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Resumo

A expressdo da HSP70 intracelular est4 associada a efeitos citoprotetores contra uma variada
gama de estimulos estressores e situa¢fes onde € comum que proteinas sofram acdo de agentes
oxidantes. A HSP70 foi recentemente detectada no meio extracelular, e sua presenca tem sido
associada a situacdes patologicas, nas quais ela exerce efeitos modulatorios sobre células do
sistema imunoldgico. Para investigar a possivel associagdo entre HSP70 oxidada e efeitos
citoprotetores ou morte celular, macréfagos da linhagem RAW 264.7 foram incubados com
HSP70 e HSP70 oxidada. Observamos que a oxidacao da HSP70 alterou a estrutura da proteina;
e que os macrofagos tratados com HSP70 oxidada apresentaram menor proliferacdo, maior
producéo de espécies reativas de oxigénio, menor atividade fagocitica e menor liberacdo de
TNF-o. Estes resultados indicam que a oxidacdo da HSP70 extracelular modifica suas
propriedades sinalizadoras, causando alterac6es na modulacéo das funcGes e da viabilidade dos
macrofagos. Uma vez que estes resultados ndo concordam com as vias de sinalizacao ativadas
classicamente por HSP70, via receptor TLR4, observamos uma nova interagcdo com o receptor
dos produtos finais de glicacdo avancada em um modelo de cultura de células A549 através de
sondas fluorescentes. A quantificacdo do experimento mostrou um maior nimero de interacGes
guando as células sdo tratadas com HSP70 na sua conformacao ligada a ATP em comparacéo
com o tratamento com HSP70 na sua conformacéo ligada a ADP; e, através de sucessivos
experimentos de docking molecular propusemos um modelo putativo para a interacdo. Além
disso, mostramos que na conformacdo ligada a ADP, a HSP70 interage preferencialmente com
TLR4, de forma similar ao peptideo MD-2, necessario para o reconhecimento de LPS,
sugerindo que a chaperona atue como uma molécula acesséria ou como citocina, dependendo

do receptor e da situacdo patoldgica ou fisioldgica.



Abstract

Expression of intracellular HSP70 is associated to cytoprotective effects against a wide range
extent of stressful stimuli and conditions where is common to proteins to suffer the action of
oxidative agents. HSP70 was recently detected in the extracellular medium and its presence in
serum is commonly associated with pathological situations, where it exerts modulatory effects
on cells of the immune system. To investigate the possible association between oxidized HSP70
and cytoprotection or cell death, we incubated RAW 264.7 macrophages with oxidized HSP70.
We observed that the Oxidation of HSP70 altered its protein structure; and that macrophages
treated with oxidized HSP70 presented lower proliferation, higher reactive oxygen species
production, lower phagocytic activity and TNF-a release. These results indicate that oxidation
of extracellular HSP70 modify its signaling properties, causing alterations on its modulatory
effects on macrophage function and viability. As these results do not concur with the signaling
pathways classically activated by HSP70, via TLR4, we observed a new interaction with the
receptor for advanced glycation end products through fluorescent probes in a A549 cell culture
model. Quantification of the experiment showed a higher number of interactions when cells are
treated with HSP70 bound to ATP when compared to the treatment with HSP70 in the
conformation ADP-bound; and, by successive molecular docking experiments, we proposed a
putative model for such interaction. Moreover, we showed that on its ADP-bound
conformation, HSP70 binds preferentially to TLR4, in a similar way as the peptide MD-2,
necessary for the recognizing of LPS, suggesting that the chaperone could act as an accessory
molecule or as a cytokine, depending on the receptor and physiological or pathological

situation.
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Parte 1



1. Introducgéo

1.1. As proteinas de choque térmico — uma visao geral

As proteinas de choque térmico (heat shock proteins — HSPs) foram descritas em 1962 quando
0 pesquisador italiano Ferrucio Ritossa expos acidentalmente células de glandulas salivares de
Drosophila melanogaster & uma situagdo de estresse térmico (Ritossa 1962). Classicamente
conhecidas pela funcéo de chaperonas moleculares dependentes de ATP, as proteinas de choque
térmico transportam diversas proteinas intracelulares em células sob estresse ou em condic¢des
normais, auxiliando no correto dobramento e estabilizacdo de peptideos danificados. As
proteinas de choque térmico sdo constituintes de uma familia proteica extremamente
conservada durante o curso da evolucdo, presentes em bactérias a mamiferos. As HSPs variam
em tamanho, de 7 a 110 kDa, e podem ser encontradas em qualquer compartimento celular,
incluindo ndcleo, citoplasma e mitocdndrias. As nomenclaturas mais comuns para as proteinas
de choque térmico fazem uso do seu peso molecular, como por exemplo em HSP70, na qual 70

corresponde ao peso molecular em kDa.

Algumas proteinas de choque térmico sdo expressas constitutivamente, como por exemplo a
HSP90, enquanto outras possuem sua expressdo aumentada rapidamente em resposta a um
estresse celular. Durante os anos subsequentes a sua descoberta, diferentes estudos associaram
a proteina a diversas formas de injuria, nas quais sua expressao € encontrada aumentada, como
por exemplo, a inducdo da expressdo de HSPs se mostrou associada a protecdo de animais
contra a sindrome da angustia respiratoria aguda, choque séptico e lesdes da isquemia-
reperfusdo (Ryan, Flanagan et al. 1992, Villar, Edelson et al. 1993, Yang and Lin 1999),
processos inflamatorios, estresse oxidativo, exposicdo a metais pesados e agentes oxidantes
(Wong, Ryan et al. 1997), sendo a elas atribuidas uma nova fungéo de citoprotecdo, além da

funcdo de chaperona. Além disso, a superexpressao especifica de HSP70 levou a prote¢do do



epitélio respiratdrio contra a morte celular mediada por hipdxia, peroxidacéo lipidica e deplecédo

intracelular de ATP (Wong, Menendez et al. 1998).

Esse efeito citoprotetor observado é, principalmente, atribuido a capacidade que as proteinas de
choque térmico tém de estabilizar estruturas proteicas através de interacfes reversiveis do tipo
chaperona (Ribeiro, Villar et al. 1994). Observac6es clinicas mostram também que a expressao
de HSP70 é induzida em pacientes com choque séptico, trauma ou sindrome da angustia

respiratoria aguda (Kindas-Mugge, Hammerle et al. 1993, Kindas-Mugge, Pohl et al. 1996).

Juntos esses dados demonstram uma func¢do fundamental da HSP70: protecao a nivel celular e
tecidual contra processos patofisiologicos bastante frequentes nas unidades de terapia intensiva,

sendo que a desregulacdo da resposta anti-inflamatdria € uma caracteristica comum a eles.

1.2 O papel da HSP70 extracelular

As proteinas de choque térmico encontram-se distribuidas em diversos compartimentos
celulares, incluindo o citosol, nicleo e organelas membranosas, como a mitocondria e o reticulo
endoplasmatico; recentemente, achados cientificos demonstraram sua presenga no meio
extracelular, particularmente ap6s o estabelecimento de diversas condi¢des patoldgicas
(Campisi, Leem et al. 2003). Estudos realizados nos ultimos anos mostraram que as HSPs
podem ser produzidas e liberadas ativamente pelas células, possuindo a capacidade de interagir
com outras células quando no meio extracelular. Primeiramente, acreditava-se que essa
liberacdo para o meio extracelular ocorria somente em células necroticas apds algum evento de
estresse com consequente dano celular. Entretanto, a secrecdo de HSP70 ocorre na auséncia da
morte celular, atraves de um mecanismo ndo classico. Aparentemente, essa proteina é
translocada para a membrana celular e é entdo liberada por um processo ativo associado a
membrana, o qual pode ser por exocitose ou evaginacao inversa (Vega, Rodriguez-Silva et al.

2008). Apos a translocacao para a membrana plasmatica e liberagdo para o meio extracelular, a



HSP70 é capaz de exercer efeitos modulatorios sobre células do sistema imunoldgico (Asea,
Kabingu et al. 2000, Asea, Rehli et al. 2002, Gross, Holler et al. 2008), como por exemplo
macrofagos, células dendriticas e células natural-killer através de um processo mediado por
receptores. Além disso, a presenca de HSP70 no meio extracelular ou no soro esta associada a
condicdes patoldgicas como processos inflamatorios, infeccdes virais e bacterianas, e processos

tumorigénicos (Sherman and Multhoff 2007).

Em humanos, sabe-se que a HSP70 extracelular é liberada na circulagdo sistémica pelo tecido
cerebral e pelo tecido hepatoesplénico (Febbraio, Ott et al. 2002, Lancaster, Moller et al. 2004)
mas ndo pelo tecido muscular (Febbraio, Steensberg et al. 2002). O exercicio fisico leva a uma
inducgéo da liberacdo da HSP70 extracelular, fato descrito primeiramente em um experimento
no qual os participantes praticaram caminhada em esteira por 60 minutos a 70% da capacidade
maxima de oxigénio (Walsh, Koukoulas et al. 2001). Depois disso, 0 aumento na expressao da
HSP70 tem sido observado apés a pratica de exercicios prolongados e parece ser dependente
da duracdo e da intensidade do exercicio (Fehrenbach, Niess et al. 2005). Niveis aumentados
de HSP70 extracelular tém sido observados na circulacao de pessoas sedentérias apds 1 hora de
exercicio moderado e intenso, junto com um aumento na quimiotaxia de neutréfilos e
macréfagos e da capacidade microbicida dos neutrofilos (Ortega, Giraldo et al. 2006, Ortega,
Hinchado et al. 2009), sugerindo que a HSP70 extracelular possui um importante papel na

inflamacdo induzida pelo exercicio e na modulacdo da resposta imunologica inata.

As proteinas de choque térmico extracelulares possuem a capacidade de iniciarem tanto a
resposta imunolégica inata quanto a resposta imunoldgica adquirida (Srivastava 2002, Johnson
and Fleshner 2006). HSPs derivadas de patdgenos ou HSPs derivadas das células do hospedeiro
podem diretamente ativar ou aumentar a atividade de diversas células do sistema imunoldgico

inato de produzir citocinas e quimiocinas (Tsan and Gao 2009). Essas proteinas possuem a



capacidade de promover a maturacdo e migracdo das células apresentadoras de antigenos
(APCs), e subsequente interacdo com as células T (APC-T), iniciando assim uma resposta
imunolodgica adaptiva. As HSPs podem ainda ligar a peptideos antigénicos derivados de
tumores ou de virus, tanto que elas tém sido aplicadas como adjuvantes no desenvolvimento de

vacinas.

De acordo com a teoria “sinal de perigo” ou “sinal de alerta” (do inglés “danger signal theory”),
as células do sistema imunoldgico sdo ativadas por sinais de alerta derivados de células sob
estresse ou por proteinas danificadas (Matzinger 2002). E aceito que a HSP70 extracelular se
encaixa no critério de um sinal de alerta, pois ela possui a capacidade de desencadear a producao
de citocinas pré-inflamatorias pelas APCs e uma resposta imune antigeno especifico. Além de
apresentar antigenos a células T durante situagdes de “alerta” metabdlico, estando também
relacionadas com a patogénese de diversas doencas autoimunes (Millar, Garza et al. 2003, Chen

and Cao 2010).

Em um de nossos trabalhos relacionados a HSP70, nds avaliamos a relacdo entre o
imunocontetdo da HSP70 sérica e o estado oxidante na sepse. Pacientes com sepse severa
foram monitorados por 28 dias ap6s serem diagnosticados ou até o desfecho clinico. O soro
desses pacientes apresentou elevados niveis de HSP70. Analisando os parametros oxidativos,
foi possivel observar que aqueles pacientes com pronunciado dano oxidativo também
apresentaram maiores niveis de HSP70 sérica; enguanto que 0s pacientes sépticos com
parametros oxidativos semelhantes aos controles apresentaram menores niveis de HSP70
sérica. Pacientes com maiores niveis de HSP70 no soro também apresentaram maior taxa de
mortalidade, levando-nos a conclusdo de que os niveis de HSP70 no soro estdo sendo

modulados de acordo com o estado oxidante do paciente, e de que niveis elevados de HSP70



no soro estdo associados a elevada mortalidade na sepse (Gelain, de Bittencourt Pasquali et al.

2011) — Anexo 1.

Sabemos que o0 soro de pacientes sépticos € capaz de induzir a ativacdo de macréfagos e a
producdo de interleucina-10; também sabemos que o indice fagocitico desses macrdfagos esta
correlacionado com a severidade e com a mortalidade da doenga (Peck, Andrades et al. 2009).
Modelos murinos de sepse letal sdo caracterizados por apresentarem elevados niveis de
carbonilacdo proteica e por apresentarem um desbalanco no sistema enziméatico SOD/CAT
quando comparados com o grupo nao-letal, indicando que o estresse oxidativo é exacerbado no
modelo letal (Andrades, Ritter et al. 2005). Assim, é bastante provavel que diversas proteinas

sejam oxidadas por espécies reativas e, consequentemente, tenham suas funcdes alteradas.

Porém, os trabalhos realizados até o momento ndo elucidam completamente 0os mecanismos
ativados pela HSP70, sendo que eles diferem de acordo com o contexto celular e com o
momento patoldgico; além disso, os mecanismos celulares responsaveis pelo reconhecimento,
OuU seja, 0s receptores que atuam na interacdo especifica com a HSP70 extracelular também
permanecem parcialmente conhecidos. Na maioria dos processos inflamatdrios graves, ocorre
uma perda no balanco entre elementos oxidantes e as defesas antioxidantes do organismo,
caracterizando uma situacdo de estresse oxidativo. Sob essas condi¢Bes, muitas proteinas
sofrem a agdo de espécies reativas de oxigénio, como o perdxido de hidrogénio (H202), sendo
oxidadas, alterando ou perdendo parcial ou totalmente suas fungdes. A HSP70 pode ser incluida
entre elas; em teoria, as cisteinas dessa proteina podem formar ligagbes dissulfeto
intramoleculares, intermoleculares com cisteinas de outras HSP70 ou até mesmo com outras
proteinas, dando origem a diferentes e desconhecidos complexos. Além disso, a ligacdo de
peptideos antigénicos pela HSP70 é mais efetiva sob condi¢des oxidantes quando comparada

com condigdes redutoras; sendo que este fato é provavelmente causado pelo ganho de estruturas



secundarias (maior proporcdo de estruturas alfa hélices e beta-pregueadas em relacdo as
estruturas aleatorias) em meio oxidante (Callahan, Chaillot et al. 2002). Juntos estes dados
sugerem que esta proteina tenha um papel especifico no que diz respeito ao fluxo de

informagdes dentro do sistema imunoldgico durante uma situagdo de estresse.

1.3 Sinalizagao celular por RAGE e TLR4

Recentemente foi demonstrado que a HSP70 extracelular realiza uma ligacdo de alta afinidade
com a membrana plasmética das APCs (células apresentadoras de antigeno), induz um rapido
fluxo da [Ca®'] intracelular, ativa o fator de transcricdo NF-KB e causa um aumento na
expressdo das citocinas pro-inflamatérias TNF-a, IL-1B ¢ IL-6, através de um processo
dependente de CD-14 (Asea, Kraeft et al. 2000, He, Chen et al. 2000, Asea, Rehli et al. 2002),

utilizando tanto o receptor Toll-like 2 (TLR2) quanto o receptor Toll-like 4 (TLRA4).

A primeira linha de defesa contra agentes infecciosos, incluindo infecgdes virais e bacterianas,
sdo as células do sistema imunoldgico inato, as quais apresentam receptores de reconhecimento
de padrdes (PRRs). Os PRRs tais como os Toll-like e CD14 sdo expressos como proteinas
solGveis ou como proteinas de membrana que reconhecem estruturas molecular invariantes,

chamadas de padrGes moleculares associados ao patégeno (PAMPS).

Dentre as células do sistema imunoldgico que apresentam a capacidade de ligacdo a HSP70,
encontram-se as células natural-killer (NK) (Gross, Schmidt-Wolf et al. 2003), APCs
dendriticas (Asea, Rehli et al. 2002), macrdfagos e mondcitos perifericos (Asea, Kabingu et al.
2000, Asea, Kraeft et al. 2000), e linfécitos B (Arnold-Schild, Hanau et al. 1999). Sabe-se,
atualmente, que essa interacao € mediada pelos receptores TLR2 e TLR4 com seu cofator CD14
(Asea, Rehli et al. 2002), o receptor scavenger CD36 (Delneste, Magistrelli et al. 2002), e a

molécula co-estimuladora CD40 (Becker 2002).



A ligacdo da HSP70 com TLR2 e TLR4 esta associada a liberacéo e translocacéo nuclear do
NF-kB. A ativacdo desse fator de transcricdo é dependente de MyD88 quando apenas TLR2 ou
apenas TLR4 reconhecem e ligam HSP70, e é independente de MyD88 quando a ligacdo e
sinalizacdo de TLR2 e TLR4 ocorre sinergisticamente. Além da ativacdo de NF-kB, essa rota
de sinalizacdo é caracterizada pela liberagdo de TNF-a, IL-1p, IL-6 e IL-12. Ja a interacdo
CD40-HSP70 parece ser mais importante nos linfocitos B, nas quais a ligacao a transducéo da
sinalizacdo ocorre pela fosforilacao de p38, a qual pode levar a uma liberacdo de TNF-a ¢ IFN-

v (Asea 2003).

Apesar de importantes, esses dados acerca da ligagéo e da sinalizagdo desencadeada pela HSP70
extracelular ndo respondem todas as perguntas. Sabemos que células imunocompetentes tém a
capacidade de ligar a HSP70 e que esta ligacdo resulta na sinaliza¢do do tipo chaperoquina
(termo cunhado para atribuir caracteristicas de citocinas a chaperonas, especialmente a HSP70),
bastante importante na sobrevivéncia do hospedeiro a patégenos microbianos, mas néo
esclarece a relacdo dessa proteina com outros processos patolégicos e com o agravamento

destes (Asea 2003, Asea 2008).

No ano de 2010, Juan e colaboradores realizaram um experimento de varredura de supostos
novos ligantes do receptor dos produtos finais de glicacdo avangada atraves de um experimento
ELISA-like (Ruan, Li et al. 2010). Dentre os possiveis ligantes levantados no processo estava
a HSP70. O RAGE é conhecido por ser um receptor multiligante, pertencente a familia das
imunoglobulinas (figura 1) transmembrana que atua como um receptor reconhecedor de
padrdes (PRR, do inglés pattern recognition receptor) do sistema imunoldgico inato. Este
receptor foi inicialmente descrito com base na sua afinidade por produtos de glicagdo avancada
(AGEs, advanced glicatyon end products) e posteriormente descobriu-se que ele é capaz de

interagir uma gama de peptideos enddgenos ndo-glicados, tanto sollveis como ligados a



membrana, peptideos envolvidos na defesa contra danos tecidual, infeccBes e processos
inflamatdrios; destacam-se a proteina HMGBL, as proteinas da familia S100/calgranulinas e o
LPS (Bucciarelli, Wendt et al. 2002). O aumento na expressao e ativacdo de RAGE afeta uma
diversidade de condicdes patoldgicas, incluindo a diabetes e inflamacéo. A ligacdo de RAGE
induz a ativacdo de mdltiplas rotas de sinalizacdo, que variam de acordo com o ligante, tipo
celular e ambiente tissular e podem mediar respostas celulares distintas, como por exemplo a
ativacdo de NF-kB e de MAPK estdo entre as principais rotas ativadas por RAGE. Por fim, as
rotas mencionadas podem ter como resultado a producdo e liberacdo de citocinas pré-
inflamatdrias, ativacdo de proteases e o0 estabelecimento de situacbes de estresse oxidativo

(Schmidt, Hofmann et al. 2000).

Figura 1. Representacéo da estrutura de RAGE com detalhe para suas diferentes regifes. A esquerda
representacdo da forma solivel e & direita representagdo da mais provavel de ser encontrada na
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membrana, formando oligbmeros com outras moléculas do receptor. V = regido variavel (IgV), C1 =
regido constante 1 (IgC1) e C2 = regido constante 2 (IgC2). PDB 3CJJ.

1.4 A estrutura tridimensional da HSP70

As proteinas de choque térmico possuem sua estrutura extremamente conservada, estdo
presentes em diferentes organismos, de bactérias a mamiferos. Em destaque, a HSP70 apresenta
sua sequéncia de aminoacidos com aproximadamente 700 residuos que formam uma proteina
de 70-kDa composta por dois dominios distintos: um dominio N-terminal ligante de
nucleotideos (nucleotide binding domain-NBD), que apresenta atividade de ATPase, e um
dominio C-terminal ligante de substrato/peptideos (substrate binding domain-SBD), que por
sua vez apresenta dois subdominios, um bolso ligante de peptideo formado predominantemente

por estruturas B-pregueada, e uma tampa formada por alfa-hélices (figura 2).

Bolso ligante de
peptideo
Folha-B

Dominio ligante de
nucleotideo
N-terminal

Figura 2. Viséo geral da estrutura da HSP70 com detalhe para seus diferentes dominios. Estrutura
colorida por estruturas secundarias, alfa-hélices representadas em amarelo, folhas beta em azul e alcas
em roxo. Molécula de ATP representada em laranja.
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Quando a chaperona esta ligada a uma molécula de ATP, a tampa esta aberta, permitindo que
0 substrato adentre no bolso ligante de peptideo. A molécula de ATP é entdo hidrolisada a ADP,
a tampa se fecha fortemente sobre o substrato. Para que este seja liberado, a molécula de ADP
deve ser substituida por uma de ATP, o que resulta na abertura da tampa de alfa-hélices. Quando
um novo substrato peptidico é apresentado, o ATP é novamente hidrolisado, dando

continuidade ao ciclo da chaperona (Sousa 2012) (figura 3).

Diversos estudos realizaram tentativas de atribuir os efeitos de citocina da HSP70 extracelular
para 0 NBD ou para o SBD. A proteina recombinante oriunda de diferentes fontes é capaz de
interagir e se ligar a diferentes sitios do receptor CD40 e através de diferentes porcdes; por
exemplo, a HSP70 recombinante humana interage com o receptor através do dominio NBD,
enquanto que a proteina homologa de Escherichia coli (conhecida como DnaK) interage através
do dominio SBD (Becker 2002). Em outro estudo hepatécitos tratados com um peptideo
truncado — correspondente ao SBD — apresentaram parametros de ativagcdo aumentados quando
comparados com as células tratadas com o peptideo correspondente ao NBD (Galloway, Shin
et al. 2008). Ademais, os efeitos celulares observados sdo aumentados quando os tratamentos
sdo feitos com a proteina integra em comparagdo com somente um ou outro dominio. Essas
diferencas podem ser atribuidas a interac&o diferencial da HSP70 com receptores distintos e em
situacdes distintas, mas qualquer tentativa de elucidacdo é dificultada pela falta de dados
estruturais a nivel atbmico, que descrevam a complexacdo da proteina com qualquer um dos

seus possiveis receptores.
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Figura 3. Visdo geral do ciclo ATP/ADP e do impacto na mudanca conformacional da HSP70. A
estrutura em verde representa a HSP70 complexada a uma molécula de ATP, com a tampa fechada sobre
o dominio ligante de peptideos. A estrutura em laranja representa a HSp70 complexada a uma molécula
de ADP, mais relaxa e aberta.

1.5 Modelos tridimensionais, atracamento molecular e analise de modos normais

Uma das formas mais racionais de se trabalhar com experimentos complexos acerca da estrutura
de uma proteina e da interacdo fisica entre duas proteinas € realizar etapas prévias baseadas em
modelos in silico, isto poupa tempo e principalmente recursos financeiros. Quando se trabalha
com modelos tridimensionais é possivel utilizar aqueles obtidos por determinacdo
experimental, como cristalografia de raios-x e ressonancia magnética nuclear, ou, na falta
destes, utilizar modelos gerados por métodos preditivos com base na conservacdo estrutural de
proteinas ja conhecidas, ou estruturas molde. Ambos métodos resultam nos conhecidos

arquivos PDB (do inglés protein data bank) que nada mais sdo do que representacGes
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tridimensionais de uma determinada molécula dada pela posicdo geométrica do conjunto de
atomos em um sistema de coordenadas cartesianas (X, y e z) ou de coordenadas internas, com
informacdes sobre as ligacbes atdmicas, seus comprimentos e angulos. De modo geral, todas as
estruturas obtidas por métodos fisicos s@o depositadas em um banco de dados e disponibilizadas
para a comunidade cientifica; estas estruturas podem ser utilizadas diretamente ou

indiretamente, como moldes para a determinagdo de uma molécula de estrutura desconhecida.

Uma das aplica¢cBes mais comuns para as estruturas tridimensionais € o célculo de atracamento
ou encaixe molecular (em inglés conhecido como molecular docking, ou simplesmente docking,
termo este que serd utilizado nesta tese pois acreditamos que ambas traducdes ndo satisfazem
em questdo de significado), que permite compreender boa parte dos mecanismos e processos
celulares, uma vez que estes dependem da interacdo entre duas macromoléculas, sejam elas
peptideos e acidos nucleicos, complexos agonista/antagonista ou substrato/inibidor. Neste
trabalho utilizamos essa ferramenta para avaliar a possibilidade de interacdo entre a proteina
ligante extracelular HSP70 e os receptores de membrana RAGE e TLR4. Este método é baseado
na complementaridade de caracteristicas fisico-quimicas e estruturais das moléculas que
interagem, sendo que as interagdes intermoleculares formadas no processo definem a afinidade
e especificidade da interacdo, como por exemplo ligacdes de hidrogénio, interacfes de van der
Waals, ibnicas, hidrofébicas, entre outras. Dessa forma é possivel calcular a contribuicéo
individual de cada interacéo e, baseado no somatdrio das forcas, estimar uma energia de ligacéo
para o complexo formado, possibilitando a avaliacdo e comparacdo de complexos mais ou
menos possiveis de serem formados ou de diferentes formas de formar um mesmo complexo,

isso €, diferentes conformacgfes para a mesma situacao.

O método mais conhecido e amplamente utilizado para estudar o comportamento em funcéo do

tempo dos complexos formados por atracamento é a dinamica molecular. Infelizmente,
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complexos grandes sdo vitimas das limitacbes da metodologia: resultam em simulacdes
computacionalmente custosas e permitem analisar movimentos atdémicos na escala de
nanosegundos apenas. Em contrapartida, a analise de modos normais permite estudar o
complexo como uma oscilacdo harménica e consequentemente, determinar todas as possiveis
deformacdes sofridas em torno de um ponto de equilibrio. Os modos de baixa frequéncia
correspondem aos movimentos de carater coletivo e estdo relacionados com mocdes bioldgica

e funcionalmente importantes.
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2. Objetivos

2.1  Objetivo geral

A presente tese tem como objetivo evidenciar e caracterizar através de um ensaio in vitro 0s
efeitos da proteina de choque térmico HSP70 oxidada sobre a modulacdo da ativacdo de
macrofagos e, através de ensaios in silico, a interacdo dessa proteina com 0s seus possiveis

receptores.

2.2  Objetivos especificos
(i). Mostrar as alteracGes estruturais ocasionadas pela acdo do agente oxidante peroxido de

hidrogénio sobre a HSP70;

(ii). Estudar os efeitos modulatérios da HSP70 sobre a ativacdo de macrofagos RAW 264.7;

(iii). Demonstrar a possibilidade de ligacdo entre as diferentes conformacdes de HSP70 e

RAGE.

(iv). Qualificar e quantificar a interacdo entre as diferentes conformag6es de HSP70 e RAGE

em modelo de cultura de células A549.

(v). Observar e caracterizar os modos de interagdo entre as diferentes conformagdes de HSP70

e 0 receptor TLR4.

(vi). Comparar as interacdes através dos complexos HSP70-RAGE e HSP70-TLR4 obtidos por

docking molecular.
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Parte 2
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3. Resultados
Os resultados estdo apresentados na forma de artigos publicados nos capitulos 1 e 2, e na forma

de metodologia/resultados no capitulo 3
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Capitulo 1

Artigo publicado na revista Cell Stress & Chaperones

“The oxidation of HSP70 is associated with functional impairment and lack of

stimulatory capacity”
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Abstract Expression of intracellular HSP70 is associated
with cytoprotective effects against a wide range of stressful
stimuli, such as inflammation, oxidative stress, hypoxia, en-
dotoxins, infections, and fever. This cytoprotective effect is
mainly attributed to their ability to stabilize protein structures
through chaperone-like reversible interactions. HSP70 was
recently detected in the extracellular medium, and its presence
in serum is commonly associated with pathological situations,
where it exerts modulatory effects on cells of the immune
system. Previously, we have described the relationship be-
tween serum HSP70 levels, oxidant status, and clinical out-
come of septic patients; the group of patients with higher
prooxidant status and higher serum HSP70 had also higher
mortality. To investigate the possible association between
oxidized HSP70 and cytoprotection or cell death, we incubat-
ed RAW 264.7 macrophages with oxidized HSP70 and eval-
uated nitrite production, cell proliferation, cell viability,
TNF-« release, and phagocytic activity. We also evaluated
structural modifications caused by oxidation in purified
HSP70. Oxidation of HSP70 altered its protein structure;
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besides, the modulatory effect of oxidized HSP70 on
RAW264.7 cells was different from that of native HSP70.
Macrophages treated with oxidized HSP70 presented lower
proliferation and viability, lower phagocytic activity, and low-
er TNF-« release. These results indicate that oxidation of
extracellular HSP70 modified its signaling properties, causing
alterations on its modulatory effects on macrophage function
and viability.

Keywords HSP70 - Inflammation - Oxidative
modifications - Macrophage activation

Introduction

Heat shock proteins (HSPs) were first described in 1962 when
Ferrucio Ritossa accidentally exposed salivary gland cells to a
heat shock (Ritossa 1962). They function as ATP-dependent
molecular chaperones, transporting intracellular proteins in
cells under stress and assisting the correct folding and stabili-
zation of damaged proteins. Since then, these proteins have
been associated with many other stressful stimuli, including
inflammation and oxidative stress (Jaattela 1999; Lindquist
and Craig 1988), gaining a new cytoprotective function. Up-
regulation of intracellular HSP70 results in protective effects
against hypoxia, excess oxygen radicals, endotoxins, and
infections (Wong et al. 1997; Wong et al. 1998; Villar et al.
1994; Ryan et al. 1992). This cytoprotective effect is attributed
to their ability to stabilize protein structures through
chaperone-like reversible interactions (Ribeiro et al. 1994).
Members of the heat shock superfamily have a highly con-
served structure, being present from bacteria to mammals.
HSP70 has an amino acid sequence constituted approximately
by 700 residues that form a 70-kDa protein with two different
domains: the nucleotide binding domain (NBD) and the
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substrate binding domain (SBD). HSPs are distributed in
diverse cell compartments, including the cytosol, nucleus,
and membrane organelles. HSP70 has been observed to be
translocated to the plasma membrane and released to extracel-
lular environments, where they exert modulatory effects in
cells of the immune system (Asea 2007; Asea et al. 2000,
2002); in addition, serum HSP70 is associated with stress
conditions such as inflammation, bacterial or viral infections,
and oncological diseases (Pittet et al. 2002; Pockley et al.
2003; Barreto et al. 2003).

In humans, extracellular HSP70 (eHSP70) is known to be
released into the systemic circulation by the brain and
hepatosplanchnic tissue (Lancaster et al. 2004; Walsh et al.
2001) but not by the contracting muscles (Febbraio et al.
2002) although physical exercise induces eHSP70 release, as
it was first described in an experiment where subjects follow-
ed a 60-min treadmill at 70 % of maximal oxygen uptake
(Walsh etal. 2001). After that, the upregulation of eHSP70 has
been observed after prolonged exercise, which appears to rely
on the duration and intensity of the exercise (Fehrenbach et al.
2005). Increased levels of eHSP70 have been reported in the
circulation of sedentary people after 1 h of moderate and
intensive exercise along with increased neutrophil microbi-
cide capacity and chemotaxis (Ortega et al. 2006; Ortega et al.
2009), suggesting that eHSP70 plays an important role in
exercise-induced inflammation and modulation of the innate
immune response.

Extracellular HSPs can initiate both innate and adaptive
immunity (Johnson and Fleshner 2006; Srivastava 2002).
HSPs derived from pathogens or host cells can directly acti-
vate or enhance the activity of various innate immune cells to
produce cytokines and chemokines (Chen and Cao 2010;
Johnson and Fleshner 2006). These proteins promote matura-
tion, migration of antigen-presenting cells (APC), and subse-
quent APC-T cell interaction, thus initiating the adaptive
immune response. HSPs can also bind antigenic peptides
derived from tumors or viruses and have been applied to
vaccine development as adjuvants. According to the “danger
signal,” theory, immune cells are activated by alarm signals
derived from stress or damaged self-proteins (Matzinger
2002). It is accepted that extracellular HSPs fit the criteria
for danger signals as they can promote inflammatory cytokine
production of APC and initiate antigen-specific immune re-
sponses, present antigens to T cells in a “danger” context, and
have been linked to the pathogenesis of several autoimmune
diseases (Chen and Cao 2010; Millar et al. 2003).

In a previous work of our group, we evaluated the relation-
ship between serum HSP70 immunocontent and oxidant sta-
tus in sepsis. Patients with severe sepsis were followed up for
28 days after diagnosis or until death. The serum of these
septic patients presented augmented HSP70 levels. Analysis
of oxidative parameters revealed that septic patients with
pronounced oxidative damage in serum had also increased
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HSP70 levels, while septic patients with control-like serum
oxidative parameters had lower HSP70 levels. Furthermore,
an analysis of septic patients according to survival outcome
indicated that those patients with higher HSP70 serum levels
presented increased mortality, leading to the conclusion that
the serum HSP70 levels are being modulated according to the
patient oxidant status and increased serum HSP70 levels are
associated with mortality in sepsis (Gelain et al. 2011).

It is known that the serum of septic patients is able to induce
the activation of macrophages and the production of IL-10; also,
the phagocytic indices of these macrophages were correlated
with the severity and mortality of the disease (Peck et al. 2009).
Murine models of lethal sepsis have higher protein carbonyl
levels and an imbalance in SOD/CAT (superoxide dismutase/
catalase) when compared with the nonlethal group, indicating
that oxidative stress is exacerbated in the lethal model (Andrades
et al. 2005). Thus, it is likely that several proteins related to an
anti-inflammatory response undergo oxidation by reactive
species and, consequently, their functions change.

Considering that we had previously demonstrated that sep-
sis is associated with redox imbalance and oxidative stress, the
aim of this work was to investigate a possible relationship
between previously oxidized HSP70 and the activation of
macrophage cells.

Methods
Preparation of oxidized HSP70

The treatment used to oxidize HSP was briefly modified from
Venereau et al. (2012). Purified bovine HSP70 was purchased
from Sigma-Aldrich® (H9776). HSP70 was treated with dif-
ferent concentrations (1, 5, 10, 25, 50, and 100 mM) of the
oxidizing agent hydrogen peroxide (H,O,) for 1 h at 37 °C
under agitation and dialyzed before the addition to cells or
other analyses to remove the excess of hydrogen peroxide.
The final concentration of HSP70 used in all cell treatment
experiments was 1 pg/mL.

Polyacrylamide gel electrophoresis

We added 4 pg of protein to 12 pL. of H,O, or Milli-Q water
(for control), incubated the mixture at 37 °C for 1 h, and then
maintained it at —20 °C for 20 min. Samples were mixed with
16 puL of nondenaturing buffer or denaturing buffer and load-
ed onto 12 % polyacrylamide gel. Electrophoresis followed
for approximately 1 h. Gels were stained with Coomassie Blue
and digitized.

For the alkylation experiment, 4 pug of HSP70 was previ-
ously treated with 10 mM of iodoacetamide for 30 min in the
absence of light. After that, samples were lyophilized to
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remove the alkylating agent and resuspended in Milli-Q water.
Samples were treated with H,O, for 1 h at 37 °C and main-
tained at —20 °C for 20 min. A nondenaturing buffer was
utilized. Electrophoresis followed for approximately 1 h. Gels
were stained with Coomassie Blue and digitized.

Cell culture line macrophage RAW 264.7

The exponentially growing macrophage-derived cell line
RAW 264.7, obtained from the Rio de Janeiro Cell Bank
(BCRJ, Rio de Janeiro, Brazil), was maintained in RPMI
1640 media supplemented with 10 % heat-inactivated fetal
bovine serum (FBS), 2 mM of glutamine, 0.28 pg/uL of
gentamicin, and 250 pg of amphotericin B, in a humidified
atmosphere of 5 % of CO, in air at 37 °C. The cell medium was
replaced every 2 days, and the cells were subcultured once they
reached 90 % confluence. These cells were grown in plastic
bottles and scrapped when they reached 70-90 % confluence,
counted, and plated. Cells were seeded in 96-well plates for
DCFH-DA, nitrite production, sulforhodamine B (SRB), and
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

Fig 1 a Polyacrylamide gel
electrophoresis of HSP70 after 1 h

bromide) assays; in 24-well plates for phagocytosis assay; and
in 6-well plates for TNF-« release assay. The concentration of
HSP70 used in all cell treatment experiments was 1 pg/mL.

Nitrite assay

The accumulation of NO, , a stable end product of NO
formation, in conditioned media was measured as an indicator
of NO production. Cells were seeded in a 96 well plate and
then treated with oxidized HSP70 (oxHSP70) or nonoxidized
HSP70 (HSP70). One hundred microliters of cell-free condi-
tioned medium was transferred and incubated with 100 puL of
Griess reagent at 37 °C for 15 min and the absorbance mea-
sured in a microplate reader at 540 nm (Li et al. 2002).

SRB assay

Cells were seeded in a 96-well microplate and then treated with
oxHSP70 or HSP70. After removal of the medium, cells were
fixed with 10 % trichloroacetic acid for 1 h at 4 °C followed by
staining for 30 min with 0.4 % (wt/vol) SRB dissolved in 1 %

Reducing polyacrylamide gel electrophoresis
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acetic acid. Unbound dye was removed by four washes with 1 %
acetic acid, and protein-bound dye was extracted with 10 mM
unbuffered Tris base [tris (hydroxymethyl) aminomethane] for
determination of optical density in a computer-interfaced, 96-
well microtiter plate reader at 515 nm (Skehan et al. 1990).

MTT assay

Cell viability was measured via MTT assay. RAW 264.7
macrophages were seeded in a 96-well microplate and then
treated or not with HSP70 or oxHSP70 for 24 h. The medium
was removed, and cells were washed with phosphate-buffered
saline (PBS). MTT (0.05 mg/mL) was added for 1 h at 37 °C.
Cells were again washed, and DMSO was added for 15 min in
the absence of light. Absorbance was read at 560 and 630 nm
(Denizot and Lang 1986).

Phagocytic activity

The modulation of the macrophages’ phagocytic activity was
assessed by the zimosan particles assay. Zimosan (1.25 mg)
was incubated under agitation with neutral red dye (200 mg/
mL, dissolved in DMSO) for 10 min. This preparation was
resuspended in 20 volumes of PBS, centrifuged, and washed.
The resulting pellet was resuspended in 2.5 mL of PBS. Fifty
microliters of this suspension was mixed with 650 mL of
RPMI 1640 medium. Cells seeded in 24-well plates were
incubated with 2 mM of PMA (phorbol 12-myristate 13-
acetate) or ethanol. After 30 min, the treatments (oxHSP70
or HSP70) were added to the plate for 30 min in an incubator
at 37 °C. After that, 50 uL of the preparation of neutral red-
stained zimosan was added in each well of the plate. The
process of phagocytosis lasted 30 min and then was
interrupted by adding cold PBS. The phagocytic

Non-reducing polyacrylamide gel electrophoresis
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Fig 2 a Polyacrylamide gel electrophoresis of HSP70 after 1 h of
exposure or not to different concentrations of hydrogen peroxide at
37°C under agitation. Samples were mixed in a nonreducing buffer to
preserve oxidative modifications (without (-mercaptoethanol). b
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Densitometry of the 70-kDa band. ¢ Densitometry of the 90-kDa band.
d Densitometry of the 140-kDa band. Representative image of three
independent experiments. No statistics applied
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macrophages as well as the particles were counted in the
digital microscope IX-81 (Olympus) utilizing the program
Cell. The phagocytic index was calculated based on the
Hishikawa index (Hishikawa et al. 1991). Briefly, in this
system, zimosan particles were scored as phagocytized
when they were at the same depth of field as the cell
and scored as bound when they were seen to be attached
to the cell membrane and either at different depth of field
compared with the cell or were seen in profile to be
outside the cell membrane. The data were presented as a
phagocytic index, which was calculated as follows: (num-
ber of zimosan particles phagocytized/number of cells
scored) x percent phagocytizing cells.

ELISA indirect assay for TNF-x release

The induction of TNF-« release to the incubation medium
was quantified by ELISA indirect assay. Cells were seeded in

six-well plates and treated for 24 h. After that, 200 uL of the
medium was transferred to a 96-well ELISA plate for 36 h for
protein adhesion. Following removal of the medium, the plate
was washed with TTBS 1x and 100 p of 1:10,000 antibody
anti-TNF-« solution was added for 24 h at 4 °C. After wash-
ing, the plate was incubated with a solution containing the
secondary antibody (antirabbit 1:10,000) for 3 h at room
temperature, washed again with TTBS 1%, and added the
revelation solution for 30 min. The reaction was stopped with
sulfuric acid, and the absorbance was read at 450 nm in a
microplate reader.

Annexin V binding assay

Cells were seeded in six-well plates and then treated or not
with HSP70 or oxHSP70 for 24 h. Annexin V binding assay
was performed with an Annexin V-FITC Apoptosis Detection
Kit from Sigma®. Cells were analyzed in a FACSCalibur flow

Alkylation followed by oxidation
Polyacrylamide gel electrophoresis

HSP70 alkylated then oxidized
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Fig 3 a Polyacrylamide gel electrophoresis of HSP70 pretreated or not
with iodoacetamide for 1 h then exposed for 1 h to different concentra-
tions of hydrogen peroxide at 37 °C under agitation. Samples were mixed
in a nonreducing buffer to preserve alkylating and oxidizing
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modifications (without (3-mercaptoethanol). b Densitometry of the 70-
kDa band. ¢ Densitometry of the 140-kDa band. Representative image of
three independent experiments. No statistics applied
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cytometer (BD PharMingen). Viable (annexin—/PI-), apopto-
tic (annexin+/PI-), necrotic nonviable (annexin—/PI+), or late
apoptotic/necrotic (annexin+/PI+) cells were characterized as
described in Zanotto-Filho et al. (2012).

Results

In order to elucidate the role of oxidation in the possible
structural modifications HSP70 may undergo, we treated pu-
rified HSP70 with different concentrations of hydrogen per-
oxide and submitted it to polyacrylamide gel electrophoresis.
In the presence of a reducing agent, the protein showed as a
major band of 70 kDa, as expected. However, we observed a

decrease in the intensity of this band as the concentration of
hydrogen peroxide increased. The electrophoretic analysis
also showed a 140-kDa band that probably was the dimerized
form of HSP70. This band showed the same behavior as the
main 70-kDa band, presenting a decrease in its intensity as the
hydrogen peroxide concentration increased (Fig. 1).

In an oxidizing environment, proteins with cysteine resi-
dues tend to form inter- and intramolecular disulfide bonds,
which are reversed by a reducing agent. To eliminate this
interfering condition, we utilized a sample buffer without (3-
mercaptoethanol (Fig. 2). Here, the predominant band was the
70-kDa one, which faded in intensity as the H,O, concentra-
tion increased. The 140-kDa band presented the same pattern.
In addition, there was a 90-kDa band that was observed in

RAW 264.7 Macrophage nitrite production

Nitrite production after 30 minutes
200-

150

100+

% of control

50

Nitrite production after 120 minutes
200+

150+

1004

% of control
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Fig 4 Nitrite production by RAW 264.7 macrophages after 30, 60, and
120 min and 24 h of exposition or not to HSP70 (nonoxidized) and to
oxHSP70 (oxidized HSP70 by different concentrations of H,O, for 1 h at
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37 °C). Experiments were triplicated, and data are present as mean (SD).
One-way ANOVA was performed followed by Tukey’s post hoc test. No
significant differences between treatments were observed. P<0.05
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these conditions which also presented the pattern of decreased
intensity as the H,O, concentration increased. Although all
the bands decreased, the decrease was not as smooth as that in
the reducing gel.

If the nonreducing gel has a different pattern than the reduc-
ing one, could it be due to the disulfide bonds or the interactions
caused by the prooxidizing environment? Moreover, are these
interactions important to the correct folding of the protein?
When pretreated with an alkylating agent and then treated or
not with hydrogen peroxide, the major 70-kDa band was split
into two minor bands (Fig. 3). In addition, bands in the range of
60 kDa were visualized, suggesting that the protein was not

completely and correctly assembled. This could also be due to
partial degradation of alkylated HSP70. This electrophoretic
profile differs from the previous two profiles. The 70-kDa band
did not decrease in intensity with increasing concentrations of
hydrogen peroxide. The 140-kDa bands decreased with inten-
sity only at the highest concentration used. These same treat-
ments were used to investigate the cellular response that
oxHSP70 could trigger in macrophages. RAW 264.7 cells were
incubated with oxHSP70 for 30, 60, and 120 min and 24 h,
after which the nitrite production and cell viability were eval-
uated. We observed no significant differences in nitrite produc-
tion on any periods of incubation (Fig. 4).

RAW 264.7 Macrophage Cell Proliferation
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Fig 5 Measurement of RAW 264.7 macrophages cell proliferation after
30, 60, and 120 min and 24 h of exposition or not to HSP70 (nonoxidized)
and to oxHSP70 (oxidized HSP70 by different concentrations of H,O, for
1 h at 37 °C). Experiments were triplicated, and data are presented as
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mean (SD). One-way ANOVA was performed followed by Tukey’s post
hoc test. HSP70 oxidized by 5, 25, 50, and 100 mM of H,0, differed
significantly from control (nontreated) and from HSP70 nonoxidized.
P<0,05
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To assess cell survival, we used the SRB staining assay as a
parameter of cell number, and no significant differences were
observed at 30, 60, and 120 min of exposure. However, after
24 h of exposure, we observed that the HSP70 oxidized with
5, 25, 50, and 100 mM of hydrogen peroxide induced a
decrease in SRB staining compared to the control (P<0.05),
indicating a decrease in the number of cells (Fig. 5).

To further explore the effect of oxHSP70 on cell numbers,
we decided to evaluate the effect of oxHSP70 on a parameter
of cell viability. For this purpose, we performed an MTT
reduction assay to evaluate cell viability after treatment with
either HSP70 or oxHSP70 for the same period. MTT reduc-
tion in cells treated with HSP70 was not different from that in
the control (not treated cells), while cells treated with
oxHSP70 (10, 25, 50, and 100 mM of H,0O,) had decreased
MTT reduction compared to HSP70-treated cells and control
(P<0.05) (Fig. 6), suggesting oxHSP70 affected cell viability.

After 24 h of treatment with oxHSP70, the proliferation
and viability of the cells decreased, but the nature of this loss
was still necessary to clarify. We decided to evaluate the effect
of oxHSP70 on cell viability by performing an annexin V
binding assay. Cells treated with HSP70 oxidized with 1, 5,
10, 25, and 50 mM of H,0, showed no significant changes
relative to both the control and HSP70 groups, contrasting
with the increase in necrotic populations induced by HSP70
oxidized by 100 mM H,O, (Fig. 7).

We next evaluated the effect of oxHSP70 on the modula-
tion of phagocytosis. RAW 264.7 cells were treated for 30 min
with oxHSP70 or HSP70, and then, the phagocytic activity
was assessed by the zimosan-based assay. As expected, we

observed that HSP70 induced an increase in the score of the
Hishikawa index (that is, the higher the index, the higher the
activation of the phagocytic activity) when compared to the
control; oxHSP70 was not able to induce the same effect as
normal HSP70, indicating that oxidation of HSP70 altered its
effect on phagocytosis (P<0.05) (Fig. 8).

Another classical parameter of macrophage activation, the
secretion of the cytokine TNF-«, was assessed. RAW 264.7
macrophages were treated with HSP70 or oxHSP70 for 24 h,
and the levels of TNF-« were evaluated by indirect ELISA.
As expected, HSP70 induced a significant increase in TNF-«
release by RAW 264.7 cells, while oxHSP70 failed to induce
this effect (P<0.05) (Fig. 9). This result also indicated that
oxidation of HSP70 induced a loss of the extracellular signal-
ing function of this protein.

Discussion

Many years have passed since the discovery of HSP70; now-
adays, research has shown that its functions and roles are
much wider than its chaperone activity. Recently, these pro-
teins have been identified in the serum after diverse forms of
stress (heavy exercise, inflammatory process, septic shock,
and trauma) (Kindas-Mugge et al. 1993; Trautinger et al.
1996a; Trautinger et al. 1996b). First, it was thought that its
presence was caused by the necrotic disruption of the cell
membrane and consequently extravasation of cytosolic pro-
teins. After that, it was shown that HSP70 could be actively

RAW 264.7 Macrophage cell viability after 24 hours
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Fig 6 Measurement of RAW 264.7 macrophages cell viability after 24 h
of exposition or not to HSP70 (nonoxidized) and to oxHSP70 (oxidized
HSP70 by different concentrations of H,O, for 1 h at 37 °C). Experiments
were triplicated, and data are presented as mean (SD). 24 h SRB placed by
side for comparison. One-way ANOVA was performed followed by
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Tukey’s post hoc test. All oxHSP70 treatments showed lower cell viabil-
ity when compared to control, but only HSP70 oxidized by 10, 25, 50,
and 100 mM of H, 0, differed significantly from control (nontreated) and
from HSP70 nonoxidized. P<0.05
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Fig 7 FACS annexin V binding assay. Graphical representation of the annexin V binding assay results. Viable (annexin—/PI-), apoptotic
(annexin+/PI-), necrotic nonviable (annexin—/PI+), or late apoptotic/necrotic (annexin+/PI+) cells were characterized

secreted from the intracellular environment to the extracellular
space (Vega et al. 2008; Hightower and Guidon 1989), leading
to the belief that they could have a deeper signaling role
during pathogenic processes.

In a recent study by our group (Gelain et al. 2011), we have
shown the correlation between the clinical outcome of septic

patients and the presence of HSP70 in their serum. More than
that, the patients that died had more oxidative stress levels in
their serum and also had increased HSP70 serum levels.
Herein, we submitted purified HSP70 to oxidation and eval-
uated structural changes in the protein and the effects of
oxHSP70 on cell viability and immunomodulatory properties.
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Fig 8 a Modulation of
phagocytic activity of RAW
264.7 macrophages exposed or
not to HSP70 (nonoxidized) and
to oxHSP70 (oxidized HSP70 by
different concentrations of H,O,
for 1 h at 37 °C). Experiments 200-
were triplicated, and data are *
presented as mean (SD). Two-
way ANOVA was performed.
HSP70 nonoxidized differed
significantly from control
(nontreated) and from oxHSP70,
showing a higher phagocytic
index. P<0.05. b Representative
images of the treatment’s effect on
macrophage phagocytosis
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When submitted to an oxidative agent (hydrogen peroxide),
HSP70 showed some alterations in its electrophoretic profile
when exposed to a reducing sample buffer. The major protein
band of 70 kDa and the 140-kDa band (the probable dimer
form of the protein) decreased in intensity as the gradient
levels of oxidation increased, suggesting that the oxidative
environment either damaged the protein or oxidized specific
residues, changing the protein’s conformation (Fig. 1). In
nonreducing conditions, electrophoresis of both normal and
oxidized HSP70 evidenced a 90-kDa band, which was not
apparent in the gel under reducing conditions. Although we do
not know what process caused the appearance of this 90-kDa
band in both electrophoretic separations, it is very likely that
this process is a redox-related modification, such as disulfide
bond formation, since this band was decreased in HSP70
submitted to higher levels of H,O,. Thus, we suggest that this
90-kDa band visualized in the gel under reducing conditions is
an intermediate, redox-modified form of HSP70 (Fig. 2).

As formation of intramolecular or intermolecular disulfide
bonds is one of the most notable modifications of proteins
containing cysteine residues, we blocked the possible sites for
disulfide formation by pretreating HSP70 with an alkylating
agent, iodoacetamide (IAA); so, when the protein was incu-
bated with hydrogen peroxide, any possible disulfide bonds
could not be formed. Here, we can observe that the intensity of
the bands was different when comparing both reducing and
nonreducing conditions. The 70- and 90-kDa bands did not
decrease in the same manner. Their intensities were more
constant with the increase in the oxidant levels, leading to
the possibility of a cysteine oxidation role; also, the
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electrophoretic profile formed by running HSP70 in this con-
dition showed a splitting of the 70-kDa band, suggesting that
this major band was actually formed by bands of very close
molecular weight (Fig. 3).

Overall, our results are similar to the findings of Callahan
et al. (2002), where HSP70 showed a differential acquisition
of antigenic peptides under oxidative condition and a gain of
secondary structures (Callahan et al. 2002); Cumming et al.
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Fig 9 Modulation of RAW 264.7 macrophages TNF-« production after
exposition or not to HSP70 (nonoxidized) and to oxHSP70 (oxidized
HSP70 by different concentrations of H,O, for 1 h at 37°C). Experiments
were triplicated, and data are presented as mean (SD). One-way ANOVA
was performed followed by Tukey’s post hoc test. HSP70 nonoxidized
differed significantly from control (nontreated) and from oxHSP70,
showing a higher TNF-o production. P<0.05
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2004 also demonstrated that during oxidative stress HSP70
can form mixed disulfide bonds, resulting in the dimer with
140 kDa or even a higher molecular weight oligomer
(Cumming et al. 2004).

If extracellular HSP70 plays a role in inflammatory pro-
cesses, and these are commonly associated with oxidative
unbalance and stress, what are the effects of a possible oxida-
tion of oxHSP70 on macrophages? To answer this question,
we treated RAW 264.7 cells by 30, 60, 120, and 24 h with
HSP70 pretreated or not with hydrogen peroxide. We did not
observe any significant differences between the production of
nitrite by cells treated with oxHSP70 or HSP70, and cell
proliferation quantified through the SRB assay did not change
during these short treatment times. However, after 24 h of
exposure, we observed an interesting effect. Preoxidized
HSP70 diminished the proliferation and viability of the cells
as compared to nontreated cells and cells treated with
nonoxidized HSP70. Analyses made by flow cytometry
showed that cells treated with oxHSP70 oxidized with 1, 5,
10, 25, and 50 mM of H,O, presented an annexin V binding
profile similar to both control and HSP70 groups; the majority
of the cells were viable, suggesting that oxHSP70 exerted a
cytostatic effect. Cells treated with oxHSP70 oxidized with
100 mM showed a large necrotic population, suggesting a
cytotoxic effect (Fig. 7).

Also interesting was the observation that the phagocytic
activity of the macrophages was diminished in cells treated
with preoxidized HSP70 as compared to the cells treated with

HSP70

RAW 264.7
Macrophage

‘ = Normal cell proliferation

‘ and viability
[ = Increase in phagocytic
activity

nonoxidized HSP70, suggesting that oxHSP70 did not acti-
vate macrophages with the same efficacy as the nonoxidized
HSP70 (Fig. 8).

HSP70 has the ability to induce macrophage activation;
one of the parameters observed when this event occurs is the
production of inflammatory cytokines, such as IL-8, IL-10,
and TNF-«. We treated RAW 264.7 macrophages with
HSP70 or oxHSP70 for 24 h and analyzed the content of
TNF-o in the incubation medium. The groups treated with
oxHSP70 had similar TNF- levels to the control group;
besides, TNF-« release by cells treated with normal HSP70
was increased compared to both oxHSP70-treated and control
cells, suggesting that oxHSP70 failed to activate macrophages
in a classical way. It is known that TNF-o plays an important
role in the proliferation, apoptosis, and differentiation of mac-
rophages. Long-term survival of macrophages is dependent
on autocrine signaling by TNF-a (Lombardo et al. 2007).
Because TNF-« mediates many of the pathological effects
of LPS-TLR4 in conditions such as septic shock, it is sug-
gested that prolonged macrophage survival mediated by
TNF-o plays an important role in sepsis (Conte et al. 2006).
This can be related to our findings, which showed that after
24 h of treatment with oxHSP70, RAW 264.7 macrophages
produced lower levels of TNF-« (Fig. 6) and had lower cell
viability (Fig. 10).

In a general way, HSP70 can be released to the extracellular
space as a “danger signal” to the system, as it can be recog-
nized by TLR and triggers a proinflammatory signaling
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Fig 10 Graphical abstract summarizing the effects of extracellular oxHSP70 on RAW 264.7 macrophage cells on a proinflammatory environment and

comparing them to the effects of HSP70
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pathway. Proteins characterized as danger signals are known
as DAMPS (damage-associated molecular-pattern). In this
context, we can infer that the oxidation and subsequent mod-
ification and/or impairment of HSP70 can be related to a lack
of this “danger signal” when necessary. Recently, it was
shown that HMGB1 works as a DAMP and has different
redox forms that are responsible for promoting cell recruit-
ment or proinflammatory cytokine release in a similar fashion
as the oxidized HSP70 (Venereau et al. 2012). Luong et al.
(2012) showed that the stimulation of TLR4 by HSP70 re-
quires structural integrity of the protein; treating HSP70 with
proteinase K-agarose digestion lowers the stimulatory capac-
ity of the protein, and this result corroborates the observation
that HSP70 acts as a DAMP and with our data (Luong et al.
2012). Moreover, oxHSP70 could be exerting its effects by
activating receptors other than TLR, such as the receptor for
advanced end-glycation products (RAGE), a key pattern rec-
ognition receptor capable of binding a diverse repertoire of
soluble and cell-associated molecules involved in the host
response to tissue injury, infection, and inflammation. In a
recent study (Ruan et al. 2010), it was shown that HSP70 is a
possible novel ligand for RAGE. Ligation of RAGE induces
the activation of multiple signaling pathways. These pathways
may vary depending on the ligand along with the cell and
tissue microenvironment, thus mediating diverse cellular re-
sponses, possibly the one triggered by oxHSP70.

Nevertheless, it is important to note that the immune effects
of HSP may vary depending on several factors including the
specific HSP family (HSP60, HSP70, HSP90), the cellular
source of the HSP (normal, cancerous, viral-infected, bacteri-
al), cellular location (intracellular, cell surface, serum), and the
physiological circumstances modulating HSP expression (ox-
idative stress, bacterial infection, viral infection, physical
stress). Thus, the specific physiological context of these pro-
teins greatly affects their function, preventing any global
statements about the in vivo, immunological functions of
HSP70 (Johnson and Fleshner 2006).

Taking into account the results presented in this
paper and in our previous findings, we suggest that in
a prooxidant situation, common to proinflammatory
pathologic processes, HSP70 may undergo structural
changes that could lead to functional impairment. As
we observed before in septic patients, when there is
an increase in serum oxidative damage, there is an
increase in pathological aggressiveness, even resulting
in death (Gelain et al. 2011). In the present paper, we
showed that oxidized HSP70 induced a decrease in
phagocytic activity, a decrease in TNF-o« production,
and a decrease in RAW 264.7 macrophage numbers
after 24 h of treatment. Cytostatic and cytotoxic effects
varied with the oxidative gradient to which the protein
was exposed. We believe that this may be correlated
with the worst outcome observed in our previous work.
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Abstract Extracellular heat shock protein 70 (HSP70) is rec-
ognized by receptors on the plasma membrane, such as Toll-
like receptor 4 (TLR4), TLR2, CD14, and CD40. This leads to
activation of nuclear factor-kappa B (NF-kB), release of pro-
inflammatory cytokines, enhancement of the phagocytic ac-
tivity of innate immune cells, and stimulation of antigen-
specific responses. However, the specific characteristics of
HSP70 binding are still unknown, and all HSP70 receptors
have not yet been described. Putative models for HSP70 com-
plexation to the receptor for advanced glycation endproducts
(RAGE?S), considering both ADP- and ATP-bound states of
HSP70, were obtained through molecular docking and inter-
action energy calculations. This interaction was detected and
visualized by a proximity fluorescence-based assay in A549
cells and further analyzed by normal mode analyses of the
docking complexes. The interacting energy of the complexes
showed that the most favored docking situation occurs be-
tween HSP70 ATP-bound and RAGE in its monomeric state.
The fluorescence proximity assay presented a higher number
of detected spots in the HSP70 ATP treatment, corroborating
with the computational result. Normal-mode analyses showed
no conformational deformability in the interacting interface of
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the complexes. Results were compared with previous findings
in which oxidized HSP70 was shown to be responsible for the
differential modulation of macrophage activation, which
could result from a signaling pathway triggered by RAGE
binding. Our data provide important insights into the charac-
teristics of HSP70 binding and receptor interactions, as well as
putative models with conserved residues on the interface area,
which could be useful for future site-directed mutagenesis
studies.

Keywords Heat shock protein 70 - Receptor of advanced
glycation end products - Signal transduction pathways -
Molecular docking - Complexation

Introduction

Within the past decade, extracellular heat shock protein 70
(HSP70) was shown to bind with high affinity to the plasma
membrane of antigen-presenting cells (APCs), eliciting a rap-
id intracellular Ca** flux and activating the transcription factor
nuclear factor-kappa B (NF-kB). These events are followed
by substantial release of various pro-inflammatory cytokines,
including tumor necrosis factor (TNF)-«, interleukin (IL)-13,
IL-6, and IL-12, from APCs through Toll-like receptor (TLR)
2-, TLR4-, and CD-14-dependent processes (Asea et al.
2000a). HSP70 can activate various cells of the immune sys-
tem, including natural-killer (NK) cells (Gross et al. 2003),
APCs (Asea et al. 2002), macrophages, peripheral mono-
cytes (Asea et al. 2000a, b), and B lymphocytes (Arnold-
Schild et al. 1999). In addition, this interaction and the
resulting signal transduction cascade are also mediated by
the scavenger receptor CD36 (Delneste et al. 2002) and the
costimulatory molecule CD40 (Becker 2002). The
CD40/HSP70 interaction appears to be critical to B-
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lymphocytes, where this interaction promotes the phosphory-
lation of p38 and subsequent release of TNF-o and interferon
(IFN)-y (Asea 2003). It is also known that these chaperones
are targeted by anti-inflammatory regulatory T-cells (Tregs).
After an inflammatory event, the enhanced levels of HSP70
enable the immune system to target Tregs to specifically act on
the inflammation sites. This phenomenon has been observed
in experimental models with both microbial and endogenous
heat shock proteins (van Eden 2015). However, the specific
characteristics of surface-bound HSP70 receptors are not
known, and all potential receptors have not yet been identi-
fied. Despite this lack of clear data regarding HSP70 recep-
tors, we do know that this interaction is important because it
results in the chaperokine-induced transduction of signals im-
portant for the survival of the host against pathogen infection.

HSP70 is composed by two distinct domains: the N-
terminal nucleotide binding domain (NBD), which has
ATPase activity, and the C-terminal protein substrate binding
domain (SBD), which has two subdomains: a peptide-binding
pocket and a helical lid. When the chaperone is in its ATP-
bound state, the helical lid is open, allowing the substrate to
enter the substrate-binding pocket. The ATP is then hydro-
lyzed to ADP, and the helical lid closes tightly upon the sub-
strate. To release the substrate, the ADP molecule must be
substituted with ATP, which results in subsequent opening of
the helical lid. When a new peptide substrate is presented, the
ATP is again hydrolyzed, continuing the chaperone binding-
release cycle (Sousa 2012). This cycle is partially illustrated
by the side by side depiction of the PDB files of 2KHO and
4B9Q (Fig. 1).

In multiple studies, researchers have attempted to assign
the biological functions of HSP70 to either the NBD or the
SBD. Becker and coworkers showed that HSP70 from differ-
ent sources binds to different sites on CD40 through different
regions of the protein; that is, human recombinant HSP70
binds through the NBD while DnaK (the homolog HSP70
from Escherichia coli) binds through the SBD. Moreover,
they showed that this interaction depends on the ADP/ATP
cycle (Becker 2002). In another work, hepatocytes treated
with the truncated 3’ peptide (SBD) were found to have higher
activation parameters when compared with cells treated with
the 5’ peptide (NDB) (Galloway et al. 2008). These differ-
ences can be attributed to the different receptors involved;
furthermore, the biological effects observed in these studies
have always been found to be stronger when the cells are
treated with the full-length protein rather than only the NBD
or the SBD. However, there are no structural data at the atomic
level describing the complexation of HSP70 with its target
receptors.

A recent study showed that HSP70 could act as a ligand for
the receptor of advanced glycation endproducts (RAGEs)
(Ruan et al. 2010). RAGE is a multiligand, immunoglobulin-
type transmembrane protein that functions as a pattern-
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recognition receptor (PRR) for the innate immune system.
RAGE was initially described based on its affinity for advanced
glycation endproducts (AGEs) and was later found to bind a
vast array of non-glycated endogenous peptides, both soluble
and membrane bound, involved in the host response against
tissue damage, infections, and inflammatory processes; these
other ligands include HGMB1, S100/calgranulin family mem-
bers, lipopolysaccharide (LPS), and others (Bucciarelli et al.
2002). Increased expression and activation of RAGE affect a
variety of pathological conditions, including diabetes and in-
flammation. Binding of RAGE induces the activation of multi-
ple signaling pathways that may vary depending on the ligand,
cell, and tissue microenvironment and thus mediates diverse
cellular responses; activation of NF-kB and mitogen-activated
protein kinase (MAPK) is among the key pathways activated by
RAGE. These intracellular pathways can lead to production of
inflammatory cytokines, activation of proteases, and oxidative
stress (Schmidt et al. 2000).

In this study, we developed a putative model of the inter-
action between HSP70 and RAGE through a series of molec-
ular docking simulations, their interaction energy and confor-
mational changes of the complexes by normal mode analyses.
Since few studies have considered the ADP/ATP cycle in this
context, we performed docking simulations between RAGE
and HSP70 in the ADP/APO or ATP state. Moreover, we
confirmed our results using a fluorescence proximity assay
on a cell line culture.

Experimental procedures

Chemicals Purified recombinant human HSP70 (SRP5190)
was purchased from Sigma-Aldrich. Antibodies against
RAGE were bought from AbCam (Cambridge, UK).
Antibodies against HSP70 were purchased from Sigma (St.
Louis, MO, USA).

Cell culture The human non-small cell lung cancer (NSCLC)
cell line A549 was grown in RPMI-1640 containing 10% fetal
bovine serum (FBS) and maintained at 37 °C in an atmosphere
containing 5% CO,. The media was supplemented with 1%
penicillin/streptomycin. Cells were trypsinized after reaching
70-90% confluence, counted, and plated.

Protein proximity ligand assay The detection and visualiza-
tion of the interaction between HSP70 and RAGE were car-
ried out using a Duolink In Situ kit from Sigma-Aldrich. This
assay facilitated the detection, visualization, and quantifica-
tion of protein interactions in cell samples prepared for mi-
croscopy based on the proximity of fluorescent probes to the
target primary antibodies. Cells were seeded in 12-well plates
with a cover slip on the bottom of each well and then treated
with 10 ug HSP70 or 10 pug HSP70 pretreated with 10 pg
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ATP. After 30 min, the cells were fixed with 4% paraformal-
dehyde for 30 min. Blocking solution was then added, and
cells were incubated for 30 min at 37 °C. Samples were incu-
bated overnight in a humidified chamber with the primary
antibodies (anti-RAGE at a 1:2000 dilution; and anti-HSP70
at a 1:2500 dilution). PLA probes were added, and the sam-
ples were incubated in a humidified chamber for 60 min at
37 °C. Next, a ligation-ligase solution was added, and the
samples were incubated for 30 min at 37 °C. Finally, an
amplification-polymerase solution was added, and the sam-
ples were incubated for 100 min at 37 °C.

Preparation for imaging Cover slips were mounted by in-
version on a regular microscope slide using a minimal volume
of Duolink In Situ Mounting Media with DAPI. Slides were
analyzed on a confocal microscope using a x40 objective.
DAPI stained the cell nuclei in blue, whereas the fluorophore
from the Detection Reagent kit stained the interaction spots in
red, with an excitation of 495 nm and an emission of 624 nm.
Images were obtained with ZEN Lite digital imaging software
from Carl Zeiss Microscopy GmbH.

Morphometric and intensity of fluorescence analysis
Measurements of intensity of fluorescence and morphometric
analysis of cytoplasm and nucleus were obtained using the
ImagelJ software (NIH, Bethesda, MD), and the intensity of
fluorescence/cytoplasm/nucleus ratio of the cells was used as
quantification of RAGE-HSP70 interaction.

Molecular docking, structural analyses, and interaction
energy calculation The protein structures under PDB IDs

Fig. 1 Overview of the different
conformations of HSP70. Lefi
panel shows the depiction of PDB
file 2KHO, which represents the
HSP70 APO state or ADP-bound;
right panel shows the depiction of
the pdb file 4B9Q, which
represents the HSP70 ATP state.
When HSP70 is bound to an ATP
molecule, the SBD lid opens, the
NBD becomes more contracted
and the overall conformation
more compact. Upon ATP
hydrolysis to ADP, the SBD lid
closes, capturing the substrate.
This leads to the relaxation of
NBD and extension of the overall
conformation

HSP70 ADP-bound

2KHO (Bertelsen et al. 2009) and 4B9Q (Kityk et al. 2012)
were employed as ligands in the molecular docking calcula-
tions, corresponding to HSP70 in the ADP/APO and ATP
states, respectively. The protein structures under PDB IDs
3CJJ (Koch et al. 2010) and 4LP5 (Yatime and Andersen
2013) were employed as the receptors, corresponding to the
Vand C1 domains of RAGE (the ligand-binding domain) and
to the V, CI1, and C2 domains of RAGE, respectively.
Additionally, the oligomeric form of RAGE was also retrieved
from PDB ID 4LP5. The PQR files used to calculate the elec-
trostatic potential surface of HSP70 were generated by the
webserver PDB2PQR (Dolinsky et al. 2004) using the PDB
4B9Q, with the surface potentials being calculated by APBS
(Baker et al. 2001), colored and visualized using UCSF
Chimera (Pettersen et al. 2004). In order to increase the diver-
sity of docking solutions, calculations were performed on four
different macromolecular docking programs: PatchDock
(Schneidman-Duhovny et al. 2005), Hex (Macindoe et al.
2010), GRAMM-X (Tovchigrechko and Vakser 2006), and
PIPER via ClusPro 2.0 (Comeau et al. 2004; Kozakov et al.
2006). All docking calculations were performed without re-
strictions; that is, HSP70 protein was free to search the entire
RAGE surface for its preferential binding site. Docking results
were clustered by their own docking scores and then submit-
ted to an interaction energy calculation by FoldX
(Schymkowitz et al. 2005). In this step, we applied the com-
mands Optimize to carry out a quick optimization of the struc-
ture, moving all side chains slightly to eliminate small Van der
Waals’ clashes, and RepairPDB, which identifies residues
with poor torsion angles, Van der Waals’ clashes, or inappro-
priate total energy and repairs them. The results of each

Overview of the different conformations of HSP70

HSP70 ATP-bound
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method were used to refine all the docking solutions, allowing
us to choose one docking program and one docking structure
for each situation (i.e., HSP70 ADP bound to RAGE and
HSP70 ATP bound to RAGE).

Normal mode analyses The selected docking solutions were
subjected to normal mode analyses using different methods
for assessing major potential conformational changes in the
complex: elNémo (Suhre and Sanejouand 2004), iMODS
(Lopez-Blanco et al. 2014), and ProDy via the Normal
Mode Wizard plug-in for VMD (Bakan et al. 2011). Default
parameters recommended for each program were employed.
To observe possible conformational transitions between dif-
ferent bound and apo states, only the protein coordinates were
considered in the calculations. For clarity, we analyzed the
first normal mode from each situation and choose the results
from iMODS to be represented. The images from each mode
are depicted in BIOVIA Discovery Studio 3.5 (Biovia 2015),
and the proteins were colored according to the average isotro-
pic displacement which represents the contribution of each
residue to the deformability of the system, where blue corre-
sponds to less flexible regions and red corresponds to more
flexible regions. In addition, the ribbon size was also repre-
sented to match less flexible or more flexible regions,
representing the deformability of the structure. For each struc-
ture, we created a corresponding scatter plot of the
deformability of each residue.

Predictions on the thermostability effect of mutations in
the HSP70-RAGE docking complex The mutation energy
calculation was used to evaluate the effect of single-point mu-
tations on the binding affinity in the HSP70-RAGE docking

Table 1

complex. Mutagenesis was performed using the Pssm com-
mand of FoldX, which mutates each selected residue (selected
according to the docking results and analyses of the residues
present at the interacting interface) to alanine. The stabilities
were calculated using the Stability command of FoldX, and
AAG values are computed by subtracting the energy of the
WT from that of the mutant. Values were interpreted accord-
ing to Frappier et al. (2015) (Frappier and Najmanovich 2014)
as stabilizing mutations (AAG < —0.5 kcal/mol), neutral mu-
tations (AAG [-0.5,0.5] kcal/mol), and destabilizing muta-
tions (AAG > 0.5 kcal/mol).

Results

In order to obtain structural evidence to support the hypothesis
that HSP70 binds to RAGE, we first compared the amino acid
sequences and secondary structures of known RAGE ligands,
such as S100B, HMGBI, glycated albumin, and MACI1 pro-
tein, with that of HSP70 in both the ADP- and ATP-bound
states (PDBs 2KHO and 4B9Q), respectively). No substantial
similarities were found, consistent with a previous study (Fritz
2011). However, as shown in this previous work (40), RAGE
ligands are predominantly negatively charged molecules. We
then calculated the electrostatic surface potential of HSP70 in
its different conformations and found it to be negative
(Fig. S1), similar to the abovementioned RAGE ligands.
Therefore, in order to determine the relationship between the
electrostatic properties of HSP70 and its three-dimensional
geometry, we performed a series of molecular docking exper-
iments to investigate the possible interaction between the two
molecules.

Interacting surface information of the best docking solutions generated by ClusPro 2.0

Interacting surface information of HSP70 ATP-bound and RAGE

Interaction Interface Interface No. of No. of Salt Hydrogen Non-

energy area A area B interacating interacting bridges bounds bounded

(kcal/mol) (A% (A% residues A residues B contacts
Model.00 —9.44961 914 874 19 23 4 21 135
Model.01 —26.4293 1397 1331 26 34 6 19 198
Model.02 -11.6721 1136 1084 19 22 8 16 106
Model.03 —23.9613 1953 1902 33 43 7 34 243
Model.04 —15.463 1187 1222 26 25 7 25 192
Model.05 -15.9767 1572 1462 29 29 8 23 194
Model.06 —18.2888 1331 1269 24 27 6 14 138
Model.07 —15.8098 1338 1194 25 33 5 20 143
Model.08 —7.3837 1201 1057 20 26 4 19 156
Model.09 —2.42895 1654 1513 25 32 7 21 160
Mean —14.686 1368.3 1290.8 24.6 29.4 6.2 21.2 166.5

Chain A represents HSP70 ATP-bound (PDB/4B9Q) and chain B represents RAGE in the monomeric form (PDB/3CJJ)
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Table 2

Interacting surface information of the best docking solutions generated by ClusPro 2.0

Interacting surface information of HSP70 ATP-bound and RAGE oligomeric

Interaction Interface Interface No. of No. of Salt Hydrogen Non-

energy area A area B interacating interacting bridges bounds bounded

(kcal/mol) (A% (A% residues A residues B contacts
Model.00 —22.3043 1695 1500 22 34 11 32 207
Model.01 =7.36259 1483 1518 30 26 7 22 199
Model1.02 —13.4254 1304 1271 17 25 5 23 152
Model.03 —4.89881 1056 997 17 24 11 22 161
Model.04 —11.0521 1328 1115 18 30 6 21 124
Model.05 —17.934 1342 1191 22 29 12 26 179
Model.06 —7.39764 1203 1145 25 22 8 18 142
Model.07 —20.0421 1474 1422 27 30 9 28 199
Model.08 —3.08451 1142 1064 20 23 6 15 154
Model.09 —14.6118 1326 1230 29 31 11 23 203
Mean —12.211325 13353 12453 22.7 274 8.6 23 172

Chain A represents RAGE in the oligomeric form (PDB.4LP5) and chain B represents HSP70 ATP-bound (PDB.4B9Q)

Docking experiments were performed considering the
PDB IDs 2KHO for HSP70 in the ADP-bound state and
4B9Q for HSP70 in the ATP-bound state; 3CJJ was used for
monomeric RAGE, and 4LP5 was used for oligomeric RAGE
with four different macromolecular docking programs:
GRAMM-X, PatchDock, Hex, and PIPER via ClusPro 2.0.
All docking calculations were performed without restrictions.
Docking results were clustered by their docking scores, and
the best solution was then submitted to an interaction energy
calculation by FoldX. While each program has its own

Table 3

specific strategies, which may make comparisons difficult,
their different results may also represent different points on
the potential energy surface associated with the complex,
which is depth normalized through FoldX.

The results of each method are shown in Supplemental
Table 1 and were used to refine all the docking solutions,
allowing us to choose one docking program and one docking
structure for each situation based on the lowest energy model
or the most stable theoretical interaction. A similar approach
to choose docking solutions was successfully demonstrated in

Interacting surface information of the best docking solutions generated by ClusPro 2.0

Interacting surface information of HSP70 ADP-bound and RAGE

Interaction Interface area Interface No. of No of Salt Hydrogen Non-

energy A arca B interacting interacting bridges bounds bounded

(kcal/mol) (A% (A% residues A residues B contracts
Model.00 —13.9867 1527 1467 27 31 9 23 154
Model.01 —14.9640 1317 1249 24 28 7 27 173
Model.02 —13.5191 1175 1124 19 22 2 16 154
Model.03 —10.0052 1244 1182 18 25 4 14 125
Model.04 —17.3068 1194 1082 19 27 7 23 180
Model.05 —8.7484 1029 1115 22 19 6 12 119
Model.06 —13.9595 1699 1417 24 34 4 25 179
Model.07 —11.0688 989 1009 21 21 4 17 139
Model.08 —8.2834 1431 1551 28 28 7 21 235
Model.09 —-13.1513 1438 1332 24 30 6 16 181
Mean —12.549 1304.3 1252.8 22.6 26.5 5.6 19.4 163.9
Chain A represents RAGE in the monomeric form (PDB/3CJJ) and chain B represents HSP70 ADP-bound (PDB/2KHO)
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Table 4

Interacting surface information of the best docking solutions generated by ClusPro 2.0

Interacting surface information of HSP70 ADP-bound and RAGE oligomeric

Interaction Interface Interface No. of No. of Salt Hydrogen Non-

energy area A areca B interacting interacting bridges bounds bounded

(kcal/mol) (A% (A% residues A residues B Contracts
Model.00 —18.4109 1610 1684 33 32 10 29 220
Model.01 —24.6075 1369 1372 30 26 11 33 186
Model1.02 —15.4286 1256 1558 25 21 4 19 127
Model.03 -16.3374 1340 1203 25 33 4 23 145
Model.04 -16.2707 2212 2198 34 48 8 30 306
Model.05 —8.83572 1960 1721 28 44 12 32 254
Model.06 —9.42297 1834 1826 34 33 10 19 107
Model.07 -7.12172 1673 1610 35 31 4 19 157
Model.08 —13.2064 1622 1631 27 32 7 20 178
Model.09 —11.1987 1686 1670 36 37 4 23 202
Mean —14.084061 1656.2 1647.3 30.7 335 74 24.7 188.2

Chain A represents RAGE in the oligomeric form (PDB/4LP5) and chain B represents HSP70 ADP-bound (PDB/2KHO)

a previous study (Varecha et al. 2012). We choose to analyze
the calculations with the repaired PDBs in order to correct
possible errors remaining from the docking force field and
from the X-ray structure. These errors could result in non-
standard angles or distances, i.¢., biased conformations arising
from the non-physiological conditions under which the

(a)

Control without
primary antibodies

HSP70

Fig. 2 Fluorescent protein proximity assay. HLA probe chain reacted,
producing red fluorescent spots when both target proteins were within
interacting range. a The top images show confocal microscopy analyses
of technical control without the addition of primary antibodies and
experimental control without the addition of eHSP70. The bottom
images show confocal microscopy analyses of A549 cells treated with
eHSP70 with or without ATP pretreatment. b Fluorescence intensity and
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structure was determined. Moreover, in some cases, these er-
rors could represent average rotamers representing two or
more true rotamers in equilibrium (Schymkowitz et al. 2005).

Based on the resulting interaction energy, we choose the
docking solutions of the simulations performed on the
ClusPro 2.0 server for further analysis, allowing us to establish

Control without
HSP70

HSP70/ATP

(b) Quantification of fluorescent spots
400000 ##
*kk
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>
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%98@ %Q@\‘;\Q
morphometric analysis from control and treated cells. The cells were
analyzed using the ratio between the intensity of red fluorescence and
size of cytoplasm with the Image] software. Data are reported as
means + SEM. Statistically significant differences as determined by
one-way ANOVA followed by Tukey’s test are indicated: *p < 0.05;
##%p < 0.001 compared with control group; ##p < 0.01 compared with
HSP70 group
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HSP70 ADP-bound and RAGE complexation

Avg. Isotropic Displacement

Residue

Fig. 3 Normal mode analyses for the complex 3CJJ-2KHO. Structures
are shown according to their respective residue deformability. The color
scale ranges from blue to red with increasing flexibility of residues. Every
structure includes a corresponding scatter plot for residue deformability.
Analysis of the interacting complex between the HSP70 APO state and

a putative model for HSP70 and RAGE complexation.
Tables 1, 2, 3, and 4 show the values for the first ten docking
solutions and an in-depth analyses of the interacting interface
between HSP70 and RAGE, which contemplates the number
of interacting residues, their interface area, and the number of
potential hydrogen bonds, non-covalent and non-bonded in-
teractions. This information was later used to identify con-
served residues in both HSP70 ADP and ATP-bound, as well
as in RAGE and RAGE in its oligomeric form.

In order to confirm that the interaction occurred in vitro, we
performed protein interaction assays (Duolink In Situ assays)
based on the proximity of the two target proteins using A459
cells, which express high levels of RAGE (Nakano et al.
2006). In this assay, a pair of oligonucleotide-labeled second-
ary antibodies generates a signal only when the two PLA
probes are bound in close proximity to both primary antibod-
ies bound to the sample. Thus, the signal from each detected
pair of PLA probes is visualized as a single fluorescent spot.
Using confocal microscopy, we found that samples treated
with HSP70 exhibited a large number of red fluorescent spots
in comparison with the samples that were not incubated with
HSP70. When comparing the two experimental groups, the

Val233, Pro234, Leu,235, Glu236, Glu237, Val238

monomeric RAGE showed that the most flexible regions of the ligand
structure were relaxed after the interaction. RAGE surface is colored
purple and HSP70 surface is colored orange. Residues that most
contribute to the deformability of the system are indicated

one treated with HSP70 preincubated with ATP showed a
higher number of red fluorescent spots in relation to the group
treated with only HSP70, as can be seen by both confocal
photomicrographs (Fig. 2a) and quantification of the red fluo-
rescent spots (Fig. 2b). These results suggested that the spe-
cific conformation of the protein in the extracellular space
may be important for the interaction with RAGE. The inter-
action with RAGE may be more probable and favored in this
conformation, whereas in the ADP/APO conformation, the
protein may interact with its other receptors with higher affin-
ity, thus creating a possible mechanism that allows a shift in
the later cellular signaling cascade.

After detecting and visualizing the interaction by confocal
microscopy, we analyzed the best docking solutions (that is,
the docking complexes with the lowest interaction energy
values) via normal mode analyses in order to observe if the
complex underwent any major conformational shifts. Normal
mode analysis is a computational technique that allows us to
analyze the dynamics of biological macromolecules. This
method can provide insights into the large-scale conforma-
tional changes occurring in proteins, e.g., upon ligand binding
or interaction and complexation, such as the proposed
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HSP70 ADP-bound and oligomeric RAGE complexation

Av. Isotroplc Displacement

Fig. 4 Normal mode analyses for the complex 4LP5-2KHO. Structures
are shown according to their respective residue deformability. The color
scale ranges from blue to red with increasing flexibility of residues. Every
structure includes a corresponding scatter plot for residue deformability.

interaction between HSP70 and RAGE. The lowest modes are
generally thought to dominantly contribute to the global and
collective motions of the entire system (Bahar et al. 2010;
Mahajan and Sanejouand 2015).

All files involved in the docking simulations were subject-
ed to normal mode analyses prior to complexation, allowing
their conformational profiles to be compared under different
situations after the interaction. 2KHO, representing the
HSP70 ADP-bound, showed a highly flexible region located
in the linker between the NBD and the SBD. In addition, the
first residues of the helical lid showed high flexibility, consis-
tent with the observation that this region acts as a hinge and is
responsible for the opening and closing of the lid over the 3-
sheet pocket (Fig. S2). The slowest mode also showed that the
two domains could rotate in opposite directions, making the
protein a not very likely ligand, at least in this conformation.
In the model of HSP70 bound to an ATP molecule, the helical
lid within the protein was open; however, the overall structure
exhibited a more closed, tightened state. Flexible regions were
located within the helical lid (Fig. S2).

In its monomeric form (3CJJ), RAGE exhibited only a
highly flexible region at the end of the C1 domain. On the
other hand, the oligomeric form (4LP5) showed several spikes
on the deformability profile of the residues; the most flexible
residues were located in the region between the C1 and C2
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Pro232, Val233, Pro234, Leu235

Both structures exhibited several spikes of residue deformability. RAGE
surface is colored purple and HSP70 surface is colored orange. Residues
that most contribute to the deformability of the system are indicated

domains and in the end of the C2 domain (Fig. S3). Normal
mode analyses of the docked complex of ADP-bound HSP70
and monomeric RAGE showed that the regions with high
flexibility in HSP70 in the ADP-bound state had reduced flex-
ibility after interacting with RAGE. Additionally, the interac-
tion interface showed no major conformational changes or
movement (Fig. 3), with an associated interaction energy of
—17.80 kcal/mol. In contrast, the complex between HSP70
bound to ADP and oligomeric RAGE exhibited several resi-
dues with moderate to high flexibility, as is shown in the
depiction and deformability plot (Fig. 4). Nevertheless, the
interaction energy (—26.42 kcal/mol) was lower than that of
the ATP-bound HSP70 and monomeric RAGE.

The slowest normal mode obtained from the docking be-
tween HSP70 in the ATP-bound state (4B9Q) and monomeric
RAGE (3CJJ) exhibited an improved deformability plot.
Although the helical lid of HSP70 and the C1 domain of
RAGE were responsible for some degree of movement, the
vast majority of the residues, including those located on the
interacting interface, had less flexibility than that observed for
the other combinations (Fig. 5). This docking solution had an
interacting energy of —22.30 kcal/mol.

The structure 4LP5 had a deformability profile similar to
that observed for the interaction with ADP-bound HSP70.
Initially, the oligomeric conformation did not appear to be
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HSP70 ATP-bound and RAGE complexation

Fig. 5 Normal mode analyses for the complex 3CJJ-4B9Q. Structures
are shown according to their respective residue deformability. The color
scale ranges from blue to red with increasing flexibility of residues. Every
structure includes a corresponding scatter plot for residue deformability.
There was a highly flexible region at the end of the C1 domain of the
receptor and a moderately flexible region on the helical lid of HSP70.

favorable for any complexation; the structure of HSP70 under
these conditions had a higher deformability profile with some
spikes in the flexibility of its residues. Moreover, the interac-
tion energy (—26.42 kcal/mol) was lower than that of the mo-
nomeric form (Fig. 6).

RAGE residues GLN24, LYS37, ARG216, and ARG218
are present in all docking complexes analyzed, while HSP70
residues GLU206, GLN217, and ASN187 could be important
for the interaction of the two proteins and could be targeted for
site-directed mutagenesis. A complete list of the interacting
residues that form potential hydrogen bonds for every docking
situation is presented together with a representation of the
structures on supplemental Figs. S4-S7.

The effect of mutations on the thermostability of the
HSP70-RAGE docking complex showed that some residues
identified to be present on the interacting interface seemed to
have an important role on the stability. Mutation of Lys37 and
Arg218 of monomeric RAGE resulted on a destabilizing ef-
fect when interacting with HSP70 ATP-bound and Arg218
when interacting to HSP70 ADP-bound. Mutation of
Arg216 of oligomeric RAGE resulted on a destabilizing effect
when the receptor interacts with HSP70 ATP-bound, and

3 g

Avg. Isotropic Displacement
8

Overall, this complex exhibited a flattened profile of residue
deformability and flexibility compared with the other complexes.
Additionally, the interacting region was colored blue, indicating the
relative stability of this complex. RAGE surface is colored purple and
HSP70 surface is colored green. Residues that most contribute to the
deformability of the system are indicated

mutation of Arg216 and Arg218 resulted on a destabilizing
effect when the interaction occurs with HSP70 ADP-bound.
HSP70 on its ATP-bound conformation has not been affected
by destabilizing mutations on any of the residues, only a mu-
tation on Glu217 resulted on a stabilizing effect when the
chaperone interacted with oligomeric RAGE. In contrast, all
amino acid mutations resulted on a destabilizing effect on
HSP70 in the ADP-bound conformation, with the exception
of Asn187 when the chaperone interacted with oligomeric
RAGE (Fig. 7).

Discussion

HSP70 was first identified many years ago (Ritossa 1962),
and many studies have shown that this protein has a variety
of functions in addition to its well-known activity as a chap-
erone protein. Recently, HSP70 has been shown to be present
in serum after induction of different types of stress, such as
heavy exercise, inflammation, septic shock, and trauma
(Kindas-Mugge et al. 1993; Trautinger et al. 1996a, b).
Initially, this extracellular HSP70 was thought to arise from
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HSP70 ATP-bound and oligomeric RAGE complexation

Fig. 6 Normal mode analyses for the complex 4LP5-4B9q. Structures
are shown according to their respective residue deformability. The color
scale ranges from blue to red with increasing flexibility of residues. Every
structure includes a corresponding scatter plot for residue deformability.

necrotic disruption of cell membranes and extravasation of
cytosolic proteins. However, later studies showed that
HSP70 could be actively secreted from the intracellular envi-
ronment to the extracellular space (Vega et al. 2008), suggest-
ing that this protein may have a more prominent role in signal
transduction during pathogenic processes.

In a recent study by our laboratory (Gelain et al. 2011), we
showed that there is a correlation between clinical outcomes in
patients with sepsis and the presence of HSP70 in their serum.
Moreover, increased levels of oxidative stress were also asso-
ciated with increased HSP70 levels in serum in patients who
died. Our previous studies (Grunwald et al. 2014) showed that
macrophages treated with preoxidized HSP70 exhibited a dif-
ferent pattern of activation compared with that of macro-
phages treated with HSP70, with lower cell proliferation and
viability, lower levels of TNF-« release, and lower phagocytic
activity. Similar results, including increased secretion of
TNF-« and increased phagocytosis, have been observed in
macrophages upon RAGE ligand binding (Fujiya et al.
2014; Ma et al. 2012; Tang et al. 2010), suggesting that
RAGE may have unidentified interactions associated with
specific signaling pathways.
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RAGE surface is colored purple and HSP70 surface is colored green.
Residues that most contribute to the deformability of the system are
indicated

In this study, we used in silico experiments to confirm the
possible interaction between HSP70 and RAGE and to define
the mechanism through which such a complexation occurs.
The computational simulations provided herein served as
guidelines for the additional steps in our experiment design,
and the putative models obtained by molecular docking could
improve our understanding of this interaction, acting as a
baseline for site-directed mutagenesis studies until the exact
complex may be obtained through X-ray crystallography.
Despite its widespread use, docking has been considered an
unreliable technique for the prediction of drug binding (Chen
2015), and macromolecular docking, such as the protein-
protein binding predicted here, has improved greatly in the
last decade (Musiani and Ciurli 2015; Park et al. 2015).

Theoretically, it is possible for HSP70 in both the ADP/
APO and ATP states to complex with RAGE; normal mode
analyses showed that the interaction interface did not undergo
any major conformational shifts and that the residues in this
area did not exhibit elevated flexibility. When these simula-
tions were compared with experiments in actual cells, in-
creased numbers of fluorescent-interacting spots were ob-
served when HSP70 was added in the presence of ATP
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Thermostability effect of mutations on HSP70-RAGE complex
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Fig. 7 FoldX energy results and the effect on the thermostability of the
HSP70-RAGE docking complex. Stabilizing mutations
(AAG < —0.5 kcal/mol) are represented by green-colored bars, neutral

compared with that when HSP70 was added alone. This is
consistent with the observed lowest calculated interacting en-
ergy for ATP-bound HSP70 and oligomeric RAGE (PDB IDs
4B9Q and 4PLS5, respectively). From these observations, we
can form hypotheses regarding the conditions under which
such an interaction could occur. RAGE has four disulfide
bonds when in the monomeric form and ten disulfide bonds
in the oligomeric form. In the case of 4LP5, oligomerization
occurs between the V domains of the receptor, meaning that
the soluble form could interact and complex under the right
conditions. This oligomerization can be extended to more than
two molecules, increasing the interacting site and creating a
larger area capable of interacting with larger proteins, such as
HSP70. The abovementioned disulfide bonds could play an
important role under pathological conditions involving exces-
sive oxidative stress because these structures could help to
stabilize some interactions and particular conformations.
Moreover, in all situations, we observed the involvement of
different domains of HSP70 when the protein interacted with
the receptor.

RAGE - HSP70(spp)

0ligoRAGE - HSP705pp

mutations (AAG [-0.5,0.5] kcal/mol) by blue bars, and destabilizing
mutations (AAG > 0.5 kcal/mol) are represented by red-colored bars

Our results not only supported the observations made by
Ruan and collaborators (12), who showed that there may be an
interaction between RAGE and HSP70, but also showed that
this interaction occurred within a cell culture model. Thus, our
findings demonstrated that the ADP/ATP cycle may be impor-
tant for mediating the affinity and stability of the interaction
and that the different domains of HSP70 may contribute to the
strength of the signaling response initiated upon RAGE
binding.

This new interaction could have important implications in
future studies of the pathological conditions associated with
high levels of RAGE expression and the presence of HSP70 in
the extracellular medium and serum in response to some form
of injury or stress.
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Capitulo 3

“Interacao entre o receptor TLR4 e a proteina de choque térmico HSP70”
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Metodologia

Docking molecular, anélise estrutural e calculo da energia de interacao

As estruturas proteicas identificadas como PDB 5DMI, 5D3l, 2Z64 e 3A79, foram empregadas
como os receptores nas simulacdes de docking molecular e, correspondem as proteinas CDA40,
TLR2, TLR4 e ao complexo TRL2-TLR4, respectivamente. As proteinas identificadas como
PDB 2KHO e 4B9Q foram empregadas como ligantes e, correspondem a proteina HSP70 nas
suas diferentes conformacoes, isto €, ligada a ADP e ligada a ATP, respectivamente. As
simulacdes de docking molecular foram executadas no servidor PIPER via ClusPro 2.0. Todas
as possibilidades de interacdo foram calculadas sem a imposicao de restricdes; ou seja, o ligante
HSP70 ficou livre para procurar por toda a superficie dos receptores pelo seu sitio de interacdo
preferencial. Os resultados foram agrupados pelo algoritmo do préprio programa de docking e

entdo submetidos a um célculo da energia livre de interagdo através do software FoldX.

Predicdes sobre o efeito de mutagdes na termoestabilidade dos complexos TLR4-HSP70

O célculo da energia de interacédo foi utilizado para avaliar o efeito de mutacGes de residuos de
aminoacidos especificos na afinidade da interacdo nos complexos TLR4-HSP7 obtidos na etapa
anterior. A mutagénese foi executada utilizando o comando Pssm do software FoldX, o qual
realiza a troca dos residuos selecionados por Alanina. As estabilidades dos complexos foram
calculadas com o comando Stability, e os valores de AAG foram calculados pela subtracéo da
energia de interacdo do complexo selvagem (WT —wild type) do complexo mutante. Os valores
foram interpretados de acordo com Frappier el al como: mutagdes de efeito estabilizante (AAG
< -0.5 kcal/mol), de efeito neutro (AAG [-0,5,0,5]) e de efeito desestabilizante (AAG > 0,5

kcal/mol).
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Todas as analises estruturais e imagens foram realizadas e obtidas utilizando o programa Biovia

Discovery Studio 3.5.

Resultados

Complexos HSP70-receptores

Os célculos de docking molecular entre HSP70, representada por suas duas conformacoes
diferentes, ligada a ADP e ligada a ATP, e os diferentes receptores conhecidos por interagirem
com a chaperona e responsaveis, em parte, pela sinalizacéo de sua funcéo de chaperoquina. Os
melhores complexos gerados pelo programa ClusPro foram submetidos a um calculo de energia
de interacdo através do programa FoldX. HSP70 ligada a ADP formou complexos com o
receptor CD40 (-13.14 kcal/mol), TLR2 (-23.81 kcal/mol), TLR4 (-28.93 kcal/mol) e TLR2-
TLR4 (-28.45 kcal/mol). HSP70 ligada a ATP formou complexos com o receptor CD40 (-14.37
kcal/mol), TLR2 (-29.91 kcal/mol), TLR4 (-25.50 kcal/mol) e TLR2-TLR4 (-24.69 kcal/mol).

Estes resultados estdo apresentados na tabela 1.

Modelo putativo para a interacdo TLR4-HSP70

Os melhores complexos gerados pelo programa ClusPro 2.0 entre HSP70 ligada a ADP e ligada
a ATP e o receptor TLR4 foram analisados mais detalhadamente e suas superficies de interacdo
foram caracterizadas. Essa informacdo é encontrada nas tabelas 2 e 3, respectivamente. Os
complexos de menor energia de interacdo foram selecionados e os residuos presentes na
superficie de interacdo do receptor TLR4 foram comparados com aqueles residuos que formam
interacOes entre TLR4 e o peptideo correspondente ao peptideo MD-2 presente na estrutura
PDB 2764 (Figura 1). Os residuos ARG288, AR337, ASP59, ASP53, HIS158, TYR183,
ASP264 e PHE62 do receptor TLR4 foram encontrados tanto no complexo cristalizado como

no complexo obtido por docking TLR4-HSP70 ligada a ADP. Os residuos ASP59, ASP83 e
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LYS263 foram encontrados tanto no complexo cristalizado como no complexo obtido por
docking TLR4-HSP70 ligada a ATP. Os residuos do receptor TLR4 ASP59, ASP83, ASN115
e LYS153 foram encontrados na superficie de interacdo dos dois complexos obtidos por
docking, mas ndo no complexo cristalizado. Estes residuos foram posteriormente submetidos
ao processo de mutagénese com a finalidade de avaliar seu efeito na termoestabilidade dos
complexos obtidos por docking. Apenas mutagdes nos residuos ASP59 e ASN115 apresentaram
efeito neutro no complexo TLR4-HSP70 ligada & ADP, com valores de AAG de 0,42 e 0,35
kcal/mol, respectivamente; e a mutacdo do residuo LYS153 apresentou efeito neutro no
complexo TLR4-HSP70 ligada & ATP, com o valor de AAG de 0,39 kcal/mol. Todas as outras

mutacdes apresentaram efeito desestabilizante nos complexos TLR4-HSP70 (Figura 2).
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Tabela 1. Resultados das simulag¢Ges de docking molecular entre o receptor TLR4 e a proteina
HSP70 nas suas duas diferentes conformagdes. Os dez melhores resultados obtidos pelo escore
interno do programa ClusPro 2.0 foram submetidos a um calculo de energia de interacdo externa

pelo programa FoldX.

Interaction Energy Analyses (kcal/mol)

HSP70[ADP] HSP70[ATP]

TLR2.TL R4[3A79] TLR2[5D3|] TLR2.TL R4[3A79] TLR2[5D3|]

mo -18.48 mo -14.04 mo -16.28 ) -10.94
m1 -18.79 m1 -1544 m1 -2286 m1 -19.23
m2 -16.68 m2 -22'58 m2 -17.69 m2 -5.09
m3 -12.38 m3 -22158 m3 -24.69 m3 -16
m4 -11.98 m4 -1522 m4 -19.36 m4 -27.73
m5 -1938 m5 -14.98 m5 -1328 m5 -1348
m6 -6.78 mé6 -23.81 m6 -24166 m6 -21.84
m7 -1448 m7 -2198 m7 -27.18 m7 -1492
m8 938 m8 -20.88 m8 -2318 m8 -29.911
m9 -28.45 m9 -15198 m9 -18.87 m9 -16:38
CD40[5DM|] TLR4[2264] CD40[SDMI] TLR4[2264]

mO0 -3.15 mo -28.93 mO0 -34 mO0 -15.3
m1 -2.15 m1 -10.28 m1 -6.5 m1 -21.89
m2 -5.38 m2 -7.62 m2 -9.03 m2 2124
m3 -5.92 m3 -22.50 m3 -2.2 m3 -21.78
m4 -1 m4 2821 m4 -11.92 m4 -10.38
m5 -8.02 m5 -23.88 m5 -8.61 m5 -25.501
mé -13.14 m6 -9.68 m6 -13.38 m6 -15.97
m7 -6.27 m7 -19.04 m7 -1174 m7 2473
m8 953 m8 -24.08 m8 -5.33 m8 -13.80
m9 -11.38 m9 -7.92 m9 -14.30 m9 -1642
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Tabela 2. Informagdes da superficie de interacdo do complexo TLR4-HSP70 ligada a ADP

Interacting surface information of HSP70 ADP-bound and TLR4

Interaction Interface Interface No. No. Salt  Hidioten Non-
energy AreaA AreaB Interacting Interacting Biidiss Boung i bounded
(kcal/mol) (A% (A?)  residues A residues B g Contacts
model.00 -28.8 1647 1794 36 28 5 22 208
model.01 -10.28 1442 1396 27 25 4 12 166
model.02 -7.62 1385 1524 34 27 2 15 160
model.03 -22.50 1697 1731 37 32 9 33 239
model.04 -28.21 2056 2041 41 31 3 20 169
model.05 -23.88 1732 1822 37 36 13 27 198
model.06 -9.66 1816 1913 40 35 5 22 270
model.07 -19.04 1647 1595 32 33 5 23 158
model.08 -24.09 2091 2134 48 38 6 27 265
model.09 -7.92 1121 1099 19 22 4 14 197
Mean -18.21 1663.4 1704.9 35.1 30.7 5.6 215 203

Table 2. Interacting surface information of the best docking solutions generated by ClusPro 2.0.
Chain A represents TLR4 (PDB:2Z64) and chain B represents HSP70 ADP-bound (PDB:2KHO).

Tabela 3. Informacdes da superficie de interacdo do complexo TLR4-HSP70 ligada a ATP

Interacting surface information of HSP70 ATP-bound and TLR4

Interaction Interface Interface No. No. Non-

energy AreaA AreaB |Interacting Interacting Brisdaltes Hégrog den bounded

(kcal/mol) (A% (A%  residues A residues B g N9 Contacts

model.00 -15.31 1443 1436 26 27 4 12 106
model.01 -21.89 2136 2168 42 37 6 26 242
model.02 -21.27 1784 1800 38 32 3 20 236
model.03 -21/7a 1584 1733 35 24 6 21 189
model.04 -10.38 1726 1834 39 29 8 20 208
model.05 -25.50' 1542 1529 31 33 6 19 195
model.06 -15.97 1530 1578 30 26 1 14 174
model.07 -247738 1618 1651 32 26 2 15 161
model.08 -13.80 1241 1226 23 23 3 15 129
model.09 -16.42 1268 1189 22 31 2 11 130
Mean -18.70 1587.2 1614.4 31.8 28.8 4.1 17.3 177

Table 3. Interacting surface information of the best docking solutions generated by ClusPro 2.0.
Chain A represents TLR4 (PDB2Z64:) and chain B represents HSP70 ATP-bound (PDB:4B9Q).
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Residues TLR4 Residues Peptide Interaction Distance
ARG288NHI1 |ASP99:0D2 Hydrogen Bond;Electrostatic 2.87
ARG337NII1 |ASP101:0D1 Tydrogen Bond;Elkectrostatic 3.07
ASP59:0D2  |LYS109NZ Hydrogen Bond:Electrostatic 3.26
ASP83:0D2  |LYS109NZ Tydrogen Bond;Elkectrostatic 2.85
HIS158ND1 |GLU111:0E1 Hydrogen Bond 294
TYR183:OH [SER103:0G Hydrogen Bond 3.14
LYS263N ASP101:0 Hydrogen Bond 2.82
ARG337NHI1 [ASP99O Hydrogen Bond 2.89
ARG337NH2 [HIS98:0 Hydrogen Bond 273
ASP264:0D2 [SER103:N Hydrogen Bond 2.70
ASP264:0D1 |SER103:0G Iydrogen Bond 2.76
ASP264:0D1 [THR115:0G1 Hydrogen Bond 291
IOS158CEl  |TIHR112:0 Ilydrogen Bond 3.68
ARG288:CD  [ASP99:0D2 Hydrogen Bond 3.07
PIIC62 ARG68NII1 Ilydrogen Bond 3.50
Residues TLR4  Residues HSP70[ADP] Interaction Distance
ASP59:0D2  |ARG253:NH1 Hydrogen Bond;Electrostatic 2.78
ASP83:0D1  |ARG253NII1 Hydrogen Bond:Electrostatic 2.58
ASP2640D2 |ARG261:NH1 Hydrogen Bond;Electrostatic 2.67
LYSI53NZ |ASN254:0D1 Hydrogen Bond 3.37
ASN155ND2 |ASN254:0 Hydrogen Bond 2.86
ARG288:NH1 |ASP289:0 Hydrogen Bond 2.9
ARG288NII1 [TIHR291:0 Hydrogen Bond 2.73
ARG288:NH2 |ALA290:0 Hydrogen Bond 2.66
ARG337NH1 |ASN282:0D1 Hydrogen Bond 2.55
HIS158NE2  |GIN260:NE2 Hydrogen Bond 3.00
PHEG62 ASN238ND2 Hydrogen Bond 3.45
Residues TLR4 Residues HSP70[ATP] Interaction Distance
ASP59:0D2  |ARG447NH2 Hydrogen Bond:Electrostatic 257
LYSI53NZ  |[MET404:0 Hydrogen Bond 292
LYS263NZ  |GLN325:0 Hydrogen Bond 2.70
LYS263:NZ  |GLN325:0E1 Hydrogen Bond 291
ASN1550D1 |LYS446NZ Hydrogen Bond 2.64
ASP83:0D2  |ARG447NE Hydrogen Bond 2.88

Figura 1. Complexos obtidos por docking entre TLR4 e HSP70. O painel a esquerda mostra 0os modelos para a
interacdo entre TLR4 e MD-2, TLR4 e HSP70 ligada a ADP e TLR4 e HSP70 ligada a ATP. As estruturas protéicas
sdo representadas como fitas e 0s aminoacidos que formam interagdo sdo representados como paus. A estrutura de
TLR4 esta colorida de cinza, MD-2 de amarelo suave, HSP70 ligada a ADP de roxo suave e HSP70 ligada a ATP
de rosa suave/salmé&o. Por motivos de clareza, apenas parte da estrutura de HSP70 esté representada. Os residuos
de TLR4 estdo coloridos de azul, os de HSP70 e do MD-2 de verde. O painel a direita detalha os residuos e seus
atomos que formam interac@es e a distancia é medida em angstroms.

52



Thermostability effect of mutations on TLR4-HSP70 complex

TLR4 - HSP70(spp) TLR4 - HSP70 15

AAG

Figura 2. Resultados dos célculos da energia de interacdo dos mutantes e de seus efeitos na termoestabilidade dos
complexos TLR4-HSP70 obtidos por docking molecular. Muta¢des de efeito neutro (AAG[—0.5,0.5] kcal/mol)
estdo representadas por barras cinza claro e mutagdes de efeito desestabilizante (AAG > 0.5 kcal/mol) estéo

representadas por barras pretas.
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Parte 3
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4. Discussao

Muitos anos se passaram desde que a HSP70 foi descoberta; os estudos atuais nos mostram que
suas funcgdes e seus papéis sdo muito maiores do que a atividade de chaperona primeiramente
descrita. Recentemente, essas proteinas tém sido observadas presentes no soro apos diversas
formas de estresse (exercicio fisico intenso, processos inflamatdrios, choque séptico e trauma);
em um primeiro momento, pensou-se que sua presenca era causada pelo rompimento da
membrana celular de células em processo de necrose com consequente extravasamento do
conteddo proteico citosolico, incluindo a HSP70. Logo apds, foi demonstrado que a HSP70
poderia ser ativamente secretada de um ambiente intracelular para um ambiente extracelular,
levando a hipotese de que essa proteina poderia ter um papel muito mais complexo e importante

na sinalizacdo celular durante processos patogénicos.

No ano de 2011, na publicagdo Serum Heat Shock Protein 70 Levels, Oxidant Status, And
Mortality In Sepsis (Anexo 1) nosso grupo de pesquisa demonstrou a relagdo entre a presenca
da HSP70 no soro de pacientes com sepse, 0s niveis séricos de estresse oxidativo e o desfecho
clinico. Os mecanismos moleculares que estao por tras da sepse sdo complexos e relacionam-
se com diferentes niveis de coordenacdo metabdlica; por isso, faz-se importante estudar e
caracterizar as perturbacdes celulares e moleculares decorrentes da sepse. Fato este, que é
evidenciado pelas diferentes conclusdes dos estudos bioquimicos realizados acerca deste
assunto quando tentam atribuir funcdes e elucidar mecanismos baseados em aspectos isolados.
Temos como exemplo, diversos estudos animais e ensaios clinicos que associam a sepse com 0
desbalanco redox e estresse oxidativo; enquanto que outros estudos falham ao estabelecer uma
correlacdo entre terapias baseadas em antioxidantes e a melhora na condigédo séptica (Berger
and Chiolero 2007, Andrades, Ritter et al. 2009, Rinaldi, Landucci et al. 2009). Esse fato é
também verdadeiro em relagéo aos estudos sobre as fungdes HSP70 na sepse. Modelos animais

e celulares corroboram com a existéncia de uma relacdo entre HSP70 e sepse, porém,
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observacdes clinicas ndo obtiveram éxito em estabelecer uma correlagdo direta entre a
modulacdo da HSP70 e um efeito protetor contra o choque septico (Bruemmer-Smith, Stuber

et al. 2001).

Com base no fato de que a sinalizacdo redox exerce uma importante influéncia na regulacéo da
resposta do sistema imunoldgico contra a sepse, foi demonstrado que 0s niveis séricos de
HSP70 s&o modulados de acordo com o status oxidativo do soro, o qual varia de acordo com o
paciente. Assim, é possivel que a amplitude do estresse oxidativo possa contribuir com a
modulacdo dos niveis séricos de HSP70, através de um aumento na expresséo e da liberacdo da
HSP70 para 0 meio extracelular e também pela liberacdo por células necréticas. Uma vez no
espaco extracelular, a HSP70 funciona como uma das proteinas enquadradas na teoria “danger
signal”, realizando uma sinaliza¢cdo imunoestimulatoria, ativando receptores TLR2 e TLR4,
aumentando a liberagdo de TNF-a e citocinas pro-inflamatorias, espécies reativas de oxigénio

e 6xido nitrico, principalmente de macrofagos.

De modo geral, é possivel concluir que os niveis séricos de HSP70 sdo modulados de acordo
com o estado oxidativo durante a sepse, €, que 0s niveis elevados de HSP70 no soro estdo

associados a mortalidade dos pacientes.

Tomando como base as crescentes observacOes sobre a HSP70 extracelular e os dados
mencionados no anexo I, n0s procuramos no capitulo 1 estabelecer e elucidar os mecanismos
por trés da relagdo existente entre o estado redox, HSP70 e os efeitos decorrentes. Para isso,
nos submetemos a HSP70 purificada a acdo um agente oxidante e avaliamos as mudancas
estruturais na proteina e os efeitos da oxHP70 na viabilidade celular e nas propriedades

imunomodulatérias de macréfagos em cultura celular.

Quando submetida a um agente oxidante (peréxido de hidrogénio), a HSP70 apresentou

algumas alteracdes no perfil eletroforético com tampé&o de amostra redutor, a banda majoritaria
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da proteina de 70 kDa e a banda de 140 kDa (peso molecular da provavel forma dimerica)
diminuiram em intensidade conforme o gradiente do agente oxidativo aumentou, sugerindo que
0 ambiente oxidativo esta danificando a proteina e, possivelmente, alterando em algum nivel
sua estrutura. Em condic¢des ndo-redutoras, a eletroforese da HSP70 e da oxHSP70 evidenciou
uma banda de aproximadamente 90 kDa, que ndo € aparente no gel sob condicdes redutoras.
Apesar de ndo podermos estabelecer exatamente qual o processo responsavel pelo surgimento
dessa banda, é bastante provavel que seja um mecanismo redox dependente, tal como a
formacdo ou reducdo de ligacBes dissulfeto, visto que essa banda também diminui em
intensidade quando a HSP70 é submetida a concentracGes maiores de H202. Assim, essa banda

pode corresponder a uma forma intermediéaria, redox-modificada da HSP70.

A formacdo de ligacdes dissulfeto intramoleculares e intermoleculares sob condi¢Ges redox é
uma das modificacBes mais marcantes das proteinas que contém residuos de cisteina. Para
avaliar o papel das ligacGes dissulfeto e/ou das interacfes entres os residuos de cisteina, nods
blogqueamos os possiveis sitios de formacdo de ligacBes dissulfeto com o pré-tratamento da
HSP70 com o agente alquilante iodoacetamida; assim, quando a proteina € incubada com o
agente oxidante, as ligacdes dissulfeto sdo impedidas de acontecer. O perfil eletroforético
resultante nessas condi¢cbes mostrou uma leve divisdo da banda majoritaria de 70 kDa,
sugerindo que esta banda era formada por bandas de peso molecular muito proximo, e, que este

processo pode estar relacionado a correta interacao entre os residuos de cisteina.

De um modo geral, nossos resultados sédo similares aos encontrados por Callahan et. al., nos
quais a HSP70 apresentou uma aquisicao diferencial de peptideos antigénicos sob condi¢des de

estresse oxidativo e também ganho de estruturas secundarias (Callahan, Chaillot et al. 2002).
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Cumming el. al. também demonstrou que durante condicbes de estresse oxidativo a HSP70
pode formar ligacdes dissulfeto mista, resultando em uma forma dimérica de 140 kDa ou até

mesmo uma forma oligomérica de peso molecular maior (Cumming, Andon et al. 2004).

E valido mencionar que realizamos diversas tentativas de quantificar e qualificar as
modificagdes estruturais ocasionadas pelo tratamento da HSP70 com um agente oxidativo
através de espectrometria de massas, tanto por MALDI-TOFF quanto por Q-TOF. Nossos
esforcos ndo foram exitosos, provavelmente devido a um procedimento inadequado no que diz
respeito ao preparo das amostras ou a uma inadequada abordagem de avaliagcéo dos resultados

obtidos.

Se a HSP70 extracelular esta envolvida com processos inflamatorios, e estes sdo associados
com estresse oxidativo e desbalanco redox, nds nos perguntamos quais seriam os efeitos in vitro
da oxidacdo da HSP70 sobre a modulacdo da ativacéo de células do sistema imunoldgico? Para
responder essa questdo, macréfagos da linhagem RAW 264.7 foram tratados por 30, 60, 120
minutos, e 24 horas com a HSP70 pré-tratada ou ndo com agente oxidante e avaliamos a
producdo de nitrito e proliferacdo e viabilidade celular. Em relacdo a producédo de nitrito, ndo
foram observadas diferencas significativas; porém, a proliferacdo celular quantificada pela
técnica de SRB mostrou que os macréfagos tratados com oxHSP70 apresentam menor
proliferacdo do que os ndo tratados e do que os tratados com HSP70 apds 24 horas de

tratamento.

Outro fato interessante também foi observado: a atividade fagocitica dos macrofagos estava
diminuida nas células tratadas com oxHSP70 quando comparadas com as néo tratadas e com o
controle, sugerindo que a oxHSP70 ndo ativou os macréfagos RAW 264.7 com a mesma

eficacia que a HSP70.
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Sabe-se que a HSP70 tem a habilidade de induzir a ativacdo de macrofagos; um dos parametros
observados quando este evento ocorre é a producéo de citocinas inflamatorias, tais como L8,
IL10 e TNF-a. Macrofagos RAW 264.7 foram tratados com HSP70 ou oxHSP70 por 24 horas
e o conteudo de TNF-a no meio de incubagéo foi analisado. Os grupos tratados com oxHSP70
apresentaram niveis de TNF-a semelhantes aos do grupo controle; além disso, a liberagdo de
TNF-a pelas células tratadas foi maior quando comparada a tanto com os grupos tratados com
0xXHSP70 quanto com o grupo controle, sugerindo que a oxHSP70 ndo foi capaz de ativar 0s

macrofagos RAW 264.7 pela via classica.

Sabe-se que a citocina TNF-a tém um importante papel na proliferacdo, apoptose e
diferenciacdo de macrofagos. A sobrevivéncia a longo prazo dos macréfagos é dependente da
sinalizacdo autdcrina por TNF-a (Lombardo, Alvarez-Barrientos et al. 2007). Devido ao fato
de a TNF-a mediar muitos dos efeitos patologicos da interacdo LPS-TLR4 em condicoes
patoldgicas, como na sepse por exemplo, é sugerido que a sobrevivéncia prolongada dos
macrofagos mediada por TNF-o tém um importante papel no curso da sepse (Conte, Holcik et
al. 2006); assim, esse fato pode ser relacionado com nossos resultados que mostram que apos
24 horas de tratamento com oxHSP70 os macréfagos da linhagem RAW 264.7 produziram

menores niveis de TNF-a e também tiveram menor viabilidade e proliferacdo celular.

De um modo geral, a HSP70 pode ser liberada no meio extracelular com um “sinal de perigo”
(teoria “danger signal”) para o sistema, pois ela pode ser reconhecida pelos receptores TLR2 e
TLR4 e desencadear uma rota de sinalizacdo pro-inflamatéria. Proteinas caracterizadas como
sinais de perigo também sdo conhecidas como DAMPS (damage-associated molecular-
pattern). Nesse contexto, n6s podemos inferir que a oxidagdo e subsequente modificagdo com
prejuizo da estrutura proteica da HSP70 pode ser relacionado a perda desse “sinal de perigo”

guando ele se faz necessario. Recentemente, foi observado que a proteina HMGB1 (High
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mobility group box 1 protein) atua como um DAMP e apresenta diferentes formas redox
dependentes, as quais Sao responsaveis por promover o recrutamento celular ou a liberacao de
citocinas pré-inflamatorias de uma forma bastante similar a da HSP70 (Venereau, Casalgrandi
etal. 2012). Luong et. al. demonstrou que o estimulo de TLR4 pela HSP70 requer que a proteina
seja apresentada com integridade estrutural; o tratamento da HSP70 com uma proteinase
reduziu sua capacidade estimulatoria (Luong, Zhang et al. 2012), corroborando com o fato de

que a proteina atua como um DAMP e com 0s nossos resultados.

Além disso, a oxHSP70 poderia exercer seus efeitos pela ativacdo de outros receptores além
dos TLR2, TLR4 e CD40, como o receptor dos produtos finais de glicacdo avancada (RAGE),
um receptor de padrdes capaz de ligar a um vasto repertorio de proteinas sollveis e também
associadas a membrana envolvidas na resposta do hospedeiro a injaria tecidual, infeccdo e
inflamacdo. Em um estudo recente (Ruan, Li et al. 2010), foi demonstrado através de um ELISA
screening que a HSP70 é um dos novos possiveis ligantes de RAGE. A ligacdo de RAGE induz
a ativacao de multiplas rotas de sinalizagdo celular que podem variar de acordo com o agonista,
tipo celular e microambiente tecidual, e assim é o mediador de diversas respostas celulares, tais

como a observada apds o tratamento com oxHSP70 nos macro6fagos.

Ainda assim, € importante salientar que os efeitos imunolégicos das HSPs podem variar
dependendo de diversos fatores, incluindo a familia da proteina de choque térmico (HSP60,
HSP70, HSP90), a fonte celular de HSP (normal, cancerosa, infec¢do-viral ou bacteriana), a
localizacdo celular (intracelular, extracelular ou associada a membrana) e ainda as
circunstancias fisiolégicas modulando a expressdo de HSP (estresse oxidativo, infeccdo
bacteriana, infeccdo viral, estresse fisico, etc.). Assim, o contexto fisiologico especifico no qual

essas proteinas estdo inseridas tem um grande impacto na sua fungdo, impedindo qualquer
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afirmacdo global sobre as fun¢des imunoldgicas in vivo da HSP70 (Johnson and Fleshner

2006).

Levando em consideracao os resultados apresentados no capitulo 1 e as informagGes presentes
no anexo |, é sugerido que em uma situacdo pro-oxidante, comum a todos 0S processos
patoldgicos, a HSP70 pode sofrer modificagdes estruturais as quais podem levar a perda da
funcionalidade da proteina, como a observada nos pacientes sépticos. No capitulo 2 foi
demonstrado que a HSP70 oxidada induz um decréscimo na viabilidade e na proliferacdo de
macrofagos RAW 264.7 apds 24 horas de tratamento e um decréscimo na producdo de TNF-a.
Assim, acredita-se que essa relacdo possa estar correlacionada com o desfecho clinico

observado anteriormente.

Apesar de os efeitos celulares da HSP70 extracelular serem descritos atraves da interagdo com
TLR-2, TLR-4 e CD40 em macrofagos, os efeitos exercidos e observados pela oxHSP70 néo
podem ser explicados, em sua totalidade, através dessa interacdo, como exposto por Asea et al,
2002, trabalho no qual o autor aponta que a sinalizacdo desencadeada pela interacdo da HSP70
com um receptor de membrana ainda ndo esta completamente elucidada, e, nem todos 0s
receptores participantes dessa interacdo estdo descritos (Asea, Rehli et al. 2002). Em 2010,
Ruan et al, publicou um trabalho no qual é demonstrada a interacdo por afinidade de ligacéo
entre HSP70 e RAGE, através de um ensaio de screening para novos ligantes através de ELISA.
Quando comparadas lado a lado, as rotas de sinalizagéo celular ativadas pela ligacdo de um
agonista a0 RAGE e ao TLR sdo compartilhadas em diversos pontos, sendo bastante dificil a
caracterizagdo de qual rota esta ativa somente pela identificacdo de seus componentes

downstream.

Considerando as novas informagdes acerca da interacdo HSP70 e RAGE, e que no capitulo 1
observamos que 0s macrofagos tratados com a proteina oxidada exibiram um padrdo de
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ativacdo diferente dos macrofagos tratados com a proteina integra: menor proliferacdo e
viabilidade celular, menores niveis de liberacdo de TNF-a ¢ menor atividade fagocitica, sugere-
se a hipdtese de que este receptor possa apresentar interacdes ainda ndo identificadas e
caracterizadas, as quais, por sua vez, resultem em vias de sinalizacao especificas; uma vez que
resultados semelhantes, incluindo o aumento na secrecdo de TNF-a e na atividade fagocitica
foram observados em macrofagos diante da interacdo de ligantes com o receptor RAGE (Tang,
Loze et al. 2010, Ma, Rai et al. 2012, Fujiya, Nagasaki et al. 2014). Dessa forma, nos
estabelecemos no capitulo 2 o objetivo de identificar essa interacdo através de docking
molecular refinado pela analise de seus modos normais e comprovada pela observacéo
qualitativa e quantitativa de sondas fluorescentes, tentando caracteriza-la, fortalecendo e

corroborando com a ideia.

Nesse estudo fizemos uso de experimentos in silico com a finalidade de confirmar a
possibilidade de interacdo entre HSP70 e RAGE e definir o mecanismo responsavel por esta
complexacdo. As simulagdes computacionais realizadas serviram como guias para as etapas
posteriores do desenho experimental, e os modelos putativos obtidos através de docking
molecular podem ajudar na compreenséo dessa interacdo, atuando como indicadores em futuros
estudos de mutagénese sitio-dirigido até que as estruturas exatas sejam determinadas por algum
meio fisico, como por exemplo cristalografia de raios-x e ressonancia nuclear magnética
(NMR). Apesar de sua ampla utilizag&o, técnicas de docking séo, geralmente, consideradas néo
confiaveis para a predicdo da interagdo de farmacos; enquanto que o chamado docking
macromolecular, como o aplicado neste trabalho, tem recebidos diversas melhorias na dltima

década (Musiani and Ciurli 2015, Park, Lee et al. 2015).

Em teoria, é possivel que a molécula de HSP70 nas suas duas conformacdes, ligada a ADP e a

ATP possa se complexar com 0 RAGE; a analise de modos normais nos mostra gque a interface
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de interagcdo ndo apresenta nenhuma alteragdo conformacional substanciosa e que os residuos
dessa area nao exibem flexibilidade elevada; pelo contrério, as regides de maior flexibilidade
observadas na analise de modos normais das proteinas ndo complexadas séo atenuadas apés a
interacdo, sugerindo que ocorra uma estabilizacdo da estrutura do ligante apds a complexacéo
com o receptor. Quando essas simulacdes sdo comparadas com experimentos realizados em
modelos de cultura celular, é possivel observar um aumento no nimero de pontos fluorescentes
guando a HSP70 ¢ adicionada na presenca de ATP em contraste a quando a proteina €
adicionada sem o nucleotideo. Essa observacao é consistente com a energia de interagdo mais
baixa, calculada na interacdo entre HSP70 ligada a ATP e RAGE na sua forma oligomérica
(PDB: 4B9Q e 4LP5, respectivamente). Com base nessas observacbes, podemos formar
hipdteses de acordo com as condic¢des nas quais essa interacdo pode ocorrer. O receptor RAGE
possui 4 ligacdes dissulfeto quando estd na sua forma monomérica, e 10 quando na sua forma
oligomérica. No caso da estrutura representada pelo PDB:4LP5, o processo de oligomerizacéo
ocorre entre 0s dominios V do receptor, isso significa que a forma sollvel pode interagir e
complexar com a forma presente na membrana sob as condi¢cdes necessarias. Essa
oligomerizacdo pode ser ampliada para mais de duas moléculas, aumentando a por¢do onde
ocorrem ligacgdes, criando uma area maior capaz de interagir com proteinas de elevado peso
molecular, como a HSP70. As intera¢des dissulfeto podem também ter um importante papel em
situacbes patoldgicas que envolvam estresse oxidativo, pois essas estruturas ajudam a
estabilizar algumas interacdes e conformacdes especificas. Além disso, em todas as situacoes
foi possivel observar a participacdo de diferentes dominios da HSP70 quando a proteina

interage com o receptor.

Os residuos GLU206, GLU217 e ASN187 da proteina HSP70 foram encontrados nas
superficies de interacdo de todos os complexos; porém, apenas quando a interagdo ocorre entre

RAGE, tanto nas suas formas monomeérica e oligomérica, e HSP70 ligada a ADP, é possivel
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observar mutagdes com efeito desestabilizante para o0 complexo. Uma vez que o0 contrario nao
é observado com a interacdo que ocorre com a HSP70 ligada a ATP, pode-se sugerir que a
conformacdo da chaperona desempenha papel importante na interagdo com o receptor. A
conformacédo ligada a ATP apresenta uma estrutura mais compacta em relacdo a estrutura
quando ligada a ADP, isso poderia, em parte, explicar a preferéncia de interacdo, observada
tanto nos calculos de energia de interacdo dos complexos obtidos por docking como no
experimento de fluorescéncia. Ainda assim, temos que considerar que os niveis de ATP no meio
extracelular sdo mais baixos do que no meio intracelular, e que, possivelmente, a proteina
HSP70 deveria ser transportada ativamente com uma molécula de ATP para o meio extracelular

para que a interagdo com RAGE ocorra.

Antes de a interacdo HSP70-RAGE ser considerada, os receptores da familia toll-like j& eram
apontados, com base em diversas evidéncias experimentais, como 0s receptores responsaveis
pela sinalizagdo celular da qual decorrem os efeitos de citocina da HSP70. No capitulo 3
tivemos como objetivo comparar as diferentes formas e afinidades de interacdo da proteina
HSP70 com os receptores CD40, TLR2, TLR4 e o complexo TLR2-TLR4 através de uma série

de experimentos de docking molecular e do célculo das suas energias de interagéo.

De modo geral, pode-se notar maiores valores de energia de interacdo calculada para os
complexos formados entre HSP70 e CD40 em comparagdo com as energias calculadas para os
complexos entre HSP70 e os receptores toll-like. Estes valores sdo ainda menores do que
aqueles observados no capitulo 2, para a interagdo com RAGE, reforgando as teorias que
apontam o TLR4 como o principal, mas ndo como sendo o Unico e exclusivo, receptor de
HSP70. Estas conclusbes sugerem que possa existir alguma situacdo ou fator que altere a
preferéncia da HSP70 por um ou outro receptor, modulando ndo somente a interacdo, mas 0s

seus efeitos decorrentes.
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E importante salientar que a aplicacdo da técnica de docking molecular é utilizada, geralmente,
na predicdo da possibilidade de interacdo e do modo de interacdo entre duas macromoléculas,
mesmo que esta interacdo ndo tenha sido caracterizada a nivel estrutural. A interacdo entre
HSP70 e TLR4 ndo possui estrutura resolvida por cristalografia de raios-x ou obtida por
ressonancia magnética nuclear, porém, diversos experimentos em diferentes modelos de cultura
celular foram responsaveis pela aceitacdo dessa interacdo. Assim, fica excluido de nosso
objetivo “provar” essa ocorréncia, apenas caracterizamos e utilizamos as informagdes de modo
comparativo. A estrutura representativa de TLR4 utilizada nesta etapa apresenta o peptideo
MD-2 co-cristalizado. Este peptideo é capaz de se associar a regido extracelular de TLR4,
formando um complexo TLR4-MD-2 responsavel pela interacdo com LPS (lipopolissacarideo),
sendo essencial para o seu reconhecimento. Quando analisamos a superficie de interacéo entre
TLR4 e MD-2, encontramos além do modo de interacao similar, na mesma regido, residuos de
TRL4 que também estdo presentes nas interacdes dos complexos TLR4-HSP70; sendo que a
interacdo do receptor com HSP70 ligada a ADP apresenta um nimero maior de aminoacidos
compartilhados entre as duas situa¢fes. Quando submetidos a experimentos de mutagénese, 0s
residuos Phe62, Asp83, Lys153, Hisl158, Tyrl83, Asp264, Arg288 e Arg337 tem efeito
desestabilizante na termoestabilidade do complexo TLR4-HSP ligada a ADP, sugerindo que
esta seja a conformacéo favorecida ou com maior probabilidade de interacdo com o receptor.
Além disso, a energia de interacdo calculada ¢ de -28.93 kcal/mol para a interagdo com HSP70

ligada & ADP contra -25.50 kcal/mol para a interacdo com HSP70 ligada a ATP.

Considerando que o peptideo MD-2 atua como um componente essencial na apresentacéo e
reconhecimento de ligantes de TLR4, sejam eles agonistas ou antagonistas, como por exemplo
LPS e Eritran, € possivel que a proteina HSP70 também tenha atuacéo semelhante. Como parte
de sua funcdo de chaperona, a proteina poderia fazer o intermédio entre ligante e receptor, assim

como o faz uma proteina do complexo MHC. Ademais, essa fungdo também poderia explicar a
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interacdo com o receptor RAGE, assim teriamos uma situacdo hipotética na qual a HSP70
apresenta ligantes ao receptor, ndo sendo por si propria responsavel pelos efeitos celulares

observados.

Independentemente da sua forma exata de atuacéo, os resultados aqui apresentados nos levam
a formacéo de situacOes distintas, nas quais as diferentes conformacgdes da HSP70 interagiriam
fisicamente ou com RAGE ou com TLR4, sob condicdes fisiologicas ou patoldgicas, e que a
acao de um agente oxidante, seja por consequéncia de um agravamento de estresse oxidativo,
é capaz de modificar a estrutura da proteina reduzindo e até cessando os efeitos celulares
observados. Assim, em condi¢des fisiologicas ou quando for necesséario que as células do
sistema imunoldgico sejam ativadas, € possivel que ocorra a translocagéo ativa da HSP70 para
0 meio extracelular; a proteina na conformacdo ligada a uma molécula de ADP apresenta sua
tampa de alfa hélice fechada sobre algum substrato peptidico, o qual pode ser apresentado ao
receptor TLR4, com consequente sinalizacdo e observacdo de parametros de ativacdo celular.
Em contrapartida, em condicdes patoldgicas, a proteina HSP70 na sua conformacéo ligada a
ATP, pode estar presente no meio extracelular devido ao rompimento de células necrdticas,
alterando sua preferéncia de ligacdo, interagindo dessa forma com o receptor RAGE. Essa
interacdo por sua vez, pode ser responsavel pelo agravamento do processo patoldgico e pelo
estabelecimento de uma situacdo de estresse oxidativo, que por sua vez, atraves da acdo de
agentes oxidantes, pode agir sobre e alterar a estrutura da chaperona, oxidando residuos
especificos, tornando-a inativa, incapaz de exercer o0s efeitos modulatorios sobre as células do
sistema imunoldgico. Dessa forma, no momento em que for necessario cessar os estimulos e
instaurar a fase de resolugdo de um processo patologico (ou inflamatorio), a HSP70, por se
encontrar oxidada, é incapaz de tal acdo. A figura 4 mostra um resumo grafico dos resultados

e sua discussao.
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Figura 4. Resumo grafico das diferentes intera¢cdes da HSP70 de acordo com sua conformacdo e estado REDOX
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5. Conclusbes
Os resultados dispostos nessa dissertacdo foram publicados em revistas cientificas
internacionais (capitulo 1 e 2) ou encontram-se em processo de escrita para futura submisséo

(capitulos 3).

Podemos sumarizar o corpo de resultados encontrados em:

i). Caracterizamos algumas das possiveis modifica¢fes estruturais decorrentes da oxidacdo da

HSP70 em ambiente extracelular;

ii). Observamos diferentes efeitos modulatérios da HSP70 extracelular oxidada sobre a ativacao

de macrofagos RAW 264.7;

iii). Visualizamos e quantificamos a interacdo da proteina HSP70 em sua conformacdo ligada

a ADP e a ATP com o receptor dos produtos finais de glicacdo avancada — RAGE;

iv). Com a utilizacdo de ferramentas de docking molecular e analise de modos normais, foi

possivel caracterizarmos um modelo putativo para a interacdo HSP70 e RAGE;

vi). Através de docking molecular e uma série de experimentos de mutagdes sitio dirigidas in
silico, caracterizamos a interacdo de HSP70 em sua conformacéo ligada a ADP e a ATP com o

receptor TLRA4.
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6. Perspectivas

(i). Caracterizar a cinética de interacdo entre a proteina HSP70 e o receptor RAGE através de

ressonancia plasmonica de superficie;

(ii). Caracterizar a cinética de interacdo entre a proteina HSP70 e o receptor TLR4 através de

ressonancia plasmonica de superficie;

(iii). Comparar os dados de cinética de interacdo e definir em quais conformacdes a proteina

HSP70 apresenta maior constante de associacéo e afinidade de ligacéo;

(iv). Caracterizar extensivamente os complexos obtidos por docking molecular HSP70-RAGE
e HSP70-TLR4 através de simulacGes de dinamica molecular ou de analise de modos

normais;

(v). Caracterizar as formas REDOX da HSP70 através de espectrometria de massas e

marcacdo de iso6topos radioativos;

(vi). Obter as estruturas das formas REDOX da HSP70 e dos complexos HSP70-RAGE e

HSP70-TLR4 por cristalografia de raios-x.
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ABSTRACT—Animal studies as well as prospective randomized clinical trials associated sepsis with redox imbalance and
oxidative stress, but other studies failed to establish a correlation between antioxidant-based therapies and improvement
of sepsis condition. This is also true for studies on the role of the chaperone heat shock protein 70 (HSP70), which is
increased in serum during sepsis. Heat shock protein 70 is affected at several levels by oxidative stress, but this relation-
ship has never been studied in sepsis. Here, we evaluated the relationship between serum HSP70 immunocontent and oxidant
status in sepsis. Patients with severe sepsis were followed up for 28 days after diagnosis, or until death. Up to a maximum
of 12 h after sepsis diagnosis, serum was collected for determination of HSP70 immunocontent by Western blot and evalua-
tion of oxidative parameters (TRAP [total radical-trapping antioxidant parameter], TBARSs [thiobarbituric acid-reactive
substances], and carbonyl levels). Serum of sepsis patients presented enhanced HSP70 levels. Analysis of oxidative
parameters revealed that septic patients with pronounced oxidative damage in serum had also increased HSP70 serum levels.
Sepsis patients in whom serum oxidative stress markers were not different from control presented normal serum HSP70.
Analysis of septic patients according to survival outcome also indicated that patients with increased HSP70 serum levels
presented increased mortality. We concluded that serum HSP70 levels are modulated according to the patient oxidant
status, and increased serum HSP70 is associated to mortality in sepsis.

KEYWORDS—Sepsis, oxidative stress, HSP70, serum

INTRODUCTION

Sepsis is an inflammation-induced syndrome resulting from
a complex interaction between host and infectious agents. Sepsis
is considered severe when associated with acute organ dys-
function, which accounts for the main cause underlying sepsis-
induced death. Severe sepsis has become a leading cause of
mortality in critical illness and a major public health burden
throughout the world (1). The rate of severe sepsis ranges be-
tween 6% and 14% among critical-care admissions, with a
hospital mortality rate between 27% and 59% (2).

Heat shock proteins (HSPs) are upregulated in cells sub-
jected to stressful stimuli, including inflammation and oxida-
tive stress (3). Upregulation of intracellular HSP results in
protective effects against hypoxia, excess oxygen radicals,
endotoxin, infections, and fever (4). This cytoprotective effect
is attributed to their ability to stabilize protein structures
through chaperone-like reversible interactions (5). Heat shock
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protein 70, a 70-kd member of the HSP superfamily, has been
recently observed to exert extracellular effects in cells of
the immune system (6—8). In humans, serum HSP70 is asso-
ciated to stress conditions as inflammation, bacterial or viral
infections, and oncological diseases (9). However, very little
is known on the role and function of extracellular HSP70.

Sepsis has been associated with redox imbalance and oxida-
tive stress (10). Animal studies as well as prospective random-
ized clinical trials have been providing increasing evidence in
support of antioxidant therapies in sepsis (11, 12). Some studies,
however, failed to establish a correlation between antioxidant-
based therapies and improvement of sepsis condition (13).
Previous works attempted to establish a correlation with either
HSP70 or oxidative stress with sepsis, but there are no works
studying the relationship between both parameters in sepsis.
Here, we studied the relation between oxidative stress and
modulation of HSP70 in the serum of septic patients and aimed
to establish an association with clinical outcome.

METHODS

Subjects and serum samples

This study was approved by the local ethics committee. Fifteen patients
admitted to a general intensive care unit with severe sepsis according to the
Consensus Conference of the American College of Chest Physicians and
Society of Critical Care Medicine (1992), 18 years or older, without chronic
hepatic or renal insufficiency, without cancer or immunodeficiency, were in-
cluded in the study. These patients were followed up for 28 days after sep-
sis diagnosis or until death. Up to a maximum of 12 h after sepsis diagnosis,
blood was drawn into dry tubes, and the serum was stored at —80°C until the

Copyright © 2011 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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determination of HSP70 and oxidative parameters. All patients’ data and analyses
were obtained under informed consent before their inclusion in the study. The
group of sepsis had eight patients with severe sepsis and seven with septic shock.
The origin of infection was pneumonia in eight patients, intra-abdominal infec-
tion in five patients, pyelonephritis in one patient, and catheter-related infection in
one patient. The control group consisted of 24 normal, healthy subjects (15 males,
9 females; aged 45 + 18 years) in whom blood was collected for routine checkups.

Heat shock protein 70

Heat shock protein 70 serum detection was performed by Western blot anal-
ysis using a mouse monoclonal anti-HSP70 (Sigma, St Louis, Mo) at 1:1,000
dilution range and anti-mouse immunoglobulin G peroxidase-linked secondary
antibody (1:5,000 dilution range) suitable for enhanced chemiluminescence de-
tection (ECL Plus kit, Rockford, Ill). Densitometric analysis of the films was
performed with ImageQuant software. Blots were developed to be linear in the
range used for densitometry.

Oxidative stress parameters

Nonenzymatic antioxidant potential of serum samples was determined by
the total radical-trapping antioxidant parameter (TRAP) assay (14). Serum
lipoperoxidation levels were estimated by quantifying levels of thiobarbituric
acid-reactive substances (TBARSs) (15), whereas the oxidative damage to
serum proteins was assessed by the determination of carbonyl group levels in
samples through reaction with dinitrophenylhydrazine (16).

Statistical analysis

The results are expressed as means + SE; differences among multiple
groups were compared by one-way ANOVA followed by Tukey post hoc test.
Statistical significance was assigned to P < 0.05.

RESULTS

The group of sepsis had eight patients with severe sepsis and
seven with septic shock. The origin of infection was pneumo-
nia in eight patients, intra-abdominal infection in five patients,
pyelonephritis in one patient, and catheter-related infection in
one patient. In Table 1, we show age, Acute Physiology andM
Chronic Health Evaluation II (APACHE II), Sequential Or-
gan Failure Assessment (SOFA) D1, and SOFA D3 scores of
survivor and nonsurvivor patients. These patients presented
altered values for oxidative parameters in serum. As depicted
in Table 2, TRAP assay indicated an increase in nonenzymatic
antioxidant reactivity in serum, whereas TBARSs and car-
bonyl assays showed increased lipoperoxidation and protein
oxidative damage in septic serum. To better understand this
apparent divergence between TRAP and TBARSs/carbonyl
results, we analyzed the results from each patient individually.
Total radical-trapping antioxidant parameter results indicated
the existence of two subgroups of septic patients according to
the oxidant status in serum; eight patients had antioxidant TRAP
values in relation to control subjects, with a mean significantly
below control (15.71%), whereas seven patients presented pro-

TasLe 1. APACHE Il, SOFA D1, and SOFA D3 scores
of sepsis patients

Patients
Nonsurvivors Survivors
Age, y 57.4 (14.6) 58.4 (17.9)
APACHE I 15.2 (8.4)* 11.2(7.1)
SOFA D1 3.2(1.3) 1.9 (1.1)*
SOFA D3 2.6 (2.4) (1.4)*

Values are presented as mean (SD).
*Significant differences (one-way ANOVA followed by Newman-Keuls
post hoc, P < 0.05).
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TasLE 2. Serum oxidative parameters of sepsis patients

TRAP, TBARSS, Carbonyl,

% control nmol/mg protein nmol/mg protein
Control (n = 24) 100+1.92  0.145+0.003 1.35+0.28
Sepsis (n = 15) 72.86 + 16.81* 0.394 +0.0507 3.14 +0.38%
Antioxidant (n = 8) 1571 +3.11%  0.233+0.053* 2.02+0.28
Pro-oxidant (n=7) 138.11+8.34% 0.588+0.041" 4.43+0.32*
Survivors (n = 8) 4812 +21.01* 0.340+0.0207 2.40+1.66
Nonsurvivors (n=7) 106.14+23.65 0.280 = 0.011%  3.40 + 2.20*

Serum samples from 24 healthy subjects (control) and 15 sepsis patients
were used to measure the nonenzymatic antioxidant potential by TRAP
analysis, lipoperoxidation by TBARS quantification, and protein damage
by carbonyl quantification. The values depicted for TRAP represent the
chemiluminescence induced by the free radical generator AAPH in the
samples (converted to % of control) and were normalized by the protein
content of the sample. Thiobarbituric acid-reactive substances and
carbonyl serum levels were quantified in the same samples. Antioxidant,
pro-oxidant, survivors, and nonsurvivors groups refer to different subsets
of the group of sepsis patients. Control group consisted of 24 normal,
healthy subjects (15 males, 9 females, aged 45 + 18 years).

Values represent mean = SEM.

*Lower than control.

THigher than *group.

*Higher than control.

SLower than *group.

"Higher than Tgroup (one-way ANOVA followed by Newman-Keuls post
hoc, P < 0.05).

oxidant TRAP values, with a mean significantly greater than
control (138.11%). Thiobarbituric acid-reactive substance and
carbonyl levels were also decreased in patients with antioxidant
TRAP values, whereas the group of patients with pro-oxidant
status of TRAP presented significant increases in both parame-
ters, which reinforced the indication that sepsis patients may
present two distinct profiles of oxidant status. Figure 1 shows the
dual distribution of TRAP values of serum from septic patients
in relation to control; individual values greater than control
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Fic. 1. Total radical-trapping antioxidant parameter values of serum
samples from septic patients. Distribution of individual TRAP values of
control and sepsis patients shown in Table 2 with the subgroups of anti-
oxidant and pro-oxidant sepsis patients with respective cutoff values. Control
group consisted of 24 normal, healthy subjects (15 males, 9 females, aged
45 + 18 years).
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TasLe 3. APACHE Il, SOFA D1, SOFA D3 scores, and type and
origin of sepsis at the pro-oxidant and antioxidant
groups of patients

Patients

Pro-oxidant Antioxidant
Age, mean (SD), y 57.2 (13.9) 57.9 (20.1)
APACHE I, mean (SD) 13.8 (9.2) 12.1 (8.7)
SOFA D1, mean (SD) 3.1 (2.0 2.2(1.5)
SOFA D3, mean (SD) 2.6 (2.3) 1.9 (1.4)
Severe sepsis, no. patients 3 5
Septic shock, no. patients 4 3
Pneumonia, no. patients 5 3
Intra-abdominal infection, no. patients 2 3
Pyelonephritis, no. patients 0 1
Catheter-related infection, no. patients 1 0

Values represent mean (SD) for APACHE Il, SOFA D1, and SOFA D3
scores, and number of patients for type of sepsis and origin of infection.
No significant differences were detected among groups.

(100%) were grouped as pro-oxidant sepsis, whereas values less
than control were grouped as antioxidant sepsis. We plotted in
Table 3 APACHE 11, SOFA D1, and SOFA D3 scores for pro-
oxidant and antioxidant groups of sepsis patients, along with
origin of infection.

We next analyzed the serum immunocontent of HSP70 of
septic patients, and we observed significant increased values
for serum HSP70 immunocontent compared with control
(Fig. 2A). Considering the well-known relationship between
oxidative stress and induction of HSP70 expression, we plotted
the values for serum HSP70 immunocontent of septic patients
according to their TRAP-based antioxidant or pro-oxidant
serum status. Interestingly, we observed a very distinct pattern
for serum HSP70 immunocontent between antioxidant and pro-
oxidant patients. The subgroup of septic antioxidant patients
presented serum HSP70 levels not different from those of con-
trol subjects, whereas the subgroup of septic pro-oxidant patients
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had 30-fold increased serum HSP70 compared with control.
Altogether, these data indicate a relationship among serum oxi-
dant status and modulation of extracellular HSP70 in sepsis
patients.

Oxidative stress parameters and HSP70 levels in serum
were also analyzed according to the survival outcome of septic
patients, to identify a possible relationship between sepsis
severity and oxidant-dependent modulation of extracellular
HSP70. Compared with control, sepsis survivors had a small
decrease in TRAP values, whereas nonsurvivors presented a
small although significant increase (Table 2). Thiobarbituric
acid-reactive substance levels were increased in both survivors
and nonsurvivors, whereas carbonyl levels were increased only
in nonsurvivor patients. Serum HSP70 immunocontent was also
significantly increased in nonsurvivor patients (Fig. 2B). Alto-
gether, these results suggest that serum HSP70 levels in sepsis
patients are related to serum oxidant status and that oxidative
stress and increased HSP70 in serum may be also related to
sepsis severity and outcome.

DISCUSSION

The molecular mechanisms underlying sepsis are complex
and relate different levels of metabolic and signal coordina-
tion; for such reason, comprehensive studies relating different
aspects of sepsis-induced perturbations at cellular and molec-
ular levels are more urged than ever. This is evidenced by the
differential outcomes of biochemical studies focusing on iso-
lated aspects of sepsis molecular mechanisms. For instance,
many animal studies as well as prospective randomized clini-
cal trials associated sepsis with redox imbalance and oxidative
stress, but other studies failed to establish a correlation be-
tween antioxidant-based therapies and improvement of sepsis
condition (11, 17, 18). This is also true for studies on the role
of HSP70 in sepsis. Animal and cellular models corrobo-
rated the existence of a relationship between HSP70 and
sepsis, but clinical observations failed to establish a direct
correlation between HSP70 modulation and protection against
septic shock (19).

B Sepsis

Control Survivors Non-survivors
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HSP70 - . --'
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Fic. 2. Representative immunoblots of HSP70 immunocontent of serum samples from sepsis patients. A, Heat shock protein70 gel immunoblot
showing three representative samples of control subjects and six of sepsis patients (three from antioxidant patients and three from pro-oxidant patients). Bars
represent mean + SEM of all patients; samples contained equal amounts of protein. B, Representative gel showing HSP70 immunoblots of control patients (three
samples), sepsis survivors (three samples), and sepsis nonsurvivors (three samples). The graph shows replotted HSP70 mean + SEM according to survival
outcome. *Different from control, P < 0.05; **different from control (P < 0.001) and from *group (P < 0.05) according to one-way ANOVA followed by Newman-

Keuls post hoc, P < 0.05.
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There is a more or less generalized effort to establish a
correlation among increased HSP70 expression and protection
against septic shock in the literature, probably because of the
usual cytoprotective effects of this protein. So far, most works
focused on modulation of intracellular HSP70 in blood cells
(19-22), but the outcomes are controversial. Results of dif-
ferent works suggest that an attenuation of cytokine liberation
caused by inducible HSP70 expression could have beneficial
effects in cases of systemic inflammation (19). On the other
hand, cellular levels of HSP70 were shown to be markedly
decreased in critically ill patients of sepsis (21). A potential
role for extracellular HSP70 in sepsis and other conditions
has been addressed only recently, and results are still scarce.
In children with septic shock, a significant increase in serum
HSP70 levels was reported (23), and similar observations were
made earlier with patients from severe trauma (24, 25). Ad-
ministration of exogenous HSP70 was observed to protect rats
from endotoxic shock and modify the response of myeloid
cells to lipopolysaccharide (26), but a role for extracellular
HSP70 in clinical sepsis has not been established yet.

Our group has been studying the role of oxidative stress in
sepsis, and we believe that redox signaling exerts an impor-
tant influence in the regulation of sepsis response. Our data
confirmed that sepsis patients have increased serum levels of
HSP70. But, most interestingly, we also observed here that
serum HSP70 is modulated according to the serum oxidant
status, which vary among different patients. Based on the
analysis of serum oxidative stress parameters (TRAP, lipid
peroxidation, and protein carbonyl levels), septic patients may
be classified into two opposite phenotypes, one presenting a
general antioxidant profile and the other being pro-oxidant. This
is an important observation as many biochemical parameters
with clinical relevance may be subjected to oxidant-dependent
regulatory processes, which could lead one to data misinterpre-
tation when analyzing sepsis patients as a homogenous group.
To our knowledge, the correlation between HSP70 levels and
sepsis has never been studied based on oxidative parameters.

Heat shock protein 70 levels in different organs, cells, and
fluids may undergo several types of regulation, which may in-
clude active release to extracellular medium in response to dif-
ferent mechanisms (27). In sepsis, it is possible that increased
HSP70 levels are a result of cytokine action stimulating gene
expression in blood cells and that the extent of oxidative stress
may contribute to serum HSP70 levels modulation by causing
HSP70 active secretion or lytic release by necrotic cell death.
This might also explain the different observations reported by
studies correlating HSP70 expression in different tissues or cells
and sepsis outcome. Sepsis affects many physiological pro-
cesses and the function of different organs to an extent that
varies according to the origin of sepsis, severity, and history of
each patient. Because oxidative stress and HSP70 expression,
activation, and release are also affected and modulated at sev-
eral degrees by infection, inflammation, water deprivation, and
oxygen supply, it is not surprising that HSP70 release is regu-
lated according to the oxidant status during sepsis.

Diverse mechanisms may account for the modulation of
extracellular levels of HSP70. Physiologically, necrotic cell
lysis from injury or infection is known to release HSPs into
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the extracellular compartment where they activate antigen-
presenting cell-mediated defense (28). Active release of HSP70
to the extracellular environment was also observed in dif-
ferent cells, via exosomal export originated from trans-Golgi
and endoplasmic reticulum—derived vesicles (29). Once at the
extracellular space, HSP70 is believed to act as an immunosti-
mulatory signal, as it was reported to activate Toll-like receptors
2 and 4 (7). Besides, a plethora of immune responses was re-
ported to follow HSP70 immunostimulation, such as increased
release of TNF-a, IL-1B, IL-6, IL-12, granulocyte-macrophage
colony-stimulating factor, nitric oxide, macrophage inflamma-
tory protein 1, monocyte chemotactic protein 1, and RANTES
(6). Most of these data were acquired with the inducible iso-
form of HSP70 (i.e., HSP72), and it is believed that this is
the predominant isoform in active release to the extracel-
lular space (29). Here, we used a pan-HSP70 antibody that
detects both the constitutive (HSP73) and the inducible iso-
forms, which contribute to the total pool of extracellular
HSP70.

The patient’s oxidant status may influence both HSP70
modulation during sepsis and its activity toward immune sys-
tem regulation, which could account for many of the differ-
ences in the outcome of such patients. This could also explain
why different works present different correlations between
serum or plasma HSP70 levels and sepsis outcome. It is pos-
sible that variations in individual antioxidant defense systems
(enzymes plus nonenzymatic antioxidants at cellular and sys-
temic levels) may account to the differences in serum HSP70
levels and that combination of oxidative stress and extracel-
lular HSP70 action is responsible for various deleterious effects
observed in the course of sepsis. However, oxidative stress may
not be the sole factor influencing HSP70 expression, activity,
and release. Differences in sepsis outcome possibly related to
HSP70 function and oxidative stress may also reflect differences
in such other factors.

In conclusion, we report that serum HSP70 levels are
modulated according to the oxidant status during sepsis, and
increased serum HSP70 seems to be also associated to mor-
tality. Although serum oxidative stress was observed to be
correlated to HSP70 modulation, markers of oxidant damage
in serum (i.e., TRAP, TBARSSs, and carbonyl levels) showed
variable degrees of association to sepsis outcome.
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