and to decrease PrPS° content in
infected cells (128, 130, 141, 142) This interesting property of NA molecules as potential anti-prion compounds opens the
possibility of new drugs based on PrP:NA interactions (128, 130, 141, 142).

Aside from the use of nucleic acids, glycosaminoglycans have long been considered as a candidate for prion therapy.
Sulfated glycans were first used for TSE treatment as antiviral drugs when the pathogen was thought to be a virus. Sulfated
glycans were able to prolong the incubation time of the disease and prevent symptoms in mice when administered
prophylactically (162-165). Intraventricular infusion of pentosan polysulfate, an analog of heparin, was reported to increase
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survival of vCJD patients (70, 166). Due to the diverse biological functions of heparan sulfate and its involvement in prion
diseases, many heparan sulfate mimetics (HMs) are being developed and tested as anti-prion drugs. HMs are dextran-based
molecules whose hydroxyl groups are substituted with carboxymethyl ether, sulfate esters, or hydrophobic groups. These
molecules inhibit PrP%° accumulation in cell culture without affecting the level of PrPC, and they prolong the survival of scrapie-
infected hamsters with no cytopathic or cytostatic effects (167-169). HMs could interact with the prion to lower its binding to
cellular HS, and increase the length and mediate the degree of sulfation. The introduction of hydrophobicity could positively
modulate this effect (124).

Another developing area in prion diseases is the improvement of new methodologies for TSE diagnosis; PrP:NA
interactions could elucidate new possibilities in this field. Some anti-DNA antibodies are able to detect PrP° in vivo (131), and
RNA aptamers can bind selectively to PrP¢ and PrP%° (145, 146). The establishment of an effective TSE diagnosis may allow for
detection of PrP% in pre symptomatic states of prion diseases, and facilitate clearance of PrP aggregates before they become
highly toxic. We expect great developments in this field in the years to come.

7. CONCLUSIONS AND PERSPECTIVES

There is increasing evidence that prions have other additional accomplices that chaperone their activity in converting
the normal, cellular form of protein into the disease-causing isoform. The most likely candidates for this partnership are nucleic
acids and glycosaminoglycans. The catalytic effect of RNA or DNA on the PrP¢ — PrP® conversion would depend on the
sequence and structure of the nucleic acids and their ability to provide a protective effect. The potential therapeutic use of
modified nucleic acids has recently been demonstrated by different groups. In this review, we examined recent research seeking
to understand how nucleic acids and GAGs bind to prions, and the resultant implications for cellular toxicity and prion
conversion. Figure 6 summarizes possible mechanisms by which a nucleic acid or GAG could affect conversion of the prion
protein.

There are, however, many questions that remain to be explored. The nucleic-acid binding properties of the prion protein
(both RNA and DNA) might have broader implications for its native function than for disease. The great abundance of RNA in
the cytosol that acts in a variety of cellular processes may hint at the physiological target of prion protein. In a recent article,
Beaudoin and coworkers (170) described large ribonucleoprotein particles induced by cytoplasmic PrP, which share striking
similarities with the chromatoid body. The chromatoid body is an RNA granule that is predicted to function in post-
transcriptional gene regulation, Their findings indicate that PrP functions in the assembly and RNA processing center.

The formation of a complex between non-infectious PrP and RNA may be just part of the story. The connection
between PrPS, NA, and PrP% could be a side effect of the prion protein’s native cellular function. The implications of these
interactions are causing a paradigm shift in the area of prion research and we can anticipate new findings in the years ahead
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Figure legends:

Figure 1. Mouse PrP high resolution structure. Fragment 121-231 of mouse PrP (rPrP121-231), PDB 1AG2. Alpha helixes 1,
2 and 3 are represented in red; beta strands 1 and 2 are shown in yellow; loops and turns are colored in green. The dotted line
represents the unstructured amino terminal region of rPrP, containing residues 23-120. Adapted from Riek et al., 1997 (17).

Figure 2. Conversion of PrPC into the beta-sheet isoform free energy diagram. Unfolding of the cellular prion protein (PrP°)
and its subsequent misfolding to the scrapie isoform (PrP%%) has been implicated in transmissible spongiform encephalopathies.
The two isofoms of PrP can be differentiated by their secondary structures: PrPC is largely helical whereas PrP° is enriched in
beta-structure. The conformational transition is separated by a large energetic barrier that is associated with unfolding and
oligomerization. I and U represent intermediate and unfolded states of the protein. For these reason, it seems likely that other
molecules are crucial for prion propagation acting as an adjuvant factor by lowering the energy barrier. Adapted from Cordeiro
et. al., 2001 (48).

Figure 3. DNA can act as catalyst in PrP%® formation. (A) ShaPrP 109-149 aggregation is increased by rPrP:DNA complex.
Left, addition of increasing concentrations of rPrP 23-231 to a solution at pH 5.0 containing 25 nM E2DBS labeled with
rhodamine at the 3° end. Right, light scattering at 320 nm when ShaPrP 109-149 (open squares) or rPrP 23-231 (filled squares)
was added to the rPrP:E2DBS complex. The LS values plotted are the difference between the conditions in the presence and in
the absence of the complex. (B) rPrP:DNA complex facilitates PrPS/PrP° conversion together with the perturbation of an excess
of PrP%° aggregates. Adapted from Cordeiro et al., 2001 (48).

Figure 4. Models for the mouse prion protein complexed with DNA. (A and B) Three-dimensional model of rPrP
reconstituted from SAXS measurements. Superposition of the rPrPD32-121 model obtained from SAXS experiments and the
NMR structure of the murine prion protein globular domain, residues 121-231 (PDB entry 1AG2). (C) rPrPD32-121-DNA
complex envelopes superimposed onto rPrPdel32-121 envelope and crystal structure of a 16 base pair DNA (PDB entry 2BOP).
The DNA used in this superposition is smaller than the used in the measurements and complete superposition was not realized.
(D) Adapted from Lima et al., 2006 (138).

Figure 5. Dependence of FRET efficiency (TE = (Ipo-1p)/Ipo) on alpha-PrP concentration at pH 6 and 7.2. (A) FAM—Lef-
DNA-TAMRA. (B) FAM—NC-DNA-TAMRA. At both pHs, the FRET efficiency is greater for the NC-DNA albeit to a smaller
extent, and the efficiency is more at pH 7.2 than that at pH 6. Extracted from Bera et al., 2007(155).

Figure 6. Models for PrPC conversion into PrP¢. (A) PrP* is the only responsible for structural conversion of PrP into new

PrP*°. (B) A macromolecule (DNA, RNA or GAG) is responsible for PrP¢ conversion into PrP%°. (C) An adjuvant molecule acts
as a catalyst, facilitating PrP® conversion into PrP*°. Adapted from Aguzzi and Polymenidou, 2004 and Silva et al., 2008 (2, 38).
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Conspectus:

This review focuses on the interplay between ligand binding and hydration in the formation of
misfolded protein species. Protein misfolding has been implicated in a large number of diseases,
which are grouped under the name of protein folding disorders (PFDs). In these diseases, large
quantities of wrongly folded proteins undergo aggregation, destroying brain cells and other tissues.
Such disorders include Alzheimer’s disease, Parkinson’s disease, transmissible spongiform
encephalopathies, familial amyloid polyneuropathy, Huntington’s disease and type Il diabetes.
Hydration drives various biological processes, including protein folding, ligand binding,
macromolecular assembly, enzyme kinetics, and signal transduction. To approach the changes in
hydration and packing - both when proteins fold correctly or when folding goes wrong, leading to
the protein folding disorders- several biochemical, biophysical and structural approaches have been
utilized. Whereas in many cases binding of a ligand such as a nucleic acid acts by preventing
misfolding and aggregation, there are several cases in which ligands induce misfolding and
assembly into amyloids. This occurs simply because the formation of structured aggregates, such as
protofibrillar and fibrillar amyloids, involves decreases in hydration, formation of an H-bond
network in the secondary structure, and burying of non-polar amino-acid residues, processes that
also occur in the normal folding landscape. This Account describes the present knowledge of the
folding and misfolding of different proteins, with a more detailed emphasis on mammalian prion
protein (PrP) and tumoral suppressor protein p53, and also explores how ligand binding and
hydration influence the fate of the proteins. The cellular isoform of PrP possesses a disordered N-
terminal domain and also a highly flexible and not well-packed C-terminal domain, which might
account for its significant hydration. When PrP binds to biological molecules, such as
glycosaminoglycans and nucleic acids, the disordered segments appear to fold and become less
hydrated. Formation of the PrP-nucleic acid complex seems to accelerate the conversion of the
cellular form of the protein into the disease-causing isoform. For p53, binding to some ligands,
including nucleic acids, would prevent misfolding of the protein. Recently several groups have

2



begun to analyze the folding/misfolding of the individual domains of p53, but several questions
remain unanswered. We discuss the implications of all these findings for our understanding of the
productive and incorrect folding pathways of these proteins in normal physiological states and in
human disease, such as prion disorders and cancer, and we show how these studies lay the

groundwork for the development of new drugs.



Introduction

In the year 2009, we commemorate Charles Darwin’s 200™ birthday and 150 years since the
publication of the seminal book “On the Origin of Species™ . In the last one and a half centuries,
Biology has evolved in fascinating and unexpected ways and most of the general predictions of
Darwin’s theory of evolution have been tested at the molecular level. Chemists, biochemists and
physicists are trying to describe the conformation landscape of biomolecules through the use of
their sophisticated tools, including quantum mechanics, kinetics and irreversible thermodynamics.
But the understanding of apparently simple processes, such as protein folding, has so far eluded us.
The applications of some of the laws of chemistry and physics do not always result in success — as
was brilliantly pointed out by Schrodinger in “What is Life” (1944):% “........... from all we have
learnt about the structure of living matter, we must be prepared to find it working in a manner that
cannot be reduced to the ordinary laws of Physics”; and that is so “because the construction is
different from anything we have yet tested in the physical laboratory.”

Schradinger’s forecasts have become real and most of our attempts to frame Biology according
to a deterministic view have failed. This is particularly true in the processes that lead a biopolymer
to evolve in space and time. Water is the ubiquitous background for all these processes and,
although it tended initially to be overlooked, theoreticians and experimentalists have had to take it
into account more and more®. From enzyme catalysis to cell signaling throughout the different
compartments in the cell, water activity plays a crucial role. A protein will successfully sample the
lowest free energies of the protein folding funnel according to the interactions among the different

amino-acid residues as well as to the differential interactions with water molecules (Figure 1). It is

the balance of all these interactions that results in the folded protein.

The protein energy landscape gains considerable complexity with the inclusion of interactions
with water®. For some proteins, the energy landscape becomes more complicated when the system
drifts into an aggregation pathway, as exemplified in Figure 1. Protein misfolding and aggregation

are involved in more than 30 human diseases, including Parkinson’s, Alzheimer’s, transmissible
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spongiform encephalopathies, systemic amyloidogenic diseases and cancer®. Protein aggregation
also proceeds with changes in hydration similar to folding and ligand binding®. Protein folding
intermediates have been spotted as precursors to the misfolded and aggregated species. The choice
of the folding intermediates that lead into a native or misfolded conformation will depend on how
the different states are populated, based on their energies, energy barriers and exposure of
hydrophobic surfaces to the aqueous milieu (Figure 1). Homeostasis of cellular proteins is
controlled by proteasomes, chaperones and other folding assistants that play a crucial role in
preventing the deleterious effects of misfolding®. Folding and misfolding/aggregation are equally
driven by dehydration, and, therefore, it is critical to evaluate the contribution of hydration to the
formation of folded and misfolded species. Ligand binding leads to a decrease in solvent exposure
very similar to that observed when the protein folds or aggregates. The ligand might be a small
molecule, another protein, a nucleic acid, a glycosaminoglycan or a membrane lipid.

Here, we will review how ligand interaction affects protein folding and misfolding. The effects
might be paradoxical; depending on concentration and the presence of partners; the outcome can be
prevention of misfolding or its acceleration. The interplay between hydration and ligand binding

will also be an important part of this account.

1. Hydration in protein folding, misfolding and amyloid assembly

The importance of hydration for the formation of amyloids has been deduced from structural
studies’ as well by molecular dynamics®. The use of computer simulations to study protein
aggregation encounters problems due to the complexity of the system. Using explicit and implicit
solvent simulations, a study with the amyloidogenic B-hairpin peptide (residues 109-122 of the
Syrian hamster prion protein) allowed the authors to demonstrate that solvent exposure of
hydrophobic surfaces is the driving force for the folding of the peptide®.

There are several in vitro studies that address the effects of water deprivation on the

1
.10

aggregation of proteins®*°. Using model cosolvents, Grudzielanek et al.*® described how solvational
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perturbations lead into pronounced and different effects on the unfolding, non-native assembly and
fibril formation of insulin. More recently, Mukherjee and coworkers® utilized reverse micelles to
show that the aggregation rates of two amyloid-forming peptides increase when hydration is
decreased.

As described below, pressure and volumetric approaches make it possible to assess the

effects of hydration and ligands on the folding and misfolding/aggregation of proteins.

Hydration effects on protein misfolding and amyloid aggregation as studied by high
hydrostatic pressure. Proteins undergo dissociation and unfolding by pressure mostly because the
final states are more hydrated and have fewer cavities® (Figure 2). In contrast, alpha helices and
beta sheets are less sensitive to high pressure because of the low compressibility of hydrogen bonds.
Because of these properties, high pressure has been used to assess the underlying mechanisms of
protein misfolding and aggregation®*****3. Some fibrillar aggregates are highly sensitive to
pressure, and it is becoming a consensus that this sensitivity is related with the infiltration of water
molecules into the protein interior>**. Since pressure shifts the equilibrium towards the species with
smaller volumes, it has the potential to dissociate aggregates (Figure 2).

The similar sensitivity to pressure of folded and misfolded proteins indicates comparable forces
maintaining these states, especially because they have similar water-excluded cavities. Thus, both
the folded and aggregated states will be less hydrated and have larger specific volumes than the
unfolded state (Figure 2). Early aggregated species and protofilaments always have larger volumes
and are thus sensitive to hydrostatic pressure*>**1151Although fibrils might be less hydrated than
early aggregates, they are more stable and have greater contributions from hydrogen bonds. Thus,
much higher pressures would be required to dissociate these aggregates. A typical case is the
amyloid fibrils of B2-microglobulin ($2-m), involved in dialysis-related amyloidosis, which are not
tightly packed; instead, they present a larger number of cavities than denatured protein'®. However,

mature amyloid-like fibrils formed from a fragment of the B2-m protein have a smaller partial
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specific volume, probably because of a greater contribution from hydrogen bonds™. Similar results

had been observed when comparing whole transthyretin with TTR peptides™*2,

Pressure can also promote the formation of intermediates that are prone to aggregation****
(Figure 2). Pressure would have a reshuffling activity, producing intermediates that might evolve
into misfolded/aggregated species under decompression. For transthyretin, involved in senile
systemic amyloidosis and in familial amyloidotic polyneuropathy, a less stable tetramer is formed
after decompression'**. More recently, high pressure was used to explore a potential therapy
against amyloidogenic diseases by trapping the monomer of a non-amyloidogenic variant (T119M)

of transthyretin'’. Pressure produced long-lived monomers of T119M. They were mixed with

aggressive mutants of TTR to generate heterotetramers, which became non-amyloidogenic®’.

2. Prion protein: a hydrated promiscuous protein

Transmissible Spongiform Encephalopathies (TSEs) are rare, fatal neurodegenerative
diseases™. The most intriguing feature of TSEs is that they can be infectious, in addition to the
hereditary and sporadic forms. All TSEs are related to single infectious agents that are isoforms of a
constitutive protein known as the prion protein (PrP)*. To some extent contradicting Anfinsen’s
paradigm, there are two isoforms of the prion protein with the same amino-acid sequence, the
cellular and the misfolded isoform®®. The cellular prion isoform (PrP®) is rich in alpha helices and
occurs naturally in cells of the host, whereas the misfolded form is a conformational variant of the
first, rich in beta-sheet, involved in transmission of the disease, called the prion scrapie (PrP)*,
Mature PrP® is anchored to the outer cell membrane through a glycosyl phosphatidyl inositol (GPI)
anchor and has a globular domain and a highly disordered amino-terminal domain®®. The

physiological function of PrP is still a matter of intense debate.

Conversion of PrP* into PrP® involves changes in hydration and might be promoted by

ligands. The “protein-only hypothesis” postulates that the PrP is the main agent responsible for the
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outbreak of TSEs'®. The discovery that PrP knockout mice are resistant to infection by prions® is
the main groundwork for this hypothesis. The mechanisms that lead to conversion of PrP® into
PrP* are still unknown, but there are several proposed models. Incubation of PrP® with large
quantities of PrP® give resistance to protease digestion®, suggesting that PrP*® catalyzes the
conversion of PrP® into newly formed PrP>. However, it has been suggested by several groups that
a still unknown cofactor might initiate or modulate the conversion of PrP® to PrP5#?22 This
hypothetical molecule would lower the free-energy barrier that prevents conversion between PrP®
and PrP*°, triggering formation of PrP*° (Figure 3).

Biophysical studies have demonstrated that the transition between these states involves
changes in hydration'>**?*. The free-energy and volume diagrams (Figure 3) show that the cellular
isoform is in a metastable conformation, and surprisingly the differences involve larger changes in
volume than in free energy. Studies employing high-pressure FTIR and pressure perturbation
calorimetry indicated that the cellular PrP isoform is more hydrated and has a larger solvent-

1525 (Figure 3). Molecular dynamics

accessible surface area than aggregated recombinant PrP (rPrP)
studies corroborated the role of hydration in the folding stability and amyloidogenicity of PrP%.
Binding of a cofactor (such as nucleic acid or a glycosaminoglycan) would lead to a decrease in
solvent-accessible surface area and a decrease in the level of hydration (Figure 3). Below, we focus

on the ligand-binding properties of the prion protein and its implication in hydration changes in the

latter leading to disease progression.

Binding of PrP to Nucleic Acids and Changes in Hydration. Nucleic acids are now believed to
be important players® in prion biology. DNA or RNA molecules would participate in prion diseases
as cofactors, helping to trigger the conversion of PrP® into PrP>® (Figure 3). Nandi and coworkers
showed that recombinant murine prion protein (rPrP) polymerizes in a nucleic acid solution®’. The
first experimental evidence for a catalytic role of nucleic acids in PrP conversion was presented by

some of us (J.L.S., D.F. and Y.C.) in 2001%* We showed that recombinant prion protein could bind



DNA oligonucleotides with high affinity in vitro. Our main finding was that the PrP:nucleic acid
complex could act as a catalyst, increasing the aggregation rate?* (Figure 3). The structural data
obtained from small angle X-ray scattering (SAXS) and nuclear magnetic resonance (NMR)
measurements showed that rPrP interacts with DNA through both the globular and disordered
domains®®. The NMR measurements identified chemical-shift changes in amino acids both in the C-
and N-domains of the protein, suggesting a restructuring of the protein upon DNA binding and
decrease of hydration®®,

PrP can also bind RNA molecules?®3%*32_ Adler and collaborators isolated highly structured
RNA molecules that bind human rPrP with high affinity in vitro®®. Prion protein can also form
structures similar to retroviral proteins, therefore possessing RNA-binding chaperone
characteristics, likely participating in nucleic-acid metabolism®. The interaction of PrP with RNA
in vivo and in vitro was shown to stimulate the conversion of PrP® to PrP-res in hamster brain
homogenates and treatment of these homogenates with RNase could inhibit the conversion®.
Lately, synthetic RNAs were used to generate protease-resistant prion protein (PrPR®) formation®.
This result is consistent with our in-vitro DNA-binding results suggesting that nucleic acids could
be involved in prion conversion®. Intracerebral inoculation of a mixture of synthetic RNAs,
purified PrP and co-purified lipids caused neurodegeneration in healthy wild-type hamsters®.

Full-length rPrP interacts with RNA at the disordered and highly hydrated N-terminus
undergoing aggregation and losing most of its alpha-helical content®>. NMR measurements with a
synthetic RNA sequence showed that the soluble portion of PrP recovered most of its original fold,
but with distinct changes in the NMR HSQC spectrum®. The aggregates derived from interaction of
PrP with RNA extracted from neuroblastoma cells were highly cytotoxic®. In contrast, complexes
formed with synthetic RNAs were not toxic. The precise RNA structure needed for prion binding is
still unknown, but the high flexibility of such molecules is certainly important for these interactions.
It also seems crucial to the interaction changes in hydration of the protein itself that would decrease

the solvent accessibility (Figure 3).



In the last decade, non-coding RNAs (ncRNA) have been shown to act in post-translational
regulation. The finding that PrP interacts with nucleic acid with potential NA chaperone activities®
raises the possibility that PrP might have some effects in the processing of ncRNA. In fact, recent
studies showed that cytoplasmic PrP induced large ribonucleoprotein particles®*, with potential
function in post-transcriptional regulation. The participation of a nucleic acid in prion conversion
would be a rare event because a seed of misfolded material would also be needed. More recently, it
was found that recombinant PrP translocates DNA to the intracellular space and promotes DNA
expression®. Fluorescence resonance energy transfer experiments recently showed that PrP
modifies the structure of nucleic acids®®. A putative nucleic acid-chaperone function for PrP raises
the question of how interaction with nucleic acids could contribute to the sporadic cases of prion

diseases.

Binding of PrP to glycosaminoglycans and potential therapeutic approaches to prion diseases.
Glycosaminoglycans (GAGs) have been implicated in many conformational diseases and were
detected in different types of amyloid deposits®’. GAGs bind PrP® both in its soluble form and at
the cell surface®®. Heparan sulfate was found in amyloid plaques in TSEs*’ and other studies showed

PR in cells infected with scrapie®®.

that sulfated polysaccharides can inhibit the accumulation of Pr
Moreover, it was shown that sulfated GAGs could inhibit the polymerization of prion peptides into
amyloid fibrils®®. Thus, interaction of PrP (PrP® and/or PrP>%) with endogenous GAGs might be
needed for PrP>® propagation, and exogenous GAGs might act as inhibitors, blocking the interaction
of PrP with endogenous proteoglycans. In this respect, GAGs would act as some nucleic acids do®
by reducing the access of the solvent to the surface of the protein. Accordingly, endogenous GAGs

at the cell membrane possess characteristics that are necessary to facilitate PrP*

formation/propagation and differ from exogenous molecules that do not cause this effect.

A great variety of compounds have been tested in an effort to find agents that reverse or

prevent the formation of PrP*. Degenerate phosphorothioate oligonucleotides were designed to
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reduce PrP* formation in vivo®™. DNA thioaptamers bind with high affinity to different mammalian

41,42

prion proteins and have great potential as anti-prion agents. GAGs are also considered as

2643 Heparan sulfate mimetics (HMSs) inhibit PrP>

promising compounds for prion diseases
accumulation in cell culture without affecting the level of PrP®, and they prolong the survival of

scrapie-infected hamsters with no cytopathic or cytostatic effects®.

3. Misfolding of p53 and cancer

When cells are subjected to stress, p53 works as a transcription factor, resulting in cell cycle
arrest or apoptosis**. It is the failure of these responses that contributes to an uncontrolled cell cycle.
p53 function is lost in more than 50% of human cancers, making it an appealing target for cancer
therapies. p53 is a modular protein containing an N-terminal transactivation domain, followed by a
proline-rich region, a central DNA-binding domain (p53C), a tetramerization domain, and an
extreme C terminus®. The central or core domain of p53 (p53C), which is comprised of residues 94
to 312, is responsible for specific DNA interactions®. Of the nearly 22,000 point mutations in p53,
97% are found in the core domain.

An aggravating factor to the misfolding of p53 caused by single-amino acid mutations is the
negative dominance property: several p53 mutants (translated from a single mutant allele) are able
to drive wild-type p53 protein (translated from the remaining wild-type p53 allele) into a mutant
conformation®, in a way that resembles the action of the prion protein.

p53C is a relatively unstable protein undergoing easily chemical, thermal and pressure

47484930 |nterestingly, p53C loses its DNA-binding activity spontaneously at 37°C in

denaturation
vitro due to a kinetic partitioning between folding and misfolding pathways of the protein®’.
Recently, we found that the interaction with a cognate DNA sequence stabilizes p53 and prevents
aggregation of the protein into an amyloid-like structure (Figure 4). Sequence-specific DNA also

stabilized full-length p53. The effects of cognate DNA could be simulated by high concentrations of

osmolytes, implying that the stabilization is caused by water exclusion. We propose that aptameric
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nucleic acids can be used as therapeutic approaches to prevent misfolded species of p53 and treat

cancer™* (Figure 4).

The intriguing amyloid potential of different domains of p53. Formation of amyloid-like

5253 and for the transactivation®

aggregates has been described for the core®, for the tetramerization
domains of p53. Stefani and coworkers™ elegantly demonstrated that the p53 N-terminal domain
can aggregate into amyloid assemblies that exhibit cytotoxicity. We found that the wild-type p53
core domain (p53C) can form fibrillar aggregates®. An intermediate oligomer of p53C was also
observed during equilibrium and kinetic folding/unfolding transitions®. Annular and fibrillar
aggregates of p53C were toxic to cells*. The hot-spot mutant R248Q also had a tendency to
aggregate. Thus, the fibrillogenesis of p53 might contribute to its loss of function and seed the
accumulation of conformationally altered protein in cancerous cells (Figure 4D).

Several carcinomas exhibit abnormal accumulation of wild-type or mutant tumor suppressor
protein p53 either in the cytoplasm or in the nucleus of the cell®®. Evidence that the three domains
of p53 form amyloid-like aggregates is quite striking, making it tempting to speculate that p53
amyloid formation might participate in the malignant process. Aggregation of p53 would act as a
sink to sequester native protein into the inactive conformation, replicating the structural
information, very much like a prion (Figure 4D). Hot-spot mutations of p53, related to highly

malignant tumors, usually destabilize the folded conformation®>*’

, exposing hydrophobic surfaces
to water, and we did find that they have a greater tendency to aggregate®®. Because this aggregation
is likely to include wild-type subunits, it could be the basis for the negative dominance of p53
mutants*®. The search for molecules that preclude the formation of the misfolded conformation,
which may ultimately lead to the prevention of tumor development, is a major goal in cancer
research®’. The use of aptameric nucleic acids could be a good alternative to prevent aggregation

and to rescue activity®* (Figure 4). A more stable variant of p53 would shift the equilibrium toward

the soluble and active form of the protein.

12



4. Nucleic-acid effects on other amyloidogenic proteins:

The effects of nucleic acids on the aggregation and misfolding properties are not restricted
to prion protein®® and p53°. For all the cases, the binding seems to be driven by decreases in the
surface exposed to the aqueous environment. The replication initiator protein of Pseudomonas
pPS10 plasmid (RepA) aggregates into amyloids™. DNA induced the aggregation of one of the
domains of the protein into amyloids, which might have a role in the negative regulation of plasmid
replication. However, DNA was not present in fibrils, similar to what we found for the interaction
of PrP with DNA®®,

In the case of a-synuclein, involved in Parkinson’s disease, it has been found that DNA

stimulates formation of fibrils®*®°

. There was a parallel between the effects of DNA-binding and
osmolytes in inducing fibrillation®. These results are similar to that found with DNA-induced
stabilization of p53C, which in turn resembles the stabilization promoted by high concentrations of

|51

glycerol®". Formation of a-synuclein fibrils is driven by exclusion of molecules of water, as clearly

shown by pressure studies of the fibrils.

5. Overview and Future Perspectives

At the end of his book “Protein Interactions”, published in 1992%!, Gregorio Weber wrote
that “Future knowledge of the relation of protein function to structure and dynamics is much more
likely to come from the comparative study of the proteins than from their study as isolated entities
to which elementary physics and chemistry are applicable”. To some extent, his words reinforce
Schrodinger’s statement that biomolecules are quite complex entities>. The great challenge in
Biology for the next decades will be to discover how interactions among different biomolecules and
with solvent occur in space and time in the cellular context. Even at one of the lowest hierarchical

levels, such as the protein folding, understanding the frequent failure of polypeptides to reach the

13



native state requires that we comprehend the interactions of a plethora of intermediate states with
ligands and the solvent®. Here we exemplified this quite well with the prion protein, p53 and other
amyloidogenic proteins.

For prions, they seem to have other accomplices (most likely nucleic acids and GAGSs) that
chaperone their activity in converting the cellular form of the protein into the disease-causing
isoform. There are, however, many questions that remain to be explored. The ability of the prion
protein to bind nucleic acids may have broader implications for its native function than for disease.
The great abundance of RNA in the cytosol that acts in a variety of cellular processes may hint at
the physiological target of prion protein.

In the case of p53, the complexity increases significantly when one considers all of its
domains. To exert its functions, p53 interacts with a large number of other proteins, which
potentially contribute to p53’s conformation and affinity for its target DNA. In the same manner,
post-translational modifications likely interfere with protein folding. Another level of complexity
for p53 folding involves p53 mutants that can alter the conformation of the wild-type protein either
by forming heterotetramers or by aggregation, converting the wild-type monomer into an inactive
form, as described for prions. It will be exciting to explore the different pathways of the p53 folding
landscape and the role of individual conformational intermediates. The comprehension of p53
folding/misfolding may shed light on the mechanisms of p53 regulation and ultimately the cell’s

fate in tumorigenic processes.
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Figure Legends

Figure 1. Free-energy landscape of protein folding versus misfolding. Unfolded proteins
(represented in the top of the diagram) have high conformational entropy and are highly hydrated.
As the proteins evolve in the funnel, the intermediate species become more structured and less
hydrated. Some proteins face a bifurcation in the landscape leading to metastable conformations,
which depending on the conditions might advance to stabilized misfolded species and undergo
aggregation.

Figure 2. Hydrostatic pressure effects in different systems. Pressure acts on proteins by water
infiltration and shifts the equilibrium to smaller volumes, and may induce protein denaturation,
protein dissociation, dissociation of protein-nucleic acid complexes, disassembly of aggregates,
including amyloids, and formation of pre-amyloidogenic intermediates.

Figure 3. Energy and volume diagram of PrP misfolding. PrP (left) can misfold into an isoform
rich in beta sheet structure capable of forming toxic and infectious aggregates (PrP>) (right). The
transition between the species is separated by a large energetic barrier. 1 and U represent
intermediate and unfolded states of the protein. An adjuvant factor would lower the free-energy
barrier that prevents conversion, triggering formation of PrP*°. PrP® has a larger solvent-accessible
surface area than the misfolded and aggregated species, and the folding pathway also exhibits a
Kinetic barrier in the activation volume (inset, modified from ref. 15). The pressure-denatured states
of a-rPrP (PrP®) and B-rPrP (PrP*-like) are denoted as U and U’, respectively.

Figure 4. Stabilization of p53C upon sequence-specific DNA binding and recovery of misfolded
aggregated species of p53C. (A) Structure of p53C bound to DNA (PDB entry 2ABY). (B) Full-
length p53 is stabilized against pressure denaturation upon DNA binding as measured by
fluorescence: p53 (blue circles), consensus-bound p53 (red squares), and poly(GC)-bound p53
(green triangles). Open symbols correspond to the values after return to atmospheric pressure. (C)
Cognate DNA rescues the native conformation of p53C after misfolding and aggregation.
Fluorescence spectrum of wt p53C at atmospheric pressure (solid black line); after the first cycle of
compression and decompression in the absence of DNA (red line); after DNA addition at
atmospheric pressure (blue line); and after the second pressure cycle in the presence of DNA (green
line). (D) Proposed model for p53C aggregation. Conversion of native, active p53 (blue circles) into
aggregates (red squares) in the cytoplasm (upper panels). Nuclear DNA is represented in purple.
Adapted from refs. 49, 51.
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Figure 4
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PRION PROTEIN INTERACTION WITH LOW MOLECULAR WEIGHT HEPARIN
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SUMMARY

Transmissible spongiform encephalopathies are a group of fatal diseases, which affect mammals,
caused by an abnormal isoform of the prion protein (PrP). Conversion of cellular PrP (PrP®) into
the pathological conformer, PrP®, involves contact between both isoforms and probably requires
a cellular factor, such as a glycosaminoglycan. Though direct interaction between PrP and
heparin (Hep) has been recorded, little is known about the structural features implicit in this
interaction. In the present work, we developed light-scattering, fluorescence and nuclear
magnetic resonance spectroscopy measurements in order to provide information on the chemical
and physical properties of the murine recombinant PrP (rPrP 23-231) interaction with low
molecular weight heparin (LMWHep) at pH 7.4 and pH 5.0. We found that LMWHep interacts
with rPrP 23-231 inducing its oligomerization/aggregation, which is a reversible process. After
reaching equilibrium, NMR HSQC spectra show marked differences in chemical shifts between
free and Hep-bound protein samples. We also investigated the interaction of Hep with other PrP
constructs, lacking portions of the N-terminal domain (rPrP A51-90 and A32-121). Heparin did
not bind these constructs at pH 7.4 but was able to interact at pH 5.0, suggesting that Hep can
interact with different regions of the protein depending on pH. In addition, we searched for Hep
sulfation groups important for interaction using modified heparins. Heps containing only 6-O-
sulfated or 2-O-sufated groups did not alter significantly the PrP secondary structure. On this
basis it may be inferred that these two sulfate groups play an important role in prion-heparin

interaction.



INTRODUCTION

Transmissible spongiform encephalopathies such as Creutzfeldt-Jakob disease of humans,
scrapie of sheep, and bovine spongiform encephalopathy are fatal degenerative diseases caused
by prions (l). Prions are glycoproteins attached to the «cell surface via a
glycosylphosphatidylinositol (GPI) anchor at the protein’s C- terminus and are mainly expressed
in cells of the central nervous system (2). The protein conformation which occurs in healthy,
non-infected cells (PrP%), is mainly composed by a-helices linked to a disorder N-terminal
domain (3-5). The refolding of PrP into an abnormal B-sheet-rich isoform capable of forming
toxic and infectious aggregates, called PrP scrapie (PrP*) is the key event in prion disease
pathology (6, 7). Although it is well established that this structural conversion leads to TSE
development, it is still unclear how this process results in neuronal cell death.

According to the “protein only” hypothesis the PrP* acts as a template, inducing the
conversion of PrP® and propagating itself as an ‘infectious protein’ (8, 9). This occurs primarily
on the cell surface or in endocytic vesicles (10-12). The scrapie isoform is thermodynamically
more stable than the native. The conformational transition is separated by a large energetic
barrier that is associated with unfolding and oligomerization (13, 14). While prion disease is
believed to be an autocatalytic process, it seems likely that other molecules are crucial for prion
propagation acting as adjuvant factors by lowering the free-energy barrier (15, 16). The different
environments the protein finds itself in vivo are likely to influence its ability to misfold and
aggregate (ref?). Several candidates have been put forward like cellular adhesion molecules (17,

18), nucleic acids (19-22), and glycosaminoglycans (21, 23, 24).



Glycosaminoglycans (GAGs) are primary components of the cell surface and the cell-
extracellular matrix interface. GAGs are linear polysaccharides comprised of a disaccharide
repeat unit of a hexuronic acid linked to a hexosamine that can be mainly modified by N-
deacetylase and N-sulfotransferases (25). Sulfated GAGs, particularly heparan sulfate, have long
been implicated in interactions with many amyloid proteins and are associated with several
important syndromes (26-29). Many lines of evidences have linked heparan sulfate (HS) or it’s
analog heparin to the pathogenesis and metabolism of prions (21, 23, 24, 30, 31). For example,
HS accumulates in cerebral prion amyloid plaques (32), stimulates the cell-free conversion of
PrP€ to PrP™ (31), is necessary to PrP> formation in ScN2a cells (24) and may act as it’s cell-
surface receptor (23). Sulfated GAGs have also been shown to prevent the accumulation of
protease-resistant prion protein (33, 34).

Heparin was shown to bind to bovine recombinant prion protein with high affinity at
acidic pH and sharply decreased at pH beyond 7.5 (35). At pH 6.5 the interaction was shown to
be followed by the formation of oligomeric complexes (30). Though direct interaction between
prion protein and heparin has been recorded, little is known about the structural features implicit
in this interaction.

Investigation about the binding site of heparin on PrP®, using synthetic peptides and
biosensor analysis, have pointed out for the involvement of residues in three segments of the N-
terminal domain with independent binding activity: the highly cationic amino-terminal residues
(23-52), the octapeptide repeats (53-93) and a more C-terminal site (110-128) (36). Conversely,
Yin and collaborators (37) revealed that when the first 12 amino acids of the N-terminus of
human recombinant prion protein are deleted, the recombinant protein is no longer able to bind

GAG. Consequently, there is still some debate as to which residues are most important for



binding. Competitive inhibition studies showed that de 2-O-sulfated heparin was not able to
inhibit prion-heparin interaction, suggesting the importance of 2-O-sulfate groups for interaction
(36).

In this study we show that LMWHeparin interacts with murine recombinant prion protein
inducing oligomerization. Following the binding kinetics and secondary structure content we
found that this oligomerization is mostly transient, with aggregation of a smaller part of the
samples (mostly at pH 5.5). In accordance, the interaction of murine PrP with heparin showed to
be higher at the acidic pH. The NMR results demonstrate that the prion protein complexed with
LMWHeparin has the same general folding of the free protein, with some chemical shifts
changes on N and C- terminal amino acids. We have further investigated the interaction of
LMWHep with a PrP mutant lacking a region of the N-terminal domain, and the results indicate
that heparin interacts with the octapeptide repeat region at pH 7.4, but can also interact with
other regions of the protein (as the C-terminal domain) when the interaction occurs at pH 5.0.
Analyzing the interaction of PrP with modified heparins we indicate that 6-O-sulfation is also an

important component of PrP binding site like 2-O-sulfation.



EXPERIMENTAL PROCEDURES

Materials - All reagents used were of analytical grade. Low molecular weight heparin
(LMWHep, H3400), N-Acetyl heparin (NA, A8036), and N-Acetyl-de-O-sulfated heparin
(NADOS, A6039) were purchased from Sigma (cidade, estado, pais). Acharan sulfate (AS) was

purified as described (38).

Prion protein expression and purification - The recombinant full-length PrP 23-231 and N-
terminal deletion mutants rPrPA51-90 and rPrPA32-121 were expressed in Escherichia coli and

purified by high-affinity column refolding as described previously (39).

Spectroscopic Measurements - Light scattering spectra were recorded on a PCl1
spectrofluorometer (ISS, Champaign, IL), in “L” geometry (at 90° in relation to excitation light),
illuminating the samples at 320 nm and collecting LS from 300 to 340 nm. rPrP 23-231
oligomerization was followed as a function of light scattering after the addition of LMWHep.
For the aggregation kinetic assays protein solutions were pre-equilibrated before LMWHeparin
addition, and light scattering illuminating and collecting at 320 nm was monitored as a function
of time. For anisotropy measurements, samples were excited at 280 nm and the emission was

observed through W7-54 and WG335 filters. The results are the mean of three experiments.

Far-UV Circular Dichroism - Circular dichroism (CD) spectra of rPrP 23-231 were recorded
in a Jasco J-715 spectropolarimeter (Jasco Corporation, Tokyo, Japan) with 0.01 and 0.02 mm

circular path-length cells at 25 °C. All spectra were subtracted from the respective buffer and



heparin spectra, four accumulations were collected and each experiment was repeated three

times.

NMR Experiments - NMR spectra were collected at 298 K with a Bruker Avance 800 MHz
spectrometer equipped with gradient triple resonance probes, with 0.2 mM uniformly labeled
["N]rPrP23-231 in 20 mM sodium phosphate buffer (pH 7.4) or 20mM sodium acetate buffer
(pH5.5), 100 mM NaCl, and a 10% D>0/ 90% H,O mixture in the presence (at 1:1 molar ratio)
or absence of LMWHeparin. The spectra were processed using TOPSPIN 2.1 (Bruker) and
analyzed with CARA 1.8 (40). The assignment of N and C-terminal amino acids was based on
data from the BMR4402. 2D ["°N,'H]-HSQCs were collected with 2048 x 200 points and 8—64

scans for the different samples.



RESULTS

Figure 1: Glycosaminoglycans, such as heparan sulfate, have been pointed as cellular receptors
for infectious prions (23, 24), and direct interaction between PrP and sulfated glycans has been
documented (30, 31, 35, 41). Heparin, an analog of HS, was shown to bind bovine prion protein
at acid pHs (30, 35). In order to investigate the binding of LMWHeparin to murine prion protein,
we conducted anisotropy measurements of rPrP 23-231 with increasing concentrations of
LMWHeparin at two different pHs, pH 7.4 (Fig. 1, empty circles) and pH 5.5 (Fig. 1, filled

circles). We can observe an increase in the LMWHeparin:PrP ratio at acid pH.

Figure 2: We investigated whether heparin would induce structural changes on the prion protein,
leading to a scrapie-like conformation or to a conformational intermediate of the conversion
process, through circular dichroism (CD) measurements of the complex. The murine rPrP 23-231
exhibited typical a-helical far-UV CD spectra, with minima at 222 nm and 208 nm (Figure 2A,
inset). We also observed that increasing the heparin concentration led to a decrease in ellipticity
at 222nm at pH 5.5 and pH 7.4 (Figure 2A), indicating loss of alpha-helical secondary structure
content upon Hep binding. The increase in LMWheparin concentration was followed by an
increase in light scattering values for both pHs, suggesting the formation of oligomers. This

oligomerization was higher at pH 5.5 (Figure 2B, solid line).

Figure 3: To further analyze the kinetic of prion aggregation induced by LMWheparin,
equimolar concentrations of heparin were added to a solution of pre-equilibrated rPrP 23-231 at

pH 5.5 or pH 7.4. LMWHeparin addition caused an immediate increase in light scattering,



leading to values corresponding to the formation of large aggregates, mostly at pH 5.5. This
effect is subsequently followed by a decrease in LS intensity, suggesting a disaggregation
process that after six to eight hours returns almost completely to the initial values (Figure 3A).
We could also observe this effect using far-UV CD spectroscopy. Just after dilution of
LMWheparin in the buffer we saw a decrease in ellipticity values at both pHs (Figure 3B, inset).
Moreover, 20 hours later the secondary structure content of rPrP returned to values close to the
native protein without Hep addition at pH 7.4 but not at pH 5.5 (Figure 3B). This difference
could result from part of the protein content that remained aggregated or by a different effect on

protein structure when the complex is formed at pH 5.5.

Figure 4: NMR analyses of rPrP¢ at pH 4.5 and 5.5 revealed that the N-terminus is highly
flexible and unstructured; in contrast, the C-terminal region has a well-structured globular
domain, rich in o-helix (3, 5). We recorded 'H-"’N heteronuclear single quantum coherence
(HSQC) spectra of rPrP23-231 in the presence (red) or absence (black) of LMWheparin at pH
5.5 and pH 7.4 (Figure 4). ['°N,"H]-HSQC spectra contain one crosspeak for each amide group
in the molecule (except those involving prolines). According to the rPrP23-231 sequence, 288
HN cross peaks are expected in the two dimensional ["°N,'H]-HSQC. We found around 260
cross peaks with good resolution on free protein samples. LMWheparin was added, and after the
sample reached equilibrium (20 hours later), ["°N,'"H]-HSQC spectra of the soluble complex
were recorded. Comparing the spectra we found the superposition of many chemical shifts on
both pHs, indicating that LMWheparin causes no dramatic changes on protein folding, after
disaggregation. However, there were still significant chemical shift differences between the free

and complex spectra on amino acids from the N-terminal (orange arrow head) and C-terminal



(green arrow heads) domains. Furthermore, the area within 7.6- 8.4 ppm of 'H and 124-129 ppm
of ’N chemical shift has many additional cross peaks. This 'H spectral range is populated by
many amide cross peaks of unfolded polypeptide backbone (Figure 4A and B). The effect of
heparin on rPrP structure was the same at both pHs (Figure 4), showing that the result observed
by CD spectroscopy (Figure 3B) was due to differences on protein solubility; unlike we can

point different changes on some chemical shifts between pHs.

Figure 5: The PrP N terminus is important to PrP® function and pathogenesis (42-44) as well as
rPrP aggregation (45). Many evidences have pointed the N-terminal region of PrP, mainly the
octapeptide repeat, as the binding site for GAGs (30, 37, 46, 47). On the other hand other
investigators have reported, using PrP fragments or synthetic peptides, interaction with other
sites of the protein including C-terminal regions (36, 48). With this in mind, we investigated
through anisotropy measurements the interaction of LMWheparin with rPrPA51-90, a murine
PrP mutant lacking the octapeptide region. Increasing concentrations of heparin led to no
significant changes on rPrPA51-90 anisotropy at pH 7.4, showing the importance of this region
for heparin-protein interaction at basic pHs. In contrast, the interaction was observed at pH 5.5
even for the mutant lacking this domain, suggesting the existence of another heparin binding site
on the prion sequence. Furthermore, we observed this interaction monitoring the increase in light
scattering induced by heparin on rPrPA51-90 and rPrPA32-121. There were no changes in
intensity when the incubation was performed at pH 7.4, confirming the octapeptide repeat as the
unique binding site at this pH value (Figure 5B). We observed oligomerization of both mutants at
pH 5.5 when the concentration of LMWheparin was increased, confirming the interaction. The

oligomerization of rPrPA51-90 (Fig 5B, circles) was higher in relation to the effect on rPrPA32-



121 (Fig. 5B, squares), suggesting the existence of at least three sites of interaction for heparin at

acid pHs, two in the N-terminal region and one in the C terminus.

Figure 6: Besides the presence of binding motifs through the protein sequence, for a suitable
PrP:GAG interaction there must be specific features on the polysaccharide structure. Sulfated
glycans are known to reduce PrP*® formation in cultured cells (33, 34), therefore investigations
about specific structural domains are very important for the rational development of anti-prion
drugs. A series of heparan mimicking molecules have been developed and showed to inhibit
endocytosis of prion protein (49). The size and sulfation degree of this compounds were found to
be important for their efficacy (50). Heparin is composed by disaccharide repeats of hexuronic
acid (a-L-iduronic acid or B-D-glucuronic acid) linked 1,4 to a-D-glucosamine with variable
substitutions of O-sulfate, N-sulfate and N-acetyl groups. Warner et al. (36) using competition
assays suggested that 2-O-sulfates of heparin have important role for recognition with
GST::human PrP. Here we used three different modified heparins, and monitored binding
through fluorescence anisotropy in order to investigate the importance of the selected
substitutions. Our results revealed that N-acetylated heparin (-4)-a-L-IdoA2(0OS0O3-)-(1—4)- a-
D-GIcNAc-,6(0S03-)-1-) was able to bind rPrP23-231 in the same proportion of unmodified
LMWHeparin. However, N-acetylated de-O-sulfated heparin (-4)-a-L-IdoA-(1—4)- a-D-
GlcNACc-,6(0S03-)-1-) and Acharan sulfate (a naturally occurring heparin-like molecule formed
by (-4)-0-L-IdoA2(OSO3-)-(1—4)- a-D-GlcNAc-1- disaccharides) showed no interaction
(Figure 6) at the concentration range investigated. This result indicates that not only 2-O-sulfates

but also 6-O-sulfates are important groups for prion protein:heparin interaction.



DISCUSSION

Changes in conformation of PrP® from an a-helix-rich protein to a predominantly B-sheet
form (PrP*°), and subsequent aggregation are the main causes of TSEs (6, 7). PrP* propagates
itself through an autocatalytic process, where PrP® is induced by PrP* to acquire the scrapie
conformation; in vitro, however, this simple conversion reaction is not efficient (51). For this
reason, the accumulation of prions is believed to involve participation of various cellular
cofactors including glycosaminoglycans. The main GAG involved in pathogenesis is the

membrane bound heparan sulfate (23, 24, 52).

Heparin has a structure that resembles the sequences found in HS, is largely used
therapeutically, and is readily available in good quantities, being a useful model for HS
interactions. Heparin was shown to interact with some prion constructs and to induce the
formation of oligomeric complexes at acid pHs (30, 35). In this work we investigated the
interaction of recombinant murine prion protein (rPrP23-231) with LMWheparin, and the
structural features implicit in this interaction. The conversion of prion protein is believed to
occur on the cell surface or in endocytic vesicles (10-12), and the interaction of heparan sulfate
proteoglycan with PrP® showed to be important in trafficking between cellular compartments
(24, 47, 53). We have therefore chosen to make all experiments at pH 5.5 and pH 7.4, which
mimic lysosomal and cellular fluid pHs, respectively. This result also indicates the presence of
different sites of interaction accessible at acid pHs, that are not found at neutral pH.

The “protein-only” hypothesis is the more acceptable theory for conversion of prion
protein. On the other hand, crude brain homogenates and polyanions (including heparan sulfate)

have been shown to generate more efficient conversion than only purified prion proteins (21, 54,



55). These works suggest that other molecules could promote important changes on protein
structure inducing or facilitating conversion. Wong et al (31). and Andrievskaia et al. (35)
suggested that sulfated polysaccharides, heparin and pentosan polysulfate respectively, could
induced structural changes in bovine recombinant prion protein, decreasing o-helix content,
monitored by far-UV CD spectroscopy. CD instruments measure the difference in absorbance
between circularly polarized components of light. Protein aggregates cause artifacts due to
differential light scattering and absorption flattening in such aggregates. These factors distort the
magnitude of CD spectrum and decrease the signal/noise ratio (56). We observed decrease in
protein CD ellipticity with increasing concentrations of heparin (Figure 2A). This result could
also suggest a decrease in a-helix content, but changes in light scattering (Figure 2B) indicate
that the structural information is been hidden by protein aggregation, even without protein
precipitation.

Protein-water interactions are important for folding stability. PrP® has a large solvent
accessible area and regions in fast exchange with bulk water (57, 58). In this work we show that
heparin can induce protein oligomerization/aggregation, but this is a transient effect (Figures 2
and 3). Binding of heparin would induce local conformational changes decreasing solvent
accessibility, also revealed by spectral shift of the intrinsic trytophan fluorescence at nonpolar
environments (data not shown), favoring transient contacts between polypeptide chains. Flexible
protein regions must mediate these intermolecular interactions. This phenomenon is followed by
a sequential stabilization process, a period with varied folding behavior, where amino acid
residues show different chemical shift over time (data not shown), until equilibrium is reached.

In this case, soluble proteins with an overall tertiary structure very similar to the free protein



populate the equilibrium (Figure 3 and 4). Aggregated (t=0) and soluble protein (t=o/n) showed
no toxic effect to cultured N2a cells (data not shown).

Although most of the differences in HSQC chemical shifts between free and heparin-
bound rPrP23-231 samples were small, showing that the overall secondary structure was
maintained, we can observe significant changes in some areas of the protein (Figure 4). We
could observe additional cross peaks in a spectral range populated by cross peaks from the
unfolded region of the protein, suggesting that this region is acquiring a more ordered (or rigid )
structure upon heparin binding. We also observed differences of chemical shift on N and C
terminus residues, showing that heparin binding affects the whole protein structure.

Human rPrP with additional octapeptide repeat insertions (unit with the consensus
sequence PHGGGWGQ) has a more exposed N terminus and binds strongly to GAGs (37).
Other authors have pointed this and other regions, using rPrP fragments or synthetic peptides to
be the main GAG-binding components (30, 36), but whether the behavior of these peptides is
representative for the full-length protein is not known. In this work we used rPrP mutant lacking
sequences 51-90, concerning the octapeptide repeat (Figure 5A). Heparin does not interact with
rPrP A51-90 at pH 7.4, showing that this region contains the only site of interaction at neutral pH
(such as when the protein is attached to the cell membrane). It agrees with the observation made
by Shyng et al. (47) reporting that the region between residues 25 and 91 of PrP (incorporating
the octapeptide repeat region) is sufficient for PrP binding to HSPG moieties on N2a cells; but
contradicts Gonzales-Iglesias et al. (30) that observed interaction with BoPrP(63-94) only at acid
pH. Histidine is the only amino acid whose side chain can serve either as an acid or as a base in

the physiological pH range (59) and could account for interaction.



In order to investigate the presence of additional sites of interaction at acid pHs, we
utilized other rPrP mutant lacking most of the protein N terminus (rPrP A32-121) (Figure 5B).
We found that heparin is able to induce oligomerization of this mutant at pH 5.5, and this effect
was less pronounced when compared to rPrP A51-90. This result indicates the presence of at
least three sites of interaction, as proposed by Warner et al (36). The conformational properties
of prion protein is known to be modulated by pH (60, 61). Changes that would expose the N
terminus and normally hidden motifs could justify these new binding sites and enrichment in
heparin content (Figure 1) at acid pH. Another possibility is the protonation of His155 and
His187 at pH 5.5 (61, 62), but there are many other proposed interaction regions (36, 41, 48).
Here we point to the importance of pH when investigating and comparing the interaction sites.

Anionic polysaccharides must provide a spatially defined pattern of sulfate and
carboxylate substituents for molecular recognition and consequent biological activities. The
uronic acid residues of Heparin/HS can be 2-O-sulfated or unsubstituted and glucosamine can be
6-O-sulfated, N-acetylated, unsubstituted or N-sulfated. Warner et al. (36) demonstrated the
importance of 2-O-sulfation in competition assays, despite charge density. Here we showed that
the existence of 2-O-sulfate and 6-O-sulfate groups is necessary for prion:heparin interaction
(Figure 6). This result indicates that this interaction is not exclusively ionic in nature. This site-
specific interaction must resemble that found for histamine (63) where imidazolium ring bind at
a cleft defined by IdoA-(1—4)- a-D-GlcN-(1—4)IdoA triad.

Sulfated polysaccharides present a paradoxical effect because they can prevent (49, 50,
64-66) or stimulate (21, 23, 31, 52) PrP* formation. One explanation for the anti-prion effects of
free GAGs is the competition for binding to PrP with cellular GAGs. But free GAGs would

stimulate cell-free conversion (31). In this work we show that heparin is able to bind prion



protein and induce aggregation, but this is a transient effect that generates little modification on
protein structure, with a folding that resembles the normal conformation (justifying no
conversion stimulation by anti-prion compounds). These changes on protein structure must be
important, but would be not sufficient to alone induce disease. It may need other molecules like
the scrapie agent, other proteins or a nucleic acid to trigger the conversion.

Cellular GAGs most frequently as proteoglycan side-chains are immobilized to cell
membrane either as PrP®. Aggregation induced by GAG on the cell membrane environment
would be a sporadic event, given the spatial restriction, the degree and transience of the effect
observed at pH 7.4 and influence of ions. HS proteoglycans may be important for infectivity by

concentrating PrP° for conversion.
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LEGENDS

Figure 1 — Binding of murine prion protein with LMWheparin at two different pHs.
Addition of increasing concentrations of LMWHeparin to 2uM of rPrP 23-231. Binding was

monitored by tryptophan fluorescence anisotropy at 280nm.

Figure 2 — Effect of heparin on rPrP 23-231 secondary structure and light scattering.
Circular dichroism (CD) raw ellipticity measured at 222 nm for rPrP 23-231 (A) and relative
light scattering (B) in the presence of different concentrations of Heparin at pH 7.4 and pH 5.0.
The figure inset shows CD spectrum of rPrP 23-231 () and rPrP 23-231 + Hep at SuM () at pH
7.4. CD spectra were recorded at 25° C, with 0.01 mm circular path-length cells.

Figure 3 — Aggregation kinetics of rPrP (23-231) with heparin. Light scattering values at 320
nm measured as a function of time (A). rPrP 23-231 and Heparin at 2.0uM. The arrow indicates
the moment of heparin dilution in the buffer. CD spectrum of rPrP 23-231 in the presence of
LMWHeparin (1:1) at pH 7.4 and pH 5.5 (B). rPrP 23-231 and Heparin at 30.0uM. Spectra were
taken just after sample preparation (inset, t=0) and 20 hours later (t=o/n). CD spectra were

recorded at 25° C, with 0.02 mm circular path-length cells.

Figure 4 - Effect of heparin on prion structure depending on pH. Superimposed 'H-"’N
HSQC spectra of free rPrP23-231 (black) and heparin bound rPrP23-231 (red) showing
differences in chemical shifts at pH 5.5 (A) and pH 7.4 (B).

Figure 5 - Interactio of heparin with rPrP A51-90 and rPrP A32-121. Addition of increasing
concentrations of LMWHeparin to 2uM of rPrP A51-90 or A32-121 at pH 7.4 and pH 5.5.
Binding was monitored by tryptophan fluorescence anisotropy of rPrP A51-90 at 280nm (A) and
relative light scattering of rPrP A51-90 and A32-121 (B) at 90° was measured illuminating the

samples at 320 nm and scanning from 300 to 340 nm.

Figure 6 - Binding of rPrP 23-231 with modified heparins. Addition of increasing
concentrations of different heparins to 2uM of rPrP 23-231. The different heparins have a major



disaccharide unit as follow: LMWHeparin (-4)-0-L-IdoA2(OS0O3-)-(1—4)- a-D-GIcNSO3-
,6(0S03-)-1-), NAHeparin = (-4)-0-L-IdoA2(OS03-)-(1—4)- a-D-GIcNAc-,6(0S03-)-1-),
NADOSHeparin (-4)-0-L-IdoA-(1—4)- a-D-GIcNAc-,6(0S03-)-1-), AS (-4)-a-L-IdoA2(0OSO3-
)-(1—4)- a-D-GlcNAc-1-). Binding was monitored by tryptophan fluorescence anisotropy at
280nm. All experiments were performed in Tris buffer at 50 mM, NaCl 100mM, pH 7.4.
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