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RESUMO

O combate a dengue atualmente esta limitado praticamente aos esforcos de eliminacdo do
mosquito transmissor, o Aedes aegypti, porém esta estratégia ndo tem se mostrado eficiente. O
desenvolvimento de novos instrumentos de combate a dengue requer, portanto, maior conhecimento
sobre a biologia do virus com relagdo a sua interacdo com seus hospedeiros. O genoma do virus ¢
constituido por um RNA simples-fita de polaridade positiva e possui duas regides ndo traduzidas (5 e
3> UTR). A regidao 5’UTR viral possui organizagdo similar a dos mRNAs eucarioticos, diferentemente
da regido 3’UTR que ¢ longa e ndo possui cauda de poli(A). Em vez disso, na regido 3’UTR
encontram-se estruturas conservadas entre os diferentes Flavivirus, dentre elas a estrutura 3’ stem-loop
(3’SL) que ¢ indispensavel para a replicagdo do RNA viral. O objetivo do nosso estudo foi identificar
novas proteinas humanas capazes de interagir com a estrutura 3’SL do RNA do virus da dengue. Dados
da literatura descrevem que a proteina Mov34 de camundongo interage com 3’SL do virus da encefalite
japonesa. Devido a alta similaridade entre as proteinas ortdlogas humana e de camundongo, bem como
das respectivas estruturas 3’SL dos virus da dengue e da encefalite japonesa, foi testada a interagdo
entre a Mov34 humana com o 3’SL do virus da dengue. Porém, em nenhuma das condi¢des testadas foi
possivel obter evidéncia de interagdo da Mov34 humana com 3’SL dos virus da dengue e da encefalite
japonesa. Para a identificagdo de novas proteinas que sdo capazes de interagir com a estrutura 3’SL do
RNA do virus da dengue foi utilizado o ensaio de triplo-hibrido de levedura. A proteina humana PACT,
conhecida como proteina celular ativadora de PKR, foi isolada neste ensaio utilizando 3’SL como isca.
PKR ¢ uma quinase ativada por PACT ou RNA dupla-fita. A ativagdo de PKR leva a um estado
antiviral adquirido pela fosforilagdo do fator de inicia¢do da tradugdo elF2a e conseqiiente inibi¢ao da
tradugdo. Além disso, PKR estd envolvida em outras vias de transducao de sinal e na resposta celular a
proteinas desenoveladas. A acdo antiviral de PACT ¢ evidenciada pela acdo de proteinas dos virus
influenza A e herpes simplex tipo 1 que inibem a ativacdo de PKR por PACT e por RNA dupla-fita. A
interacdo direta de PACT com 3’SL do RNA do virus da dengue foi confirmada por ensaio de UV-
crosslinking. PACT possui trés dominios de interacio com RNA dupla-fita, sendo que os dois
dominios N-terminais sdo responsaveis pela sua interagdo com o 3’SL. Foi identificada uma regido
especifica do 3’SL, o stem-loop superior, onde PACT interage com maior afinidade. Além disso, foi
mostrado que PACT endodgena de células HEK293 ¢ capaz de interagir com o 3’SL biotinilado. Para
caracterizar a funcdo desta interagdo durante a infeccdo viral, foi desenvolvida uma linhagem celular
com inibi¢do da expressdo de PACT através da técnica de RNA de interferéncia. Com esta linhagem
poderemos analisar a importancia da interacdo entre PACT e o RNA do virus da dengue quanto a

ativacdo e/ou inibigdo de PKR durante a infecgao viral.



ABSTRACT

The combat to the dengue virus is basically limited to the efforts in eliminating the transmitter
mosquito, the Aedes aegypti. But this strategy is not very efficient. The development of new
instruments of combat to dengue virus requires improved knowledge about the virus biology and its
relation to hosts. The dengue virus genome is a single-stranded RNA of positive polarity flanked by a
5’ untranslated region (UTR) of ~100 bases and a highly structured 3> UTR of ~450 bases. As many
other viruses, dengue encodes the enzymes required for its genome replication, but relies completely on
the host translational machinery to synthesize its proteins. The essential difference between host
cellular mRNAs and dengue virus genome RNA involves the 3°’UTR, which instead of a polyadenylate
tail contains highly conserved structural elements, including the 3' stem-loop (3’SL), located at the 3'
terminus of the 3'UTR of many flaviviruses that is essential for their replication. The aim of this study
is to identify new human proteins capable of interacting with dengue virus RNA 3’SL structure.
Literature data describe that the murine Mov34 protein interacts with Japanese encephalitis virus 3’SL.
Giving the high similarity between the human and murine ortholog proteins, as well as the conservation
of the Flavivivirus RNA 3’SL structure, we tested the interaction between the human Mov34 and the
dengue virus 3’SL. However, no interaction was detected under the conditions used in this work. In
addition, the yeast three-hybrid system was used to screen for novel proteins that interact with the
dengue virus 3’SL. Human PACT, known as the cellular protein activator of PKR, was identified as a
putative 3’SL-interacting protein. PKR is an interferon-inducible, PACT or double-stranded RNA
activated protein kinase. Activated PKR phosphorylates the translation initiation factor elF2a,
inhibiting translation of cellular and viral RNAs, leading to a cellular antiviral state. PACT and double-
stranded RNA activation of PKR is inhibited by influenza A and herpes simplex type 1 virus proteins
during viral infection, indicating that PACT plays a role in the cellular antiviral state. Direct interaction
between PACT and 3’SL was confirmed by UV-crosslinking assays. PACT contains three double-
stranded RNA interaction motifs, but only the two N-terminal motifs are responsible for 3’SL
interaction. A 3’SL specific region, the top stem-loop, was identified to interact with PACT with higher
affinity. Furthermore, HEK293 cells endogenous PACT interacts with biotin-labeled 3’SL. To further
characterize PACT-3’SL interaction during dengue virus infection, a cell line with low expression of
PACT was developed using the RNA interference technique. This cell line will be used to determine
the propagation rate of dengue virus which is expected to reveal the importance of PACT either for the

cell antiviral state or for dengue virus proliferation.
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Introdugdo

1- INTRODUCAO

1.1- Ocorréncia e caracteristicas da dengue

O virus da dengue ¢ a causa mais comum de doencgas arbovirais isto €, que sao transmitidas por
artropodes, no mundo. Encontrado através dos tropicos, causa entre 50-100 milhdes de casos de
doengas por ano, incluindo 250.000-500.000 casos de dengue hemorragica — uma manifestacdo severa
da dengue — e 24.000 mortes. Em 2007 foram reportados cerca de 930.000 casos de dengue cléssica,
26.000 casos de dengue hemorragica e 317 mortes nas Américas, sendo que destes, 560.000 casos de
dengue cléssica, 1.500 casos de dengue hemorragica e 158 mortes somente no Brasil (Organizagado
Mundial da Saude (OMS), www.who.int/tdr/index.html, Gubler 1998, Gibbons ¢ Vaughn 2002). Mais
de dois quintos da populacdo mundial (2,5 bilhdes) moram em areas de risco de dengue. A dengue
hemorragica ja foi documentada em mais de 60 paises e o virus da dengue ¢ endémico em mais de 100
paises, incluindo o sudeste da Asia, Américas Central e do Sul, Caribe e regides do Pacifico Sul. No
Brasil, concomitante com a campanha de erradicacdio do mosquito Aedes aegypti houve o
desaparecimento das epidemias de dengue entre 1923 ¢ 1981 quando a doenga foi registrada novamente
em Boa Vista, Roraima. A partir de 1986 iniciaram-se epidemias freqlientes nas regides sudeste,
nordeste e centro-oeste (Figueiredo 2000). Desde entdo se tem registrado epidemias anualmente, sendo
que a situagdo se agrava gradualmente com o numero de casos atingindo em 2002 aproximadamente
800.000 (OMS).

O virus da dengue (DEN) pertence a familia Flaviviridae, género Flavivirus, juntamente com
outros importantes representantes deste género, como o virus da febre amarela (YFV), da encefalite
japonesa (JEV), da encefalite do carrapato (TBE), dentre outros. O género Flavivirus inclui um total de
aproximadamente 70 espécies transmitidas por mosquitos, carrapatos e algumas outras sem vetor
conhecido (Lindenbach et al. 2007). Sao conhecidos quatro sorotipos do virus da dengue, denominados
tipo 1 (DEN1), 2 (DEN2), 3 (DEN3) e 4 (DEN4). Dentre os Flavivirus encontrados no Brasil temos:
Bussuquara (BUS), Cacipacoré (CPC), DEN1, DEN2 e DEN3, Iguape (IGU), Ilhéus (ILH), Rocio
(ROC), encefalite de Sao Luis (SLE) e YFV, incluindo o virus selvagem ¢ a linhagem atenuada vacinal
17DD (Figueiredo 2000).

As caracteristicas clinicas da dengue variam com a idade do paciente. Além de infec¢des
clinicamente indetectaveis, a doenga pode ser classificada em: doenca febril ndo especifica, dengue
classica (DF), febre hemorragica (DHF), febre hemorragica com sindrome do choque (DSS) e outras

sindromes ndo usuais como encefalopatia e faléncia fulminante do figado (Isturiz et al. 2000). Os

1



Introdugdo

sintomas mais comuns de DF s3o febre stibita acompanhada de dor de cabeca, dor atrds dos olhos,
mialgias e artralgias generalizadas. O paciente também pode apresentar nausea, manchas vermelhas,
alteracdo no paladar e sangramento de pequena abrangéncia. No caso de DHF esse sangramento ¢ mais
grave, acompanhado de trombocitopenia e aumento da permeabilidade vascular (OMS).

O antigeno da dengue foi encontrado em uma variedade de tecidos, mais predominantemente no
figado e sistema reticuloendotelial de pacientes infectados. Acredita-se que a replicacdo do virus
aconteca primariamente nos macrofagos e células dendriticas da pele. Como na febre amarela, o foco
central de necrose ¢ o figado em pacientes que morreram de dengue (Gibbons e Vaughn 2002).

Todos os quatro sorotipos da dengue foram associados com a febre hemorragica. Variagdes de
linhagens virais podem influenciar a severidade da doenca. Infeccdes secundarias sdo mais propensas a
resultar em doenca severa e febre hemorragica (Vaughn er al. 2000). Isso € explicado pela teoria de
ampliacdo dependente de anticorpo (ADE) (Sullivan 2001), onde anticorpos de reagdo cruzada, mas
nao neutralizantes, de uma infec¢do anterior se ligam ao novo sorotipo infectante e facilitam a entrada
do virus na célula, resultando em um maior pico de titulo viral. Titulos mais elevados podem resultar
em uma amplificada cascata de citocinas e ativacdo de complemento, causando disfun¢do endotelial,
destruicao de plaquetas e consumo de fatores de coagulacao, que resulta no extravasamento de plasma

e manifestagdes hemorragicas.

1.2- Morfologia viral

Micrografias eletronicas mostram que o virus da dengue maduro possui uma superficie
relativamente lisa, com didmetro de aproximadamente 500 A e um nicleo eletrondenso cercado por
uma bicamada lipidica. Este nucleo é composto pelo genoma de RNA envolto por dimeros da proteina
do capsideo (C, 100 aminoacidos). O nucleo é envolto por uma membrana lipidica que € coberta por
dimeros de glicoproteina transmembranar do envelope (E, 495 aminoacidos) associado a proteina de
membrana (M, 38 aminoacidos). 90 dimeros de E formam uma rede oligomérica icosaédrica densa na
superficie viral que cobre completamente a membrana lipidica (Kuhn et al. 2002).

O genoma viral de RNA de polaridade positiva de aproximadamente 11 kb possui na
extremidade 5’ uma estrutura cap tipo 1 ("°G5’-ppp5°A%°™°), mas ndo possui uma cauda de poli-
adenina na extremidade 3’ (Wengler e Wengler 1981). Ele funciona como unico RNA mensageiro viral
e possui uma unica seqiiéncia codificadora (open reading freame - ORF) de aproximadamente 10 kb
(Figura 1.1). Uma grande poliproteina ¢ traduzida desta ORF, que ¢ subseqiientemente processada em

trés proteinas estruturais (C, prM e E) e sete ndo-estruturais (NS1, NS2A, NS2B, NS3, NS4A, NS4B ¢
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Introdugdo

NS5) (Chambers et al. 1990). A poliproteina ¢ clivada pela protease viral NS2B/NS3 nas juncdes entre
NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/2K e NS4B/NS5. A peptidase sinal do hospedeiro ¢
responsavel pela clivagem nas juncgdes entre C/prM, prM/E, E/NS1 e 2K/NS4B. A enzima responsavel
pela clivagem de NSIA ainda ndo ¢ conhecida (Lindenbach et al. 2007). A regido codificadora ¢
flanqueada por regides 5’ e 3’ ndo traduzidas (5’ e 3° UTR). Essas regioes possuem 96 e 451 bases,

respectivamente, no virus DEN2, incluindo motivos variaveis e conservados e estruturas secundarias.

1 1IH EIH C-II{ *1-IH EIH Eullii T"II{ C-II{ ‘EIIH i Iil K 16783
s _______________________________________________________________Nhy
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Figura 1.1: Organizacdo geral do genoma do virus da dengue. A linha azul corresponde ao genoma
completo de RNA. A seta em rosa corresponde a poliproteina que este RNA codifica. As setas em verde
correspondem as proteinas que sdo formadas apés a clivagem desta poliproteina. O desenho esta em escala
e a localizagdo de cada seta corresponde a sua localizagdio no genoma. Fonte:
http://www.ncbi.nlm.nih.gov.

1.3- Traducéo e replicacdo do RNA viral

Apds a fusdo da membrana do virus com a membrana do endossomo, o nucleocapsideo, e
conseqiientemente o RNA, sdo liberados no citoplasma. Logo apds a sua liberacdo no citoplasma o
RNA viral ¢ traduzido, produzindo as proteinas virais estruturais € ndo estruturais. O RNA ¢ entdo
replicado por complexos formados pelas proteinas virais ndo estruturais e proteinas do hospedeiro.
Novas particulas virais sio montadas com as proteinas estruturais ¢ moléculas de RNA e as particulas
maduras sdo entdo finalmente liberadas das células (Lindenbach et al. 2007). A seguir, estdo descritas a
tradugdo e a replicacdo do RNA viral apos a sua entrada na célula do hospedeiro e os componentes

virais importantes para cada uma destas etapas.
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1.3.1- Regides nao traduzidas do genoma dos Flavivirus

Nos RNAs de Flavivirus, seqiiéncias conservadas (CS1, CS2 e RCS2) na 3’UTR, estruturas
stem-loop (SL) e motivos de circularizagdo nas regides 3’ e 5’ terminais (5’CYC e 3’CYC) foram
identificadas por andlise de seqiiéncia e predicdo de estrutura secundaria (Hahn et al. 1987) (Figura
1.2). H4 uma marcante uniformidade entre os CYC dos virus provenientes de mosquitos. O 5’CYC
sempre comega entre os nucleotideos 37 a 40 apds o cédon de iniciagdo da tradug@o. O 3’CYC sempre
comeca 99 a 112 nucleotideos antes do 3’ terminal (Khromykh et al. 2001).

A circularizagao de moléculas individuais de RNA do virus da dengue através de interagdo
RNA-RNA na auséncia de proteinas foi demonstrada utilizando microscopia de forca atdmica (Alvarez
et al. 2005a). Este trabalho evidencia que as regides previamente descritas como sendo as possiveis
seqiiéncias de circularizagdo (5’ e 3° CYC) sdo essenciais, porém nao suficientes, para a interagdo entre
RNAs. Foi descrito um novo elemento de 16 nucleotideos presentes no 5’ ¢ 3> UTR (5’ e 3° UAR,
upstream AUG region) (Figura 1.2) como sendo determinante para a associagdo RNA-RNA. Este
trabalho sugere ainda que a complementaridade entre as extremidades do genoma ¢ essencial para a

viabilidade viral.
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Figura 1.2: Representagdo esquemadtica do genoma do virus da dengue mostrando as estruturas
secunddrias preditas nas regides 5’ e 3’ ndo traduzidas. Os cddons de iniciacdo (AUG) e terminagdo
(TAA) da traducdo estdo indicados. As estruturas SLA (stem-loop A), VR (variavel), A2 (que contém a
regido RCS2), A3 (que contém a regido CS2), CS1 (que contém a seqiiéncia 3’CYC) e 3°SL estio
destacadas. As regides complementares 5°-3’CYC e 5°-3’UAR também estdo indicadas. O desenho ndo
esta em escala e foi adaptado de Alvarez ef al. (2005b).
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As estruturas secundarias conservadas foram identificadas por programas de computador que
predizem estrutura secundaria de RNA. Romero et al. (2006) avaliaram a congruéncia entre as
predi¢des da estrutura secundaria do 3’'UTR do RNA de DEN4 pelo programa Mfold (Zuker 2003)
com mapas de nuclease desta regido. Setenta por cento das clivagens enzimaticas no mapa de nucleases
corresponderam a estrutura predita por Mfold. A principal diferenga foi observada em regides preditas
por Olsthoorn e Bol (2001) que contribuiriam para a formagdo de pseudo-nos. O mapa de nucleases
indica que estas regides sao clivadas por nucleases que reconhecem fita dupla e o programa Mfold, que
nao ¢ capaz de predizer pseudo-nds, indica que estas regides sao de fita simples.

Virios artigos publicados utilizaram o sistema de replicon para estudar a fun¢do de estruturas
conservadas presentes nas regidoes UTR do genoma viral. O replicon consiste no RNA viral cuja regido
que traduz as proteinas estruturais foi removida e no local desta foi inserido um gene reporter. As
proteinas ndo estruturais sdo mantidas no replicon. Desta forma este ¢ capaz de se replicar, mas nao de
formar novas particulas virais. Com este sistema ¢ possivel diferenciar a tradugdo da replicagdo do
RNA utilizando cultura de células. Utilizado um replicon de virus do oeste do Nilo (WNV) foi
demonstrado que a complementaridade de bases do CYC, independentemente da sua seqiiéncia, ¢
importante para a replicacdo, mas ndo para a tradu¢do, do RNA viral (Lo et al. 2003). O mesmo
replicon foi utilizado para mostrar que o loop de 5 nucleotideos presente no topo do 3’SL de WNV ¢
importante para a sintese de RNA e que a seqiiéncia das posi¢des 2, 3 e 5, mas nao da 4, do mesmo sdo
absolutamente necessarias para a replicacdo do RNA viral, mas nao para a sua tradugdo (Tilgner et al.
2005). Deste modo esta regido poderia ser um elemento in cis de ligacdo de componentes (proteinas
virais ou do hospedeiro) da replicase para a montagem do complexo de iniciagdo para a sintese do
RNA de polaridade negativa. Além disso, foi demonstrado que a dele¢do de certos elementos
conservados de estrutura secundéria (CS2, CS1 e o 3’UTR completo) aumenta a eficiéncia de tradugao
deste replicon de WNV. No contexto de um replicon de DEN2, foi demonstrada a necessidade das
regides variavel (VR) imediatamente a 3’ do cddon de terminagdo, A2 (que contém a seqiiéncia
conservada RCS2), A3 (que contém a seqiiéncia conservada CS2), 3’SL e complementaridade de bases
entre 5° ¢ 3’ CYC para a replicagdo, mas nao para a traducdo do RNA viral (Alvarez et al. 2005b),
corroborando os dados apresentados por Tilgner et al. (2005). Curiosamente, a regido VR mostrou-se
dispensavel para a replicacdo viral em células de mosquito C6/36 e indispensavel em células de

mamifero BHK.



Introdugdo

1.3.2- Traducao do RNA viral

Apoés a fusdo da membrana do virus com a membrana do endossomo, o nucleocapsideo, e
conseqiientemente o0 RNA, sdo liberados no citoplasma. O RNA viral deve ser traduzido em diferentes
condig¢des ao longo do ciclo viral. Apos a infecgdo, a traducdo do RNA viral introduzido depende de
elementos de acdo in cis do RNA e da maquinaria de tradu¢do do hospedeiro. Apds alguns ciclos de
tradugdo e de sintese de RNA, novas moléculas de RNA devem ser traduzidas na presenga de proteinas
virais em uma célula hospedeira modificada por produtos virais. Neste ultimo cenario, uma complexa
interacao entre fatores virais e do hospedeiro ird influenciar a tradugao do RNA viral.

O primeiro AUG da proteina do capsideo estd em um contexto pobre para seu reconhecimento
pelo ribossomo, uma vez que o este AUG ndo estd inserido na seqiiéncia consenso de Kozak
(G/ANNAUGQG), ideal para a tradu¢do de RNAs mensageiros em células eucaridticas. Porém, a
traducdo da poliproteina viral ocorre preferencialmente no primeiro AUG da seqiiéncia (Clyde e Harris
2006). Foi identificada uma estrutura secundaria filogeneticamente conservada denominada cHP
(capsid hairpin — estrutura em grampo de cabelo) logo ap6és o primeiro AUG. Esta estrutura dirige a
selegdo do codon de iniciagao da tradugdo de um modo dependente de sua posi¢ao e independente da
sua seqiiéncia. Este modelo ¢ consistente com o mecanismo em que a maquinaria de tradugdo fica
parada enquanto a estrutura em grampo de cabelo ¢ desfeita pela RNA helicase, fazendo com que o
ribossomo fique mais tempo em contato com o cédon de iniciagdo que se encontra em um contexto
pobre para seu reconhecimento pelo ribossomo.

DEN utiliza uma estratégia ainda nao identificada de iniciacao da tradug¢do quando a traducao
dependente da estrutura cap esta inibida (Edgil et al. 2006). Utilizando um RNA repoérter flanqueado
pelas regides 5’ e 3 UTR foi mostrado que, na auséncia de um cap funcional ou em condi¢des de
inibi¢do da traducdo dependente de cap, a tradugcdo do RNA depende da presenca das regides 5 e 3’
UTR de DEN na mesma molécula. Este dado sugere a necessidade de circularizagdo do RNA
provavelmente via interacdo com proteinas do hospedeiro. Além disso, essa capacidade de tradugao do
RNA nio esté relacionada a presenga de um elemento IRES na regido 5° UTR. Os resultados sugerem
um modelo em que a interagdo entre 5’ e 3 UTR permite que o virus seja traduzido por via canonica
dependente de cap ou ndo-canonica, alternativa, em resposta as condigdes celulares.

Hahn et al. (1987) sugerem que a circularizagdo do RNA gendmico durante ou imediatamente
depois da formagao do complexo de replicacdo pode permitir aos ribossomos completar a tradugao do
RNA genomico, mas impedir a sua reassociagdo ao terminal 5’ para reiniciacdo da tradugdo. Isto

evitaria a colisdo entre o ribossomo migrando no sentido 5’-3” ¢ o complexo de replicagao no sentido
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3°-5’. Edgil et al. (2006) propdem um modelo de remodelagem da arquitetura de por¢des do RNA viral
para a troca entre tradugdo e replicagdo. Na tradugdo haveria a formagdo de uma ponte de RNA-
proteina entre 5’ e 3° UTR, enquanto que na replicagdo a ponte seria formada por interagdes RNA-
RNA entre CYC e UAR (upstream AUG region) nos extremos terminais do genoma viral. Neste
modelo a troca entre tradugdo e replicagdo da mesma molécula de RNA ¢ presumivelmente mediada

por fatores virais e/ou celulares que facilitariam a comunicacao entre os UTR virais.

1.3.3- As proteinas nio estruturais

Todas as proteinas ndo estruturais de Flavivirus ja foram implicadas na replicagcdo do RNA viral
(Mackenzie et al. 1996, 1998). Porém, funcdes especificas individuais estdo sendo atualmente
identificadas para estas proteinas.

NS1 ¢ uma glicoproteina de 48 kDa sintetizada como um mondmero solivel que rapidamente
dimeriza apds modificagdes pos-traducionais no limem do reticulo endoplasmatico, com subseqiiente
transporte para a superficie celular e liberacdao para o meio extracelular (Winkler et al. 1989). NS1 se
liga a superficie de células ndo infectadas via interagdo com as glicosaminaglicanas (GAG) heparan-
sulfato (HS) e condroitina-sulfato E, sendo que a sulfatacdo de GAG ¢ uma modificagdo celular critica
para esta ligagdo (Avirutnan et al. 2007). Além disso, NS1 soluvel se liga preferencialmente em certos
subtipos celulares, incluindo células endoteliais humanas de microvasos. Estes dados sugerem que o
extravasamento vascular o6rgdo especifico que ocorre em infec¢des severas com DEN pode estar
relacionada a relativa habilidade de células endoteliais em diferentes tecidos de se ligar a NS1 soluvel e
com isso ser alvo de anticorpo anti-NS1 durante uma infec¢ao secundaria (Avirutnan et al. 2007).

NS2A ¢ uma proteina hidrofobica transmembranar de 22 kDa. A mutagdo IS9N da proteina
NS2A do virus Kunjin (KUN) resulta em bloqueio seletivo da montagem ou secrecdo viral, que pode
ser complementada com proteina NS2A selvagem expressa in trans. Isso demonstra que o RNA que
possui a mutacdo pode ser empacotado em virions pelas proteinas estruturais produzidas in cis a partir
da mesma molécula de RNA, implicando que a seqiiéncia de RNA na vizinhan¢a da mutacao no NS2A
ndo faz parte do sinal de empacotamento do RNA (Liu et al. 2003). Foram recuperados virus
revertentes onde mutagdes no NS2A recuperaram 159 original, ou virus pseudo-revertentes onde N59
foi substituido por outro residuo mais hidrofobico que I, ou ainda virus que mantiveram a mutacao
IS9N e apresentaram mutagdo compensatoria T149P (Leung er al. 2008). Andlises de microscopia de
células infectadas com o virus com a mutagdo NS2A-ISON mostraram uma auséncia de membranas

induzidas pela infec¢dao viral e a mutagdo compensatoria T149P restaurou a inducdo de estruturas
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membranares em niveis similares a infec¢do com virus selvagem. Os resultados confirmam o papel de
NS2A na montagem viral e a importancia de residuo hidrofébico no cddon 59 neste processo implica o
envolvimento de NS2A na biogénese de membranas induzidas pelo virus e sugere um papel vital destas
membranas na montagem viral.

NS3 ¢ uma proteina multifuncional, possuindo atividade de serino-protease no N-terminal, de
RNA helicase/5’-trifosfatase ¢ NTPase no C-terminal (Gorbalenya et al. 1989). A atividade de RNA
helicase da NS3 ¢ necessaria para o desenovelamento de intermedidrios replicativos de fita dupla
(Chambers et al. 1990). A estrutura cristalografica do dominio serino-protease de NS3 de DEN foi
descrita por Murthy et al. (1999), do dominio helicase/NTPase de JEV por Yamashita et al. (2008) e a
estrutura da proteina com os dois dominios protease-helicase de DEN foi descrita por Luo et al. (2008).
A atividade serino-protease de NS3 ¢ dependente da dimerizacdo com o cofator NS2B. Esta nao
somente estabiliza as duas estruturas em forma de barril de folhas beta encontradas no N e C-terminal
do dominio serino-protease de NS3, como também completa o sitio de ligacdo ao substrato com a sua
regido C-terminal (Erbel et al. 2006). Liu et al. (2002) mostraram que dele¢des na regido codificadora
de NS3 de KUN nao poderiam ser complementadas pela producado in trans da proteina, resultando em
um defeito no empacotamento do RNA, sugerindo um papel in cis do produto génico de NS3 na
montagem viral. A traducdo in cis de NS3, e ndo sinais presentes na seqiiéncia do RNA neste gene, ¢
essencial para o empacotamento do RNA (Pijlman et al. 2006), mas o exato papel desta proteina nao
estrutural na montagem viral ainda ndo foi elucidado.

NS4A e NS4B sao proteinas transmembranares de 16 e 27 kDa respectivamente (Miller et al.
2006, 2007). NS4A foi identificada como a proteina chave responsavel pela indugdo de estruturas
membranares que parecem visualmente similares a membranas convolutas e conjuntos paracristalinos
presentes nos estagios terminais da infec¢do viral (Roosendaal er al. 2006, Miller et al. 2007). Esta
formacdo de estruturas membranares mostrou uma necessidade estrita da clivagem do dominio
citoplasmatico de NS4A no sitio 4A-2K pela protease NS2B/NS3 antes da clivagem entre 2K-NS4B
pela peptidase sinal celular, sendo assim liberados NS4A e NS4B maduros. O dominio 2K serve de
sinal para a translocacdo de NS4B para o reticulo endoplasmatico e a sua clivagem ja foi demonstrada
no virus da febre amarela (YV) e DEN (Lin et al. 1993, Preugschat e Strauss 1991). NS4B interage
com o dominio helicase de NS3 in vitro e in vivo e colocalizam na regido perinuclear (Umareddy et al.
2006). NS4B dissocia NS3 de RNA de fita simples e aumenta a sua atividade de desenovelar RNA de
dupla-fita em fita simples em ensaios in vitro.

NS5 ¢ a maior das proteinas de Flavivirus e possui dominios de RNA polimerase dependente de
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RNA (RdRp) (O'Reilly e Kao 1998, Poch ef al. 1989) e um dominio de RNA-metiltransferase
(Rozanov et al. 1992), cuja estrutura tri-dimensional foi descrita por Egloff et al. (2002). O dominio N-
terminal de 33 kDa de NS5 de DEN (NS5MTaseDV) estd envolvido em dois dos quatros passos

L ~ Me o> 2’0M
necessarios para a formagao do cap ™MeGs -pppS’A OMe

no RNA viral, a metilagdo da guanina-N7 e da
adenosina-2’0. Sua atividade 2’O-metiltransferase (MTase) dependente de S-adenosil-L-metionina
(AdoMet) foi demonstrada por Egloff et al. (2007). Ambas as atividades de metiltransferase dependem
de um unico sitio de ligacdo a AdoMet e mutagdes neste sitio ¢ capaz de reduzir em mais de 90% a
atividade de metiltransferase in vitro (Kroschewski et al. 2008). Virus que contém mutacdes com
reducdo severa da atividade MTase nao sdo viaveis e a atividade N7-MTase, e ndo 2°0O-MTase, parece
ser essencial para a replicacdo viral. Virus com mutagdes na enzima MTase com 25% da atividade de
N7-MTase sdo capazes de se replicar em niveis iguais ao do virus selvagem, indicando que niveis
reduzidos de atividade MTase s@o suficientes para a replicagdo viral in vivo (Kroschewski et al. 2008).
Entretanto, virus com mutagdes E192A/K193A/E195A no dominio MTase que ndo afetam a sua
atividade ndo sdo viaveis. Estas mutagdes estdo expostas na superficie da hélice aE, fora do dominio
catalitico. A recuperacao de virus com as mutagdes E192A/K193A/E195A e mutagdo adicional A70G
no dominio protease NS3 sugere que a hélice aE de MTase, que inclui os residuos 187 a 202, interage

com o dominio protease de NS3 (Kroschewski et al. 2008). Algumas das proteinas ndo estruturais

apresentam atividade nas respostas imunoldgicas a infecgao viral, o que sera discutido em outro topico.

1.3.4- Replicacao viral

Trés espécies de RNA foram detectadas em células infectadas por Flavivirus: um RNA
gendmico de 40-44S; uma forma replicativa dupla-fita resistente a RNase de 20-22S; e uma forma
replicativa intermediaria de 20-28S, parcialmente resistente a RNase (Chu e Westaway 1985).
Khromykh et al. (2003) mostram que os dois nucleotideos 3’ terminais CU, que sdo conservados no
género Flavivirus, t€tm um papel critico na replicagdo de RNA de KUN. Praticamente todas as
proteinas ndo estruturais (NS) estdo envolvidas no complexo de replicagcao de Flavivirus. NS3 e NS5
existem como um complexo em cé€lulas infectadas por DEN, podendo ser os componentes ndo somente
da replicase viral, mas também do complexo enzimatico envolvido na produgdo do cap 5°.

As evidéncias indicam que as replicases virais sdo complexos ligados a membrana formados por
proteinas virais e celulares, além do RNA viral (Chu e Westaway 1992, Lai 1998). Foi demonstrado
que NS3 e NS5 do virus da encefalite japonesa (JEV) se ligam cooperativamente ao stem-loop (SL) 3’

terminal, indicando que esta ligacdo pode facilitar o processo de sintese da fita de RNA de polaridade
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negativa (Chen et al. 1997a). You e Padmanabhan (1999) demonstraram que a sintese in vitro de RNA
“self-primed” ocorre por elongagdo da terminacdo 3’ auténtica do molde de RNA, produzindo
predominantemente RNA de fita dupla em estrutura de grampo de cabelo, com uma regido de alca
limitada de fita simples. Curiosamente, a sintese de RNA requer ambas regides terminais 5° e 3’
contendo os motivos de circularizagdo (CYC), ou conectados na mesma molécula ou com a regido 5’
terminal adicionada in trans a regido 3’ terminal. Uma estrutura de stem-loop na regido 5’UTR
denominada SLA ¢ responsavel pelo reconhecimento do RNA viral pela RdRp (Filomatori ef al. 2006).
O dominio NS5pol recombinante ¢ capaz de interagir com um complexo de RNA-RNA formado entre
as regides 5’ e 3> UTR do genoma viral, sugerindo que NS5pol ¢ capaz de reconhecer SLA em um
contexto de genoma viral circular devido a interagao entre 5’ ¢ 3° UTR. Um novo modelo de sintese de
RNA de polaridade negativa de DEN foi proposto, onde a polimerase viral reconhece o 5’ terminal do
RNA, e através de uma interacio RNA-RNA de longo alcance o promotor 5’ e o 3’ terminal do
genoma sao unidos para facilitar a sintese do RNA (Figura 1.3). A predigdo da estrutura secundaria da
interagdo de 5’-3° UTR do RNA de DEN mostra que a metade inferior do 3’SL altamente conservado
se abre enquanto que a metade superior ¢ mantida. Logo, a interagdo de 5’-3” UAR (upstream AUG
region) pode ter um papel na modulacao da estrutura do 3’SL durante a iniciacdo da sintese de RNA.
Neste caso, além de trazer o 3’ terminal do RNA proximo ao promotor 5°, a interagdo de longo alcance
pode fazer com que os nucleotideos 3’ terminais fiquem disponiveis para a RdRp (Filomatori et al.

2006).
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Figura 1.3: Modelo de sintese da fita de polaridade negativa do virus da dengue. O genoma viral é
circularizado na auséncia de proteinas pela hibridizacdo de 5°-3’'UAR e 5°-3’CYC. A RdRp viral se liga
ao SLA presente no 5’UTR e, por interagdes RNA-RNA entre os extremos terminais do genoma, a
polimerase ¢ transferida para o sitio da iniciagdo da replicacdo no terminal 3’ do genoma. Figura adaptada
de Filomatori et al. (2006).

Uma caracteristica dos virus de RNA de polaridade positiva ¢ a habilidade de induzir rearranjos
na membrana citoplasmatica que aparentemente facilita a replicacdo eficiente do RNA (Lindenbach et
al. 2007). Na maioria dos casos, estas estruturas membranares compartilham caracteristicas em comum,
como pequenas vesiculas de 70 a 100 nm que contém estruturas em forma de fibras (dependendo do
protocolo de fixacdo) ou vesiculas com dupla membrana que circunda o RNA viral replicante.
Flavivirus parecem ser os Unicos a apresentar pelo menos duas ou trés estruturas caracteristicas dentre
as membranas convolutas, conjuntos paracristalinos ou pacotes de vesiculas/estruturas de membranas
lisas (Ng 1987). Analises estruturais detalhadas usando KUN revelaram que cada estrutura membranar
pode ser imuno-marcada com anticorpos distintos contra proteinas especificas virais ou do hospedeiro,
sugerindo que cada estrutura membranar desempenha uma funcdo precisa durante a replicagdo
(Mackenzie et al. 1998, 1999, 2005). Estas membranas, quando isoladas por centrifugagdo, contém
RNA viral, proteinas nao estruturais NS1, NS2A, NS3, NS4A e NS5 e virtualmente toda a atividade de
RdRp. A associacdo destas proteinas ndo estruturais com as membranas foi confirmada por

microscopia de imunofluorescéncia ou imunocrioeletronica (Mackenzie et al. 1998, Westaway et al.
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1997). A expressao de NS3 em cultura de células induz a formacdo de estruturas similares as
membranas convolutas na regido perinuclear (Chua et al. 2004). Além disso, NS3 interage com a
proteina ligante do receptor nuclear (NRBP), uma proteina do hospedeiro que influencia o trafego entre

o reticulo endoplasmatico e o Golgi.

1.4- Infeccao viral

1.4.1- Receptor celular

Os receptores celulares ja identificados para o virus da dengue sdo: heparan-sulfato em células
Vero e CHO (Chen et al. 1997b), CD14 em mondcitos e macrdfagos (Chen et al. 1999), GRP78
(Jindadamrongwech et al. 2004) e proteina 37/67-kDa receptora de laminina em células hepaticas
(Thepparit et al. 2004) e HSP70 e 90 em neuroblastomas e células U937 (Reyes-del Valle et al. 2005).

As células dendriticas residentes na derme sdo os principais alvos de infec¢ao apos a inje¢ao de
virus pela picada do mosquito (Wu et al. 2000, Lozach et al. 2005). DC-SIGN (dendritic cell specific
ICAM3 grabbing nonintegrin) ¢ um receptor importante para a infeccdo viral, mas sua funcao
endocitica ndo ¢ necessaria para a internalizacdo de DEN nas células (Lozach et al. 2005). O homologo
de SIGN no figado e linfonodos (L-SIGN) também mostrou atividade como receptor de DEN
(Tassaneetrithep et al. 2003). Lozach et al. (2005) propdoem que DC-SIGN concentra as particulas
virais na superficie celular para permitir a interacao eficiente entre o virus e um receptor ainda ndo
identificado que seria o responsavel pela internalizagdo viral e a fusdo dependente de pH. A estrutura
obtida por crio-EM da ligagdo de DEN2 com o dominio CRD (dominio de ligacdo a carboidrato) de
DC-SIGN mostra que CRD monomérica se liga a glicanas N-ligadas na Asn 67 de cada 2 proteinas E
vizinhas (Pokidysheva er al. 2006). Esta ligacao deixa amplo espago na superficie viral para a ligacao
ao receptor primario, o qual ainda nao foi identificado. A proteina E de DEN 1 e 3 ¢ glicosilada nas
posicdes Asn67 e Asnl53, enquanto que em DEN2 e 4 esta proteina ¢ glicosilada somente na Asn67
(Johnson et al. 1994). Os virus com proteina E mais glicosiladas se mostraram mais eficientes em
infectar as células através de DC-SIGN (Navarro-Sanchez et al. 2003). O polimorfismo DC-SIGNI1-
336 do promotor de CD209 (gene que codifica DC-SIGN) tem forte associacdo com o risco de a pessoa
infectada apresentar dengue classica (Sakuntabhai et al. 2005). O alelo G de DC-SIGN1-336 afeta um
sitio de ligacdo ao fator de transcricdo Spl e testes in vitro mostram que a atividade transcricional de
um fragmento contendo esta seqiiéncia também ¢ afetada, o que d& suporte a hipdtese de que este

variante tem papel funcional. Os autores propdem que o alelo G de DC-SIGN1-336 esta associado a
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prote¢do dominante contra DF, mas ndo influencia a ocorréncia de dengue hemorragica.

A proteina GRP78 interage com a cadeia pesada de imunoglobulinas. Curiosamente, o dominio
I da proteina E de DEN possui estrutura similar as imunoglobulinas. Esta similaridade pode ser
particularmente significante na interacao da proteina E com GRP78 (Jindadamrongwech et al. 2004).
Apesar da proteina E ser altamente conservada entre os quatro sorotipos virais, o0 dominio III mostra
grande variacdo na seqliéncia de aminoacidos. Tal variagdo pode levar a especificidade de
reconhecimento de sorotipos identificada pela proteina 37/67-kDa receptora de laminina que foi capaz
de induzir a entrada de DEN1, mas ndo dos outros sorotipos, em células hepaticas (Thepparit et al.
2004).

Outra forma de internalizagdo viral ¢ através de sua ligag@o a anticorpos de reacdo cruzada, mas
nao neutralizantes, produzidos em uma infec¢ao anterior com um sorotipo diferente. O virus se liga a
este anticorpo, o complexo € reconhecido por receptores da por¢ao Fc de anticorpos na superficie dos
monocitos/macrofagos e fagocitado (Morens 1994). Foi postulado que esta via de infeccdo €
responsavel por um maior numero de células infectadas e pelo aumento no pico de titulo viral. Este
fendmeno ¢ denominado ampliagdo dependente de anticorpo (ADE) (Sullivan 2001). Foi verificado
que a infec¢do via ADE in vitro aumenta o titulo da progénie viral (Klimstra et al. 2005, Rulli et al.
2005, Chareonsirisuthigul et al. 2007). Por outro lado, altos niveis de DC-SIGN inibem a infec¢do via
ADE (Goncalvez et al. 2007, Pierson et al. 2007, Boonnak et al. 2008).

1.4.2- Fusao

A glicoproteina E de Flavivirus pertence a classe Il de proteinas de fusdo estruturalmente
conservadas que também sdo encontradas em alfavirus (Lescar et al. 2001). A proteina E de Flavivirus
maduros formam homodimeros anti-paralelos (Modis et al. 2003, Zhang et al. 2003a). Cada mondmero
possui trés dominios distintos, denominados dominio I — o dominio N-terminal, estruturalmente central,
0 dominio II — o dominio de dimerizacdo, ¢ o dominio Il — o dominio C-terminal similar a
imunoglobulina. Este Gltimo dominio se estende perpendicularmente a superficie viral com uma ponta
proeminente em relacdo ao restante da proteina E. Estudos demonstram que dominio III recombinante e
anticorpos que reconhecem este dominio sdo capazes de inibir a entrada de Flavivirus nas células alvo
(Hung et al. 2004, Chu et al. 2005, Chin et al. 2007). Além disso, Flavivirus com mutagdes no dominio
IIT da proteina E mostram viruléncia atenuada ou habilidade de escapar a neutralizagdo imune (Mandl
et al. 2000, Ni et al. 2000), o que corrobora a sua fungdo como o dominio de reconhecimento e ligagdo

ao receptor.
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A alga interna que contém o peptideo de fusdo, localizada na ponta do dominio II, esta enterrada
na interface do dimero no virus maduro (Figura 1.4, A). A dissociagdo do dimero de E em mondmeros,
com concomitante exposicdo do peptideo de fusdo para permitir a sua interagdo com as membranas
alvo (Figura 1.4, B), ocorre por quebras de contatos intra e interdiméricos na superficie viral (Allison et
al. 2001). Em condig¢des fisioldgicas, esse processo ¢ ativado pela acidez dos endossomos durante a
endocitose mediada por receptores e ¢ rapidamente seguido pela formacao de trimero de E (Allison et
al. 1995, Modis et al. 2004) (Figura 1.4, C). Na forma pré-fusao, os trés dominios da por¢ado soluvel da
proteina E (sE) ficam alinhados em forma de bastdo, dispostos tangencialmente em relacdo a
membrana. A conformagdo trimérica fusogénica expde a membrana viral para a fusdo de membranas
(Kuhn ef al. 2002). A estrutura de sE trimérica pos-fusdo mostra que o dominio III ¢ deslocado de sua
localizagao original se posicionando ao lado do dominio I com o seu C-terminal apontando na direcao
do peptideo de fusdo (Figura 1.4, F). Esse movimento resulta na formagdo de uma estrutura de grampo
de cabelo, sugerindo que na forma inteira de E pos-fusdo, os segmentos transmembranar e os peptideos
de fusdo estdo justapostos na membrana fusionada, o que geraria um movimento de alavanca que uniria

as membranas do virus e do endossomo (Modis et al. 2004).

96
Figura 1.4: Mecanismo proposto para a fusdo mediada pelas proteinas de fusdo da classe II. A proteina E
esta representada com dominio I em vermelho, dominio I em amarelo e dominio III em azul. A regido
transmembranar esta representada em azul claro e o peptideo de fusdo por um asterisco vermelho. A, O
dimero de E se liga ao receptor na superficie da célula (em cinza) através do dominio III. B, pH reduzido
no endossomo causa dissociacdo do dimero de E em mondémeros, com concomitante exposi¢do do
peptideo de fusdo. C, Ocorre a formagdo de trimero de E, disposto tangencialmente em relagdo a
membrana, com associacdo do peptideo de fusdo a membrana. D, interagdes triméricas deformam as

membranas, procedendo a hemifusdo intermediaria em E. F, Fusdo completa, peptideo de fusdo e regido
transmembranar justapostos na membrana fusionada. Figura adaptada de Modis et al. (2004).
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1.4.3- Maturacao viral

A replicacdo viral ¢ iniciada ap6s o desnudamento do nucleocapsideo no citoplasma da célula
(Lindenbach et al. 2007). Ap6s a tradugdo das proteinas virais e a replicagdo do RNA, virions imaturos
sdao gerados por brotamento de nucleocapsideos recém montados para dentro do limem do reticulo
endoplasmatico. Durante este processo as particulas virais obtém seu envelope bilipidico com o
complexo de heterodimero de proteina prM-E. Em seguida as particulas amadurecem ao passar pelo
Golgi e pela rede trans-Golgi. Nesta rede, prM ¢ clivada pela proteinase furina em rea¢do dependente
de pH acido, resultando na formacao de particulas maduras contendo proteinas M e dimeros de proteina
E. Finalmente, as progénies de particulas virais sao liberadas da célula por exocitose (Lindenbach et al.
2007). Particulas virais imaturas contém 60 espiculas proeminentes, cada uma consistindo em um
trimero de heterodimeros de prM-E (Zhang et al. 2003b). Estas particulas imaturas podem ser clivadas
em pH acido por furina in vitro. A particula imatura sofre rearranjo conformacional reversivel em pH
4cido, adquirindo uma superficie muito mais lisa e um didmetro menor (530 A) que a particula imatura
em pH neutro, que contém espiculas e didmetro de 600 A (Yu et al. 2008). Apos clivagem da proteina
prM em pr e M pela furina na rede trans-Golgi, o produto proteolitico pr ¢ mantido em associacdo com
0o homodimero de E em pH 4acido, impedindo a sua mudang¢a conformacional para trimero e a
conseqiiente fusdo de membranas entre o virus recém formado e a membrana do Golgi. Apds a
liberacdo do virus no meio extracelular, hd o conseqiiente aumento do pH e pr ¢ liberado da particula

viral madura (Yu et al. 2008).

1.5- Respostas celulares a infec¢do

A proteina E do virus da dengue interage com a proteina CLEC5A presente na superficie de
macrofagos (Chen et al. 2008). Porém, esta interacdo ndo resulta em internalizagdo viral e sim em
secrecao de citocinas pro-inflamatérias [TNF-a, IL-6, IL-8, proteina inflamatdria de macrofago (MIP)-
la e proteina induzida por interferon (IP)-10]. O tratamento de camundongos STAT1”" com anticorpo
anti-CLECSA inibiu o escape de plasma assim como hemorragias subcutaneas e em 6rgaos vitais, além
de reduzir em 50% a mortalidade causada pela infeccdo por DEN. Camundongos deficientes em
CXCR3 e IP-10 apresentaram mortalidade aumentada apods infec¢do por DEN em relagdo aos
camundongos selvagens (Hsieh er al. 2006), indicando um papel destas proteinas no controle da
infeccdo primaria por DEN. Infecgdes de hepatoma HepG2 e célula dendritica por DEN2 induziram a
producao de IL-8, RANTES, MIP-la e MIP-1B, enquanto que somente IL-8 e RANTES foram
produzidos em células de rim HEK293 apds infeccdo por DEN2. Além disso, a expressdao de NS5
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sozinha foi capaz de induzir a expressao e secre¢ao de IL-8 em HEK293 (Medin et al. 2005).

A inducdo da expressdo de Oxido nitrico sintase induzida (iNOS) e conseqiiente produgdo de
oxido nitrico foi observada tanto em pacientes com dengue classica quanto in vitro. Além disso, a
expressao de antigenos virais in vitro apresentou relacdo inversa com a expressao de iNOS (Neves-
Souza et al. 2005). Células infectadas com DEN?2 tratadas com NO apresentaram inibicao da replicagao
do RNA viral, e ensaios in vitro mostraram que a atividade de NS5pol recombinante ¢ inibida por NO
(Takhampunya et al. 2006).

A infec¢do de camundongos por DEN via ADE medeia a supressao/diminui¢ao da produgao
e/ou da ativagdo intracelular de mediadores antivirais, como TNF-a, IL-12 e IFN-y, fatores de
transcricdo STAT1 e IRF-1, enzima 6xido nitrico sintase 2 e conseqiiente reducdo da producao de
radicais de 6xido nitrico. A producao de TNF-a devida a infecg¢ao viral via ADE ¢ reduzida em relacao
a infeccdo via receptor natural nos dois primeiros dias de infec¢do, sendo que a produgao se iguala apds
este periodo nas duas vias de infeccao (Chareonsirisuthigul et al. 2007). Além disso, ha o aumento da
producao de IL-6 e IL-10 (Mahalingam e Lidbury 2002, Chareonsirisuthigul et al. 2007). TNF-a, IL-6
e IL-10 podem estar envolvidos em algumas respostas biologicas que sdo caracteristicas de DHF/DSS.
Por exemplo, TNF-a pode participar no aumento do hematdcrito enquanto IL-6 e IL-10 podem mediar
danos no figado e no sistema de coagulagdo, respectivamente (Nguyen et al. 2004).

Camundongos possuem um gene de resisténcia a Flavivirus (FIv') que apresenta hereditariedade
dominante autossdmica. Os camundongos resistentes podem ser infectados por Flavivirus, mas os
titulos virais em seus tecidos sao de 1.000 a 10.000 vezes menores que os apresentados por animais
susceptiveis (Shellam et al. 1998). O gene responsavel pela resisténcia codifica a proteina OAS1b
(Perelygin et al. 2002). Varias proteinas da familia 2°-5" oligoadenilato sintetases sintetizam 2’-5’
oligoadenilato ao serem ativadas por RNA dupla-fita. O 2’-5” oligoadenilato ativa a RNase L que desta
forma degrada RNAs simples-fita tanto virais quanto celulares (Samuel 2001). Apesar de OAS1b fazer
parte da familia das OAS, esta ndo produz 2’-5’ oligoadenilato (Scherbik er al. 2007). O gene de
resisténcia codifica a proteina OASI1b inteira, enquanto que o gene de susceptibilidade produz uma
proteina truncada no C-terminal. Camundongos susceptiveis transgénicos expressando a proteina
OASI1b selvagem (OAS1b") tornaram-se resistentes a infec¢do por Flavivirus (Scherbik er al. 2007).
Scherbik et al. (2006) verificaram que camundongos OASI1b”" RNase L™ ainda apresentavam
resisténcia a Flavivirus. Logo, o mecanismo pelo qual OASIb' confere resisténcia a doenga induzida
por Flavivirus ¢ independente de RNase L e ainda desconhecido.

Interferon (IFN) -a e -B sdo secretados por células infectadas com virus e exibem multiplas
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propriedades biologicas incluindo efeitos antiproliferativos, antivirais € imunomodulatorios. IFN-y ¢é
secretado por linfocitos T ativados e células NK e tem atividade antiviral direta, através da inducao de
moléculas efetoras (6xido nitrico) e indiretas, através do aumento da apresentacdo de antigeno e da
inducao da apoptose. Pré-tratamento de células em cultura com IFN-a e -f inibiu a infec¢do dependente
ou independente de anticorpo por DEN2. Porém, o tratamento com IFN-a e - poucas horas pds-
infecgdo perde este efeito inibitorio (Diamond er al. 2000). O pré-tratamento inibe a tradu¢do do RNA
viral que ocorre antes da replicacdo do RNA, em uma etapa ap6s a iniciagdo da tradugao (Diamond e
Harris 2001). Esta inibicdo parece ser independente de proteina quinase ativada por RNA dupla-fita
(PKR) e de RNase L, ja que células deficientes nestes genes quando infectadas por DEN mantiveram a
inibi¢do da infec¢do por IFN (Diamond e Harris 2001). Estudos in vivo, utilizando camundongos sem
varios componentes do sistema imunoldgico, mostraram que receptores de IFN-a/B (IFNAR) e IFN-y
(IFNyR) tém fung¢des criticas e ndo sobrepostas em eliminar a infec¢do primaria por DEN (Shresta et
al. 2004). A agdo mediada por IFNAR limita a replicagdo inicial de DEN em sitios extraneurais e
controla o subseqiiente espalhamento viral no sistema nervoso central (CNS). Ja a resposta mediada por
IFNYR parece agir nos estagios tardios da doenga ao restringir a replicagdo viral na periferia e ao
eliminar o virus do CNS.

Varios estudos tentaram identificar os mediadores da inibi¢ao da infecgao por IFN. A ligagao de
IFN no seu receptor ativa a fosforilagdo de diversas proteinas, incluindo receptores, membros da
familia JAK de tirosina quinases e subunidades de fatores de transcri¢do chamados de STAT (signal
transducers and activators of transcription). As STATs se associam formando homo e heterodimeros.
Estes dimeros, com ou sem cofatores adicionais, migram para o nucleo, onde ativam a transcri¢do de
genes responsivos a IFN (ISG - interferon stimulated genes). IFN-a/B induzem a formagao do fator de
transcri¢do ISGF3 (IFN stimulated gene factor 3), uma oligoproteina formada por STAT1, STAT2 e
p48. ISGF3 se liga ao ISRE (IFN stimulated response element) dos promotores dos ISGs no nucleo e
ativa a sua transcricdo. IFN-y ativa a fosforilacdo somente de STAT1 que homodimeriza e forma o
GAF (gamma-activated factor). Este se liga ao GAS (gamma-activated sequence) nos promotores dos
genes ativados por INF-y, ativando a transcri¢ao destes (Brierley e Fish 2005).

Utilizando camundongos STAT1™", foi mostrado que o controle da infec¢io primaria por DEN
dependente de IFNR envolve mecanismos dependentes e independentes de STAT1 (Shresta et al.
2005). A via de STATI1 ¢ necessaria na eliminacdo da carga viral inicial, enquanto que a via
independente de STATI controla a carga viral tardia e previne a doenga em camundongos. Outra via

ativada pela infec¢do viral identificada foi a de PI3K/Akt. Akt ¢ fosforilada de forma transiente por
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fosfatidilinositol 3-quinase (PI3K) nos estagios iniciais da infec¢do por JEV e DEN2 (Lee et al. 2005).
A via de PI3K/Akt ativada por Flavivirus parece ter um papel antiapoptdtico nas fases iniciais da
infec¢do. Estudos com camundongos PKR”™ ¢ RNase L™ mostraram que estes sdo mais susceptiveis a
infecgdo por WNV que os camundongos selvagens (Samuel ef al. 2006). PKR e RNase L contribuem
para a protecdo mediada por IFN em cultura de células primarias de forma restrita a certos tipos
celulares como macréfagos e neurdnios corticais. Este fato poderia explicar os dados de que células de
fibroblastos deficientes em PKR e RNase L ainda apresentavam prote¢ao contra a infec¢do com pré-
tratamento por IFN (Diamond e Harris 2001). A inducao da expressdao de IFN em células infectadas por
Flavivirus ¢ mediada por IRF-3 dependente de RIG-I, por NF-kB dependente de PI3K (Chang et al.
2006) e por PKR (Gilfoy e Mason 2007).

Apesar de DEN ser sensivel ao pré-tratamento com IFN, o tratamento pds-infec¢do nao € capaz
de inibir a replicagdo viral. Alguns estudos identificaram as vias de inibi¢do da sinaliza¢do de IFN por
Flavivirus. A expressdao de NS2A, NS4A e NS4B de DEN em cultura de células aumentou a replicagdo
do virus da doenga de Newcastle, um virus sensivel a IFN (Mufioz-Jordan et al. 2003). Além disso, a
expressao de NS4B, e em menor grau de NS2A e NS4A, diminuiu a expressdo de genes induzidos por
IFN-B. Células expressando NS4B ou infectadas por DEN ndo exibiram STATI nuclear apds
tratamento com IFN-B ou -y, indicando que NS4B pode estar envolvida no bloqueio da sinalizacdo de
IFN durante a infec¢do por DEN. Jones et al. (2005) mostraram que células contendo um replicon com
as proteinas NS de DEN2 pré-tratadas com IFN-a se tornaram resistentes aos efeitos antivirais deste
IFN, ja que o virus da encefalomiocardite, sensivel a IFN-a, foi capaz de se replicar apds o pré-
tratamento destas células com IFN-a. O replicon ou a infecgao por DEN2 diminuiu os niveis de STAT2
total, um componente da sinalizagdo de IFN-o, mas ndo de IFN-y. STAT2 recruta STATI para a
fosforilagdo (Leung et al. 1995), o que explicaria os dados de Muifioz-Jordan et al. (2003) no
tratamento com IFN-B. Porém, estes observaram que a infecgdo por DEN2 também reduziu os niveis de
STATI nuclear apds tratamento com IFN-y. As discrepancias podem ser devidas as diferencas nas
linhagens celulares utilizadas, uma vez que Jones et al. (2005) usaram linhagens mieldides humanas e
Mufioz-Jordan et al. (2003) utilizaram linhagem de rim de macaco.

A resposta a proteina desenovelada (UPR - unfolded protein response) ¢ uma mudanga
coordenada na expressdo génica que ¢ ativada por perturbacdes nas fungdes do reticulo
endoplasmatico. Em células de mamiferos a UPR ¢ mediada por trés proteinas transmembranares que
agem como sensores: a proteina quinase PERK, similar a PKR, residente no reticulo endoplasmatico, o

fator de ativagdo da transcricdo 6 (ATF-6) e a enzima dependente de inositol 1 (IRE1). PERK ativada
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fosforila elF2a, o que resulta na atenuagdo da traducdo. Este fato ¢ acompanhado pela ativagdo da
transcricdo de uma alga de retro-alimentacao, que inclui o aumento de CHOP e GADD34. A associagdo
desta ultima com a fosfatase PP1 leva a desfosforilacdo de elF2a. IRE1 ativada cliva um intron nao
convencional de 26 nucleotideos do mRNA da proteina ligante de X-Box (XBP1), o que muda a sua
pauta de leitura e leva a tradugdo de um fator de transcricdo (sXBP1) que ativa a transcrigao de uma
série de genes que estdo envolvidos na degradagdo protéica. Em paralelo, a acumulagdo de proteinas
nao enoveladas no reticulo endoplasmatico causa a saida de ATF-6 do seu compartimento, migrando
para o complexo de Golgi onde ¢ clivado por proteases S1P e S2P. O fragmento citossolico de ATF-6 ¢
o fator de ativa¢do da transcri¢do responsavel pela indug¢dao da transcricdo de XBP1 assim como de
genes que codificam chaperonina do reticulo endoplasmatico. Infec¢ao de células por JEV e DEN ativa
a via de XBP1 da UPR, induzindo a expressao dos genes controlados por este fator de transcricao (Yu
et al. 2006). NS2B-NS3 de DEN parece ser um potente indutor da via de XBP1. A redugdo dos niveis
de XBP1 nao afeta a susceptibilidade celular ao virus, mas exacerba o efeito citopatico induzido pelos
Flavivirus. Além da inducdo da via de XBP1, DEN também induz as vias de PERK e ATF-6 de
ativagdo da UPR (Umareddy et al. 2007). Estes trabalhos sugerem que os Flavivirus ativam UPR e se

beneficiam da resposta celular para aliviar a citotoxidade induzida pelos virus.

1.6- Interacao de Proteinas Celulares com RNA de Flavivirus

Uma grande questdo quanto a transcri¢do e traducdo do RNA dos Flavivirus ¢ em relacdo a
quais proteinas celulares tém papel nestes processos. Abaixo sdo mostrados alguns estudos que
identificaram proteinas do hospedeiro que sdo capazes de se ligar ao RNA dos Flavivirus.

O fator de elongagdo da tradu¢do 1A (eEF1A), o auto-antigeno La de mamiferos e a proteina
ligadora de trato de polipirimidina (PTB) da linhagem celular C6/36 de mosquito interagem com
3’UTR de DEN4 (De Nova-Ocampo et al. 2002). Essas proteinas parecem possuir papéis essenciais na
traducdo e replicacdo virais. O autoantigeno La ¢ uma proteina nuclear envolvida na terminacdo da
transcri¢do pela RNA polimerase III. Essa proteina também est4d envolvida no transporte de proteinas
do nucleo para o citoplasma, sendo deslocada do ntcleo para o citoplasma em células infectadas por
poliovirus (Meerovitch et al. 1993). La também interage com as proteinas NS3 e NS5 de DEN4
(Garcia-Montalvo et al. 2004). Recentemente, foi demonstrado que La de C6/36, enddgena ou
recombinante, ¢ capaz de se ligar a 3’UTR da fita positiva ou da fita negativa de DEN4 (Yocupicio-
Monroy et al. 2007). La ¢ deslocada do nucleo para o citoplasma quando a célula ¢ infectada pelo virus
e co-localiza com a proteina viral NS3 em algumas regides do citoplasma, sugerindo que esta proteina
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pode ter um papel durante a replicacdo viral. Os autores sugerem um papel de La na regulacdo da
tradugdo e replicagdo da mesma molécula de RNA ja que ensaios de replicacdo in vitro demonstraram
que La inibe a sintese da fita positiva ou negativa do RNA. PTB possui papel importante na replicagdo
de HCV (Chang e Luo 2006) e na tradu¢do do RNA do virus da encefalomiocardite (Kim e Jang 1999).
Porém, ainda nao foi identificada acdo desta proteina na biologia de DEN. eEFIA também interage
com o 3’SL de WNV (Blackwell e Brinton 1997). Foi visto que eEF1A aumenta a sintese da fita
negativa de WNV e co-imunoprecipita com o complexo de replicacdo viral (Davis et al. 2007),
sugerindo que esta proteina facilita a interacdo entre o terminal 3’ do genoma com o complexo de
replicagao.

As proteinas hnRNP Q (ribonucleoproteina heterogénea nuclear Q), hnRNP A1, hnRNP A2/B e
YB-1 (Y box binding protein 1) também interagem com 3’UTR do RNA de DEN2 (Paranjape e Harris
2007). YB-1 ¢ um dominio protéico relacionado ao choque por frio, que estd envolvido em diversas
fungdes celulares como regulagdo da transcrigdo, tradugdo e estabilidade de mRNA (Kohno et al.
2003). YB-1 parece ter um papel antiviral, ja que células YB-1"" produziram mais particulas virais que
células selvagens, além de traduzir o RNA viral mais eficientemente.

Ta e Vrati (2000) descreveram a interacao entre Mov34 de murinos e a regido 3’UTR de JEV.
Essa proteina pertence a uma familia cujos membros estdo envolvidos no controle da iniciagdo da
tradugdo e na transcri¢do. Por exemplo, as subunidades do fator de iniciacdo da tradugdo elF3, p47 e
p40, que sdo membros da familia da Mov34, compartilham identidade significante de aminoacidos na
regido N-terminal com a Mov34 de murinos, sendo no caso da p47 identidade total de aminodcidos de
27% e similaridade de 48%. Além disso, ha evidéncias mostrando o envolvimento de homoélogos da

proteina Mov34 na regulagdo da transcricdo, traducao e degradacao de proteinas de eucariotos.
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2- OBJETIVOS

O presente trabalho teve o objetivo principal de identificar e caracterizar funcional e
estruturalmente novas proteinas humanas capazes de interagir com a regido 3’ ndo traduzida do RNA
do virus da dengue. Para o seu desenvolvimento, os seguintes objetivos especificos foram

estabelecidos:

1- Investigar a interagdao da proteina Mov34 humana com a estrutura 3’ stem-loop do RNA do

virus da dengue.

2- Caracterizar estruturalmente a proteina Mov34 humana.

3- Identificar novas proteinas humanas capazes de interagir com a estrutura 3’ stem-loop do

RNA do virus da dengue utilizando o sistema de triplo-hibrido de leveduras.

4- Caracterizar funcionalmente as novas interagdes proteina-3’ stem-loop identificadas.
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Resultados

3- RESULTADOS

Os resultados deste trabalho estdo apresentados em trés capitulos. O primeiro deles apresenta os
resultados dos ensaios de interagdo entre a proteina Mov34 humana e a estrutura 3’ stem-loop do RNA
do virus da dengue. O segundo capitulo consiste em um artigo ja publicado contendo analises
estruturais da proteina Mov34 humana. O terceiro e Ultimo capitulo corresponde a um manuscrito
reunindo os dados acerca da identificagdo e caracterizagdo da proteina PACT humana, uma nova

proteina humana capaz de interagir com a estrutura 3’ stem-loop do RNA do virus da dengue.
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Resultados

3.1- Resultados dos testes de interacdo entre a proteina Mov34 humana com a estrutura

3’ stem-loop do RNA virus da dengue

Ensaios de interaciao entre a proteina Mov34 humana e a estrutura 3’

stem-loop do RNA do virus da dengue

Beatriz S. C. Alves e Nilson I. T. Zanchin
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Ensaios da interaciao entre a proteina Mov34 humana e a estrutura 3’

stem-loop do RNA do virus da dengue

Beatriz S. C. Alves e Nilson I. T. Zanchin

Centro de Biologia Molecular Estrutural — Laboratério Nacional de Luz Sincrotron — Campinas, SP

Resumo

A proteina Mov34 ¢ um dos componentes ndo ATPasicos da subunidade regulatéria de 19S do
proteassomo de 26S e possui funcdo molecular ndo determinada. Dentre as evidéncias experimentais
que indicam o envolvimento de homdlogos da proteina Mov34 na regulagdo da transcrigdo, tradugdo e
degradacdo de proteinas de eucariotos, ha um trabalho que propde que a Mov34 de camundongos
interage com a estrutura 3’ stem-loop do RNA do virus da encefalite japonesa. Esta estrutura
secundaria presente no genoma dos Flavivirus ¢ extremamente conservada entre os virus desta familia,
sendo indispensavel para a replicacao viral. Devido a alta similaridade entre as ortélogas humana e de
camundongo, foi testada no presente trabalho a interagdo entre a Mov34 humana e a estrutura 3’ stem-
loop do RNA do virus da dengue. Para tanto, foram realizados ensaios de retardo de mobilidade
eletroforética (EMSA) e de UV-crosslinking em varias condi¢des de tampdes, aditivos, sondas e
quantidade de proteina. Porém, em nenhuma das condigdes testadas foi possivel obter a evidéncia de
interagdo de Mov34 humana com a estrutura 3’ stem-loop do RNA dos virus da dengue e da encefalite

japonesa.
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Introducao

Em células eucarioticas, as proteinas intracelulares ubiquitinadas sao digeridas pelo complexo
de 268 proteassomo. Esse complexo ¢ formado pela associagdo dependente de ATP do proteassomo de
20S (ntcleo multicatalitico com atividade de proteinase) com dois complexos de 19S (Peters er al.
1994, Coux et al. 1996). Mov34, a subunidade 7 ndo ATPasica do proteassomo de 26S, ¢ um dos
componentes da subunidade regulatéria de 19S do proteassomo. Além de degradacdo de proteinas
ubiquitinadas, o proteassomo também possui fun¢do como regulador da transcricdo como no caso da
ativagdo do NF-kB (Orian et al. 1995). Mov34 contém um motivo caracteristico KEKE (K: lisina, E:
glutamato) no seu C-terminal. Foi proposto por Realini et al. (1994a) que os motivos KEKE promovam
a associagdo entre proteinas que os contém. A ortdloga humana de Mov34 (HsMov34, também
conhecido por PSMD7) contém um dominio estrutural na sua regido N-terminal denominado MPN
(Mprlp, Padlp N-terminal) que ¢ usualmente encontrado em complexos multiprotéicos como o
proteassomo de 26S, o COP9 signalossomo, as subunidades f e h (também conhecidas como
subunidades p47 e p40, respectivamente) do fator de iniciacdo da tradugdo 3 (elF3) e em reguladores
da transcricao (Asano et al. 1997, Aravind e Ponting 1998, Hinnebusch 2006). Apesar de possuir uma
estrutura tipica de metaloprotease, Mov34 nao possui o motivo conservado JAMM de coordenacao de
zinco (Maytal-Kivity et al. 2002), ndo € capaz de coordenar zinco (Sanches et al. 2007) e a sua func¢ao
ainda ¢ desconhecida.

Fazendo uma busca em biblioteca de expressao de cDNA de cérebro de camundongo, Ta e Vrati
(2000) identificaram que a proteina Mov34 de camundongo ¢ capaz de se ligar a estrutura 3’ stem-loop
do RNA do virus da encefalite japonesa, um membro dos Flavivirus. Os autores confirmaram a
interagcdo utilizando ensaios de northwestern, EMSA e super-shift EMSA (onde anticorpo contra
Mov34 ¢ adicionado ao ensaio de EMSA). A regido 3’SL dos Flavivirus ¢ bastante conservada entre os
membros desta familia. Esta estrutura ¢ extremamente importante para a replicagdo do RNA destes
virus, funcionando como ancora para o complexo de replicacdo viral (Chen et al. 1997, You et al.
2001, Alvarez et al. 2005).

Dada a conservacao tanto das proteinas ortdlogas Mov34 humana e de camundongo, bem como
das estruturas 3’ stem-loop do RNA dos virus da dengue e da encefalite japonesa, nds decidimos
investigar se a proteina Mov34 humana tem a capacidade de interagir com a estrutura 3’ stem-loop do

RNA do virus da dengue.
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Materiais e Métodos

Clonagem do cDNA de Mov34 humana (HsMov34):
A HsMov34 (numero de acesso no banco de dados GenBank: NP 002802) possui 324

aminodcidos e peso molecular aproximado de 37 kDa. O cDNA da HsMov34 foi amplificado por RT-

PCR a partir de RNA total de células HeLa extraido com Trizol (Invitrogen). Foi utilizado o sistema

“SuperScript™ One-Step RT-PCR” (Invitrogen) com os primers especificos direto (ONZ140: 5’-CAT
ATG CCG GAG CTG GCA GTG CAG AAG GTG-3’) sitio de Ndel sublinhado e reverso (ONZ141:
5’-GGA TCC TTA CTT TTT CTC CTT TTT CTC CTC TTT C-3’) sitio de BamHI sublinhado e

codon de terminagdo em negrito segundo o protocolo do fabricante. O fragmento foi clonado no vetor

pGEMT (Promega) e posteriormente transferido para o vetor pET28a (Novagen) utilizando as enzimas

de restrigdo Ndel ¢ BamHI, dando origem ao plasmideo pET28a-HsMov34 (Tabela 1) no qual a

proteina recombinante ¢ expressa em bactéria com uma hexa-histidina no N-terminal.

Tabela 1: Cepa de bactéria e plasmideos utilizados neste estudo.

Cepa de bactéria

genotipo

referéncia

BL21(DE3)slyD F ompT gal dcm lon hsdSg(rs” mg’) (DE3) slyD Yan et al. (2001)
Plasmideos descrigao referéncia
PGEMT Clonagem de produto de PCR através de pareamento de bases entre os Promega

pGEMT-HsMov34
pET28a
pET28a-HsMov34
pRARE
pT7-His-IRP1
pT-GroE
pHST7
pSPT-Fer
pHST7-3'SLDV

pHST7-3'SLJEV

nucleotideos protrusos TA; ampicilinaR
Mov34 humana clonada no vetor pPGEMT

Expresséo em E. coli de proteina recombinante com hexa- histidina no N-
terminal; canamicina

Mov34 humana clonada em pET28a/Ndel-BamH|

Transcrigdo do RNA transportador de 6 cédons raros em bactéria (AUA,
AGG, AGA, CUA, CCC e GGA); cloranfenicol®

Expresséo da proteina IRP1 humana em E. coli; ampicilinaR
Express&o das proteinas GroEL e GroES em E. coli; cloranfenicol®

Transcrigao in vitro dirigida pela T7 RNA polimerase; ampicilinaR

Transcrigdo in vitro de IRE (iron responsive element) dirigida pela T7 RNA
polimerase; ampicilinaR

Transcrigdo in vitro de 3'SL do virus da dengue dirigida pela T7 RNA
polimerase

Transcrigao in vitro de 3'SL do virus da encefalite japonesa dirigida pela T7
RNA polimerase

Este trabalho
Novagen
Este trabalho
Novagen

Hirling et al. (1994)

Yasukawa et al.
(1995)

Jobling et al. (1988)
Miillner et al. (1989)

Este trabalho

Este trabalho
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Expressao das proteinas recombinantes

A cepa de Escherichia coli BL21(DE3)slyD™ (Yan et al. 2001) foi co-transformada com os
plasmideos pET28a-HsMov34 e pRARE. Uma colonia isolada foi inoculada em 25 mL de meio LB
(Luria-Bertani) contendo canamicina a 50 ug/mL e cloranfenicol a 20 pg/mL e incubadas a 37°C, 200
rpm, 16-18 horas. O pré-indculo foi diluido em 1 litro de LB a uma DOgponm (densidade otica a 600 nm)
de 0,1. A cultura foi incubada a 37°C, 200 rpm por 2 horas. A temperatura foi reduzida para 18°C e a
inducdo foi feita a uma DOgoonm da cultura de 0,6 com 0,5 mM de IPTG (isopropil-tio-B-D-
galactopiranosideo) por um periodo de 16 horas. A proteina IRP1, utilizada como controle dos
experimentos posteriores, foi expressa a partir da construgdo pT7-His-IRP1 (Hirling et al. 1994).
Células BL21(DE3)slyD™ co-transformadas com pT7-His-IRP1 e pT-GroE (Yasukawa et al. 1995)
foram induzidas a uma DOggonm entre 0,8 € 1,0 com 0,5 mM de IPTG a 25°C por 4 horas. As células

foram coletadas por centrifugagdo a 4.000g, 4°C por 10 min.

Purificacio das proteinas

Para a primeira etapa de purificagcdo de HsMov34 e de IRP1 foi realizada uma cromatografia de
afinidade a niquel. O extrato de 1 litro de inducao foi preparado em 40 mL de tampao (50 mM fosfato
de sodio pH 7,2; 5% glicerol, 100 mM NaCl e 1 mM PMSF [fluoreto de fenilmetilsulfonil]). As células
foram tratadas com lisozima (100 pg/mL) em gelo por 1 hora e o extrato clarificado em sonicador. O
extrato solivel foi separado da fragdo insolavel por centrifugagio a 12.000g, 4°C por 30 min. Este foi
incubado com 400 pL de resina Ni-NTA Agarose (Qiagen) por 1 hora a 4°C e transferido para coluna
BioSpin (Bio-Rad). Apds lavagem da resina com 6 mL de tampao, foram realizadas eluigdes de 3 VC
cada com tampao contendo concentragdes crescentes de imidazol (5, 20, 50, 100 ¢ 200 mM). As
fracdes que continham HsMov34 foram reunidas e dialisadas contra tampao A (10 mM Tris-HCI pH
8,0; 20 mM NaCl; 0,5 mM EDTA [acido etilenodiaminotetracético] e 5% glicerol). Utilizando o
sistema AKTA-FPLC (Amersham-Biosciences), HsMov34 foi aplicada em coluna de 5 mL SP-
Sepharose HP (GE Healthcare), lavada com 25 mL de tampao A e eluida com gradiente de 0-100% de
tampao B (igual ao tampao A, contendo 1 M NaCl) em 50 mL a um fluxo de 1 mL/min. As fracdes de
IRP1 foram reunidas e dialisadas contra tampao C (20 mM HEPES pH 7,4; 20 mM KCI; 10% glicerol
e 7 mM B-mercaptoetanol) e fracionadas em coluna de 5 mL Q-Sepharose HP (GE Healthcare) com
gradiente de 0-100% de tampao D (igual ao tampao C contendo 1 M KCI) em 150 mL a um fluxo de 1

mL/min. As fragdes que continham as proteinas purificadas foram coletadas.
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Clonagem do 3’ stem-loop do virus da Dengue e da Encefalite Japonesa

Os fragmentos correspondentes as estruturas 3’ stem-loop do RNA dos virus da dengue e da
encefalite japonesa (3’SLDV e 3’SLJEV, respectivamente) foram clonados sob o controle do promotor
da T7 RNA polimerase no plasmideo pHST7. Para a obten¢ao de cada fragmento foram desenhados 4
oligodesoxiribonucleotideos que, quando anelados, reconstituem o DNA dupla-fita correspondente a
regidao 3’SL de cada um dos virus, conforme ilustrado na Figura 1. O RNA 3’SLDV corresponde aos
nucleotideos 10644 ao 10722 da linhagem 44 do virus da dengue tipo 2 (ntimero de acesso do
GenBank: AF204177) e o RNA 3’SLJEV corresponde aos nucleotideos 10891 ao 10976 da linhagem
GP78 do virus da encefalite japonesa (nimero de acesso do GenBank: AF075723).

1 pg de cada oligonucleotideo (Figura 1) foi fosforilado separadamente com 10 U T4
polinucleotideo quinase (Invitrogen), I mM ATP, 50 pg/mL BSA [albumina de soro bovino] e tampao
da enzima (70 mM Tris-HCI pH 7,6; 10 mM MgCl,; 100 mM KCI ¢ 5 mM B-mercaptoetanol) em 25
uL. A reagdo foi incubada a 37°C por 1 hora e inativada a 65°C por 10 min. Posteriormente, 10 pL de
reacdo de fosforilagdo foram reunidos aos pares para anelamento (ONZ168+169, ONZ170+171,
ONZ206+207 e ONZ208+209) conforme indicado na Figura 1. A reagdo de anelamento foi aquecida a
90°C por 10 min e resfriada lentamente até atingir a temperatura ambiente. 10 pL de cada reacdo de
anelamento foram combinadas (ONZ168+169 com ONZ170+171 e ONZ206+207 com ONZ208+209)
e ligados no vetor pHST7 (Jobling et al. 1988) sob o controle do promotor da RNA polimerase do fago
T7 utilizando-se os sitios de restricdo de Bglll ¢ EcoRI. Com estas constru¢des, pHST7-3’SLDV e
pHST7-3’SLJEV, ¢ possivel fazer a transcri¢do in vitro do 3’SL de DEN e JEV utilizando-se a T7
RNA polimerase. O RNA IRE, usado como controle positivo dos experimentos posteriores, foi

transcrito a partir da construgao pSPT-Fer (Miillner et al. 1989).

28



A
37 SLDV completo:
5’ GAGAUCCUGCUGUCUCCUCAGCAUCAUUCCAGGCACAGAGCGCCAGAAAAUGGAAUGGUGCUGUUGAAUCAACAGGUUCU3”

Primers para construir 3’SL de DEN:
ONZ168 5’ -GATCTGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACA-3' (BglITI)
ONZ169 5’ -TGGCGCTCTGTGCCTGGAATGATGCTGAGGAGACAGCAGGATCTCA-3’
ONZ170 5’ -GAGCGCCAGAAAATGGAATGGTGCTGTTGAATCAACAGGTTCTG-3’
ONZ171 5’ -AATTCAGAACCTGTITGATTCAACAGCACCATTCCATTTTC-3' (EcoRI)

Anelamento dos primers:

ONZ168 ONZ170
5’ GATCTGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAGCGCCAGAARAATGGAATGGTGCTGTTGAATCAACAGGTTCTG 37
37 ACTCTAGGACGACAGAGGAGTCGTAGTAAGGTCCGTGTCTCGCGGTCTTTTACCTTACCACGACAACTTAGTTGTCCAAGACTTAA 57
ONZ169 ONZ171

B

3" SLJEV completo:

5’ GGAGAUCUUCUGCUCUAUCUCAACAUCAGCUACUAGGCACAGAGCGCCGAAGUAUGUAGCUGGUGGUGAGGAAGAACACAGGAUCU3’
Primers para construir 3’SL de JEV:
ONZ206 5" -GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAG-3’ (BglIT)
ONZ207 5’ -TCGGCGCTCTGTGCCTAGTAGCTGATGTTGAGATAGAGCAGAAGA-3’
ONZ208 5" -CGCCGAAGTATGTAGCTGGTGGTGAGGAAGAACACAGGATCTGAG-3'
ONZ209 5" -AATTCAGATCCTGTIGTTCTTCCTCACCACCAGCTACATACT-3’ (EcoRI)

Anelamento dos primers:

ONZ206 ONZ208
5" GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAGCGCCGAAGTATGTAGCTGGTGGTGAGGAAGAACACAGGATCTG 37
37 AAGACGAGATAGAGTTGTAGTCGATGATCCGTGTCTCGCGGCTTCATACATCGACCACCACTCCTTCTTGTGTCCTAGACTTAA 57
ONZ207 ONZ209

Figura 1: Esquema da constru¢do do DNA dupla-fita sintético cuja transcri¢do in vitro gera a estrutura 3’
stem-loop do RNA do virus da dengue (3’SLDV) e da encefalite japonesa (3’SLJEV). A, Seqiiéncia
completa de 3’SLDV, primers utilizados para a constru¢do do DNA sintético ¢ esquema do anelamento
dos primers. B, Seqiiéncia completa de 3’SLJEV, primers utilizados para a construgdo do DNA sintético e
esquema do anelamento dos primers. Nucleotideos sublinhados correspondem aos sitios das enzimas de
restricao indicadas.
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Transcricao in vitro

A transcrigdo in vitro foi feita conforme o protocolo da enzima T7 RNA polimerase
(Invitrogen). Os plasmideos contendo os insertos a serem transcritos foram linearizados — pHST7-
3’SLDV e pHST7-3’SLIJEV com EcoRI e pSPT-Fer com BamHI — utilizando enzimas de restri¢cao
cujos sitios estdo localizados na regido 3’ dos insertos. A transcri¢cao foi feita com 0,1-0,5 pg de
plasmideo linearizado, 1 mM de cada nucleotideo (ATP, CTP, GTP ¢ UTP), 5 mM DTT, tampao da
enzima (40 mM Tris-HCI pH 8,0; 25 mM NaCl; 8 mM MgCl,; 2 mM espermidina-HCl e 5 mM DTT)
e 50 U T7 RNA polimerase em volume final de 20 pL. A reacdo foi incubada a 37°C por 15 min. Apos
este periodo o DNA foi digerido com 0,5 pg de DNasel (Gibco) e a reagdo foi extraida com
fenol:cloroférmio. O RNA foi precipitado e ressuspendido em 20 pL TE (10 mM Tris-HCI pH 7,5; 1
mM EDTA). O produto da reacdo foi analisado em gel de poliacrilamida 6% desnaturante com 8§ M
uréia em tampao 1X TBE (89 mM Tris; 2 mM EDTA; 89 mM 4&cido borico). Para marcagdo do RNA
com fosforo radioativo a concentracao de UTP foi alterada para 0,1 mM e foi adicionado 50 pCi de a
32p_UTP na reacdo de transcricdo in vitro. A incorporagdo de o**P-UTP no RNA foi quantificada em

um cintilador Beckman-Coulter.

Interacio proteina-RNA

O primeiro ensaio de EMSA (ensaio de retardo da mobilidade eletroforética) foi realizado
conforme Ta e Vrati (2000). 200 ng de proteina purificada e dialisada em tampao de ligacao (HsMov34
ou IRP1) foi incubada em um volume de 18 pL com tampao de ligacdo I (TLI, Tabela 2) e 1 U de
inibidor de RNase (RNaseOUT, Invitrogen) a 30°C por 10 minutos. Apos este periodo, o RNA diluido
em tampao de ligacdo (50.000 cpm em 2 pL) foi adicionado a reagdo que foi incubada por mais 20
minutos. Apos este periodo, 5 pL de tampao de amostra (30 mM Tris-HCI pH 7,5; 40% sacarose; 0,2%
azul de bromofenol) foram adicionados a liga¢do e as amostras aplicadas em gel de poliacrilamida 5%
nao desnaturante em 0,5X TBE (44,5 mM Tris; 1 mM EDTA; 44,5 mM acido borico) contendo 2,5%
glicerol (razdo acrilamida:bis-acrilamida 50:1). Apo6s secagem do gel, este foi exposto por cerca de 12
horas em placa de imagem do phosphorimager Fla-3000G (Fujifilm, Japao). Posteriormente, a imagem

gerada foi analisada no programa Image Gauge (Fujifilm, Japao).
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Tabela 2: Lista de tampdes de ligagdo (TL) utilizados nos ensaios de EMSA.

Tampao Composigao Referéncia
TLI 14 mM HEPES pH 7,5; 6 mM Tris-HCI pH 7,5; 1 mM DTT; 1 mM EDTA e Ta e Vrati (2000)
60mM KClI
TLII 10 mM HEPES pH 7,6; 2 mM MgClz; 1 mM DTT e 5% glicerol Este trabalho
TLIE 10 mM HEPES pH 7,6; 3 mM MgCl»; 1 mM DTT; 5% glicerol e 40 mM KCI  Leibold e Munro (1988)

A reagdo também foi montada com os tampdes TLII e TLIII (Tabela 2). Outra variagao feita foi
a retirada do azul de bromofenol do tampao de amostra, uma vez que este pode interferir com
interagdes proteina-acido nucléico (Klein e Schenborn 1994). Além disso, foi feita uma tentativa de
ligagdo covalente entre 0 RNA e a proteina através de exposicao a luz ultravioleta (UV-crosslinking).
Neste ensaio, a ligagdo foi montada como no EMSA e transferida para gelo apds os 20 minutos de
incubacao a 30°C. A ligacdo foi irradiada a 7,2 J/em® com uma fonte de luz ultravioleta de
comprimento de onda de 254 nm. Apo6s este periodo foram adicionadas 2,5 U de RNaseA e a reacao foi
incubada a 37°C por 30 min. Foram adicionados 20 pL tampao de amostra de SDS-PAGE e as
amostras foram fracionadas em gel de SDS-10% PAGE. O gel foi fixado em 7% dacido acético,

hidratado, secado e exposto como descrito anteriormente.
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Resultados
O alinhamento das seqiiéncias de aminoacidos da Mov34 de camundongo e humano mostra que
estas proteinas apresentam 96,29% de identidade e 98,76% de similaridade (Fig. 2). As principais

diferengas estdo presentes no motivo KEKE presente no C-terminal das proteinas.

M. musculus MPELAVQKVVVHPLVLLSVVDHFNRIGKVGNQKRVVGVLLGSWQKKVLDVSNSFAVPFDE 60

H. sapiens MPELAVQKVVVHPLVLLSVVDHFNRIGKVGNQKRVVGVLLGSWQKKVLDVSNSFAVPEFDE 60
ok kkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk k& %

M. musculus DDKDDSVWFLDHDYLENMYGMFKKVNARERIVGWYHTGPKLHKNDIAINELMKRYCPNSV 120

H. sapiens DDKDDSVWFLDHDYLENMYGMFKKVNARERIVGWYHTGPKLHKNDIAINELMKRYCPNSV 120

LR EE SRS S SRS SR RS SRS SRS EE SRR EE R SRR SRR R SRR SR EE SRR EEEEEEEE

M. musculus LVIIDVKPKDLGLPTEAYISVEEVHDDGTPTSKTFEHVISEIGAEEAEEVGVEHLLRDIK 180
H. sapiens LVIIDVKPKDLGLPTEAYISVEEVHDDGTPTSKTFEHVISEIGAEEAEEVGVEHLLRDIK 180

LR R R R S R R R R R R R S R R R R R R R R R e I

M. musculus DTTVGTLSQRITNQVHGLKGLNSKLLDIRSYLEKVASGKLP INHQITYQLQDVEFNLLPDA 240
H. sapiens DTTVGTLSQRITNQVHGLKGLNSKLLDIRSYLEKVATGKLP INHQIIYQLQDVENLLPDV 240

************************************:**********************_

M. musculus SLOQEFVKAFYLKTNDQMVVVYLASLIRSVVALHNLINNKIANRDAEKKEGQEKEESKKER 300
H. sapiens SLQEFVKAFYLKTNDQMVVVYLASLIRSVVALHNLINNKIANRDAEKKEGQEKEESKKDR 300
R R R R R R L
M. musculus KDDKEKEKS—---DAAKKEEKKEKK 321
H. sapiens KEDKEKDKDKEKSDVKKEEKKEKK 324
Kok KKK K | L UKK KKK AAAR

Figura 2: Alinhamento das seqiiéncias de Mov34 de Mus musculus ¢ Homo sapiens (nimeros de acesso
no GeneBank: AAA39730 e NP 002802, respectivamente) utilizando o programa ClustalW
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Os aminoacidos idénticos estio marcados com *, os
aminoacidos conservados estdo marcados em azul, os aminoacidos semi-conservados estdo marcados em
vermelho e os amino4cidos ndo conservados estdo marcados em verde. As seqiiéncias apresentam 96,29%
de identidade e 98,76% de similaridade.

O alinhamento das seqiiéncias de nucleotideos que formam a estrutura 3’ stem-loop dos virus da
dengue e da encefalite japonesa mostra que as seqiiéncias apresentam aproximadamente 68% de
identidade (Figura 3, A). A predi¢@o de estrutura secundéria do 3’SL de DEN e de JEV pelo programa
RNAstructure (Mathews et al. 2004) mostra que ambos apresentam estruturas muito similares (Figura

3, B).
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Figura 3: Comparagdo das estruturas 3’ stem-loop do virus da dengue e da encefalite japonesa. A,
Alinhamento das seqiiéncias de nucleotideos do 3’SL de DEN e de JEV utilizando o programa ClustalW
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). As seqiiéncias apresentam cerca de 68% de
identidade. B, Predi¢do da estrutura secundaria do 3’SL de DEN e de JEV pelo programa RNAstructure
versao 3.71.

Podemos observar que as proteinas Mov34 de camundongo e de humano sdo extremamente
similares em seqii€ncia e que as estruturas secundarias preditas para o 3’SL de DEN e de JEV sao
muito parecidas. Isto nos motivou a testar se a interacdo entre a Mov34 de camundongo e o 3’ stem-
loop do virus da encefalite japonesa descrita por Ta e Vrati (2000) é conservada entre a Mov34 humana

e 0 3’ stem-loop do virus da dengue.

33



Expressao e purificacdo das proteinas recombinantes

Primeiramente, HsMov34 foi clonada em vetor pET28a (Novagen) de expressao de proteina
recombinante em E. coli, gerando uma proteina com hexa-histidina no seu N-terminal. A expressdo de
HsMov34 resultou em uma proteina soluvel que foi purificada por cromatografia de afinidade a niquel
seguida por cromatografia de troca idnica (Figura 4). A fracdo de HsMov34 utilizada no ensaio de

EMSA esta indicada por uma seta (Figura 4, B).
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Figura 4: Purificagdo de HsMov34 recombinante. A, HsMov34 expressa com hexa-histidina no N-
terminal foi purificada por cromatografia de afinidade a niquel. As fragdes eluidas com 50 e 100 mM de
imidazol foram reunidas e utilizadas na etapa seguinte de purificagdo. M: marcador de peso molecular,
FT: fracdo de proteinas que ndo interagiu com a resina. B, HsMov34 purificada por cromatografia de
afinidade a metal foi posteriormente purificada por cromatografia de troca i6nica utilizando coluna SP-
Sepharose (GE Healthcare). A fracdo utilizada no ensaio de EMSA esta indicada por uma seta. I: amostra
injetada na coluna.

IRP1 (iron regulatory protein 1, Guo et al. 1994) foi utilizada como controle positivo do ensaio
de EMSA. Esta proteina também foi expressa com uma cauda de histidina fusionada ao seu N-terminal
e purificada por cromatografia de afinidade a niquel seguida por cromatografia de troca idnica (Figura

5). A fragdo de IRP1 utilizada no ensaio de EMSA esta indicada por uma seta.
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Figura 5: Purificagdo de IRP1 recombinante. A, IRP1 expressa com hexa-histidina no N-terminal foi
purificada por cromatografia de afinidade a niquel. As fragdes eluidas com 5, 20 e 50 mM de imidazol
foram utilizadas na etapa seguinte de purificagdo. M: marcador de peso molecular, FT: fragdo de proteinas
que ndo interagiu com a resina. B, IRP1 purificada por cromatografia de afinidade a metal foi
posteriormente purificada por cromatografia de troca idnica utilizando coluna Q-Sepharose (GE
Healthcare). A frag@o utilizada no ensaio de EMSA estd indicada por uma seta. I: amostra injetada na
coluna.

Transcricao in vitro

Para testar o sistema de transcricdo in vitro, foi feita a transcricdo dos RNAs correspondentes a
regido 3’ stem-loop de DEN e JEV assim como o RNA IRE, utilizado como controle positivo do ensaio
de EMSA, com nucleotideos ndo marcados radioativamente (Figura 6). O RNA 3’SLDV possui 80
nucleotideos (nt), 3’SLJEV possui 86 nt e IRE 46 nt. Podemos observar na Figura 6 que os RNAs

transcritos in vitro apresentam pureza e bandas de tamanhos esperados.

AN
P

RS

Figura 6: Analise da transcric¢do in vitro ndo radioativa dos RNAs IRE (iron responsive element), 3’ stem-
loop de DEN e de JEV em gel desnaturante de poliacrilamida a 6% corado com brometo de etideo.

35



Ensaio de retardo da mobilidade eletroforética (EMSA)

A interagdo da HsMov34 com o RNA 3°’SLDV foi estudada utilizando-se ensaios de EMSA.
Primeiramente, o ensaio foi realizado como descrito por Ta e Vrati (2000) utilizando-se o tampao TLI
(Tabela 2) descrito pelos autores (Figura 7, A). Podemos observar que HsMov34 nao foi capaz de
interagir com o RNA 3’SLDV nestas condi¢gdes. O controle positivo do ensaio (RNA IRE + proteina
IRP1) interagiu conforme o esperado. A seguir, foi testada uma titulagdo com quantidades crescentes
de HsMov34 (0,2; 0,5; 1 e 2 ug de HsMov34), mas ainda assim ndo foram obtidas bandas com padrao
de corrida diferencial (dados nao mostrados).

Ta e Vrati (2000) descreveram que o RNA 3’SLJEV interage com Mov34 de camundongo.
Tendo em vista que o RNA 3’SLDV apresenta cerca de 68% de identidade com o RNA 3’SLJEV as
diferencas entre os RNAs podem ser grandes o suficiente para que a interacdo de HsMov34 com o
RNA 3’SLDV nao seja conservada. Para testar esta hipdtese, resolvemos clonar o RNA 3’SLJEV para
utilizar como controle nos nossos ensaios. Neste novo ensaio, as sondas de RNA foram reaneladas para
assegurar que apresentavam estrutura secundaria. Além disso, foi retirado o azul de bromofenol do
tampao de amostra, uma vez que este pode interferir com a interagdo entre proteina e acido nucléico
(Klein e Schenborn 1994). Um segundo tampdo de ligagdo contendo ions Mg*" e ndo K* também foi
testado neste ensaio, o TLII (Tabela 2). Mg®" é um importante co-fator na interacdo de vérias proteinas
com acidos nucléicos (Noah e Lambowitz 2003) e também ¢ importante para a formagao e estabilidade
de estruturas secundarias e terciarias de RNA (Gluick et al. 1997). Porém, podemos observar na Figura
7 B que HsMov34 ndo foi capaz de interagir com 3’SLDV e nem com 3’SLJEV nas condigdes testadas.

No caso da interacdo entre os RNAs 3’SLDV e 3’SLJEV e HsMov34 ser muito fraca, o
complexo RNA-proteina poderia ser dissociado durante a corrida de -eletroforese. Para nos
assegurarmos de que isto ndo estava acontecendo, a reagdo de ligagdo foi exposta a radiagdo
ultravioleta (reagdo de UV-crosslinking). Esta radiacdo gera ligagdes covalentes entre as moléculas
ligantes que ndo sdo desfeitas durante a corrida de eletroforese em condi¢des desnaturantes. Ainda
assim, HsMov34 nao foi capaz de interagir com os RNAs 3’SLDV ou 3’SLJEV (Figura 7, C).

fons K também podem ser importantes na interagdo entre acidos nucléicos e proteinas (Record
et al. 1976). A dependéncia a sal em proteinas ligantes fornece informagao sobre a contribui¢ao de
interagdes eletrostaticas. Acidos nucléicos em solugdo contém uma camada associada de contra-ions,
que neutraliza a carga altamente negativa do esqueleto de fosfodiéster (Record er al. 1976). Esses
contra-ions sdo deslocados por interagdes eletrostaticas com grupos positivamente carregados da

proteina, levando a uma dependéncia da afinidade de ligagdo a concentragdo de sal (Record et al.
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1976). Desta forma, foi testado um terceiro tampao de ligacdo, o TLIII (Tabela 2) na reagdo de UV-
crosslinking. Neste tampdo, além de ions Mg>", h4 a presenca de ions K. Como podemos observar na
Figura 7 D, a ligacdo covalente dos RNAs 3’SLDV ou 3’SLJEV a HsMov34 também ndo foi
observada nestas condi¢cdes. Também apresentado na Figura 7 D, estd um teste de UV-crosslinking

utilizando as condigdes originais apresentadas por Ta e Vrati (2000), usando o RNA 3’SLJEV e 200 ng
HsMov34 em tampao TLI.
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Figura 7: Ensaios de interagdo entre HsMov34 e 3’SL de DEN e de JEV marcados radioativamente. O
RNA IRE ¢ a proteina IRP1 foram utilizados como controles positivos do ensaio. A, EMSA utilizando o
tampao de ligagdo I (TLI). B, EMSA utilizando os RNAs 3’SLDV e 3’SLJEV reanelados. Neste ensaio foi
utilizado o tampao TLIIL. C, Ensaio de UV-crosslinking utilizando as mesmas condi¢des do ensaio no item
B. RNaseA foi adicionada ao ensaio de UV-crosslinking conforme indicado. D, Ensaio de UV-
crosslinking onde foram utilizados RNAs reanelados e, quando nao especificado, o tampao de ligagdo
usado foi o TLIII. Neste ensaio ndo foi realizada a digestdo do RNA livre com a enzima RNaseA. A seta
indica as bandas de padrdo de corrida eletroforética diferencial correspondente a interagdo entre os
controles positivos utilizados nos ensaios a proteina IRP1 e o RNA IRE.
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Discussao

Os resultados obtidos mostram que a interacdo entre o0 RNA 3’SL de DEN e de JEV com
HsMov34 nao foram observadas nas condigdes testadas. Uma vez que 3’SL de JEV nao interagiu com
HsMov34 nas mesmas condi¢des do ensaio do artigo de Ta e Vrati (2000) algumas hipoteses podem ser
elaboradas. A primeira ¢ a de que HsMov34 ndo esteja na sua conformagdo tridimensional correta nas
condigdes utilizadas nos ensaios. Analises estruturais de protedlise parcial e de dicroismo circular
apresentados no capitulo II indicam que HsMov34 est4 estruturada e provavelmente este ndo seria o
motivo pelo qual a proteina ndo interagiu com os RNAs 3’SL de DEN e de JEV. No trabalho
apresentado por Ta e Vrati (2000) a proteina Mov34 de camundongo também foi expressa em bactérias
com uma cauda de histidina no N-terminal. Desta forma, a falta de interagdo entre HsMov34 com o
3’SL de DEN ou JEV ndo pode ser explicada pela auséncia de modificagdes pos-traducionais em
proteinas recombinantes produzidas em E. coli ou pela presenga da cauda de histidinas no N-terminal.
Outra hipdtese ¢ de que, apesar de HsMov34 ter 96,29% de identidade e 98,76% de similaridade com
Mov34 de camundongo, elas nao sdo capazes de interagir com os mesmos RNAs. Porém, esta segunda
hipotese ¢ bastante improvavel devido a alta similaridade entre as proteinas. E a terceira hipotese ¢ de
que a interagdo observada entre 3’SL de JEV e Mov34 de camundongo por Ta e Vrati (2000) nao seja
auténtica e com isso ndo seja possivel repetir o experimento feito pelos autores. Porém, nos nao
podemos afirmar isto, ja que nao utilizamos Mov34 de camundongo nos nossos ensaios.

Uma revisao na literatura mostra que membros da superfamilia Mov34 podem estar envolvidos
na resposta celular a infecgdo viral. Oh et al. (2006) mostram que Jabl, a subunidade 5 do COP9
signalossomo, interage diretamente com a proteina do capsideo do virus do oeste do Nilo (WNV). A
proteina C de WNV se localiza no nucléolo quando superexpressada e esta ¢ translocada para o
citoplasma em co-expressdao com Jabl. Além disso, Jabl promoveu a degradagdo da proteina C de
WNV de maneira dependente de proteassomo. O sistema de proteassomo consiste em um nucleo
proteolitico, o proteassomo de 20S, que se associa, em uma reagdo dependente de ATP, com o
complexo regulatério de 19S para formar o proteassomo de 26S funcional. Na auséncia de ATP, o
proteassomo de 20S forma um complexo com o regulador de 11S induzido por IFN-y e tanto o
proteassomo de 20S quanto o regulador de 118 participam na geracao de peptideos antigénicos (Realini
et al. 1994b). A proteina Tat do virus da imunodeficiéncia humana (HIV)-1 inibe fortemente a
atividade do proteassomo de 20S e interfere com a formag¢do do complexo proteassomo de 20S-
regulador de 11S (Seeger et al. 1997). Uma subunidade do complexo elF3 pertencente a familia Mov34
interage com o produto do gene acessorio de HIV (Vpr) e foi denominada hVIP/MOV34 (Mahalingam
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et al. 1998). Os autores mostram que esta proteina esta envolvida na regulacdo do ciclo celular e ¢ um
cofator celular para Vpr. hVIP, normalmente localizada no citoplasma, ¢ deslocada para o nucleo na
presenca de Vpr (Ramanathan et al. 2002). Além disso, Mov34 nao possui dominios conservados de
interagdo com RNA. A estrutura cristalografica do dominio MPN de Mov34 (Sanches et al. 2007)
determina que esta proteina possui uma estrutura tipica de metaloprotease, porém sem a presenca de
um fon coordenado. Isto corrobora o fato de Mov34 ndo ser capaz de interagir com moléculas de RNA,
j& que este tipo de estrutura ndo ¢ caracterizado por interagir com acidos nucléicos. Desta forma, o
artigo de Ta e Vrati (2000) ¢ o unico a mostrar a interagdo de uma proteina da familia Mov34 com

RNA, um dado que nao foi confirmado pelos nossos resultados.
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Abstract

Eukaryotic MPN domain proteins are components of the complexes proteasome lid, COP9-signalosome (CSN), and translation ini-
tiation factor 3 (elF3). The proteasome lid Rpnll and COP9-signalosome Csn5 subunits, which contain the conserved JAMM motif
involved in zinc ion coordination, show catalytic isopeptidase activity. Homology modeling indicates that the MPN domain of
Mov34 cannot coordinate a zinc ion in the same manner as catalytically active MPN domains. In this work, we show that the MPN
domain of Mov34 is highly resistant to proteolysis and the major product comprises residues 9—186, which includes the conserved
MPN domain. Two clones containing the MPN domain region (MPN1-177 and MPN1-186) including the eight N-terminal residues
show a less pronounced band in the 220 nm region of the CD, indicating lower a-helical content relative to the clones lacking these res-
idues (MPN9-177 and MPN9-186). However, clones lacking residues 1-8 show lower expression levels and thermal stability, indicating

that residues 1-8 are required for proper folding and stability of this particular MPN domain.

© 2006 Elsevier Inc. All rights reserved.

Keywords: MPN domain protein family; Limited proteolysis; Circular dichroism; MPN domain stability

The ecukaryotic protein complexes proteasome lid,
COP9-signalosome (CSN), and translation initiation fac-
tor 3 (elF3) share two groups of conserved proteins that
contain either PCI (proteasome, COP9-signalosome, initi-
ation factor 3) or MPN domains (Mprl, Padl, N-termi-
nal; [1,2]). The MPN domain shows a typical
metalloprotease fold and solution of the crystal structure
of the Archeoglobus fulgidus MPN protein, AfJAMM, has
identified the JAMM motif described as EX,HXHX;,D
where X is any residue [3,4]. Rpnll and Csn5 are the sub-
units responsible for the isopeptidase activity of the pro-
teasome and CSN complexes, respectively [5,6]. CSN
has been shown to interact with the proteasome and to
compete with the lid complex showing that these two

* Corresponding author. Fax: +55 19 3512 1004.
E-mail address: zanchin@Inls.br (N.I.T. Zanchin).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2006.06.133

complexes display closely related roles in the protea-
some-ubiquitin degradation pathway [7].

The zinc ligand amino acids of the JAMM motif are
conserved in the MPN domain of Rpnll and Csn5 but
they are not found in the MPN domain of the proteasome
lid subunit Mov34/PSMD7/Rpn8, the COP9-signalosome
subunit Csn6, and the translation factor elF3 subunits f
and /% [8]. Except for Rpnll and Csn5, no catalytic activity
has been assigned for these proteins so far, and it is reason-
able to assume that in these cases the MPN domain plays a
structural function only. It has been proposed that the
MPN domain might play a role in protein—protein interac-
tion [1] and the Csn5 interaction with MIF is mediated by
the MPN domain but is independent of the JAMM
motif [9].

Structural comparisons between active and inactive
MPN domains are not possible because there is no high
resolution structure available for eukaryotic MPN domain
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proteins. Obtaining novel structural information on the
MPN domain proteins is important to understand the com-
mon features of the proteasome lid complex, CSN and
elF3 which play key functions in protein degradation, sig-
nal transduction, and protein synthesis, respectively. Our
attempts to crystallize the human Mov34 protein have been
unsuccessful, suggesting that it contains flexible regions
interfering with the crystallization process. In this work,
we identified a protease resistant domain which includes
the conserved MPN domain region and constructed four
variants of the protease resistant domain. Characterization
of these constructs revealed that the amino acids 1-8 play
an important role in the stability of this particular MPN
domain. A homology model of the domain was constructed
using AfJAMM and Bacillus subtilis cytidine deaminase
(CAD) as partial templates, suggesting that the MPN
domain of Mov34 cannot coordinate the zinc ion in the
same manner as catalytically active MPN domains.

Materials and methods

Construction of expression vectors. The cDNA of human Mov34
(NCBI accession: P51665) was amplified by RT-PCR from total RNA
isolated from HeLa cells using the “Super Script One-Step RT-PCR”
system (Invitrogen). The oligonucleotide primers used in the RT-PCR
were ONZ140 (5'-CAT ATG CCG GAG CTG GCA GTG CAG AAG
GTG-3’) and ONZ141 (5-GGA TCC TTA CTT TTT CTC CTT TTT
CTC CTC TTT C-3'), containing Ndel and BamHI restriction sites,
respectively. The cDNA was inserted into the pGEM-T cloning vector
(Promega), the sequence verified and subsequently transferred to a mod-
ified version of the pET28a vector (Novagen), named pET-TEV [10], using
the Ndel and BamHI restriction sites. Proteins expressed from pET-TEV
contain an N-terminal histidine tag followed by a TEV protease recog-
nition site, so that the histidine tag can be removed by TEV digestion.
Four expression vectors containing the protease resistant fragment were
constructed into the vector pET-TEYV as follows: pETMPNI1-177 contains
the cDNA sequence encoding residues 1-177, which was amplified by PCR
using the full-length cDNA as a template and oligonucleotides ONZ140
(see above) and ONZ297 (5'-AGG TCC TTA TCG TAA CAA GTG TTC
AAC TCC-3'); pPETMPN1-186 contains the cDNA region encoding res-
idues 1-186 (PCR-amplified using oligonucleotides ONZ140 (see above)
and ONZ369 (5-GGA TCC TTA AGT GCC CAC CGT CGT GTC
TTT-3")); pPETMPNO9-177 contains the cDNA region encoding residues
9-177 (PCR-amplified using oligonucleotides ONZ368 (5'-CAT ATG
GTG GTG GTC CAC CCC CTG GTG-3') and ONZ297 (see above));
pETMPNO9-186 contains the ¢cDNA region encoding residues 9-186
(PCR-amplified using oligonucleotides ONZ368 and ONZ369, see above).
The PCR products were cloned into the pCRII cloning vector (Invitrogen)
and the sequences verified prior to subcloning into Ndel and BamHI
restriction sites of vector pET-TEV.

Recombinant protein expression and purification. Escherichia coli
BL21(DE3)s/yD™ [11] strain co-transformed with pRARE (Novagen) was
used to express Mov34 and the MPN domain variants from vector pET-
TEV. One colony of each derivative strain was inoculated in 50 mL LB
medium supplemented with kanamycin (50 pg/mL) and chloramphenicol
(20 pg/mL) and incubated overnight at 37 °C. 30 mL of the pre-culture
was transferred to 2L LB medium supplemented with kanamycin and
chloramphenicol, and grown to an ODg of ~0.6 at 25 °C. The temper-
ature was decreased to 20 °C and the culture was induced overnight with
0.5mM IPTG (isopropyl-thio-B-p-galactoside). The cells were harvested
by centrifugation and suspended in 40 mL buffer A (20 mM sodium
phosphate, pH 7.2, 300 mM NaCl, and 2 mM PMSF, phenylmethylsul-
fonyl fluoride). Cells were lysed using lysozyme treatment (100 pg/mL for
lh on ice) and sonication. The insoluble material was pelleted by

centrifugation at 12000g, 4 °C for 30 min. The first-step to purify the
histidine-tagged recombinant proteins was an affinity chromatography on
a Ni*" column as described below. Total extract from 2 L-cultures was
injected on a 5-mL Hi-Trap chelating column (GE Healthcare) using an
AKTA-FPLC system set at a flow rate of 1 mL/min. The column was
washed with 10 CV (column volume) with buffer A and eluted with a step
gradient of 0-10% buffer B (buffer A containing 500 mM imidazole) in
5 CV, 3 CV of 10% buffer B, and a gradient of 10-100% buffer B in 7 CV.
Recombinant Mov34 was further purified using a 1-mL heparin column
(Hi-Trap Heparin HP, GE Healthcare). For this purpose, affinity-purified
Mov34 was dialyzed in buffer C (20 mM sodium phosphate, pH 7.0,
0.5mM DTT (dithiothreitol), and 50 mM NaCl) and loaded onto the
heparin column, which was washed with 10 CV of buffer C and eluted with
a 15 CV gradient of 0-100% buffer D (buffer C supplemented with 1 M
NacCl). Affinity-purified MPN domain variants were further purified using
ion exchange on Q-Sepharose column (GE Healthcare). The eluate from
the affinity columns was dialyzed in buffer E (20 mM sodium phosphate,
pH 7.2, 0.5mM DTT, and 20 mM NaCl) and loaded onto a 1-mL
Q-Sepharose column, which was washed with 7 CV of buffer C and eluted
with a 10 CV gradient of 0-50% buffer F (buffer E supplemented with 1 M
NacCl). For circular dichroism analysis, the recombinant proteins were
dialyzed against 25 mM sodium phosphate buffer, pH 7.2, containing
0.5mM DTT.

TEV protease digestion and limited proteolysis assays. Nine milligrams
of Mov34 in buffer containing 50 mM Tris-HCI, pH 8.0, | mM DTT, and
0.5mM EDTA was digested with 500 ug TEV protease in a final volume
of 45 mL. The reaction mixture was incubated at 30 °C for 6 h. Subse-
quently, Mov34 was concentrated to 1 mg/mL using an Amicon centrif-
ugal filter device (Millipore). For limited proteolysis experiments, TEV
protease-digested Mov34 was subjected to digestion with 1% (w/w) of
trypsin or chymotrypsin (60 pg Mov34/0.6 pg of protease at a final volume
of 60 puL) at room temperature. Ten microliter of samples were collected at
various times and the reactions were stopped by adding 10 pL of 2x
SDS-PAGE sample buffer containing 1 mM PMSF and heated at 95 °C
for 5 min. The proteolysis products were analyzed on 12.5% SDS-PAGE
gels and by mass spectrometry.

Mass spectrometry identification of the Mov34 proteolysis resistant
domain. Sixty micrograms of recombinant Mov34 protein was digested
with 0.6 pg of chymotrypsin at room temperature for 2 h as described
above. The reaction was stopped by adding | mM PMSF followed by
freezing and analyzed on a Q-Tof Ultima spectrometer (Waters/Micro-
mass) with a nanoflow interface. The peptide mix was desalted on an
Opti-Pak C18 trap column (Waters) for 5 min and eluted from the C18
trap column at a 250 nL/min flow with a mobile phase containing water,
acetonitrile, and formic acid (50:49.9:0.1, v/v). The instrument settings
were 3 kV for the spray voltage, 100 V for the cone voltage, cone gas at
30 L/h, and source temperature of 100 °C. The final spectrum was pro-
cessed using the MaxEnt I program (Waters/Micromass). To analyze
internal peptides of the proteolysis resistant product, 10 pg of the Mov34
chymotrypsin digest was fractionated on a 12.5% SDS-PAGE. The band
corresponding to the proteolysis resistant domain was excised from the
gel, crushed and dehydrated with acetonitrile, and rehydrated with a cold
trypsin solution (20 pg/mL). The digestion reaction mixture was incu-
bated at 37 °C for 20 h. Peptides were extracted with 50% acetonitrile/5%
TFA and analyzed by electro-spray ionization mass spectrometry as
described above. The LC-MS/MS data was analyzed using MASCOT
2.1 search engine (Matrix Science Ltd.) with semi-trypsin as enzyme. The
semi-trypsin option includes peptides that end at K or R residues or start
after K or R, as is the case of protein digestion with chymotrypsin
followed by trypsin.

Circular dichroism (CD) and thermal stability analysis. Far UV-CD
spectra were recorded on a Jasco-810 spectropolarimeter using a Peltier
system PFD 4258 for temperature control. CD spectra were acquired at
20 °C using a 1 nm bandwidth and an optical path length of 1 mm using
samples at 5 uM in sodium phosphate buffer containing DTT (25 mM
sodium phosphate, pH 7.2, containing 0.5 mM DTT). Ellipticity is
reported as the mean residual ellipticity [0] (° cm® dmol™'). Samples were
subjected to thermal denaturation from 15 to 90°C with 1°C/min

43



610 B.S.C. Alves et al. | Biochemical and Biophysical Research Communications 347 (2006) 608-615

temperature increase and spectra acquisition at 5 °C intervals. Thermal
denaturation curves were also obtained by monitoring the ellipticity at
222 nm from 15 to 90 °C at temperature intervals of 5 °C. Each time point
is represented by the average of 120 measurements. Refolding assays were
started at 90 °C and the temperature lowered to 20 °C using 0.5 °C
intervals.

Homology modeling of the Mov34 MPN domain region. The available
crystal structure of the Archeoglobus fulgidus protein AfJAMM (PDB
1010; [3]) was used as the main template during the homology building
process. As the Mov34 MPN domain shares only 20.1% identity and 31.5%
similarity with AfJAMM, which are quite low values for reliable model
building, additional information providing support for the use of this
structure as a template was obtained from the cytidine deaminase (CAD)
structure from Bacillus subtilis (PDB 1JTK; [12]). As noticed by Tran and
co-workers [3], despite the absence of primary sequence similarity, Bacillus
subtilis CAD and AfJAMM display a remarkably high structural similarity
with the superimposed structures showing a Co root-mean square (rms)
deviation of 2.0 A over 46 residues in the central sheet and two of the
helices [3]. Eighteen out 115 residues of CAD could be aligned with the
Mov34 MPN domain sequence (Fig. 4A). Initially, a prediction of sec-
ondary structure was obtained for the Mov34 MPN domain sequence using
the PSIPRED algorithm [13]. This information was used to guide a
structural alignment of this protein with the two experimentally determined
templates. This step was performed manually. Based on this, 20 homology
models were generated by the MODELLER program [14]. The resulting
structures were internally checked by the scoring function of MODELLER
and externally verified by the PROCHECK program [15]. The results were
used to improve the alignment and the cycle was repeated until a good
stereochemical quality was achieved for the final model.

Results and discussion

Identification of a protease resistant fragment in human
Mov34

Mov34 is a 324 amino acid protein grouped into the
MPN (also named Jabl/JAMM) protein family due to
sequence conservation in the N-terminal region. According
to sequence alignments the MPN domain encompasses res-
idues 21-143. The crystal structure of the A. fulgidus pro-
tein AfJAMM has already been determined and shows
that the MPN domain is formed by a compact core of eight
B-sheets flanked by a long a-helix between the first and sec-
ond B-sheets, and by a short a-helix between the fourth and
fifth B-sheets [3,4]. In AfJAMM, the catalytic zinc ion is
coordinated by histidines 67 and 69, aspartic acid 80, and
a water molecule. Primary sequence alignment does not
indicate a conservation of this zinc-binding motif in the
MPN domain of human Mov34 and its C-terminal region
is predicted to be predominantly formed by a-helix
(Fig. 2B). Histidine-tagged Mov34 was purified on immo-
bilized Ni** columns followed by ion exchange chromatog-
raphy on heparin (Fig. 1A). The tag can be efficiently
removed by TEV protease digestion.

In order to obtain structural data on the Mov34 protein,
we conducted experiments based on limited proteolysis and
mass spectrometry. Limited digestion with trypsin and chy-
motrypsin for 3 h produced a fragment of approximately
20 kDa (Fig. 1B). Best results were observed for chymotryp-
sin, which after 1 h of incubation generated a fragment that
remained undigested for further 2 h (Fig. 1B). Mass spec-

trometry analysis by electrospray ionization of the chymo-
trypsin digestion mix revealed two major products of
molecular weight 19,874 and 20,100 (Fig. 2A). The mass
spectrometry results were reproducible, although it was not
possible to match precisely the molecular weight of 19,874
to any region of Mov34. The product of 20,100, on the other
hand, shows a close match to the region encompassing amino
acids 11-188 (predicted molecular weight 20099.80)
although it is not possible to rule out the region comprising
residues 9-186 (predicted molecular weight 20097.83). The
finding that the protease resistant domain corresponds to
the N-terminal domain of Mov34 was confirmed by LC-
MS/MS analysis of the chymotrypsin resistant fragments ful-
ly digested with trypsin, which identified several peptides in
the region spanning from residue 9-175 (Fig. 2B). A peptide
containing residues 9-14 was detected in this analysis indicat-
ing that the N-terminal of a fraction of the chymotrypsin
resistant fragment starts at residue number nine, although
the best match found for the 20,100 product comprises the
region that starts at residue eleven (11-188). Despite this dis-
crepancy there is no doubt that the protease resistant frag-
ment comprises the conserved MPN domain previously
identified by sequence alignment, which includes residues
from 21-143. In addition, the limited proteolysis assays indi-
cate that although the C-terminal region of Mov34 is predict-
ed to be predominantly formed by a-helix, it must show a
certain flexibility to allow protease access.

Further characterization of the MPN domain region of
Mov34 involved the construction of four truncated pro-
teins. Based on the limited proteolysis and mass spectrom-
etry results described above, we have first chosen to
construct a truncated protein from residue 9-186
(MPNO9-186). However, expression of this truncated pro-
tein in E. coli was very inefficient (Fig. 2C). Taking into
account that Mov34 was highly expressed in E. coli
(Fig. 1A), we decided to construct a protein truncated at
residue 186 but containing the native N-terminal sequence,
even though the recombinant proteins expressed from vec-
tor pET-TEV [10] contain a histidine-tag and a TEV prote-
ase recognition site in the N-terminal region, so that
residues 1-8 of the MPN domain would effectively corre-
spond to residues 17-24. The new construct, MPN1-186,
showed a surprisingly higher level of expression in E. coli
as compared to MPN9-186 (Fig. 2C), indicating that resi-
dues 1-8 are important for proper folding and stability of
the truncated proteins. A second set of constructs was
made in which the C-terminus was set at residue 177 to
exclude residues 178-186 which, according to secondary
structure prediction, form a coil region. The construct
encoding residues 1-177 (MPN1-177) showed an expres-
sion level similar to MPN1-186 and both products can
readily be identified by whole cell extract analysis on
SDS-PAGE (Fig. 2C). By contrast, expression of construct
encoding residues 9-177 (MPNO9-177) was as low as
expression of MPN9-186 (Fig. 2C). Despite their low level
of expression, MPN9-177 and MPN9-186 could be puri-
fied for further characterization (Fig. 2C, lower panel).
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Fig. 1. Analysis of Mov34 purification and partial proteolysis. (A) SDS-PAGE analysis of Mov34 expressed in E. coli and purified by chromatography. 1,
Total extract of non-induced cells; 2, total extract of cells induced with 0.5 mM IPTG; 3, affinity-purified Mov34; 4, Mov34 eluted from the heparin
column; 5, Mov34 following dialysis against 25 mM sodium phosphate buffer, pH 7.2, and 0.5 mM DTT. The arrow indicates the purified Mov34 protein.
(B) SDS-PAGE analysis of Mov34 subjected to limited proteolysis with trypsin and chymotrypsin. Numbers above each lane indicate the time in minutes
when the reaction was stopped. Lane Mov34 indicates the undigested protein; M, molecular weight marker. The arrow indicates the ~20 kDa proteolysis
resistant domain.
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Fig. 2. Identification and expression of the Mov34 protease resistant fragment. (A) Singly charged deconvoluted ESI mass spectrum of MPN domain after
digestion of Mov34 with chymotrypsin. (B) Amino acid sequence of Mov34 showing the peptides (bold underlined) found in the LC-MS/MS analysis of
the chymotrypsin resistant domain which was subsequently subjected to digestion with trypsin. Predicted secondary structure elements (Pred) are indicated
underneath the amino acid sequence (AA) key words: C, coiled coil; E, B-strand, and H, a-helix. (C) Expression and purification of the truncated MPN
domain proteins. Upper panel, SDS-PAGE analysis of the non-induced (NI) and induced whole extracts from E. coli cells expressing MPN1-177;
MPN1-186, MPN9-177, and MPN9-186 as indicated. Lower panel, purified truncated MPN domains as indicated. M, Molecular weight marker.

The expression assays indicated that residues 1-8 of Mov34 Secondary structure and thermal stability analyses of Mov34
play a key role in the stability of the recombinant truncated  and MPN domain
proteins although these residues are predicted to be part of

an N-terminal coil region. The stability of the truncated The CD spectrum of full-length Mov34 indicates a high
proteins was addressed by thermal denaturation followed  content of a-helix (Fig. 3A) and a pronounced negative
by circular dichroism analyses as described below. band in the 208 nm region that might indicate some degree
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Fig. 3. Circular dichroism and stability analysis of Mov34 and truncated MPN domains. (A) CD spectra of Mov34 at 15 °C (solid line) and 85 °C (dotted
line). (B) Thermal denaturation analysis of the MPN domain constructs. Curves were obtained by monitoring the ellipticity at 222 nm from 15 to 90 °C at
temperature intervals of 5 °C. -@—, MPN1-177; —A—, MPN1-186; -O—, MPN9-177; —-A—, MPN9-186. (C) CD spectra of MPN1-177 at 15 °C (solid line),
and 85 °C (dotted line). (D) CD spectra of MPN1-186 at 15 °C (solid line) and 85 °C (dotted line). (E) CD spectra of MPN9-177 at 15 °C (solid line) and
85 °C (dotted line). (F) CD spectra of MPN9-186 at 15 °C (solid line) and 85 °C (dotted line). CD analyses were performed using protein samples at 5 pM
in 25 mM sodium phosphate buffer, pH 7.2, and 0.5 mM DTT as described in Materials and methods.
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of coil structure. The CD analysis of the truncated pro-
teins revealed a critical difference between the constructs
containing residues 1-8 relative to the constructs lacking
these residues (Fig. 3C-F). At a first glance, the results
seem intriguingly unexpected since CD spectra of con-
structs MPN1-177 and MPN1-186 (showing high expres-
sion in E. coli) show a pronounced band near 208 nm and
a reduction in the CD signal near the 220 nm region, indi-
cating reduction of a-helix signal and gain of coil content
relative to the spectra of constructs MPN9-177 and
MPN9-186 (Fig. 3C-F). The shift towards the 208 nm
region is caused by the presence of residues 1-8, which
also allow for higher expression in E. coli and indicate a
higher stability of the constructs containing these residues.
To test this hypothesis, Mov34 and the four truncated
proteins were subjected to thermal denaturation followed
by analysis of loss of the CD signal. Upon thermal dena-
turation, both full-length Mov34 and the truncated pro-
teins show partial loss of CD signal and are not
converted to a completely unfolded coil (Fig. 3A and
C-F). Instead, they all lose the negative bands at the
208 and 222 nm regions but appear to retain some struc-
ture (Fig. 3A and C-F), undergoing a denaturation pro-
cess that is irreversible (data not shown). Nevertheless,
the thermal unfolding analysis showed that constructs
MPN1-177 and MPNI1-186 start to lose CD signal at
45-50 °C whereas constructs lacking residues 1-8 start to
lose CD signal at a temperature as low as 35-40°C
(Fig. 3B), confirming that residues 1-8 confer higher resis-
tance to denaturation despite the shift that they cause in
the CD spectra. The identification and efficient expression
of this protease resistant domain showing high stability
should facilitate future studies on the structure determina-
tion of the Mov34 MPN domain.

Homology modeling of the MPN domain of Mov34

The Mov34 MPN domain shares 20.1% identity and
31.5% similarity with the A. fulgidus protein AfJAMM
(PDB 1010; [3]), the main template used in the homology
modeling procedure (Fig. 4A). Even though these are quite
low values for reliable model building, some additional
information provided support for the use of this structure
as a template. First, there is a clear coincidence in the pat-
terns of the predicted (Mov34 MPN) and the determined
(AfJAMM) secondary structure elements. The only excep-
tion is the presence of a predicted o-helical segment
between residues S65 and V85 in MPN, which is absent
in the crystal structure and in the secondary structure pre-
diction of AfJAMM. However, it is interesting to note that
AfJAMM X-ray structure lacks residues 48—-60 what prob-
ably indicates a degree of mobility in this region [3]. On the
other hand, Tran and co-workers [3] pointed out the
remarkably structural similarity between AfJAMM and
cytidine deaminase (CAD) from B. subtilis (PDB 1JTK;
[12]), the only exception being the presence of an extra
a-helix in this exact position. Taking all this information

into account, we decided to use the structure of CAD to
complement the model building of Mov34 MPN.

The resulting homology model from this alignment
(Fig. 4B) presented a good stereochemical quality. The
Procheck analysis showed that 83.2% of the residues in
the model remained in the most favored regions of the
Ramachandran plot, being only 1.5% in disallowed
regions. It is important to note that, given the available
templates, the MPN sequence still lackes 3D coordinates
for the segment between residues D61 and H72 (Fig. 4A).
In this regard, there is no reliability for the structure
obtained in this region.

An important feature that supported the use of
AfJAMM structure as a template was the conservation,
in the proposed alignment, of two residues participating
in the zinc binding site: MPN H96 and D105 (Fig. 4A,
highlighted in yellow). The second His residue of the
H x H motif is absent in MPN. Residues S80 and E25 of
AfJAMM, also present in the zinc-binding site and impor-
tant for catalytic activity and coordination of a water mol-
ecule, respectively, could be aligned with H102 and Q32 of
MPN. Based on this alignment, one is tempted to propose
that the MPN domain of Mov34 could still be able to form
a putative zinc-binding site, composed by Q32, H96, H102,
and D105. However, it is important to point out that there
is no experimental evidence for zinc binding in this protein.
Mutation of histidine and aspartate of the JAMM motifs
of Jab1/Csn5 and Rpnl1 has been shown to block the den-
eddylation and deubiquitination activities of the signalo-
some and proteasome [5,6]. In AfJAMM, replacement of
histidine and aspartate residues of the JAMM motif to ala-
nine had no substantial effect on the CD spectrum or stabil-
ity of the protein [3]. In addition, removal of the zinc ion of
AfJAMM under metal-chelating conditions produced only
a minor rearrangement of the residues in the active site
cleft, and the backbones of zinc-free and zinc-containing
forms are superimposable [3]. Similarly, CD measurements
of Mov34 in the presence of EDTA did not alter the CD
spectrum (data not shown). In summary, although homol-
ogy modeling confirmed the lack of conservation of a his-
tidine and an aspartate residue in the JAMM motif of
Mov34 MPN, it indicated a putative substitute ion binding
site composed by Q32, H96, H102, and D105. Therefore,
the issue whether this protein can bind zinc or any other
metal will remain open until experimental evidence can
be produced.

In conclusion, we have identified a structural domain
that is larger than the MPN domain predicted by Mov34
amino acid sequence alignment. Constructs MPN1-177
and MPN1-186 show secondary structure content consis-
tent with the expected MPN fold and thermal stability con-
sistent with compact and highly cooperative structures.
Furthermore, residues 1-8 were demonstrated to be essen-
tial for high expression level and high stability. The efficient
expression and high stability of the constructs MPN1-177
and MPN1-186 should facilitate future structure determi-
nation of the Mov34 MPN domain.
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Fig. 4. Homology modeling of the Mov34 MPN domain. (A) Alignment of the Mov34 MPN domain with AfJAMM (1010) and cytidine deaminase from
Bacillus subtilis (1JTK). Red color indicates a-helix and blue color indicates p-sheet elements. (B) Model showing the overall fold of the MPN domain

(residues 1-177). The box shows the putative zinc ion ligand residues.
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Abstract

Dengue fever poses a serious public health threat throughout the global tropical region with
approximately 2.5 million people at risk. The Dengue virus includes four serotypes (Dengue I-IV) and
belongs to the genus Flavivirus of the family Flaviviridae. The genome is a positive-sense single-
stranded RNA of approximately 10,600 bases, comprising an open reading frame encoding a precursor
polyprotein flanked by a 5 untranslated region (UTR) of ~100 bases and a highly structured 3°’UTR of
~450 bases. The polyprotein is processed by both host and viral proteases into three structural (C,
capsid, E, envelope and prM, precursor membrane) and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). While the virus genome encodes the enzymes required for its
replication, it relies completely on the host translational machinery to synthesize its proteins. The
essential difference between host cellular mRNAs and Dengue virus genome RNA involves the 3’UTR,
which instead of a polyadenylate tail contains highly conserved structural elements, including the 3’
stem-loop (3’SL), a conserved structural feature located at the 3° terminus of the 3’UTR of many
flaviviruses that is essential for virus replication. Using the yeast three-hybrid system to screen a
human bone marrow cDNA library, we have isolated PACT as a new human protein that interacts with
dengue virus 3’SL RNA structure. PACT is the cellular activator of PKR, an ubiquitously expressed
elF2a kinase that was first identified as a component of the host defense mechanism induced by
interferon. Direct interaction of PACT and dengue virus 3°’SL RNA was confirmed by UV-crosslinking
assays using recombinant PACT and radioactively labeled 3’SL. PACT contains three putative double-
stranded RNA binding domains, but only the two N-terminal domains can interact with 3’SL RNA
showing different affinities. Dengue virus 3’SL is the first biological relevant RNA identified to
interact with PACT. By using competition assays, we have shown that PACT interacts preferentially
with the top stem-loop region of 3’SL RNA. In order to investigate PACT role in Dengue virus
replication we have generated HEK293 cells knockdown for PACT using a plasmid based RNAi
system. The Dengue virus proliferation rate in cells knockdown for PACT relative to cells with normal
PACT levels should answer the question whether PACT interaction with dengue virus 3’SL is

important for PKR activation and cell protection against DV infection.

52



Introduction

Dengue fever is an infectious disease transmitted by mosquitoes and caused by any of the four
related dengue virus serotypes. The dengue virus belongs to the genus Flavivirus of the family
Flaviviridae that includes also the West Nile, yellow fever and Japanese encephalitis viruses. Flavivirus
contain single-stranded RNA genomes of positive polarity of ~10,600 bases, encoding a open reading
frame which is translated into a precursor polyprotein flanked by a 5° untranslated region (UTR) of
~100 bases and a highly structured 3’UTR of ~450 bases. The polyprotein is processed by both host
and viral proteases into three structural (C, capsid, E, envelope and prM, precursor membrane) and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Most viral genomes,
such as dengue’s, encode their own replication enzymes but, with rare exceptions, they are forced to
rely on the cell translational machinery for the synthesis of its protein components. The viral 5’UTR is
similar to the 5’UTR of eukaryotic mRNAs, possessing about 100 bases and a cap structure. The
3’UTR is long, containing stable secondary structures that are conserved among the different
Flaviviruses (Wengler and Wengler 1981).

The functional roles of the Flavivirus UTRs have been studied using genetic deletion, replicons,
reporter gene systems and viral RNA-protein interaction approaches. Initial deletion studies have
shown that the 3’UTR secondary structures are essential for virus replication and viability (Markoff
2003). In addition, two conserved sequences (CS1 and CS2) at the 3’UTR, the 3’ terminal stem-loop
structure (3’SL) and the cyclization motifs at the 3’ and 5’ terminal regions (5’CYC and 3’CYC) have
been implicated in viral genome replication (Hahn et al. 1987, Alvarez et al. 2005a, 2008). It has been
demonstrated that NS3 and NS5 of the Japanese encephalitis virus bind cooperatively to 3’SL,
indicating that this interaction may facilitate the process of the negative polarity RNA strand synthesis
(Chen et al. 1997). Synthesis of self-primed RNA in vitro occurs by elongation of authentic 3’
terminals of RNA templates (You and Padmanabhan 1999). The product of this synthesis is a
predominant double stranded RNA with a hairpin structure, containing a limited single stranded region.
Interestingly, the RNA synthesis requires both cyclization motifs, either connected in one molecule
either the 5° terminal region supplemented in trans with the 3° terminal region. In addition, synthesis at
the 3’ terminal of the 3’UTR in vitro is not dependent only on the CYC conserved motifs, but depends
also on the determinants of the conserved structures 3’SL (You et al. 2001). Studies using replicons
have shown that deletion of the A2 and A3 conserved regions of the 3’UTR affects RNA synthesis
(Alvarez et al. 2005b). Furthermore, it has been reported recently that enhancement of viral RNA
synthesis following cyclization requires an intact stem loop A (SLA) in the 5’UTR, indicating that the
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viral polymerase binds first to SLA and subsequently reaches the 3’ end via long-range RNA-RNA
interactions to start virus RNA synthesis (Filomatori et al. 2006). Gene expression assays have been
used to show that both the 5’ and 3’UTRs and the 3’SL alone enhance translation of reporter genes
(Holden and Harris 2004, Chiu et al. 2005).

A major question about dengue virus RNA translation and replication regards to what host
cellular proteins take part in these processes. Several studies have already been conducted aiming at
identifying such proteins. De Nova-Ocampo et al. (2002) have described that some proteins of the Vero
cellular lineage interact with the 3’UTR of dengue virus type 4, including the translation elongation
factor la (eEF1A), the mammalian La auto-antigen and the polypyrimidine tract-binding protein
(PTB). eEF1A was reported to interact also with the 3’SL of the West Nile virus genomic RNA
(Blackwell and Brinton 1997) and to facilitate synthesis of the negative-polarity RNA strand (Davis et
al. 2007). Consistent with this finding, eEF1A colocalizes with viral replication complexes and co-
immunoprecipitates with the viral proteins NS3 and NS5 (Davis et al. 2007). La was also reported to
interact with the 5’UTR and with the dengue virus type 4 proteins NS3 and NS5 (Garcia-Montalvo et
al. 2004). By using RNA affinity chromatography, Paranjape and Harris (2007) have identified the
interaction of Y-box-binding protein (YB-1) and of the heterogeneous nuclear ribonucleoproteins
(hnRNPs), hnRNP A1, hnRNP A2/B1, and hnRNP Q with the 3’UTR of the dengue virus. Refinement
of the binding site indicated the YB-1 interacts with the 3’SL structure. Interestingly, YB-1 was
reported to repress dengue virus replication (Paranjape and Harris 2007). On the other hand, cellular
proteins may function in favor of virus replication. For example, both West Nile and dengue virus
RNAs interaction with TIA-1/TIAR affect stress granule formation and facilitate virus genome
replication (Emara and Brinton 2007).

The 3’SL comprises the 3'-terminal 100 nt and forms a highly stable and conserved secondary
structure shared by all flaviviruses. It mediates anchoring of viral proteins responsible for replication
and also of some host proteins and seems to play a pivotal function on flavivirus replication. In this
work, we have used the yeast three-hybrid system (Y3H) to screen for novel human proteins that
interact with the dengue virus 3’SL RNA (3’SLDV). This system consists in the expression of three
chimerical molecules in yeast cells, which assemble in order to activate reporter genes (SenGupta et al.
1996). We have identified human PACT as a putative 3’SLDV-interacting protein using this system.
PACT was initially identified as a cellular activator of PKR [protein kinase, interferon-inducible
double-stranded RNA (dsRNA) dependent]. Although PKR activation upon viral infection is well

characterized, PKR has also been implicated in several cellular events in the absence of virus or
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dsRNA. PKR activation by PACT can cause inhibition of cellular protein synthesis and apoptosis (Ito
et al. 1999, Patel et al. 2000, Peters et al. 2001, Huang et al. 2002, Lee et al. 2007). PACT has two N-
terminal dsRNA binding motifs and a third C-terminal motif that is responsible by PKR activation
(Patel et al. 2000, Peters et al. 2001). It has been reported that PACT interacts with synthetic dSRNA
poly(I)-poly(C) in vitro, but this study is the first to identify a biologically relevant RNA that interacts
with PACT.

Materials and Methods

Cell culture

HEK293 cells were maintained at 37°C with an atmosphere of 5% CO, in Minimum Essential
Medium (MEM, Invitrogen) supplemented with 10% FCS (fetal calf serum) and streptomycin/
penicillin (Gibco).

Plasmids and reagents

The 3’SLDV DNA fragment was obtained by annealing four synthetic oligodeoxynucleotides
(ONZ168, 169, 170 and 171, Table 2) yielding a dsDNA fragment with the Bg/Il and EcoRI overhang
restriction sites at the 5° and 3’ ends respectively. This fragment corresponds to nucleotides 10644-
10722 of the dengue virus type 2 strain 44 (GenBank accession number: AF204177) and was cloned
into the plasmid pHST7 digested with the restriction enzymes Bg/Il and EcoRI generating pHST7-
3’SLDV.

The bacterial ampicillin selection marker of plasmid pIIIA/MS2-2 was replaced by
chloramphenicol and the resulting plasmid named pRNA3H/MS2. The bla (beta lactamase) gene was
interrupted by digesting with the restriction enzyme Scal. The CAT gene (chloramphenicol acetyl
transferase) along with its promoter was removed from plasmid pLysS (Novagen) using the restriction
enzymes Xmnl and Hincll and ligated into the linearized pIIIA/MS2-2. 3°’SLDV was amplified by PCR
using pHST7-3’SLDV as template with primers ONZ216 and ONZ217 in order to create restriction
sites for Smal and Sphl. The PCR product was cloned into the pGEMT plasmid (Promega) using TA
overhang ligation generating pGEMT-3’SLDV-Smal/Sphl. 3’SLDV was transferred to pPRNA3H/MS2
using the restriction enzymes Smal and Sphl, yielding pPRNA3H/MS2-3°’SLDV.

The cDNA of the human PACT protein (GeneBank accession number: NM_003690) and of its
MIM2, M2M3 and M3 domains were amplified using plasmid 6.7 as template which was isolated in
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the yeast three-hybrid screen performed in this work (see below). PCR reactions were performed using
primers: ONZ372 and ONZ373 for PACT; ONZ372 and ONZ374 for MIM2; ONZ375 and ONZ373
for M2M3 and ONZ376 and ONZ373 for M3. The PCR products were cloned into the pCRII vector
(Invitrogen) using TA overhang ligation. The cDNA fragments were transferred to pETTEV using the
restriction enzymes Ndel and Hindlll. The proteins expressed from pETTEV contain a 6xHis-tag
followed by a protease TEV cleavage site in the N-terminal region.

The pMaleficent shRNA delivery system (Heggestad er al. 2004) was chosen to generate a
mammalian cell line knockdown for PACT. The PACT mRNA target sequence (5° TTT GCA GGC
TAG AGT CAT TTA 3’) was selected by using the “GenScript siRNA Target Finder”. A scrambled
version of PACT target (5° TGT TAG CAT TGT TCA GTC GAA 3’) was selected by “GenScript
siRNA sequence scrambler” and used as negative control. The DNA fragment encoding the shRNA
against PACT (shPACT) was obtained by annealing oligodeoxynucleotides ONZ583 and ONZ584 and
its scrambled version (shScr) was obtained by annealing ONZ585 and ONZ586. The resulting dsSDNA
fragments with Espl and EcoRI overhang restriction sites were cloned into the plasmid pMaleficent

(Heggestad et al. 2004) yielding pMal-shPACT and pMal-shScr.

Yeast three-hybrid (Y3H) screening

The yeast three-hybrid system was kindly provided by Marvin Wikens from the Wisconsin
University (USA). A yeast three-hybrid screen was performed using the yeast strain YBZ1 (Hook et al.
2005) harboring plasmid pRNA3H/MS2-3’SLDV. Expression of the 3’SL/MS2 fusion RNA was
verified by RT-PCR using primers ONZ216 and ONZ217. Expression of the LexA-MS2 coat fusion
was verified by immunoblotting with an antibody for lexA (Invitrogen). Self-activation of the reporter
genes was tested with YBZ1 cells harboring plasmids pRNA3H/MS2-3’SLDV and pACT2 (Clontech).
Large-scale sequential transformation of YBZI cells with a human bone marrow cDNA library
(Clontech) cloned into pACT2 was performed using the PEG/lithium acetate protocol. The positive
clones (His3") were initially selected on SD-LAUH (synthetic drop out medium lacking leucine,
adenine, uracil and histidine) supplemented with 3 mM 3-aminotriazole (3-AT). Subsequently, His3"
clones were subjected to a second round of selection based on the activation of the reporter gene lacZ
using X-Gal (5-bromo-4-chloro-3-indolyl-pB-D-galactopyranoside) filter assays. Plasmids were
recovered from the selected yeast colonies by total DNA extraction followed by transformation into the
Escherichia coli strain DH50. Subsequently, the plasmids was isolated from E. coli cells and the

3’SLDV-interacting proteins were identified by DNA sequencing followed by BLAST analyses
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(http://www.ncbi.nlm.nih.gov/BLAST). To confirm the specificity of the interaction with 3’SLDV the
test plasmids were re-transformed into the strain YBZ1 with either pPRNA3H/MS2 (empty vector),
pHIA/IRE-MS?2 (vector with an unrelated RNA) or pPRNA3H/MS2-3’SLDV (test RNA).

Recombinant protein expression and purification
PACT, M1M2, M2M3 and M3 were expressed using E. coli BL21(DE3)slyD™ cells (Yan et al.
2001) incubated at 18°C. The his-tagged recombinant insoluble proteins were purified by nickel affinity

chromatography under denaturing conditions as described in “The Qiaexpressionist'

(Qiagen) and
refolded by step-wise decrease of urea concentration as described by Patel and Sen (1998). This
procedure prevents binding of E. coli RNA to the proteins. Briefly, E. coli BL21(DE3)slyD” was grown
on 500 mL Luria-Bertani medium containing kanamycin at 50 pg/mL and recombinant protein
expression was induced with 0.5 mM isopropyl-thio-B-D-galactoside (IPTG) for 16 hours at 18°C.
Bacterial pellets were suspended in 10 mL of ice cold lysis buffer [20 mM Tris-HCI pH 8.0, 200 mM
NaCl, 0.1% Igepal and 1 mM phenylmethylsulphonyl fluoride (PMSF)], treated with lysozime,
sonicated and centrifuged (20,000g, 10 min, 4°C). Inclusion bodies were suspended in 3 mL of buffer B
[100 mM NaH,PO4, 10 mM Tris-HCI, 8 M urea, pH 8.0], stirred for 1 hour at room temperature and
centrifuged (20,000g, 30 min, 4°C). The supernatant was incubated with 1 mL Ni-NTA-Agarose
(Qiagen) for 1 hour at room temperature. Subsequently, the resin was packed on a BioSpin column
(Bio-Rad) and washed with 10 mL of buffer C (same as buffer B but at pH 6.3). Proteins were eluted
from the resin with buffer C supplemented with increasing concentrations of imidazole (100, 200 and
500 mM). Fractions containing the recombinant protein were combined and dialyzed against refolding
buffer (20 mM Tris-HCI pH 8.0 and 200 mM NaCl) with decreasing urea concentrations (6, 2, 1, 0.5 M
urea) for at least 2 hours at each concentration and two exchanges of dialysis buffer without urea.
Recombinant M3 was purified from the soluble fraction by nickel affinity followed by size exclusion
chromatography. Protein extracts were prepared in binding buffer (BB, 20 mM sodium phosphate pH
7.2, 300 mM NaCl) as described previously. The soluble fraction was loaded on a 5 mL Hi-Trap
chelating column (GE Healthcare) using an AKTA-FPLC system set at a flow rate of 1 mL/min. The
column was washed with 50 mL of buffer A and eluted with a 75 mL gradient of 0-100% elution
buffer (EB, BB containing 500 mM imidazole). The affinity purified M3 protein was dialyzed in size
exclusion buffer (30 mM sodium phosphate pH 7.2, 50 mM NaCl) and loaded onto a Superdex 75 Prep

Grade 16/60 size exclusion column with a flow rate of 0.8 mL/min. The purified recombinant proteins
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were centrifuged (20,000g, 30 min, 4°C), divided into small aliquots, frozen by liquid nitrogen

immersion and stored at -80°C.

RNA-protein interaction

Plasmids were linearized by digestion with restriction enzymes (pHST7-3’SLDV with EcoRI,
pSPT-Fer with BamHI and pBluescriptll KS(+) with Sall) and used to transcribe the 3’SLDV, IRE or
BS RNAs respectively, using T7 RNA polymerase (Invitrogen) according to manufacturer’s
recommendations. In vitro transcribed RNAs were purified by phenol-chloroform extraction followed
by ethanol precipitation. RNAs were also transcribed with [a’’P]JATP (GE Healthcare) or biotin-14-
CTP (Invitrogen) to obtain **P or biotin labeled RNA. 3°’SLDV RNA segments were purchased from
Invitrogen as described in Table 2 and illustrated in Figure 4 B. The reconstitution of 3’SLDV
segments was made by annealing the synthetic oligoribonucleotides: RNANZ1 and RNANZ6 for full
stem, RNANZ3 for top stem-loop and RNANZ4 and RNANZS5 for bottom stem. Each component of
the specific region was mixed in equal amounts in RNA buffer (10 mM Tris-HCI pH 7.5, 50 mM NaCl
and 5 mM MgCl,). The reaction was boiled for 5 min, gradually cooled until achieve room temperature
and transferred to ice.

For UV-crosslinking, purified recombinant proteins were diluted as indicated in the figure
legends in 16 mM Hepes pH 7.6, 2.5 mM MgCl,, 0.5 mM 1,4-dithiothreitol (DTT) and 8.5% glycerol
containing 1 U RNaseOUT (Invitrogen) and incubated for 15 min at room temperature. When
specified, competitors RNAs were added (8, 16 and 40 pmol for 3’SL, IRE or BS and 16, 40 and 80
pmol for 3’SLDV deletions) and incubated for additional 15 min. **P-labeled 3°SLDV was added to the
reaction in a final volume of 10 puL and the reaction was incubated for 30 min at room temperature. The
reactions were transferred to ice, incubated for extra 10 min and irradiated at 3.6 J/cm® with a UV light
source of 254 nm. When specified, 2.5 U RNaseA were added and the unprotected RNA digested for
20 min at 37°C. 15 pL of SDS-PAGE loading buffer was added and the samples were heated to 95°C
for 5 min and fractionated in SDS-12% PAGE. Gel was dried and exposed to X-ray films at -80°C or to
a phosphorimager Fla-3000G imageplate (Fujifilm, Japan).

For RNA affinity chromatography, S10 extract of HEK293 cells was prepared in buffer
containing 10 mM Tris-HCI pH 7.5, 150 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.05% Igepal and 1X
protease inhibitor cocktail (Roche) and quantified using the BCA protein assay kit (Pierce). 4 ug of
biotinilated RNA were incubated with 200 pg of total HEK293 protein extract containing 5 pg of yeast
tRNA and 12 U RNaseOUT (Invitrogen) in a final volume of 80 pL. The reaction was incubated for 30
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min at room temperature and transferred to 4°C for extra 30 min. The reaction was applied to 20 uL
Streptavidin agarose resin (GE Healthcare) and incubated for 1 hour at 4°C with rotation. The
supernatant was removed, the beads were washed 4 times with buffer and the resin-retained proteins
were eluted with 15 pL SDS-PAGE loading buffer by heating to 95°C for 5 min. Protein samples were
resolved by SDS-12% PAGE, transferred to nitrocellulose membrane and PACT was detected by

immunoblotting.

Immunoblotting

Following transfer, nitrocellulose membrane was blocked with 5% non-fat milk in TBST (20
mM Tris-HCI pH 7.0, 150 mM NaCl, 0.1% Tween 20) for 2 hours at room temperature (RT) and
washed 3 times with TBST for 10 min at RT. Primary antibody for PACT (Abcam) was diluted 1:1,000
in TBST containing 0.3% BSA, added to membrane and incubated at 4°C for 16 hours with rotation.
After incubation, membranes were washed as described above. Secondary antibody for goat IgG
conjugated with peroxidase (Sigma) was diluted 1:8,000 in TBST containing 0.3% BSA, added to
membrane and incubated for 2 hours at RT. Membranes were washed and developed with “ECL Plus™

Western Blotting Detection Reagents” (GE Healthcare).

shRNA stable transfection

HEK293 cells were co-transfected with plasmids pMal-shPACT or pMal-shScr and pHSB by
electroporation. A 75 mm? cell culture flask at 90% confluence was used per electroporation. Cells
were collected with PBS/EDTA solution (10 mM phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCI and
10 mM EDTA) and washed 3 times with MEM without FCS. Cells were suspended in 300 uL MEM
without FCS and 15 pg pMal-shPACT or pMal-shScr and 7.5 pg pHSB were added. Cells without
DNA were also electroporated as a control. For electroporation, the cell suspension was transferred to a
2 mm electroporation cuvette and incubated for 5 min at RT and electroporated on a BioRad Gene
Pulser XCell System set at 110V for 25 msec. After electroporation, the cuvettes were incubated for 20
min on ice. The cells were subsequently suspended in 10 mL MEM supplemented with 10% FCS. 9
mL were transferred to a 175 mm” flask and the remaining 1 mL was serial diluted in a 6 well plate. 0.7
pg/mL geneticin was added 48 hours post transfection. Cells were selected for 3 weeks with geneticin
for resistant clone development. Each resistant clone was individually transferred to 25 mm? flask and

amplified under 0.6 pg/mL geneticin pressure.
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Quantitative RT-PCR

Total RNA was extracted with Trizol reagent (Invitrogen) and the cDNAs were obtained using
the “First-Strand cDNA Synthesis” kit (GE Healthcare), random primer pd(N)s and 5 pg total RNA in
33 pL final volume reaction according to manufacturer’s instructions. 0.2 pL from the transcription
reaction was used in the quantitative PCR reaction. It was set using “SyBr Green PCR Master Mix”
(Applied Biosystems), specific primers for PACT (ONZ621 and ONZ622, 150 nM each) or for B-actin
(ONZ645 and ONZ646, 85 nM each) in 25 pL final volume reaction. Quantitative PCR was performed
by “Relative Quantification (ddCt) Plate” method of “7500 System SDS” software in “7500 Real Time
PCR System” equipment (Applied Biosystems).
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Table 1: Yeast and E. coli strains and plasmids used in this study.

strains genotype reference
YBZ1 MATa, ura3-52, leu2-3, 112, his3-200, trp1-1, ade2, LYS2 :: (LexAop)- Hook et al.
HIS3, ura3:: (LexAop)-lacZ, LexA-MS2 coat (N55K). (2005)
BL21(DE3)slyD F ompT gal dcm lon hsdSg(rg” mg’) (DE3) slyD Yan et al. (2001)
DH5q F* endA1 hsdR17(r< mg’) ginV44 thi-1 recA1 gyrA96 relA1 deoR Grant et al.
®80dlacZAM15 A(lacZYA-argF)U169 A— (1990)
plasmids description reference
pGEMT TA overhang ligation of PCR fragment product; ampR Promega
pCRII TA overhang ligation of PCR fragment product; ampR, kan® Invitrogen
A/MS2-2 Expression of MS2 RNA fusion driven by pol Il RNA polymerase in yeast  SenGupta et al.
P cells; URA3, ADE2, amp' (1996)
NIA/IRE-MS2 Expression of IRE (iron responsive element) RNA fused to MS2 in yeast SenGupta et al.
P cells: URA3, ADE2, amp' (1996)
AD-IRP Expression of IRP1 (iron regulatory protein 1) protein fused to GAL4 SenGupta et al.
P activation domain in yeast cells; LEU2, amp' (1996)
pLysS T7 lysozyme gene expression in E. Coli; cm' Novagen
PRNA3H/MS2 Deriz\/gcliz_zfrc;n%rpllla/MSZ-Z; transcription of the MS2 RNA fusion; URAS3, This work
ETTEV Derived from pET28a, bacterial recombinant protein expression; N- Carneiro et al.
P terminal his-tag fusion, TEV protease cleavage site, kan' (2006)
pBlueScriptll KS(+) In vitro transcription driven by T7 RNA polymerase; amp' Stratagene
IRE (iron responsive element) in vitro transcription driven by T7 RNA Mullner et al.
pSPT-Fer ) r
polymerase; amp (1989)
pHST7 In vitro transcription driven by T7 RNA polymerase; amp’ JOb(I,'lg%g; al.
) Expression in human cells of shRNA driven by the histone H1 promoter; Heggestad et al.
pMaleficent r r
amp’, neo (2004)
HSB Expression in human cells of a humanized form of the Sleeping Beauty Heggestad et al.
P transposase driven by chicken B-actin promoter; amp' (2004)
Plamids constructed relevant features
in this work

pHST7-3'SLDV

pGEMT-3'SLDV-
Smal/Sphl

pRNA3H/MS2-3'SLDV
pCRII-PACT
pETTEV-PACT
pCRII-M1M2
pETTEV-M1M2
pCRII-M2M3
pETTEV-M2M3
pCRII-M3
pETTEV-M3
pMal-shPACT
pMal-shScr

3'SLDV cloned into pHST7/Bglll-EcoRI

3'SLDV flanked by Smal and Sphl restrictions sites cloned into pGEMT
3'SLDV cloned into pPRNA3H/MS2/Smal-Sphl

PACT cloned into pCRII

PACT cloned into pETTEV/Ndel-Hindlll

PACT M1M2 domain cloned into pCRI|I

PACT M1M2 domain cloned into pETTEV/Ndel-Hindlll
PACT M2M3 domain cloned into pCRI|I

PACT M2M3 domain cloned into pETTEV/Ndel-Hindlll
PACT M3 domain cloned into pCRiII

PACT M3 domain cloned into pETTEV/Ndel-Hindlll
shRNA against PACT cloned into pMaleficent/ Espl-EcoR|
shRNA scrambled cloned into pMaleficent/ Espl-EcoR|
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Table 2: Oligonucleotides used in this study.

Name Oligodeoxynucleotides sequence
ONzZ168 5-GATCTGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACA-3’
ONZ169 5-TGGCGCTCTGTGCCTGGAATGATGCTGAGGAGACAGCAGGATCTCA-3’
ONZ170 5-GAGCGCCAGAAAATGGAATGGTGCTGTTGAATCAACAGGTTCTG-3
ONZ171 5-AATTCAGAACCTGTTGATTCAACAGCACCATTCCATTTTC 3
ONZ216  5-CCCGGGAGATCCTGCTGTCTCCTC-3
ONz217  5-GCATGCAGAACCTGTTGATTCAAC-3’
ONZ372 5-GGATCCCATATGTCCCAGAGCAGGCACCGCG-3’
ONz373 5-AAGCTTTTACTTTCTTTCTGCTATTAT-3
ONz374  5-AAGCTTTTAAAATTTGGCAAGAAATTTCTCAG-3
ONZz375 5-GGATCCCATATGCCTATTGGTTCATTACAGGAA-3’
ONZ376 5-GGATCCCATATGTGGCATTCCTTGAGGAATTCT-3
ONZ583 5-TCCCGTAAATGACTCTAGCCTGCAAATTGATATCCGTTTGCAGGCTAGAGTCATTTATTTTTTG-3
ONZz584  5-AATTCAAAAAATAAATGACTCTAGCCTGCAAACGGATATCAATTTGCAGGCTAGAGTCATTTAC-3
ONz585 5-TCCCGTTCGACTGAACAATGCTAACATTGATATCCGTGTTAGCATTGTTCAGTCGAATTTTTTG-3
ONZ586 5-AATTCAAAAAATTCGACTGAACAATGCTAACACGGATATCAATGTTAGCATTGTTCAGTCGAAC-3’
ONZz621 5-AACATTTTGAAAGCCAATGCAA-3’
ONzZ622 5-TGGAAGGGTCAGGCATTAAGG-3’
ONZ645 5-TGGATCAGCAAGCAGGAGTATG-3'
ONZ646  5-GCATTTGCGGTGGACGAT-3'
Name Oligoribonucleotides sequence
RNANZ1  5-GAGAUCCUGCUGUCUCCUCAGCAUCAUUCCA-3
RNANZ3 5-CAGCAUCAUUCCAGGCACAGAGCGCCAGAAAAUGGAAUGGUGCUG-3’
RNANZ4  5-GAGAUCCUGCUGUCUCCU-3
RNANZ5 5-UUGAAUCAACAGGUUCU-3’
RNANZ6 5-UGGAAUGGUGCUGUUGAAUCAACAGGUUCU-3’
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Results

Identification of human proteins that interact with 3’SLDV
In order to identify host proteins that interact with the dengue virus RNA 3’ stem-loop structure

(3°SL, Fig. 1 A), we used the yeast three-hybrid system (Y3H, Fig. 1 B) (SenGupta et al. 1996).

A Dengue virus 3UTR

Mﬁ%\% j

3’ Stem-Loop

Protein Y

GAL4 Activation
Domain

NN

Reporter gene

MS2 RNA

MS2 Coat
Protein Dimer

LexA DNA
Binding Domain

Figure 1: Dengue virus 3’SL and the yeast three-hybrid system (Y3H). A, Predicted secondary structures
of the dengue virus 3’UTR. The 3’ stem-loop structure (3’SL) used as probe in the Y3H assay is indicated.
B, Graphic representation of the Y3H showing the interactions required for transcription activation of the
reporter genes. The first chimerical molecule consists of a lexA DNA binding domain/MS2 coat protein
fusion. The second molecule is a hybrid RNA that binds to the MS2 portion of the lexA DNA binding
domain/MS2 coat protein fusion. The MS2 RNA is fused to a sequence of interest X, in our case the
3’SLDV, which binds to an RNA-binding polypeptide, Y. Y is linked to the GAL4 transcription activation
domain. When the interactions takes place, the reporter gene is activated. The interaction between RNA X
and protein Y is monitored by assaying HIS3 and lacZ expression levels.
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The YBZ1 yeast strain (Table 1) harboring plasmid pRNA3H/MS2-3’SLDV was transformed
with a human bone marrow cDNA library fused to the GAL4 AD (Clontech). The large-scale sequential
transformation yielded 35 positive clones from 5.9 x 10° transformants tested. Plasmid pACT2 was
rescued from 34 B-galactosidase positive clones and the 3’SLDV-interacting proteins identified by
DNA sequencing. The plasmids were re-transformed at YBZ1 to confirm the specificity of the
interaction with 3°’SLDV. 14 clones were RNA-dependent and only clone 6.7 was probe-specific (Fig.
2). The clone was identified as PACT, the human protein activator of PKR.

1 1:2 1:10 1:50 1:250 1 12 1:10 1:50 1:250

pRNA3H/MS2 + pACT2
pRNA3H/MS2 + clone 6.7
pllIA/IRE-MS2 + clone 6.7

pIIA/IRE-MS2+ pAD-IRP
pRNA3H/MS2-3’SL + clone 6.7

YNB + histidine YNB + 3 mM 3-AT

Figure 2: Clone 6.7 was isolated in a Y3H assay using 3’SLDV as bait to screen a human bone marrow
cDNA library. Clone 6.7 is able to grow in minimal medium without histidine (with 3 mM 3-AT) only in
the presence of 3’SLDV (indicated by an arrow). IRE+IPR1 (pIIIA/IRE-MS2 + pAD-IRP) is the positive
control of the assay. Clone 6.7 was identified as PACT, the human protein activator of PKR.

Recombinant human PACT interacts with dengue virus 3’SL

To confirm the direct interaction of PACT with the 3’SLDV RNA, PACT was expressed with
an N-terminal histidine-tag in E. coli which resulted in production of an insoluble protein with the
expected molecular weight of approximately 35 kDa (Fig. 3). PACT contains three double-stranded
RNA binding domains (M1, M2 and M3). Expression vectors were constructed with the domain
combinations M1M2, M2M3 and M3 containing an N-terminal histidine-tag (Fig. 3). Expression of the
MI1M2 and M2M3 resulted in production of insoluble proteins, while M3 was soluble. The insoluble
proteins were refolded by step-wise decrease of urea concentration. This procedure prevents binding of

E. coli RNA to the purified protein (Patel and Sen, 1998).
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Figure 3: PACT interacts with the 3’SLDV RNA. A, Graphic representation of PACT and of its dSRNA
binding domains M1, M2 and M3 that were expressed in E. coli. The amino acid composition of each
domain is indicated. B, PACT, MIM2 and M2M3 were refolded after nickel affinity chromatography
purification under denaturing conditions. Soluble M3 was purified by nickel affinity followed by size
exclusion chromatography. C, Analysis of PACT, M1M2 and M2M3 interaction with 3’SLDV RNA. 4
pmol of recombinant protein was incubated with 0.3 pmol of radioactively labeled 3°’SLDV RNA and UV-
crosslinked. Reactions were fractionated on a SDS-13.5% PAGE and exposed to an image plate. The free
probe is indicated by an arrow, and an unidentified band is indicated by an arrow head. D, Quantification
of recombinant protein interaction with the 3°’SLDV RNA. The graph shows the amount of probe bound to
the protein relative to the amount of free probe.

RNA-protein interaction was confirmed by UV-crosslinking of recombinant protein incubated
with **P-labeled 3’SLDV (Fig. 3 C, D). MIM2 domain shows ~1.8x higher affinity to the 3’SLDV
RNA than PACT and ~3.4x higher affinity than M2M3. M3 showed very weak RNA interaction.
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Recombinant human PACT interacts with the top stem-loop of the dengue virus 3’SL

In order to determine PACT-3’SLDV interaction specificity, we compared the PACT-3’SLDV
interaction affinity to the affinity of PACT to the RNA IRE (iron responsive element), a 46 nt RNA
used as Y3H positive control in combination with IRP1 and BS, a 92 nt synthetic RNA transcribed
from pBluescriptll KS(+) (Stratagene). The probe and competitors were annealed in order to assure that
the RNA contained secondary structure and double strands. Unlabeled competitor RNAs were added to
the UV-crosslinking reaction at increasing concentrations relative to the radioactively labeled probe.
Unlabeled 3’SLDV RNA competes more efficiently with **P-3’SLDV for PACT interaction than the
unlabeled IRE or BS RNAs at the same concentration (Fig. 4 A, compare lanes 3, 6 and 9). This result
indicates that PACT can interact with the 3’SLDV RNA with higher affinity than with the IRE or BS
RNAs under the conditions used in this assay. In addition, PACT seems to interact more efficiently
with IRE than with BS RNA (compare lanes 5-7 and 8-10). To identify the 3’SLDV region that
interacts with PACT, deletions of the RNA molecule were designed based on the 3’SL subregions
defined by Zeng et al. (1998). RNAs were synthesized that, when reannealed, can reconstitute the full
stem, the top stem-loop and the bottom stem (Fig. 4 B). These RNAs were used as competitors in RNA
interaction assays (Fig. 4 C). At the same concentration, the unlabeled top stem-loop competes more
efficiently with **P-3’SLDV for PACT interaction than the unlabeled full stem or the bottom stem
RNAs (Fig. 4 C, compare lanes 3, 6 and 9). This result indicates that PACT interacts with 3’SLDV

preferentially at the region of top stem-loop.
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Figure 4: A, Recombinant PACT interacts with 3’SLDV with higher affinity than with IRE and BS. 25
pmol of purified recombinant protein was incubated with 8 pmol of radioactively labeled 3’SLDV RNA,
exposed to UV light, treated with RNaseA and fractionated in SDS-12% PAGE (lane 1). Unlabeled
competitors RNAs were added to the reaction: 8, 16 and 40 pmol of 3’SLDV (lanes 2-4), IRE (lanes 5-7)
and BS (lanes 8-10). B, 3’SLDV regions based on Zeng et al. (1998). The regions are designated as full
stem, bottom stem and top stem-loop. C, Recombinant PACT interacts with dengue virus 3’SL top stem-
loop. Reaction was assembled as described in A. Unlabeled competitors RNAs were added to the reaction:
16, 40 and 80 pmol of full stem (lanes 2-4), top stem-loop (lanes 5-7) and bottom stem (lanes 8-10).

HEK?293 cells endogenous PACT interacts with 3’SLDV

To test whether the HEK293 cells endogenous PACT interacts with the 3’SLDV RNA, biotin
labeled 3’SLDV RNA was incubated with HEK293 S10 extracts and the RNA was purified using
Streptavidin-agarose beads (Fig. 5). As controls, the IRE and BS RNAs were also biotin-labeled and
used in the RNA affinity chromatography. Fractions of unbound protein, wash and resin-retained
protein were fractionated on SDS-PAGE, transferred to a nitrocellulose membrane and PACT was
identified by immunoblotting. HEK293 cells endogenous PACT interacted very poorly with resin
without RNA (Fig. 4 lane 3) whereas it strongly interacted with biotinilated 3’SLDV RNA (lane 6) and
also with IRE and BS RNAs (lanes 9 and 12). Interaction of PACT with IRE and BS biotinilated RNAs
was expected in this assay since 3’SLDV-PACT interaction could be disrupted by adding high
concentrations of the IRE and BS RNAs, indicating that PACT can interact with these molecules. A
competition assay in the RNA affinity chromatography was attempted using increasing concentrations

of unlabeled poly(I)-poly(C) to elute PACT, but PACT could not be eluted in this condition.
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Figure 5: HEK?293 cells endogenous PACT interacts with RNA. HEK293 S10 extract was incubated
without biotin-labeled RNA (Resin) or with the biotin-labeled 3°’SLDV, IRE or BS RNAs. The reaction
was incubated with Streptavidin agarose beads. Fractions of unbound proteins (UB), wash (W) and the
resin-retained proteins (R) were fractionated on SDS-12% PAGE and transferred to a nitrocellulose
membrane. PACT was identified by immunoblotting.

PACT-knockdown cells

In order to investigate the role of PACT during dengue virus infection, we constructed PACT-
knockdown HEK293 cells using the pMaleficent plasmid-based RNAi system (Heggestad et al. 2004).
This system can generate cell lines with continuous expression of gene silencing hairpin RNA. The
system combines the gene silencing capabilities of RNA Pol III driven short hairpin RNAs with the
advantages of transposon-based gene delivery. Transposon-mediated genomic integration ensures that
the hairpin RNA expression cassette, as well as the drug resistance gene, remains intact. Cell clones
resistant to geneticin were selected and PACT knockdown was confirmed by quantitative RT-PCR and

immunoblotting (Fig. 6).
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Figure 6. Analysis of PACT levels in HEK293 cells expressing short hairpin (sShRNA) against PACT
mRNA. A, Analysis of the PACT mRNA levels by quantitative RT-PCR. shScr indicates the control cells
expressing the scrambled sequence of the shRNA, shPACT indicates the cells containing the shRNA
against PACT. B, Analysis of PACT protein levels by immunoblotting in shScr and shPACT RNA
containing cells.
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A cell clone with approximately 80% PACT inhibition was selected for further analysis. It will
be infected with dengue virus and evaluated for virus translation and replication efficiency. PKR
activation and elF2a phosphorylation will also be determined. The dengue virus proliferation rate in
cells knockdown for PACT relative to cells with normal PACT levels should answer the question
whether PACT interaction with dengue virus 3’SL RNA is important for PKR activation and cell

protection against dengue virus infection.

Discussion

Since the 3’SL of Flavivirus is central for viral replication, the need to identify the human
proteins that are able to interact specifically with dengue virus 3’SL RNA is widely emphasized by
many studies, which may help explain the mechanisms of interaction between the viral RNA and
cellular host proteins during replication and translation of the virus RNA. The yeast three-hybrid
system developed by SenGupta etr al. (1996) and subsequently improved by Hook et al. (2005) is a
useful tool to screen for specific protein-RNA interactions. This system has the advantage that it is an
in vivo method based on a cDNA library screen, resulting in immediate gene identification and
availability. PACT was identified as a putative 3’SLDV-interacting protein using this system. The
evidence supporting the specificity of the PACT-3’SLDYV interaction is initially based on the fact that
PACT was able to interact with 3°’SLDV RNA, but not with the IRE RNA which was the control used
in the yeast three-hybrid assay, unlike other proteins that were isolated in the screen but did not
distinguish the 3’SLDV from the IRE control RNA. In addition, the direct 3’SL-PACT interaction was
confirmed in vitro using a UV-crosslinking assay performed with recombinant PACT and
radioactively-labeled 3’SL RNA. Competition experiments showed that PACT binds the 3’SL RNA
with a higher affinity than the IRE and BS RNAs and that the interaction with the 3°’SL RNA should
take place by binding to the top stem loop of the 3’SL RNA. HEK293 cells endogenous PACT could
also interact with biotinilated 3’SLDV in RNA affinity chromatography assays, indicating that this
interaction might be physiologically relevant. The 3’SLDV is the first biologically functional RNA
identified to interact with PACT, since all PACT-RNA interaction analyses described previously were
performed with synthetic double-stranded poly(I)-poly(C) RNAs (Patel and Sen 1998, Peters ef al.
2001, Huang et al. 2002). Full length PACT and its domains M1M2 and M2M3 showed interaction
with 3’SLDV RNA. MIM2 showed higher affinity to RNA than full length PACT and the M2M3

domains. These results are in agreement with the literature data describing that M1 has higher RNA
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binding affinity than M2. M3 RNA interaction was very weak, and literature data indicate that this
domain is not able to bind dsSRNA (Peters et al. 2001, Huang et al. 2002).

PACT was initially identified as a cellular protein activator of PKR (Patel and Sen 1998, Ito et
al. 1999), a serine/threonine protein kinase induced by interferon and previously known to be activated
by dsRNA (double-stranded RNA), a frequent by-product of virus replication in cells. Upon binding to
the activator, the ATP-binding site of PKR is unmasked due to a conformational change, and PKR
undergoes autophosphorylation on several sites. The best described physiological substrate of PKR
activity is the a-subunit of the eukaryotic translation initiation factor elF2 (Samuel 1993).
Phosphorylation of elF2a on serine 51 by PKR leads to general reduction of protein synthesis rates
(Hershey 1991). PKR is also involved in regulation of cellular proliferation, differentiation, apoptosis
and signal transduction (Meurs et al. 1993, Judware and Petryshyn 1991, Jagus et al. 1999, Williams
1999, Williams 1995, Kumar et al. 1997, Ruvolo et al. 2001). PACT and its mouse ortholog RAX
contain three dsRNA binding motifs, but only the two N-terminal motifs have the conserved
aminoacids required for dSRNA binding. The third motif does not bind dsSRNA and is responsible for
PKR activation (Peters et al. 2001). PKR activation by PACT can cause inhibition of cellular protein
synthesis and apoptosis (Ito et al. 1999, Patel et al. 2000, Peters et al. 2001, Huang et al. 2002, Lee et
al. 2007). PACT may have a role in host antiviral defense, since PACT activation of PKR during viral
infection is inhibited by herpes simplex virus type 1 Usl1 protein (Peters et al. 2002) and PACT and
dsRNA activation of PKR is inhibited by influenza virus NS1 protein (Li et al. 2006).

The yeast three-hybrid data together with the in vitro PACT-3’SL interaction assays indicate
that this interaction shows a higher specificity relative to the IRE RNA and to a random RNA sequence
generated from in vitro transcription of the pBluescript plasmid. The fact that both PACT and PKR
belong to the cellular antiviral response pathway suggests that the PACT-3’SLDV interaction is
plausible in a physiological cellular context. Therefore, further investigation of the PACT function is

required to determine its role in the PKR activation mechanism in the context of dengue virus infection.
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Discussdo

4- DISCUSSAO

4.1- A proteina Mov34 humana

4.1.1- Funcao

A proteina Mov34 humana nao foi capaz de interagir com a estrutura 3’ stem-loop do RNA dos
virus da dengue e da encefalite japonesa, contrariando os resultados apresentados por Ta e Vrati
(2000). A possibilidade de ndo ter sido possivel detectar a interagdo por problemas técnicos foi
excluida tomando em consideragdo os controles realizados em paralelo com a proteina IRP1 e o seu
RNA alvo IRE. Apesar de Mov34 possuir uma estrutura tipica de metaloprotease, esta ndo possui o
motivo conservado JAMM (EX,HS/THX;SXXD) de coordenagdo de zinco, ndo sendo portanto capaz
de coordenar metal (Sanches et al. 2007). Esta proteina ainda ndo teve a sua fungdo molecular
determinada. Porém, outra proteina da familia Mov34 que possui um dominio MPN livre de metal, a
proteina Prp8p de Saccharomyces cerevisiae (Pena et al. 2007), é capaz de se ligar a ubiquitina (Bellare
et al. 2006). Isto sugere que outras proteinas que possuam o dominio MPN livre de metal, como a

Mov34 humana, também possam interagir com ubiquitina. Porém, esta hipotese ainda ndo foi testada.

4.1.2- Estrutura

O capitulo II dos resultados apresenta um artigo publicado que descreve estudos estruturais da
proteina Mov34 humana. Os estudos de protedlise limitada seguidos de espectrometria de massas
permitiram a defini¢ao de um dominio estrutural com alto grau de seguranca. A subseqiiente clonagem
do dominio possibilitou que o mesmo fosse produzido em altos niveis em E. coli. Anélises do contetido
de estruturas secundarias bem como de estabilidade térmica deixaram claro que a regido
compreendendo os aminodcidos 1 a 186 forma a estrutura mais energeticamente favoravel, o que
permitiu sua subseqiiente cristalizagio. A época desta analise ainda ndo havia na literatura a descri¢io
da estrutura cristalografica de nenhuma proteina com dominio MPN livre de metal. Por isso foi gerado
um modelo por homologia visando-se obter dados sobre a relagdo estrutura-fungdo do dominio MPN da
Mov34. Apesar das limitacdes da construcdo de modelos tedricos com base em templates de baixa
similaridade como foi neste caso, onde uma proteina humana foi alinhada com outra de Archaea, o
modelo mostrou-se relativamente consistente quanto ao enovelamento geral e a predicdo dos elementos
de estrutura secundaria. A principal discrepancia entre o modelo e a estrutura cristalografica do

dominio MPN da Mov34 humana, apresentada no apéndice desta tese, envolve a possivel interagdo da
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proteina com zinco. Apesar da Mov34 humana ndo possuir o motivo JAMM conservado, no modelo
por homologia procurou-se encontrar aminodcidos substitutos na seqiiéncia que poderiam coordenar
um ion de zinco. Foi entdo proposto um dominio putativo de ligagdo a metal constituido pelos
aminoacidos Q32, H96, H102 e D105. Porém, estudos cristalograficos do dominio MPN da Mov34
humana mostram que esta proteina ndo € capaz de coordenar metal, nem mesmo quando o cristal ¢
mergulhado em uma solugdo de ZnCl, (Sanches et al. 2007). A Figura 4.1 mostra a posi¢cdo dos
aminoacidos Q32, H96, K100, H102 e D105 na estrutura cristalografica do dominio MPN. Como se
pode observar, na Mov34 humana a regido correspondente ao sitio de ligagao a zinco de proteinas que
possuem o motivo JAMM conservado possui a substituicdo de uma histidina por uma lisina, a K100.
Isto provavelmente aboliu a afinidade a metal da proteina Mov34 humana. A glutamina 32, um dos
aminoacidos do dominio putativo de ligacdo a metal apresentado no capitulo II dos resultados, ndo
aponta para o centro da regido correspondente ao sitio de ligacdo a zinco, além de estar localizada em
uma alca longe desta, comprovando que este aminoacido ndo participa da coordenagdo de metal nesta
proteina.

A estrutura cristalografica do dominio MPN também explica os dados de estabilidade térmica
apresentados no capitulo II dos resultados desta tese. Os residuos 8-11 do dominio MPN forma a fita
B1 que interage com B3 e 9, formando uma folha beta (Figura 1 A do apéndice). Logo, a dele¢do dos
residuos 1-8 provavelmente rompeu esta folha beta comprometendo o enovelamento dos dominios
MPN 9-177 e MPN 9-186. Isto explica o fato de que os dominios MPN 9-177 e MPN 9-186
apresentaram um contetdo de a-hélice maior que os dominios MPN 1-177 e MPN 1-186 nas analises
de dicroismo circular, pois o rompimento de uma folha beta aumentaria a propor¢do relativa de a-
hélice em relagdo ao resto do dominio, mudando o aspecto do grafico. Além disso, o rompimento desta
folha beta poderia comprometer a estabilidade dos dominios MPN 9-177 e MPN 9-186, o que ¢
indicado pela reducdo da sua estabilidade térmica comparada com a estabilidade dos dominios MPN 1-
177 e MPN 1-186. No caso da cristalizagdo, a constru¢do MPN 1-177 interrompe prematuramente a o-
hélice C-terminal (a4) que se forma corretamente na construg¢do MPN 1-186. A estrutura cristalografica
mostra que o dominio MPN forma dimeros, sendo a 04 essencial para a interagdo entre os monomeros
através de um mecanismo de intercambio desta hélice entre os monomeros denominado “domain swap”

(Figura 1 B do apéndice).
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Figura 4.1: Detalhe da estrutura cristalografica do dominio MPN da proteina Mov34 humana. Em verde
estdo destacados os aminoacidos presentes na posicao estrutural equivalente a da regido de coordenagio
de zinco das proteinas que possuem o motivo conservado JAMM. Em laranja est4 destacada a glutamina
32, um dos aminoacidos do dominio putativo de ligacdo a metal proposto no modelo por homologia no
capitulo II dos resultados.

4.2- A proteina PACT

O capitulo II dos resultados apresenta um manuscrito em preparagdo que descreve a
identificagdo de PACT como uma nova proteina humana capaz de interagir com a estrutura 3’SL do
RNA do virus da dengue. Neste manuscrito foi mostrado que PACT interagiu com maior afinidade com
o RNA 3’SLDV do que com os RNAs controle IRE e BS. Além disso, a regido stem-loop superior foi
mapeada como sendo o principal sitio de ligacdo de PACT ao 3’SLDV. Este trabalho ¢ o primeiro a
identificar um RNA biologicamente relevante que interage com PACT, uma vez que todos os dados da
literatura de interacdo de PACT com RNA foram feitos com o RNA dupla-fita sintético poli(I)-poli(C)
(Patel e Sen 1998, Peters et al. 2001, Huang et al. 2002).

O método escolhido para a identificacdo de novas proteinas capazes de interagir com o 3’SL do
virus da dengue foi o sistema de triplo-hibrido de leveduras. No sistema desenvolvido por SenGupta et
al. (1996) a linhagem de levedura L40-coat ¢ derivada da linhagem L40 (Hollenberg et al. 1995), usada
para integrar no genoma, junto com o gene marcador TRP1, o gene da proteina de fusdo constituida da
proteina lexA (ligadora de DNA) e da proteina do capsideo do bacteriofago MS2 (MS2 Coat protein)
que se liga a uma estrutura especifica do RNA do MS2. No sistema de triplo-hibrido, a proteina de
fusdo lexA/MS2 se liga ao RNA hibrido de MS2 fusionado ao RNA de interesse (Figura 4.2, RNA X).

O RNA de interesse se ligaria de modo especifico as proteinas da biblioteca de cDNA fusionados ao
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dominio de ativagao de GALA4, ativando a transcri¢do dos genes reporteres HIS3 e lacZ (Figura 4.2, A).
De 8,5 x 10* colénias testadas utilizando a cepa de levedura L40-coat transformada com a biblioteca de
cDNA de cérebro fetal de mamiferos, 303 cresceram na presenga de 3 mM de 3-AT, 152 cresceram
apos repique em meio de cultura novo e 89 apresentaram coloragdo azul no teste da B-galactosidase. O
plasmideo foi isolado destas colonias e a presenca de inserto foi confirmada pela digestdo com as
enzimas de restricdo EcoRI e Xhol. Somente 27 plasmideos possuiam insertos e a identidade destes foi
obtida por seqlienciamento de DNA. Dentre os 16 plasmideos seqiienciados, foram identificadas
algumas proteinas que sabidamente interagem com RNA, como proteinas ribossomais, proteina de
exportagdo de RNA, ribonucleoproteina, entre outras. Porém, apds a re-transformagdo destas com os
vetores do triplo-hibrido que expressam a molécula hibrida de RNA, nenhuma apresentou interacao
especifica com o RNA do virus da dengue, ja que as leveduras cresceram na presencga do vetor vazio ou
de um RNA ndo relacionado. Desta forma, este ensaio se mostrou extremamente laborioso e pouco
eficaz. A proteina do capsideo de MS2 utilizada no sistema deve se dimerizar para poder interagir com
o RNA MS2 (Bardwell e Wickens 1990) (Figura 4.2, B). Deste modo, mondmeros da proteina do
capsideo de MS2 ligados ao promotor teriam uma grande superficie exposta que poderia se ligar a
outras proteinas com grande afinidade, ativando a transcricdo dos genes reporteres sem a ligagdo ao
RNA. Mais ainda, mondmeros estariam inativos no ensaio, ocupando promotores de IlexA
improdutivamente. Isso pode levar a um grande numero de falso positivos (independentes do RNA),
que pode chegar a mais de 95% do niimero de colonias obtidas no sistema de triplo-hibrido, e com isso
tornar a triagem mais trabalhosa e problematica (Hook et al. 2005), como confirmado pelos nossos
resultados. Para contornar este problema, Hook et al. (2005) criaram uma nova cepa de levedura que
facilita a detec¢do das proteinas presentes nas bibliotecas de cDNA que se ligam especificamente ao
RNA de interesse. Esta nova cepa, denominada YBZI, codifica um dimero antiparalelo in tandem da
proteina do capsideo de MS2 fusionado a um mondmero de lexA conforme demonstrado na Figura 4.2
C. Além disso, cada subunidade do dimero possui uma mutagdo pontual (N55K) que aumenta a
afinidade da interagao proteina-RNA (Lim et al. 1994). Hook et al. (2005) demonstram que YBZ1 foi
capaz de isolar um alto numero de interacdes genuinas, dependentes de seqiiéncia, enquanto L40-coat
ndo foi capaz. Isso simplifica a triagem ao reduzir drasticamente o nimero de positivos independentes
de RNA obtidos na transformacao inicial, enquanto aumenta a fragdo de positivos que sdo seqiliéncia-
especificos em varios passos da triagem.

De 59 x 10° coldnias testadas utilizando a cepa de levedura YBZ1 transformada com a

biblioteca de ¢cDNA de medula 6ssea humana, 35 cresceram na presenga de 3 mM 3-AT e 34
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apresentaram coloracdo azul no teste da B-galactosidase. O plasmideo foi isolado destas coldnias e a
presenga de inserto foi confirmada pela digestio com as enzimas de restricdo EcoRI e Xhol. 24
possuiam inserto e a identidade destes foi obtida por seqlienciamento de DNA. Novamente, proteinas
ribossomais, uma subunidade do fator de iniciagdo da traducdo eIF2B e proteinas que possuem zinc
finger, dentre outras, foram isoladas no ensaio. A Tabela 4.1 apresenta um resumo das proteinas
isoladas nos dois ensaios de triplo-hibrido realizados utilizando o 3’SL do RNA do virus da dengue
como isca. Representantes dos grupos de proteinas foram re-transformados em YBZI1 para verificar se
a proteina isolada era capaz de ativar a transcrigdo do gene repodrter na auséncia do RNA hibrido
especifico. Somente o clone 6.7, identificado como sendo a proteina PACT, foi capaz de crescer
exclusivamente na presenca do RNA 3’SLDV. Logo, concluiu-se que este clone interage
especificamente com o 3’SL RNA do virus da dengue (3’SLDV) utilizando este tipo de ensaio. Apesar
de trabalhoso, o ensaio de triplo-hibrido utilizando a cepa de levedura YBZ1 se mostrou eficaz em
identificar novas intera¢des proteina-RNA. Porém, nenhuma proteina com intera¢do ja conhecida com
3’SLDV, como autoantigeno La, eIF1A, YB-1, hnRNPQ, dentre outras, foi isolada em nossos ensaios
de triplo-hibrido de levedura. Isto provavelmente se deve ao fato de o numero de transformantes
testados ter sido estatisticamente baixo. Todavia, a especificidade da interagdo PACT-3’SLDV justifica

a continuidade da sua caracteriza¢do funcional.

78



Discussdo

A
B C
L40coat YBZ1
.}nsz —)
y ,,\RNAx 5/ RNA X :
. /
wsz\ [ ,}
MS2 Mszmsz*/
LexA { {__ P~
[ LexA\ [ Lexa |

A4

Cexiop | lacz |

Figura 4.2: A, Esquema do sistema de triplo-hibrido em levedura. lexAop: operador lexA. Proteinas
hibridas: lexA (dominio de ligagdo a lexA) fusionado com proteina ligante a MS2 ¢ GAL4 AD (dominio
de ativacdo da transcri¢do de GAL4) fusionado com proteinas de uma biblioteca de cDNA (proteina Y).
RNA hibrido: MS2 fusionado com RNA de interesse (RNA X). Quando essas moléculas interagem
conforme ilustrado, ocorre a ativagdo da transcrigdo dos genes reporteres, como o lacZ. Deste modo pode-
se observar a interagdo entre as proteinas de fusdo ¢ o RNA isca de modo indireto. B, Esquema da
interagdo entre as moléculas hibridas na cepa de levedura L40-coat. Destaque para o dimero de MS2 Coat
que deve ser formado para a interacdo com o RNA MS2. C, Esquema da interagdo entre as moléculas
hibridas na cepa de levedura YBZI1. O dimero in tandem da proteina do ccapsideo de MS2 possui a
mutagdo N55K, caracterizada por MS2*. Figura adaptada de Hook et al. (2005).
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Tabela 4.1: Proteinas isoladas por triplo-hibrido utilizando 3’SL como isca.

Cepa de levedura: L40-coat, Biblioteca: cérebro fetal humano

Frame E-value

Phosphorylated adaptator for RNA export +1 le-71
Homo sapiens zinc finger protein 771 (Blast N) - 8e-151
Mitochondrial ribossomal protein L15 +1 4e-65
Ribossomal protein S15 +2 9¢-42
Similar to insulinoma protein (rig) +2 4e-19
Fator de transcricao AP1 +1 3e-40
PNASIS | a4 e
Similar to RP9 (retinitis pigmentosa 9 protein)

Heat shock 105kDa/110kDa protein 1, isoform CRA b +1 3e-43
Chaperonin containing TCP1, subunit 5 (predicted) +1 2e-40
Small nuclear ribonucleoprotein D1 +1 le-41
Mitochondrial tumor suppressor 1 (MTUSI) (Blast N) - 0.0
Similar to ribossomal protein S7 +1 5e-65
high-mobility group protein 2-like 1, isoform CRA bec +1 2e-65
Similar to 40S ribossomal protein S3a (v-fos transformation effector protein) +1 6e-62
Ribosomal protein LS5, isoform CRA b +1 4e-31
Tissue factor pathway inhibitor precursor (TFPI) (Lipoprotein-associated — +1 4e-59
coagulation inhibitor) (LACI) (Extrinsic pathway inhibitor) (EPI)

Similar to ribosomal protein S3a [Bos taurus] +1 5e-76
Topoisomerase I binding, arginine/serine-rich +1 9e-20
p53 binding protein

poli A (10 clones isolados)
Seqiienciamento ndo funcionou (3 clones isolados)

Cepa de levedura: YBZ1, Biblioteca: medula dssea humana

Retinoic acid receptor alpha, RAR alpha (PLZF=zinc finger protein, PLZF-RAR
alpha isoform A=fusion protein) +1 2e-41
Zinc finger and BTB domain containing 16 variant (3 clones isolados)

Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta

polypeptide variant (14-3-3) (5 clones isolados) *l Pe-23
Transmembrane protein 49 (TMEM49), mRNA (Blast N) 0.0
Methyl-CpG binding domain protein 1 [Pan troglodytes] +1 le-06
Tetratricopeptide repeat domain 16, isoform CRA b +1 3e-58
Ribosomal protein S24, isoform CRA e +1 4e-24
Myeloid cell nuclear differentiation antigen +1 2e-70
Eukaryotic translation initiation factor 2B, subunit 1 alpha, 26kDa, isoform

+1 3e-28
CRA b
Similar to HSPC323 (2 clones isolados) +1 3e-17
60S ribosomal protein L22 (Epstein-Barr virus small RNA-associated protein) 11 2e-d)
(EBER-associated protein) (EAP) (Heparin-binding protein HBp15)
Ribosomal protein S14 +1 2e-61
Azurocidin precursor (Cationic antimicrobial protein CAP37) (Heparin-binding 3 3e-16
protein)
Protein kinase, interferon-inducible double stranded RNA dependent activator +1 2e-46

Seqiienciamento ndo funcionou (4 clones isolados)
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PACT e sua ortdéloga em camundongo RAX foram identificadas independentemente como
proteinas celulares ativadoras de PKR (Patel e Sen 1998, Ito et al. 1999). Estas proteinas sdao quase
idénticas em seqiliéncia. PACT, RAX e PKR sdo capazes de se ligar a dsSRNA através dos motivos de
ligacdo a dsRNA (dsRBM). dsRBM, um motivo conservado em diversas proteinas que ligam dsRNA,
assume a estrutura a-f-B-p-o e se liga a forma A de dsSRNA de uma maneira independente de seqiiéncia
(Tian et al. 2004). O mesmo motivo também medeia a interacdo direta entre proteinas, podendo gerar

homo e heterodimeros entre proteinas membros desta familia.

4.2.1- Ativacao de PKR por PACT

PACT possui trés motivos dsRBMs, denominados M1, M2 ¢ M3. O dominio M3 ¢ o menos
conservado e ndo possui residuos de lisina conservados que podem ser importantes para a interagdo
com dsRNA. Os dominios M1 e M2 de PACT sdo responsaveis pela sua interacdo com os motivos
dsRBM de PKR e o dominio M3 ¢ o responsavel pela ativagdo de PKR independente de dsSRNA (Peters
et al. 2001, Huang et al. 2002). O dominio M3 de PACT interage com PKR entre os aminoacidos 326-
337, definido como o dominio de ligagdo a PACT (PBM), que se encontra dentro da regido da enzima
que possui atividade de quinase (Li et al. 2006a). PKR possui dois motivos dsSRBMs compreendidos
entre os aminoacidos 1-170, o dsSRBM1 e o dsRBM2. Foi demonstrado que PBM se liga ao dsSRBM2
(Li et al. 2006a), o que mantém PKR em uma conformacao latente inativa. A ligacdo de dsRNA ao
dsRBM2 ou a ligacdo do M3 de PACT ao PBM rompe esta interagdo intramolecular e induz mudangas
conformacionais similares que levam a ativacdo da enzima. Os residuos do PBM sdo conservados em
PKRs de outros mamiferos, mas ndo em outras quinases de elF2a (Cai ¢ Williams 1998), indicando
que a interacao de M3 de PACT ¢ PKR especifica.

Dados da literatura mostram que PACT endogena ativa PKR apds tratamento da célula com
tapsigardina, peréxido de hidrogénio, arsenito e privacdo de IL3 em célula dependente desta citocina
(Ito et al. 1999, Lee et al. 2007). O tratamento de células que superexpressam PACT com actinomicina
D e a retirada do soro do meio de cultura das células, além dos estresses ja citados anteriormente,
também ativam PKR endogena (Patel et al. 2000, Peters et al. 2001, Huang et al. 2002, Bennett et al.
2004). Além da ativacdo de PKR, foi descrito que PACT ¢ fosforilada em conseqiiéncia destes
tratamentos (Ito et al. 1999, Patel ef al. 2000). Os esfor¢os da caracterizagdo do sitio de fosforilagao de
PACT geraram dados contraditorios. Bennett et al. (2004) identificaram a serina 18 como sendo o sitio
de fosforilagao de RAX. Estes autores utilizaram programas de predi¢do de fosforilagdo de proteinas e

fizeram substitui¢des destes sitios putativos por alanina. Utilizando cultura de células que expressavam
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estes mutantes de RAX, S18A foi o Uinico que nao apresentou fosforilagdo apos a retirada do soro do
meio de cultura. Clones celulares expressando o mutante SI8A foram mais resistentes a apoptose
induzida por privagdo de IL3 e a ativagdo de PKR, e conseqiliente fosforilacdo de elF2o, foram
reduzidas em relagdo as células controle. Além disso, os dados indicam que o estado de fosforilagao de
RAX ndo altera a afinidade de interacao desta com dsRNA ou PKR. Desta forma, os autores propdoem
que o mutante S18A atua como um dominante negativo ao interagir com PKR mas ndo a ativar em
condi¢des de estresse. Os resultados de Peters er al. (2006) sdo contraditorios aos apresentados por
Bennett et al. (2004). Para identificar residuos essenciais de M3 de PACT, foram feitas delecdes e
substituigoes de aminoacidos deste dominio. Desta forma foram obtidos os mutantes S246A ¢ S287A
de PACT que ndo sdo mais capazes de ativar a apoptose apds o tratamento com actinomicina D de
células que expressavam estes mutantes. Os autores mostram que os mutantes S246A e S287A nao sdo
mais capazes de ativar PKR e nem s3o fosforilados em condi¢des de estresse celular. A substitui¢ao
destas serinas por aspartato, um aminoacido mimético de fosfoserina, fez com que a proteina
recuperasse a capacidade de mediar a apoptose induzida por actinomicina D. A substitui¢dao das serinas
246 e 287 por treonina, outro aminoacido capaz de ser fosforilado por serina/treonina quinase, manteve
a fosforilagdo de PACT e inducdo de apoptose celular apods tratamento com actinomicina D. Além
disso, os autores mostram que a fosforilagdo da S246 de PACT ¢ constitutiva enquanto que a
fosforilagdo de S287 ¢ induzida por estresse. Em células que expressam os mutantes de PACT com
ganho de fungdo S246D/S287D, a ativacdo de PKR, fosforilacdo de elF2a e indugdo de apoptose
celular ocorrem mesmo sem a indugdo de estresse. Utilizando esta abordagem, os autores mostram que
a substituicdo da S18 descrita por Bennett et al. (2004) por aspartato (S18D) nao induz a apoptose
celular sem a aplicacdo de estresse. Além disso, o mutante S18A induziu apoptose apds tratamento com
actinomicina D, indicando que a fosforilacdo desta serina ndo seria necessdria para a indugdo de
apoptose nas condic¢des utilizadas. Os autores ainda mostram que a fosforilagdo de PACT aumenta a
afinidade de intera¢do desta com PKR. Estes dados corroboram os apresentados por Patel et al. (2000)
e poderiam explicar a inducao da ativacdo de PKR apos a fosforilacdo de PACT. Bennett et al. (2004) e
Peters et al. (2006) utilizaram linhagens e indutores de estresse celular diferentes. Logo, € possivel que
diferentes tipos de estresses celulares possam ativar PACT através da fosforilagdo de residuos
diferentes. Mais ainda, uma possivel quinase que fosforila PACT ainda ndo foi identificada.

Para estudar a atividade de RAX durante a resposta celular a varios estresses citotoxicos, Bennett et al.
(2006) geraram linhagens celulares com niveis de RAX reduzidos por RNAi, com expressdo de RAX

exdgena e com expressdo do mutante RAX(S18A). Os resultados destes autores mostram que RAX ¢
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necessaria para a ativagao efetiva de PKR e ativacdo da apoptose durante diferentes estresses
citotoxicos. Células com niveis reduzidos de RAX previnem a ativacdo de PKR e a fosforilagao de
elF2a, a degradacdo de IkB, a expressao de IRF-1 e a fosforilagdo de STAT1 induzidos pelo tratamento
com IFN-y/TNF-a, resultando em aumento da sobrevivéncia celular. Em contraste, a expressao de
RAX exogeno, mas nao de RAX(S18A), sensibiliza a célula ao tratamento com IFN-y/TNF-a,
mitomicina C ou privacdo de soro em associagdo com aumento da atividade de PKR e apoptose. Além
disso, a expressdo reduzida de RAX promove formacdo de coldnias celulares independentes de
ancoragem. Conjuntamente, estes resultados indicam que RAX pode funcionar como um regulador
negativo do crescimento que € requerido para a ativacdo de PKR em resposta a diferentes tipos de
estresses indutores de apoptose.

Lee et al. (2007) determinaram que PKR est4 envolvida na apoptose mediada por UPR através da via
elF2a/ATF4/CHOP independentemente da sinalizagdio por PERK. O estresse do reticulo
endoplasmatico induzido pelo tratamento com tapsigardina, uma droga que causa liberagio de Ca*"
pelo reticulo endoplasmatico, ndo induz a expressao de PKR, mas ativa PKR pré-existente via a
indugdo da expressdao de PACT. Mais ainda, os autores mostram que PKR estd envolvida na apoptose
celular induzida por tapsigardina, enquanto que PERK parece estar envolvida na sobrevivéncia celular
sob condigdes de estresse de reticulo endoplasmatico. A UPR protege as células de diversos estresses
de reticulo, como sobrecarga protéica, proteinas mal enoveladas, extravasamento de Ca’", entre outros.
Porém, no caso da manutencdo das condigdes de estresse do reticulo endoplasmatico, os sinais de
estresse ativam a via de apoptose celular (Lai ef al. 2007). Conforme citado na introducado, a infec¢do
pelo virus da dengue induz e regula a via da UPR, indicando que o virus pode se beneficiar com esta
resposta celular pelo alivio da citotoxidade induzida pela infec¢ao. J& os resultados apresentados nesta
tese mostram que PACT ¢ capaz de interagir com a estrutura 3’SL do RNA do virus da dengue. Logo,

seria interessante estudar a agdo de PACT e PKR na ativacdo de UPR na infec¢do por Flavivirus.

4.2.2- Outras atividades de PACT

Para determinagdo da fungdo fisiolégica de PACT, um camundongo onde o gene de RAX foi
interrompido foi desenvolvido e a expressao da proteina foi completamente inibida. Os fendtipos mais
notaveis no camundongo RAX”" foram o reduzido tamanho corporal e microtia severa (Rowe ef al.
2006). Camundongos PKR” (Yang et al. 1995) nao apresentam os defeitos de desenvolvimento
descritos para o knock-out de RAX, o que nos leva a assumir que PACT/RAX pode ter fun¢des que ndo

sao mediadas por PKR.
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TRBP, outro membro da familia de proteinas que possuem dsRBM, foi originalmente identificada
como a proteina ligadora do RNA TAR do virus da imunodeficiéncia humana tipo 1 (TAR binding
protein) (Gatignol et al. 1991). TRBP, assim como PACT, possui trés motivos dsSRBM. Estas proteinas
apresentam alto grau de homologia e ambas interagem com PKR. Porém TRBP, ao contrario de PACT,
age como um inibidor de PKR (Daher et al. 2001). A proteina Dicer humana, a RNase tipo III
responsdvel pela geracdo de micro-RNA (miRNA) e pequeno RNA de interferéncia (siRNA) no
mecanismo de silenciamento génico conhecido como interferéncia de RNA (Bernstein et al. 2001), se
associa com PACT e TRBP (Lee et al. 2006). Kok et al. (2007) mostraram que PACT e TRBP
interagem diretamente entre si € se associam com a Dicer para facilitar a produgdo de siRNA (Kok et
al. 2007). Apesar de PACT e TRBP serem capazes de interagir diretamente, ainda nao se sabe se estas
podem interagir como um heterodimero com PKR in vivo e como este complexo poderia influenciar na

atividade de PKR.

4.2.3- Acao antiviral de PACT

A acdo antiviral de PACT ¢ evidenciada pela inibi¢do da ativagdo de PKR por PACT por proteinas dos
virus influenza A e herpes simplex tipo 1. A regido C-terminal da proteina Usll (Usl11C) do virus
herpes simplex tipo 1 inibe a ativagdo de PKR tanto por dSRNA quanto por PACT (Peters et al. 2002).
Us11C se liga ao dominio de dimerizagdo de PKR constituido pelos aminoacidos 1-170. Este dominio
de PKR ¢ também o responséavel pela sua interacdo com dsRNA e PACT. Porém, a interacdo de Us11C
com PKR, e conseqiiente inibi¢do da enzima, ndo inibe a interagdo de PKR com PACT. Us11C ¢ capaz
de interagir com PACT através dos seus dois dominios N-terminais de interagdo com dsRNA M1 e M2.
A ativacdo de PKR por PACTAI, um mutante de PACT sem o dominio M1 que ndo ¢ capaz de
interagir com Us11C, ainda ¢ inibida por Us11C. Isto indica que a inibicado de PKR por esta proteina
viral ¢ independente da sua interagdo com PACT.

A proteina NS1 do virus influenza A se liga a regido compreendida entre os aminoacidos 170-230 de
PKR, uma regido de articulagdo entre o dominio de dimerizagdo e de quinase. Esta intera¢do inibe a
ativagdo de PKR tanto por PACT quanto por dsRNA (Li et al. 2006b). Apesar de NS1 ser capaz de se
ligar a dsRNA, a inibi¢do de PKR por esta proteina ¢ independente de dsRNA, uma vez que um
mutante de NS1 que ndo € capaz de interagir com dsRNA ainda inibe a ativagdo de PKR. A inibi¢ao da
ativacao da enzima por PACT ndo ¢ mediada pela dissociacdao desta interagdo por NS1, ja que as trés
proteinas podem ser co-imunoprecipitadas. A inibi¢do da ativagdo de PKR pelas duas proteinas virais

parece se dar pela intensificagcdo das intera¢des intramoleculares entre os dominios de dimerizagao e de
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quinase de PKR, o que congelaria a enzima em um estado inativo.

Cultura de fibroblastos de embrido de camundongo (MEF) RAX™ foi utilizada para estudar a agio de
RAX na fosforilagdo de elF2a induzida pela infecgdo com o virus da estomatite vesicular (VSV)
(Rowe et al. 2006). elF2a foi fosforilada na auséncia de RAX, o que indica que o ativador de PKR na
infeccao por VSV ¢ o dsRNA e nao PACT/RAX. Porém, os dados de Bennett ez al. (2006) contradizem
estes resultados. Estes autores utilizaram clones estaveis de MEF expressando RNAi contra RAX para
reduzir os niveis de expressdo desta proteina. A fosforilagdo de elF2a induzida pela infec¢do por VSV
foi menor em clones celulares que apresentavam cerca de 80% de inibicao da expressdo de RAX em
relacdo aos clones com niveis normais de RAX. As unicas diferengas entre os dois artigos sdo a técnica
utilizada para reduzir os niveis de expressao de RAX e a multiplicidade de infeccao utilizada. Porém,
estas diferencas ndo sdo suficientes para explicar a contradicdo dos resultados apresentados. Logo,

ainda ndo existe um consenso sobre a atividade antiviral de PACT.

4.2.4- A importancia de PKR na infeccao por Flavivirus

Diamond e Harris (2001) mostraram que cultura de célula de fibroblasto deficiente em PKR e
RNase L apresenta inibi¢do da infeccdo por DEN quando as células sdo pré-tratadas com IFN,
indicando que estas enzimas ndo tem papel no controle da infec¢do por este virus nestas condigdes.
Somente em 2006 foi publicado um novo estudo mostrando a importancia de PKR na infec¢do por
Flavivirus (Samuel et al. 2006). Os autores mostram que camundongos PKR™ e RNase L™ sdo mais
susceptiveis a infeccdo por WNV que os camundongos selvagens. Além disso, PKR e RNase L
contribuem para a protecdo mediada por IFN em cultura de células primarias de forma restrita a certos
tipos celulares como macrofagos e neurdnios corticais. Este fato poderia explicar os dados apresentados
por Diamond e Harris (2001) utilizando cultura permanente de fibroblastos. As células em cultura
foram pré-tratadas com IFN em todos os resultados in vitro apresentados. Porém, apesar de DEN ser
sensivel ao pré-tratamento com IFN, o tratamento pos-infec¢do ndo ¢ capaz de inibir a infecgao viral
(Diamond et al. 2000). Logo, os dados apresentados nos levam a crer que PKR pode ter uma acao no

controle da infecgdo por Flavivirus dependente de tipo celular e do tratamento por IFN.
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4.2.5- Relevancia da interacao da PACT com a estrutura 3’SLDV

Os dados da literatura mostram que diversas vias importantes para a infec¢do celular por
Flavivirus descritas nos topicos acima, como a via da UPR, das STATSs, IFNs, IRFs, TNF-a, NF-kB,
entre outras, foram relacionadas de alguma maneira com a agdo da PACT. Isso indica que a interagdo
descrita nesta tese entre PACT e a estrutura 3’SL do RNA do virus da dengue pode ser importante na
infeccdo por Flavivirus. Isto nos encoraja a caracterizar mais profundamente as conseqiiéncias desta
interagdo durante a infec¢do celular pelo virus da dengue. Para tanto, foi gerado um clone celular com
niveis de expressdao de PACT reduzidos que serd utilizado para estudar a importancia desta proteina na
infec¢do pelo virus da dengue.

Foi demonstrado que PACT interage com hnRNP Q (Ewing et al. 2007) e dados nao publicados
de Quaresma et al. indicam que esta proteina estd presente nos granulos de estresse, co-localizando
com TTIA/TIAR. Curiosamente, a estrutura 3’SL(-), 3’SL da fita de RNA de polaridade negativa, ¢ a
proteina nao estrutural NS3 de WNV e de DEN interagem com TIA/TTAR (Emara e Brinton 2007), o
que poderia facilitar a sintese do genoma viral e inibir a formacao de granulos de estresse, prevenindo a
inibi¢do da traducdo no hospedeiro. hnRNP Q, TIA e TIAR possuem 3 motivos de ligagio a RNA
simples-fita (RRM) cada, enquanto que PACT possui 3 motivos de ligagdo a RNA dupla-fita (dlsSRBM).
Seria interessante estudar a interagdo destas proteinas entre si e com o RNA do virus da dengue e qual a

importancia desta interacao durante a infecg¢ao viral.
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5- CONCLUSOES
O presente trabalho teve o objetivo principal de identificar e caracterizar funcional e
estruturalmente novas proteinas humanas capazes de interagir com a regiao 3’ ndo traduzida do RNA

do virus da dengue. Os resultados obtidos geraram as seguintes conclusdes:

= A proteina Mov34 humana nao foi capaz de interagir com a estrutura 3’SL do RNA do virus

da dengue ou da encefalite japonesa nas condigdes testadas.

= A proteina Mov34 humana possui um dominio compacto resistente a proteodlise parcial que

corresponde ao dominio estrutural MPN.

= A proteina PACT humana, tanto recombinante quanto endogena, ¢ capaz de interagir com a

estrutura 3°’SL do RNA do virus da dengue.
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The Crystal Structure of the Human Mov34 MPN Domain
Reveals a Metal-free Dimer

Mario Sanches*, Beatriz S. C. Alves, Nilson I. T. Zanchin
and Beatriz G. Guimaraes*
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Biology, Brazilian Synchrotron
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Campinas, SP, Brazil

The 265 proteasome is a large protein complex involved in protein
degradation. We have shown previously that the PSMD7/Mov34 subunit
of the human proteasome contains a proteolytically resistant MPN
domain. MPN domain family members comprise subunits of the
proteasome, COP9-signalosome and translation initiation factor 3 com-
plexes. Here, the crystal structure of two C-terminally truncated proteins,
MPN 1-186 and MPN 1-177, were solved to 1.96 and 3.0 A resolution,
respectively. MPN 1-186 is formed by nine R-strands surrounded by three
a-helices plus a fourth a-helix at the C terminus. This final o-helix
emerges from the domain core and folds along with a symmetrically
related subunit, typical of a domain swap. The crystallographic dimer is
consistent with size-exclusion chromatography and DLS analysis showing
that MPN 1-186 is a dimer in solution. MPN 1-186 shows an overall
architecture highly similar to the previously reported crystal structure of
the Archaeal MPN domain AfJAMM of Archaeoglobus fulgidus. However,
previous structural and biophysical analyses have shown that neither
MPN 1-186 nor full-length human Mov34 bind metal, in opposition to the
zinc-binding AfJAMM structures. The zinc ligand residues observed in
AfJAMM are conserved in the yeast Rpnll proteasome and Csn5 COP-
signalosome subunits, which is consistent with the isopeptidase activity
described for these proteins. The results presented here show that,
although the MPN domain of Mov34 shows a typical metalloprotease
fold, it is unable to coordinate a metal ion. This finding and amino acid
sequence comparisons can explain why the MPN-containing proteins
Mov34/PSMD?7, RPNS, Csn6, Prp8p and the translation initiation factor 3
subunits f and /1 do not show catalytic isopeptidase activity, allowing us
to propose the hypothesis that in these proteins the MPN domain has a
primarily structural function.

© 2007 Elsevier Ltd. All rights reserved.
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nents of the 19S regulator subunit with unknown
function. Mov34 contains a characteristic KEKE
motif present at the C terminus. The human
Mov34 ortholog (hsMov34, ~37 kDa) contains a

Introduction

In eukaryotic cells, the intracellular proteins that
are targeted for degradation are ubiquitinated prior

to digestion by the 26S proteasome complex. This
complex is formed by an ATP-dependent association
of the 20S proteasome (multicatalytic proteinase
core) with two 19S cap complexes.!? The PSMD7
(proteasome 265 non-ATPase subunit 7), also known
as Mov34, is one of the ATP-independent compo-

E-mail addresses of the corresponding authors:
msanches@Inls.br; beatriz@Inls.br

domain with the structural motif MPN (Mprlp,
Padlp N-terminal) on its N-terminal region, which
is usually found in subunits of multiprotein com-
plexes® such as the 26S proteasome, the COP-
signalosome, the subunits f and / (also known as
subunits p47 and p40, respectively) of the eukaryotic
translation initiation factor 3 (eIF32 and in regulators
of transcription and translation.”® The MPN do-
main sequence is highly conserved among the four
human isoforms of Mov34 and also among other

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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eukaryotic orthologs. A protein—protein interaction
function has been proposed for the MPN domain.>”
Additionally, studies with yeast Rpnll and Csn5
have described ubiquitin-conjugated protein degra-
dation and catalytic isopeptidase activities, respec-
tively, for the Jabl/MPN domain metalloenzyme
(JAMM) motif of anll8 and Csn5.? Consistent with
these reports, the crystal structure of the Archaeoglobus
fulgidus AfJAMM confirmed that it displays a
metalloprotease fold and that the metalloisopeptidase
(JAMM) motif, characterized by the sequence
EX,HS/THX;SXXD, coordinates a zinc ion in the
catalytic site.'%"!" However, the hsMov34 lacks the
canonical JAMM motif and is most certainly not
directly involved in protein degradation. It has been
recently shown that pre-mRNA splicing factor Prp8p
binds ubiquitin with an affinity comparable to some
known and functionally validated ubiquitin binding
domains (UBDs).'? Since Prp8p exhibits non-conser-
vative deviations from the JAMM motif sequence, it
has been proposed that other proteins alike may also
possess ubiquitin-binding functions (for a review on
UBDs see Hurley et al.'’). Therefore, obtaining
atomic-level structural information on MPN domain
proteins is important to understand the common
features of the proteasome lid complex, CSN and eIF3
which play key functions in protein degradation,
signal transduction, and protein synthesis, respec-
tively. In a previous work, we reported that Mov34
contains an N-terminal proteolytically resistant
domain that includes the MPN domain region.'*
Recombinant domains lacking residues 1 to 8 showed
an unexpected instability while domains comprising
residues 1-177 (MPN 1-177) and 1-186 (MPN 1-186)
showed a relatively higher thermal stability. Here, we
have used these C-terminally truncated MPN
domains of Mov34 to perform crystallographic

(b)

studies in order to obtain high resolution structural
data on a eukaryotic MPN domain.

Results and Discussion

Overall structure description

Identification and characterization of a proteoly-
tically resistant domain of human Mov34 was
previously reported by our group.'* This domain
comprises the N-terminal region of Mov34, includ-
ing the conserved MPN domain region, whereas the
C-terminal portion is highly sensitive to protease
digestion."* During the characterization of this
domain, four truncated proteins were obtained
(MPN 1-177, MPN 1-186, MPN 9-177 and MPN
9-186) and those constructs containing the native N
terminus showed higher stability.

Crystallographic structures of the constructions
MPN 1-186 and MPN 1-177 were solved and refined
at 1.95 A and 3.00 A, respectively, both in space
group C2 with two molecules per asymmetric unit.
On both structures the residues 145-150 in the tip of a
loop are disordered and could not be modeled. Since
the construction MPN 1-186 was solved at higher
resolution the overall structure description and the
general discussion throughout here will refer to
subunit A of this domain, unless stated otherwise.

The subunit’s core is tightly folded and contains
the mixed p-sheet MPN motif with nine 3-strands
(p1-p9, Figure 1(a)) surrounded by three o-helices
(al-a3). A fourth helix (a4) in the C-terminal region
(residues 166-178) emerges from the protein core
and folds along with a symmetrically related sub-
unit, characterizing a domain swap, as shown by
Figure 1(b). This structural assembly strongly

Figure 1. Crystal structure of the MPN 1-186 domain of hsMov34. (a) Overall cartoon representation of the globular
subunit. The secondary structural elements are labeled. (b) Cartoon representation showing the two possible dimeric
assemblies of the MPN 1-186 subunits. The subunits in blue and yellow represent the two chains in the asymmetric unit,
related by a non-crystallographic 2-fold axis perpendicular to the paper plane. The subunits in blue and pink represent a
crystallographic dimer and the 2-fold crystallographic axis along b-axis is represented as a black line. The crystallographic
dimer (subunits blue and pink) is proposed to represent the dimer found in solution, based on energy calculations. The
domain swap of the a-helix-4 is another indication of the stable dimeric nature of this assembly.
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suggests that the protein exists as a dimer in solution.
Analytical gel filtration analysis showed one peak,
yielding an average molecular mass of 34,307 Da
(Figure 2), which represents a deviation of 19% to the
dimer (42,378 Da) and 62% to the monomer
(21,189 Da). DLS measurement also supported a
dimer in solution, with a calculated molecular mass
of 38,400 Da.

When analyzing all possible contacts between
subunits in the crystal, two different kinds of
dimerization interfaces are observed: the A:B inter-
face within the same asymmetric unit and the A:A
(or B:B) interface between symmetrically related
subunits (Figure 1(b)). Accordmg to the PISA
Server'® the solvation free energies for the interface
formation (A'G) are —7.0 kcal/mol for the A:B type
interface (best result) and —34.9 kcal/mol for the
A:A type interface, which poses the former as a
crystallographlc artifact, with an interface area of
775.1 A%, and the latter as a biologically relevant
d1mer1z§1t1on interface with a buried area of
2281.2 A%. The subunits on the A:A dimer are
related by a 2-fold symmetry axis and the interface is
formed mainly by interactions of the helical ele-
ments al, 2 and 4 on both subunits. The two
subunits in the asymmetric unit (A:B dimer) are
related by a 2-fold non-crystallographic axis and are
associated through interaction of the structural
element R9 (Figure 1(b)).

MPN 1-177 and MPN 1-186 structures are highly
similar, with a RMSD of 0.549 A. The h1ghest
variability between the two structures is found in
the C terminus region where they differ in length
and path. The last nine residues at the C-terminal of
MPN 1-186 form an a-helix (Figure 1(a), helix a4).
Deletion of these residues disrupts helix a4 in MPN
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Figure 2. Gel filtration analysis of MPN 1-186. Gel-
filtration chromatogram showing MPN 1-186 as a single
peak. In the inset, the line represents the calibration curve
for the experiment and is described by the equation
Koy =2.43-0.491o0gMW. The predicted values for dimeric
(42,378 Da) and monomeric MPN 1-186 (21,189 Da) are
indicated by circles in the plot (D and M refer to dimer and
monomer, respectively), while the measured value
(34,307 Da) is indicated by a triangle. The calculated
value represents a deviation of 19% from the dimer and
62% from the monomer.

1-177, destabilizing its C-terminal region, which
could be traced only as a coil up to residue Alal67.
This disordered region is most probably the cause of
the poor diffraction quality of MPN 1-177 crystals.
In a previous study, we have found that constructs
MPN 9-177 and MPN 9-186, lacking residues 1 to 8,
showed a lower thermal stability as compared to
constructs MPN 1-177 and MPN 1-186.% In the
MPN 1-186 structure, residues 8-11 form the strand
B1, which interacts with B3 and P9, forming a
B-sheet (Figure 1(a)). It is reasonable to propose that
deletion of residues 1-8 disrupts this p-sheet and
compromises MPN folding and stability.

Structural comparison between MPN 1-186 and
AfJAMM

Previous sequence analyses of human Mov34 have
shown that it contains an MPN-like domain region,”
which is part of the two crystal structures solved
here. A comparison of the structure of MPN 1-186
with the contents of the Protein Data Bank using the
Protein Structure Comparison Service SSM!”
revealed a high structure similarity to the crystal
structure of the Archaeal MPN domain AfJAMM of
A. fulgidus."® Tt has further suggested a lower
structural similarity to the yeast cytosine deaminase
(PDB code 10X7), a zinc-bound protein that cata-
lyzes the deamination of cytosine and is structurally
related to bacterial cytidine deaminase. It has been
previously shown!Y that those deaminases are
evolutionarily related to the A. fulgidus AfJAMM
and, consequently, to the hsMov34 MPN domain.

The crystallographic model of MPN 1-186 super-
poses with the core of AfJAMM (PDB code 10I0)
resulting ina RMSD of 1.848 A (74 matching C*)witha
good agreement for the secondary structural elements
defining the JAB1/MPN motif (Figure 3). In both
published structures of AfJAMM, !0l the region
spanning residues 47-61 (10I0 numbering) is dis-
ordered and could not be modeled. In the MPN 1-186
structure, the equivalent region comprises the helix a2
and strands p4-5 (see highlighted region in Figure 3).

Ambroggio and co-workers'' suggested that
AfJAMM could assemble into a dimer even though
the protein behaves as a monomer in solution. The
proposed AfJAMM dimer would be formed through
a B-sheet extension involving strand B3, based on the
observation of such assembly in the crystal packing.
Our calculations using the PISA sever'® show that
this putative AfJAMM dimerization results in A'G of
—5.7 kcal/mol and a flat interface area of 729.1 A2 per
subunit. The suggested AfJAMM dimer does not
correspond to any of the possible dimers (A:A or A:
B) encountered in the MPN 1-186 crystal structure
(Figure 4). In the MPN 1-186 structure, an equivalent
mode of interaction is not possible due to an
obstruction caused by the presence of helix a2,
which is part of the unstructured region in AffAMM
(see Figure 3). The relatively small dimerization
interface could explain the intermittence of the dimer
and a confirmation of the dimeric nature of AfJAMM
in solution remains to be demonstrated.
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Figure 3. Superposition of the MPN 1-186 structure (in
blue) with the MPN domain of A. fulgidus, AfJAMM (PDB
code 1R5X, in red). Secondary elements in the core region
of the domain show a close match. The MPN 1-186
residues corresponding to the missing region on the
AfJAMM structure are colored in light blue (helix a2 and
strands 4-5).

The metal-binding site

The AfJAMM domain contains a conserved zinc-
binding site, which resembles those of metallopro—
teases such as thermolysin and ScNP.'"'" Even
though the human Mov34 contains a MPN motif,
experimental evidence has indicated that it does not
bind metal.'* In fact, analysis of the region corre-
sponding to the zinc-binding site of AfJAMM has
shown that both MPN 1-186 and MPN 1-177
structures do not contain electron density where a
metal ion could be modeled (Figure 5(a)), even
though the putative metal-binding site is solvent-
exposed. Superposition of the zinc-binding region of
the two AfJAMM structures with the MPN 1-186
structure (Figure 5(b)) reveals a very similar
arrangement of the amino acid residues involved
in zinc binding. The residues His96 and Asp105 of
MPN 1-186 structurally match those in AfJAMM
with very good agreement. The surface-exposed site
occupied by a solvent/buffer molecule in the
AfJAMM structures (water or Tris) is now occupied
by a loop connecting the structural elements p6 and
a3 in the MPN 1-186 and contains the His102, which
could participate in metal coordination. Finally, the
side-chain position of the second histidine of
AfJAMM (H69/H72 in Figure 5(b)) is occupied by
the main chain carbonyl group of the Lys100 residue
of MPN 1-186. At a first glance, this arrangement
appears to characterize a metal-binding site, since it
contains four putative metal ligands arranged in a
tetrahedron-like manner and occupies an equivalent
structural position of the AfJAMM metal site (Figure
5(c)). In order to confirm the absence of metal in
MPN 1-186, we collected a dataset at energy above

the Zn K-alpha absorption edge using one crystal
soaked into ZnCl,. The absence of zinc was
confirmed by the lack of corresponding electron
density in the anomalous difference map. The
inability of this new arrangement to bind metal
may indicate that the presence of four ligand
residues in the human Mov34 putative metal site
does not allow enough flexibility for the rearrange-
ments necessary to bind a metal.

The metalloprotease-like MPN domain present on
AfJAMM contains the metal-binding motif EX,,HS/
THX;SXXD. This pattern has been shown to appear
in proteins related to RPN11,® a subunit of the 195
proteasome lid with de-ubiquitination activity, and
is also present in the COP9 signalosome subunit 5
(Jab1/Csn5),” as is shown in Figure 6(a). In contrast,
the metal-free MPN domain present in human
Mov34 lacks this canonical motif, even though a
few of the residues defining the motif could still be
identified (Figure 6(b)). Recently, a question has
been raised regarding whether Prp8p, a protein
containing a MPN domain, can bind zinc ion, due to
the fact that the JAMM motif exhlblted by its
sequence is only partially conserved.'” Based on
the sequence comparison shown in Figure 6(b) it is
tempting to propose that other proteins containing
the MPN domain but lacking the JAMM motif
sequence can also be regarded as metal-indepen-
dent. These proteins include the mammalian trans-
lation initiation factor 3 (elF3) subunits f and , the
yeast RPN8 and other Mov34 orthologs. From this
analysis, it is possible to distinguish between two
kinds of MPN domains: a zinc-binding MPN,
probably showing catalytic isopeptidase activity,
and a metal-free MPN, which functions possibly as a
structural motif or is involved in protein—protein
interactions.

While this manuscript was under revision, the
structure of the Prp8p of Saccharomyces cerevisiae
was solved in a metal-free form,'” which is in
agreement with our proposal presented above.
Interestingly, scPrp8p was shown to interact with
ubiquitin with an affinity comparable to some vali-
dated ubiquitin-binding domains,'? suggesting that
other metal-free MPN-containing proteins may also
serve ubiquitin-binding functions. Even though the
docking site for ubiquitin binding has not been
established for Prp8p, mutatlon experiments'?
allied to structural analyses'® have led to the pro-
posal of two possible ubiquitin-binding sites for
that protein. Superposition of the hsMov34 MPN
1-186 structure with the scPrp8p MPN domain
revealed a high similarity in the MPN core,
including a good structural alignment of the
proposed ubiquitin-binding sites. Those sites are
solvent-exposed in MPN 1-186, even after consider-
ing dimer formation.

Conclusion

The proteolytically resistant domain of human
Mov34 exists as a permanent dimer in solution as
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(a) AU dimer

dimerization
interface

dimerization
interface

Figure 4. (a) Superposition of the MPN 1-186 structure (in blue) with the MPN domain of A. fulgidus, AfJAMM (PDB
code 1R5X, in red). The dimerization interfaces for both structures are shown by blue and red arrows for the MPN 1-186
and AfJAMM, respectively. The assembly formed in the asymmetric unit (AU) of MPN 1-186 as a crystallographic artifact
is also indicated by a blue arrow. The dimerization of MPN 1-186 involves mainly the secondary elements 1,2 and 4,
while the proposed dimer of AfJAMM is formed mainly through a p-sheet extension on p3. (b) Cartoon and surface
representation of MPM 1-186 in the same orientation shown in (a). The yellow patch on the surface represents the residues
involved in the dimerization contact. (c) Same as in (b) for the AfJAMM structure. The smaller dimerization interface in
AfJAMM may explain its monomeric nature in solution while the larger and interdigitated surface of MPN 1-186 is

characteristic of a stable assembly.

well as in the crystallographic structure, and contains
a metal-independent MPN-like domain. Even though
it appears that a putative metal-binding site could be
formed by Mov34 (H96, H102, D105 and main chain
carbonyl of K100), the experimental data show no
evidence that this domain binds or has any affinity to

metals. These data indicate that the presence of a
quasi-canonical JAMM motif on MPN domains does
not suffice to confer metal-binding affinity. The MPN
domain has been found in a variety of proteins,
usually in subunits of multi-protein complexes such
as the 26S proteasome, the eukaryotic translation
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(t)) H96
H67
H70

H69

H72

D105
D80
D83

Figure 5. (a) Stereo view of the MPN 1-186 refined model showing the residues corresponding to the zinc-binding site
of AfJAMM. 2F —F electron density map is contoured at 1o, showing no evidence of a metal binding. (b) Superposition of
the zinc-binding site of both AfJAMM structures (PDB code 10I0 in green, PDB code 1RX5 in red) with the equivalent
region on the MPN 1-186 (in blue). In AfJAMM, these residues are part of the metal-binding motif EX,,HS/THX;SXXD.
The replacement of a histidine residue by a lysine (K100) in hsMov34 is most probably what abolishes the metal-binding
affinity on that protein. Another histidine (His102) occupies the site of a solvent/buffer molecule (water or Tris) found in
the AfJAMM structures, but does not suffice to re-establish metal affinity. (c) Cartoon representation showing the MPN
1-186 in blue and the AfJAMM in red. The residues shown in (b) occupy equivalent structural positions in both structures,
as shown by the circled region in the Figure.

initiation factor 3 and in regulators of transcription.  tion indicates that there are two kinds of MPN
Sequence comparison has shown that a few of those =~ domains, one related to the RPN11 metallo-depen-
proteins are closely related to hsMov34/PSMD7 and ~ dent domain possibly possessing intrinsic isopepti-
can be regarded as metal-free proteins. This observa- ~ dase activity, and a metal-free structural domain

(a)

RPN11_yeast GVPMVMGLHLGEFVDDYTVNVVDVFAHPQSGTG o VSVEAVDDVFQAKMMDMLKQTGRDQHVVGWYPGFGCWLSVVNTQKSFE 130

PAD1_human GVPMAVMGLMLGEFVDDYTVRVIDVFAMPQSGTG..VSVEAVDPVFQAKMLDMLKQTGRPEMVVGWYRERIPGFGCWLEGVININTQQSFE 134
C5N5 GGNLJ#VMGLMLGK . VDGETMIIMDSFALPVEGTETRVNAQAAAYEYMAAYIENAKQVGRLENAIGWYLEEIPGYGCWLEGINVSTOMLNG 159
AF2198 AHPDMFIALLSGS...... KDVMDELIFLPFVSG...... SVSAVIHLDMLPIG...... MKVFGTV[ELIPSPSCRPEEENLS . . .LFT 85
consensus U Rl 0l Do LD ETED P DEREEEEE 0T Rl PR R it rt h el Dok DD L Dl Bl 11 11

(b)

Mov34_human SFAVPFDEDDKDDSVWFLDHDYLENMYGMFKKVNARERIVGWY[EY. . .GPKLHKNBIAINELMKRYCPNS.VLVIIDVKPKDLG.LPT 135
RPN8_yeast SFALPFEEDEKNSDVWFLDHNYIENMNEMCKKINAKEKLIGWY[SE . . . GPKLRASHLKINELFKKYTQNNPLLLIVDVKQQGVG.LPT 133
CSN6 SFELLSHTVEEK...IIIDKEYYYTKEEQFKQVFKELEFLGWYTW. . . GGPPDPS|JIHVHKQVCEIIESP.LFLKLNPMTKHTD.LPV 165
elF3h CFPFPQHTEDDAD. . .FDEVQYQMEMMRSLRHVNIDHLHVGWYQETYYGSFVTRALLDSQFSYQHAIEES.VVLIYDPIKTAQGSLSL 164

Prp8p_human IRCIVMVPQWGTH..... QTVHLPGQLPQHEYL .KEMEPLGWI[HY....... QPN..ESPQLSPQDVTTHAKIMADNPSWDGEK. ... 2210
consensus 1t ! (N} ! ! [ L AN ! 1 ! e 1 (N

Figure 6. Sequence alignment of metal-binding (a) and metal-free (b) proteins containing MPN domain. The numbers
on the right indicate the position of the last shown amino acid within the protein sequence. (a) The metal-binding motif,
EX,HS/THX7SXXD, is highlighted in blue. PAD1_human, human 26S proteasome-associated PAD1 homolog; CSN5,
human COP9 signalosome subunit 5; AF2198, A. fulgidus hypothetical protein. (b) The reminiscent residues of the
putative metal-binding motif are highlighted in blue. CSN6, human COP9 signalosome subunit 6; elF3k, human
translation initiation factor eIF3 subunit /1 (p40). Identical residues among all four sequences are marked with an * on the
consensus line and those conserved in more than 50% are marked with a !.
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related to RPN8 and Mov34, probably involved in
protein—protein interaction and in protein stability.
Examples of the first include A. fulgidus AF2198
protein (AfJAMM), S. cerevisae RPN11, human COP9
signalosome subunit 5 and human 26S proteasome-
associated Pad1 homolog. The second type comprises
human Mov34/PSMD7 26S proteasome subunit, S.
cerevisae RPNS, elF3 subunits f and h, and human
COP9 signalosome subunit 6. Up to now, no function
was attributed to hsMov34, even though it seems
likely that MPN-containing metal-free proteins con-
tribute structurally for multi-protein associations and
stability. The strictly dimeric nature of the MPN
domain of hsMov34 goes on that direction, indicating
that the subunits of big complexes can associate
through their MPN domains. The role of the Prp8p on
ubiquitin binding has also indicated that hsMov34
may contain a ubiquitin-binding domain. The ability
or not of hsMov34 to bind ubiquitin, as well as the
characterization of that interaction remains to be
determined in a future work.

Materials and Methods

Expression and purification of MPN 1-177 and MPN
1-186

Recombmant MPN 1-177 and MPN 1-186 were obtained
as descrlbed Briefly, Escherichia coli strain BL21(DE3)
slyD™'® carrying pET-TEV derivative vectors encoding the
MPN variants were co-transformed with pRARE (Nova-
gen) and incubated in LB medium supplemented with
kanamycin (50 j1g/ml) and chloramphenicol (20 ng/ml) at
37 °C. Pre-cultures were incubated under the same
conditions and expression was achieved by inducing 2 1
of LB medium overnight with 0.5 mM isopropyl-thio-p-D-
galactoside (IPTG) at 20 °C. Cell extracts were prepared in
buffer A (20 mM sodium phosphate (pH 7.2), 30 mM NaCl,
2 mM PMSF (phenylmethylsulfonyl fluoride)) and the re-
combinant proteins purified using a metal-chelating af-
finity chromatography column (GE Healthcare). The
eluates of the affinity column were further purified using
an ion-exchange chromatography on a Q Sepharose
column (GE Healthcare) as described.'* Proteolytic
removal of the 6xHis tag was carried out in reactions
containing His-tagged MPN at 133 pg/ml, His-tagged TEV
protease at 6.7 pg/ml, 50 mM Tris-HCI (pH 8), 0.5 mM
EDTA, 1 mM DTT. Reactions were incubated for 6 h at
30 °C and the 6xHis tag, undigested His-tagged MPN and
His-tagged TEV protease were removed by affinity
chromatography on a metal-chelating affinity column.
The flowthrough containing the MPN protein was
dialyzed against buffer containing 50 mM Na,HPO, (pH
7.2), 200 mM NaCl, 0.1 mM DTT for further utilization in
analytical gel filtration and DLS measurements. For
crystallization, samples were dialyzed against buffer
containing 20 mM Na,HPO, (pH 7.4), 1 mM DTT and
concentrated to 12 mg/ml.

Analytical gel filtration chromatography and dynamic
light scattering measurement

Analytical gel filtration chromatography was per-
formed using a Superdex 75 10/30 column (GE

Healthcare) pre-equilibrated with 50 mM Na,HPO,
(pH 7.2), 200 mM NaCl, 0.1 mM DTT. The calibration
curve was run with the suitable markers from the Gel
Filtration Calibration Kit (GE Healthcare), and is
represented by the equation K,,=2.43-0.49logMW,
where K,, is the gel-phase distribution coefficient and
MW is the molecular weight of the marker. The average
value of two independent runs for the protein MPN 1-
186 was used for the calculation of its molecular mass.
A temperature controlled Dynamic Light Scattering
(DLS) DynaPro apparatus from Protein Solutions was
used. A fraction of the same sample that was loaded on
the gel filtration column was used in the DLS
experiment at 18°C and the result is an average of
100 measurements.

Crystallization and data collection

Crystallization trials were performed using hanging-
drop vapor diffusion method at 291 K. Drops containing
equal volumes of protein sample and reservoir solution
were equilibrated against 200 pl reservoirs on VDX 48
well plates (Hampton Research). Initial screens were
performed using sparse matrix commercial screens
Crystal Screen I and II (Hampton Research) and Wizard
I and II (Emerald Biostructure). Since most of the initial
hits contained polyethyleneglycol (PEG), the screens
JBScreen 1-5 (Jena Bioscience) were also tested. Refine-
ment of the conditions that rendered crystals was carried
out by varying concentration of precipitants and salt and
also pH and additives.

Crystallization assays were initially carried out with
MPN 1-177 domain and crystals were readily obtained.
However, diffraction of these crystals was limited to
approximately 3.00 A, despite extensive effort devoted to
crystal optimization. Best MPN 1-177 crystals were
obtained using 0.1 M sodium citrate (pH 5.5), 0.2 M
NH4OAc, 30% (w/v) PEG 4000 as reservoir solution and
drops containing 5 ul of protein solution+5 pl of
reservoir solution, while data collection quality crystals
for MPN 1-186 were obtained from drops made of 4 ul of
protein solution mixed with an equal volume of a
reservoir solution containing 0.1 M phosphate-citrate
buffer (pH 4.2), 20% PEG 1000, 0.2 M LiSO4 and 10 mM
of MnCl, as additive. In both cases crystals were
improved by using ultracentrifuged protein (100,000g
for 1 h).

Prior to data collection, suitable crystals were soaked
into a cryobuffer composed of mother liquor containing
30% (v/v) PEG400. Data collections were performed at
100 K at the DO03B-MX1 beam line of the Brazilian
Synchrotron Light Laboratory (LNLS) using 1.427 A
radiation and recorded on a marCCD165 detector. The
datasets were integrated using MOSFLM 6.2.6' and
scaled with SCALA 3.2.19%° and the space group was
determined as C2 with two molecules per asymmetric
unit. Native datasets were truncated to a resolution of
195 A and 3.00 A, for MPN 1-186 and MPN 1-177,
respectively. MPN 1-186 Nal derlvatlve crystal was
obtained by quick cryo-soaking®' the crystal for 30 s in
a solution composed by the mother liquor supplemented
with 0.5 M Nal and 30% PEG 400, yielding a data
resolution of 2.1 A. Diffraction data from MPN 1-186
crystals soaked into ZnCl, were collected at the LNLS
WO01B-MX2 beamline using a Marmosaic225 detector.
Beam energy was set to 9.8 keV. The crystals were
initially soaked into 1 mM ZnCl, for 30 min and
subsequently into 10 mM ZnCl, for 10 min.
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Table 1. Data collection, structure solution and refinement statistics

MPN 1-186 MPN 1-177
Dataset . Nal Native Native
Wavelength (A) 1.427 1.427 1.427
Space group . c2 c2 c2
Cell parameters a, b, ¢ (A) B (°) 112.46, 97.42, 59.40, 121.89 114.10, 95.29, 58.99, 121.13 114.70, 96.01, 60.98, 122.14
Resolution range (A) 35.05-2.10 30.21-1.95 51.64-3.00
Runeas (%)7 6.4 (49.3) 6.0 (58.0) 10.6 (67.9)
Completeness (%) 100 (100) 99.7 (99.5) 93.9 (96.3)
1/0(I) 28.3 (4.3) 19.3 (1.9) 13.6 (2.0)
Redudancy 12.0 (11.8) 3.3 3.1) 3.0 (2.9)
Refinement
R factor/Reee (%) 20.11/23.98 20.37/26.00
RMSDP from ideality
Nond length (A) - 0.021 0.015
Bond angle (°) - 2.050 1.59
Mean B value (A?) - 27.95 29.48
No. of protein subunits in AU - 2 2
No. of water molecules in AU - 320 0
No. of PEG fragments in AU - 7 0
No. of sulfate ions in AU - 3 0
Ramachandran plot
Most favored region (%) - 91.0 80.9
Additional allowed region (%) - 8.4 16.5
Generously allowed region (%) - 0.3 1.8
Disallowed region (%) - 0.3 0.7
PDB ID code - 2095 2096

2 The redudancy independent Ruerge reported by SCALA.'®
P Root mean square deviation.

Structure solution and refinement

Extensive attempts to solve the MPN 1-177 and MPN
1-186 structures by molecular replacement methods,
using the structures of cytidine deaminase (1JTK*,
7.3% of sequence identity), AfJAMM (1010" 11.7% and
1R5X,"" 12.6% of sequence identity) and also a previously
published homology model for MPN 1-177'* as search
models, were unsuccessful. In this task the models were
used as a whole or trimmed to account for insertion and
deletions, and polyalanine models were also generated.
The structure of MPN 1-186 was then solved by single-
wavelength anomalous dispersion (SAD) using the Nal
derivative dataset. Program SHELX D* was used to find
two initial iodine sites. Initial phases calculation, incor-
poration of seven additional iodine sites and density
modification procedures were carried out with
autoSHARP** The optimal solvent content of 64.7%
suggested two molecules per asymmetric unit. Arp/
wArp® was used to automatically build 290 out of 376
residues. Phase extension to the MPN 1-186 native data
set was performed using MolRep™ with the partially
refined Nal derivative structure as search model. Posi-
tional and temgerature factor refinement were performed
with CNS 1.17 and REFMAC 5.1.24,*® applying non-
crystallographic symmetry relating chain A to B. Real
space refinement was carried out by visual inspection of
the model on the program Coot.?” Water molecules were
added progressively by inspection of the 2F,~F. and F,—
F. Fourier maps and validated according to stereoche-
mical criteria, accounting for a total of 320 water
molecules. During the last refinement cycles seven
unaccounted continuous regions in the F,—F. (contoured
at 30) and 2F,—F. (contoured at 1o) electron density
maps were interpreted as PEG molecules coming from
the crystallization solution. The longer one contains 12

ethyleneglycol residues. Three additional peaks in
electron density maps were interpreted as SO ions,
due to their tetrahedral shapes. TLS routine® was used
on the final stage of refinement. The quality of the final
model was verified with PROCHECK.3!

The MPN 1-177 structure was solved by molecular
replacement using the final MPN 1-186 model as search
model and refined as described above. Due to the low
resolution of the data, no solvent or ion molecule could
be modeled on the electron density. Data collection and
refinement statistics for both structures are shown in
Table 1.

ClustalW?? was used to build the amino acid sequence
alignments. Structural superposition was performed
using the program LSQMAN. Cartoon representations
of the structures were constructed using Pymol** and the
secondary structure assignments were made with
DSSP.*

Protein Data Bank accession codes

The coordinates and structure factors for the crystal
structures have been deposited in the RCSB Protein Data
Bank with accession numbers: 2095 for MPN 1-186
structure and 2096 for MPN 1-177 structure.
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