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RESUMO

A metaloprotease ADAM17 € uma das mais importantes reguladoras dos mecanismos de
sinalizacdo celular, pois € responsdvel pela liberacdo de ectodominios de proteinas de
superficie participando da regulacdo de processos fisioldgicos, mas também tem sido
associada a progressao de tumores e processos inflamatérios. Este estudo buscou entender a
regulacdo da atividade proteolitica da ADAM17 por meio do seu dominio citoplasmatico.
Para isso, foi utilizada uma abordagem de co-imunoprecipita¢do seguida por andlise dos
parceiros de interacdo por espectrometria de massas. Dentre os parceiros identificados, a
tioredoxina-1 (Trx-1) foi o alvo escolhido e a interagdo com o dominio citoplasmatico da
ADAMI17 foi validada em experimentos complementares de microscopia confocal, ensaio
de ligacdo em fase sdlida, ressonancia magnética nuclear e determinacdo da interface de
interacdo por ligacdo quimica seguida de andlise por espectrometria de massas.
Experimentos funcionais para entender o papel funcional dessa interacdo foram realizados e
€ interessante notar que a superexpressdo de Trx-1 diminui a atividade proteolitica da
ADAM17 sobre o substrato HB-EGF, resultado obtido utilizando metodologia baseada em
cultura de células. A descoberta de um novo parceiro de interacio da ADAMI17, capaz de
modular a sua ativagdo permitird que novos trabalhos sejam realizados para entender o
mecanismo pelo qual essa metaloprotease atua.

ABSTRACT

ADAMI17 is a metalloprotease which plays an important role in regulatory mechanisms of
cell signaling. It is responsible for shedding of the surface proteins, participating in
regulation of important physiological processes, but it has also been associated with cancer
progression and inflammatory processes. The aim of this study was to explore the
regulation of ADAMI17 by its cytoplasmic domain. In this regard, we used an approach
based on co-immunoprecipitation followed by mass spectrometry (MS). Among the
identified partners, the thioredoxin-1 (Trx-1) was selected, and its interaction has been
validated using confocal microscopy, solid-phase binding assay, nuclear magnetic
resonance and chemical cross-linking followed by MS. To understand the functional role of
this interaction, experiments using cell-based assay were performed. Trx-1 overexpression
decreases HB-EGF shedding upon ADAM17 activation. The discovery of a new interaction
partner of ADAMI17, which can modulate its activation, gives insights for novel studies to
understand the mechanism of action of this metalloprotease.
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1 INTRODUCAO

1.1 ADAMs

As ADAMs (A Disintegrin And Metaloprotease) sdo as metaloproteases de
mamiferos, pertencentes a familia das adamlisinas, responsaveis por clivar ectodominios de
proteinas de superficie celular, liberando-os para o meio extracelular. Devido ao seu papel
fundamental, as ADAMs sdo consideradas enzimas-chave de diferentes vias regulatorias,
atuando em condi¢des de homeostase (estado fisioldgico) ou desequilibrio (estado
patolégico). A desregulacdo dessas proteases tem sido associada a algumas doencas, como
cancer, problemas cardiovasculares, asma, processos inflamatérios, Doenca de Alzheimer,

entre outras (EDWARDS et al., 2008).

(i T s

ADAM Substrate

FIGURA 1: Esquema da estrutura dos dominios das ADAMs e o processo de clivagem de
substratos. Ectodominio: MP (dominio metaloprotease); Dis (dominio tipo-disintegrina); Cys
(dominio rico em cisteinas); EGF (dominio tipo-fator de crescimento epidermal); TM (dominio

transmembrana) e C (dominio citoplasmatico). Adaptado de REISS & SAFTIG, 2009.



As ADAMs sao proteinas transmembrana, formadas por uma complexa estrutura de
multidominios (FIGURA 1). Em geral, essas proteases apresentam uma sequéncia sinal N-
terminal que direciona a proteina recém traduzida para o sistema de secre¢dao celular. A
passagem pelo Complexo de Golgi é fundamental para que a ADAM receba algumas das
modifica¢des pds-traducionais (glicosilacdes) necessdrias. Apds o transporte, a enzima &
enderecada para a membrana em sua forma inativa (zimogénio) em funcdo da presenca de
um pré-dominio, que funciona como uma chaperona intramolecular. Muito tem se
especulado em relacdo a remocdo do pré-dominio, mas acredita-se que convertases, como a
furina, sejam as proteinas responsdveis por esse processamento (MILLA et al., 1999;
SCHLONDOREFF et al., 2000; GONZALES et al., 2004; BUCKLEY et al., 2005). Uma
vez removido o pro-dominio, a forma madura da proteina esta apta a realizar sua atividade
catalitica, através do dominio metaloprotease, que é coordenado por um ion metélico, (Zn**
no caso das ADAMs). O dominio metaloprotease € o responsavel pela atividade da enzima,
por isso também € chamado de dominio catalitico, capaz de regular os processos
fisiologicos por promover a liberacdo de ectodominios de moléculas sinalizadoras (SEALS
& COURTNEIDGE, 2003). Dentre os principais alvos das ADAMs estdo citocinas, fatores
de crescimento, seus receptores € moléculas de adesdo, desencadeando uma série de vias de

sinalizagdo, adesdo, migracdo e protedlise (MURPHY, 2008).

Adjacentes ao dominio catalitico estdo os dominios tipo-disintegrina, que foi assim

denominado por sua afinidade e ligagdo a integrinas, o dominio rico em cisteinas e o

dominio tipo-EGF que ainda tém seu papel pouco conhecido, mas propde-se que estejam



relacionados a ligagdo com determinados substratos, permitindo sua clivagem de um modo
especifico. Em conjunto, todos esses dominios formam o ectodominio e estdo voltados para

o exterior da célula.

Devido a presenca desses dominios tipicos, as ADAMs tém relagdo com outras
metaloenzimas como as metaloproteases soliveis (ADAM-TS) que apresentam também um
dominio trombospondina, as metaloproteases de matriz extracelular (MMPs) e as

metaloproteases de veneno de serpente (SVMPs) (FOX & SERRANO, 2008) (FIGURA 2).

DOMAINS

6\9 Pro

ﬁ. Catalytic

4])’ Disintegrin

: Cys-rich

M Transmembrane

A\/\ Cytoplasmic

FIGURA 2: Similaridade de dominios entre ADAM e classe PIII de SVMP (snake venon
metalloprotease). A organizagdo dos dominios é comparada, mostrando que ambas apresentam o
pré-dominio seguido do dominio catalitico dependente de ligagio ao Zn**, dominio tipo-disintegrina
e rico em cisteinas. Somente as ADAMSs apresentam o dominio transmembrana e citoplasmaético,

que permitem sua ancoragem a membrana. Adaptado de GOOZ, 2010.



As ADAMs também apresentam uma sequéncia chamada dominio citoplasmatico,
ou cauda citoplasmadtica, voltada para o interior da célula. Apesar do dominio catalitico ser
bastante conservado entre os membros dessa familia, o dominio citoplasmatico é o mais
varidvel. Sdo apenas 11 residuos de aminodcidos para ADAMI1, 197 residuos para
ADAMI13 e 131 residuos para a ADAMI17, por exemplo. Esses dominios apresentam
algumas regides similares, sugerindo ter funcdes conservadas. O dominio citoplasmético €
rico em residuos de serina e prolina, contendo sequéncias consenso RXXPXXP e PXXPXR
para interacdo com dominios Src (SH3) de outras proteinas (FENG et al., 1994). Alguns
dominios citoplasmaticos contém residuos de tirosina, treonina e serina, que podem ser
substratos para quinases, € quando fosforilados podem atrair ou repulsar certos ligantes
(PAWSON & NASH, 2000). Essas interagdes podem estar relacionadas a funcdo do
dominio citoplasmdtico na regulacdo do dominio catalitico através da regulacdo do tipo
inside-out (de dentro para fora). Além dessa funcdo, o dominio citoplasmético tém sido
sugerido como responsavel pela maturacdo e localizagdo subcelular (BLOBEL, 2000) das
ADAMs. A fosforilagdo de residuos no dominio citoplasmético tem sido associada com a
atividade das ADAMs, visto que POGHOSYAN et al. (2002) mostraram que a
desfosforilagdo do extrato celular resultou na diminui¢do da associacdo da ADAMIS5 com
seus ligantes. Assim, as caracteristicas observadas no dominio citoplasmético sugerem seu
papel singular na sinalizacdo intracelular e o conhecimento das proteinas que interagem
com esse dominio pode ajudar a elucidar o papel dessas enzimas no desenvolvimento do

cancer, inflamagcdo ou ainda na manutencdo da homeostase. O papel do dominio



citoplasmatico na sinalizac@o intracelular, refletida na prépria atividade da ADAM, como

também nas vias que essa protease pode regular precisa ser completamente esclarecido.

Outros mecanismos também sdo sugeridos para a regulacdo das ADAMSs. Essas
metaloproteases parecem ser ativadas principalmente por sistemas de mensageiros
secunddrios, como Ca”* intracelular e proteina quinase C (PKC), e pelas vias de MAPK
(mitogen activated protein kinase) (DIAZ-RODRIGUEZ et al., 2002) (FIGURA 3). As trés
principais vias de MAPK em células de mamifero sdo JNK, p38 e ERK1/2. Porém, essas
vias ndo sdo as uUnicas descritas para a ativacdo das ADAMs. As espécies reativas de
oxigénio (ROS) também podem atuar na modulag¢do do estado oxidativo das cisteinas das
ADAMs e alterar sua atividade sobre alguns substratos (WANG et al., 2009). No entanto, a
maneira como ocorre essa modulacdo e se existem outros mecanismos envolvidos

permanecem desconhecidos.
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FIGURA 3: Vias de ativacao das ADAMs. Fatores de crescimento, agonistas de GPCR, ligantes
de TLR (toll-like receptors) (LPS), ésteres de forbol (PMA), espécies reativas de oxigénio (ROS),
MAPKSs (p38 e ERK1/2), mensageiros secundarios (Ca* e PKCs) e isomerases de grupos tiol (PDI)

sdo algumas das moléculas responsdveis pela ativacdo das ADAMs. Retirado de DREYMUELLER

etal.,2012.



Em resumo, a atividade proteolitica da ADAMI17 tem sido associada ao
desenvolvimento e progressdo de tumores, a protedlise de componentes da matriz
extracelular, a liberagdo de proteinas de superficie e sinalizag@o via integrinas (ROCKS et
al., 2008; MURPHY, 2008). Entretanto, o papel e a identidade dos ligantes do dominio
citoplasmatico, associado ao mecanismo pelo qual eles respondem pela ativacdo das

ADAMs, ainda ndo foram elucidados.

1.2 ADAM17

A ADAMI17 é o membro da familia das ADAMs melhor estudado até o presente
momento. Foi descoberta em 1997, sendo descrita simultaneamente por dois grupos de
pesquisa em artigos na revista Nature (BLACK et al., 1997; MOSS et al., 1997). Essa
protease também recebe o nome de TACE (TNF-a converting enzyme) por ser a principal

responsavel pela conversdao do proTNF-a em sua forma soluvel.

De acordo com o banco de dados do UniProt (nimero de acesso P78536), a
ADAMI17 humana € composta por 824 residuos de aminodcidos, que compreendem os
seguintes dominios e/ou motivos: 1-17 — sequéncia sinal; 18-214 — pr6-dominio; 215-671 —
ectodominio (sendo os residuos 223-474 — dominio metaloprotease; 475-563 dominio tipo-
disintegrina; 564-602 dominio rico em cisteinas; 603-671 — dominio tipo-EGF); 672-692 —
dominio transmembrana; 693-824 — dominio citoplasmatico. Existem 6 potenciais sitios de

glicosilagdo, sendo 3 sitios no dominio catalitico, 2 no dominio tipo-disintegrina e 1 no



dominio rico em cisteina. Na forma zimogénio a massa molecular dessa metaloprotease é

130 kDa e na forma madura € 95 kDa.

O dominio tipo-disintegrina apresenta um motivo ECD de ligacdo a integrina, sendo
que a Unica integrina ja descrita como ligante da ADAM17 € a integrina a5f1 (BAX et al.,

2004).

O dominio citoplasmético da ADAM17 apresenta 131 residuos de aminodcidos e é
rico em prolinas, o que lhe confere maior habilidade de ligacdo a proteinas (via os motivos
SH3, residuos 731-738 e 741-748). Seu papel ja foi associado ao transito intracelular da
ADAM17 (SOOND et al., 2005). Além disso, acredita-se que o dominio citoplasmético da
ADAMI17 possa sofrer protedlise do tipo RIP (regulated intramembrane proteolysis) e
atuar como fator de regulacdo da transcricdo gé€nica, assim como ocorre com o dominio

citoplasmatico da ADAM10 (TOUSSEYN et al., 2009).

Dentre os membros da familia, a ADAMI17 apresenta maior similaridade com a
ADAMI10, compartilhando até mesmo alguns substratos, como Notch, APP, CD30, CD44,
CX3CL1, entre outros (EDWARDS er al., 2008), mas interessantemente a similaridade

entre as sequéncias ¢ menor que 30%.

As vias de sinalizacdo e o ambiente celular podem ser regulados pela atividade da
ADAMI17, dependendo do contexto em que o substrato e/ou receptor sdo clivados. GOOZ
et al. (2006) mostraram que a ADAMI17 cliva o fator de crescimento epidermal ligado a

heparina (HB-EGF), que se liga ao receptor do fator de crescimento epidermal (EGFR) e



desencadeia o processo de proliferacdo. Por outro lado, a ADAM17 também participa da
clivagem do receptor MCSF (macrophage colony-stimulating factor) bloqueando o inicio
da cascata de sinalizacdo para a diferenciacdo e proliferacdo dos fagdcitos mononucleares
(ROVIDA et al., 2001). Outro exemplo clédssico que envolve ADAM17 ou ADAMI10 € a
clivagem de Notch. Apds a clivagem, hd liberagdo da por¢do intramembrana, que sofre
clivagem do tipo RIP, € transportada para o nucleo e atua como um fator de regulacio da
transcricdo génica. Além desses papéis, a ADAMI17 também participa dos processos de
comunicacdo entre receptores, como a transativagao do EGFR via receptores associados a

proteina G (GPCRs) e seus agonistas (GOOZ, 2010) (FIGURA 5).

Experimentalmente, o forbol éster PMA (phorbol 12-myristate 13-acetate), tem sido
uma droga amplamente utilizada em estudos de ativacio da ADAM17 (REDDY et al.,
2000; DIAZ-RODRIGUEZ et al., 2002; FAN et al., 2003; XU & DERYNCK, 2010) e
outras proteinas transmembrana. Trata-se de um mimético do diacilglicerol, que culmina na
ativacdo de proteina quinase C (PKC), desencadeando uma ativacdo bastante forte e
pleiotrépica (FIGURA 3 e 4). Esse acionamento, apesar de nao ser especifico, promove a

ativacdo da ADAM17.
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FIGURA 4: Mecanismo de transativacao do EGFR com a participacao de GPCRs e ADAMs.

Retirado de OHTSU et al., 2006.
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Assim como as demais ADAMs, a ADAMI17 também é regulada por alguns
mecanismos gerais, como a remocao do pré-dominio (LI ez al., 2009) durante sua passagem
pela rede trans-Golgi (SCHLONDOREFEF et al., 2000). E importante ressaltar que o inibidor

natural da ADAM17 € o inibidor de metaloproteases TIMP3 (AMOUR et al., 1998).

Outro mecanismo regulatério ja descrito é o processo denominado interruptor de
cisteina (cysteine switch), que consiste na modulacio da C184 que coordena o grupo Zn**,
impedindo que esse ion metdlico se ligue ao dominio catalitico e ative a enzima. Porém,
esse mecanismo parece ndo ser essencial para a secrecio da ADAM17 na sua forma inativa,
pois mutantes CI84A permanecem inativos somente pela presenca do pré-dominio

(LEONARD et al., 2005).

Espera-se que a ADAM17 madura atue na membrana, visto que é uma proteina
transmembrana e seus substratos também estdo ancorados a membrana, porém ensaios de
imunolocalizacdo mostram a presenca da ADAM17 madura também na regido perinuclear
(SCHLONDOREFF et al., 2000). TELLIER et al. (2006) demonstraram que esta protease
também se encontra em microdominios de membrana, chamados de lipid-rafts. Tanto a
localizag@o perinuclear, quanto a presenca nos microdominios indica que a ADAM17 pode
atuar em diferentes locais na célula e, dessa maneira, o controle da localizacdo e o
enderecamento da proteina torna-se um fator fundamental para a regulacdo da sua

atividade.
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Estudos anteriores mostram que a ativacdo de ADAM17 por fatores de crescimento
ocorre pela acionamento da via de ERK1/2 (DfAZ-RODRfGUEZ et al., 2002; FAN et al.,
2003) e mais recentemente, XU & DERYNCK (2010) mostraram que a via de p38 também
atua diretamente na ativacdo da ADAM17 pela fosforilacdo do seu dominio citoplasmatico
(T735). A via de ERK1/2 foi descrita realizando a fosforilagdo do residuo de T735 em
células CHO e HEK293 (DIAZ-RODRIGUEZ et al., 2002), porém o estudo de FAN e al.

(2003) indica que também ha fosforilacdo da S819 e desfosforilacdo da S791.

Estudos usando o sistema de duplo-hibrido e co-imunoprecipitacdo tém mostrado a
interacdo da ADAM17 e seus dominios com diversos ligantes, como: MAD2, via dominio
citoplasmatico (NELSON et al., 1999); SAP9, via C-terminal (SURENA et al., 2009); Eve-
1 (TANAKA et al., 2004) e FHL2, via dominio citoplasmético (CANAULT et al., 2006).
Os estudos para descoberta de novos parceiros de interacio da ADAM17 sdo fundamentais,
pois trazem o conhecimento sobre como esses ligantes atuam e como ocorrem essas

interacOes possibilitando a modulacio da atividade da ADAM17 via seus interactores.

Recentemente, DANG et al. (2013) demonstraram que a regulacio da ADAMI17
pode ser especifica para cada tipo de substrato. Usando TPA (um éster de forbol) e
angiotensina II, que ativam a sinalizacdo via PKC-a, houve clivagem de determinados
fatores de crescimento como o TGF-a, HB-EGF e anfiregulina, enquanto que se a ativagao
for via PKC-9, houve clivagem de neuroregulina. A selecdo dos substratos por regulagdo

especifica mediada pela sinalizagdo é um evento distinto da regulacdo da atividade
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enzimdtica por regulacdo geral e de acordo com os autores pode ser um importante

mecanismo a ser explorado na terapia de algumas doengas.

Considerando estes aspectos, acredita-se que a partir do conhecimento dos ligantes,
das vias de sinalizacdo e dos mecanismos de regulacdo das ADAMs, essas proteases podem
ser alvos atrativos para o desenho racional de fairmacos que modulem a acdo dos seus

ligantes e sejam uteis no restabelecimento da homeostase celular.

1.3 Tioredoxina-1: uma tiol-isomerase envolvida no balanco redox na célula

A classe das Tioredoxinas (Trx) abrange algumas das principais proteinas
responsdveis pela regulacio do balango oxidativo do ambiente celular. Elas sdo
classificadas como oxiredutases, ou seja, sdo proteinas capazes de reduzir as ligacdes
dissulfeto (S-S) das proteinas, deixando seus grupos tiol (-SH) livres. Dessa reacdo resulta a
oxidacdo da prépria Trx, que dimeriza através da formacdo de ligacdes dissulfeto entre as

cisteinas de duas moléculas dessa proteina (ARNER & HOLMGREN, 2000).

Desde a década de 1970, as Trxs de bactérias e bacteriéfagos T4 tém sido estudadas
em termos da sua estrutura e funcio (HOLMGREN et al., 1975; SODERBERG et al.,
1978). Em bactérias, as Trxs desempenham também a atividade de chaperonas,
responsdveis pelo enovelamento das proteinas (BERNDT et al., 2008). A estrutura comum

7z

as Trxs de diferentes organismos € a presenca de quatro hélices-a e cinco folhas-f. O
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motivo CXXC liga a segunda folha-f a segunda hélice-a, deixando a proteina bem

compacta, globular e estavel (FIGURA 5).

FIGURA S5: Estrutura da Trx-1 de E. coli. Trés hélices- a em magenta e 1 em roxo, 5 folhas-f

em amarelo. (PDB: 1xob).

As Trxs de mamiferos mais importantes e melhor descritas sdo a Trx-1
citoplasmatica (~12 kDa) e a Trx-2 mitocondrial (~18 kDa), 1 (SPYROU et al., 1997).
Ambas apresentam o motivo CXXC, que € o sitio ativo responsavel pela reducdo das
ligacdes dissulfeto das proteinas-alvo. A Trx-2 apresenta uma regido N-terminal de
enderecamento a mitocondria (regido MTS — mithocondrial translocation signal). A Trx-1
além de ser encontrada preferencialmente no citoplasma é também passivel de translocagcao

para o ambiente extracelular (WORLD er al., 2011), sendo que os mecanismos de
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translocacdo nao s@o conhecidos, porém as formas nucleares e extracelulares da Trx-1
aparecem apds algum tipo de estresse oxidativo, ou seja, a forma oxidada parece ser

necessdria para essas translocacoes (ARNER & HOLMGREN, 2000).

Existem algumas vias pelas quais a célula é capaz de manter o ambiente intracelular

7z

reduzido e uma dessas vias canOnicas € chamada de Sistema da Tioredoxina Redutase

(ARNER, 2009). Esse sistema é composto pela Peroxirredoxina-1 (Prx-1), Trx-1,
Tioredoxina Redutase (TrxR) e NADPH e € o sistema em que a Trx-1 tem seu papel melhor
compreendido (FIGURA 6). MAHMOQOD et al. (2013) incluem nesse Sistema a forma

truncada da Trx (Trx-80) e o inibidor natural da Trx, chamado de TXNIP (Trx-interating

?OH
C|s iH
HS SH S=—S
H202
e
-

NADPH+H*
rx
re ctase
NADPH*
Tr

protein).

X

FIGURA 6: Esquema mostrando o Sistema da Tioredoxina Redutase. Retirado de: MARI ez

al., 2010. O desacoplamento do peréxido de oxigénio (H202) é mediado pela Peroxiredoxina, que
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apo6s a reacdo fica oxidada e é regenerada pela Tioredoxina. A Tioredoxina forma um dimero pela

oxidacdo das suas cisteinas e depois é regenerada pela acdo da Tioredoxina Redutase.

N

Além de participar desse sistema, a Trx-1 tem sido associada a numerosas e
diferentes funcdes, por exemplo, quando € transportada para fora da célula, adota funcdo de
sinalizadora para crescimento celular e fator quimiotaxico (WAKASUGI et al., 1987;
ERICSON et al., 1992; MAHMOQD et al., 2013), quando transportada para o nicleo €
responsavel por regular alguns fatores de transcri¢cdo, ligando-se ao fator nuclear kappa B
(NF-xB) e a Proteina ativadora 1 (AP1) (SCHENK et al., 1994; HIROTA et al., 1997). A
associacdo de Trx-1 com proteinas de sinalizacdo como a quinase ASK-1 e a fosfatase
PTEN (WU & CEDERBAUM, 2010; SARTELET et al., 2011) também indicam que a Trx-
1 atua centralmente em diferentes processos celulares, regulando suas funcdes e mesmo

modulando cascatas de sinalizacao (FIGURA 7).
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FIGURA 7: Trx-1 uma molécula envolvida nos processos de sinalizacdo. Trx-1 reduzida
pode inibir a apoptose através da ligacdo a ASK-1. Além disso, Trx-1 pode ativar a via de Akt,
direta ou indiretamente, ao interagir com PTEN, inibindo sua ativagdo. Trx-1 também pode ativar
certos componentes da via de sinalizagdo de Junk (JNK) resultando na ativagdo de NF-xB. O

TXNIP inibe as atividades de Trx-1. Modificado de MAHMOOD et al., 2013.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

O objetivo geral deste trabalho foi estudar os mecanismos de ativacio da ADAM17

via dominio citoplasmético pela identificacdo de novos ligantes.

2.2 OBJETIVOS ESPECIFICOS

Os objetivos especificos foram: 1) identificar novos parceiros de interagdo do
dominio citoplasmatico de ADAMI17 e 2) avaliar o papel do ligante Trx-1 na modulacdo da

ativagao da ADAMI17.
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SUMMARY an extracellular catalytic domain can be

o activated by inside-out regulation is not

ADAMI7, which is also known as  completely understood. We characterized
TNFa—converting enzyme (TACE), is the  (hioredoxin-1 (Trx-1) as a partner of the
major  sheddase for the EGF receptor ADAMI7 cytoplasmic domain that could
ligands and is considered to be one of the  pe jpyolved in the regulation of ADAM17
main  proteases responsible  for the  ,ctivity. We induced the overexpression of
ectodomain shedding of surface proteins. e ADAMI17 cytoplasmic domain in
How a membrane-anchored proteinase with  HEK293 cells, and ligands able to bind this
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domain were identified by MS after protein
immunoprecipitation (IP). Trx-1 was also
validated as a ligand of the ADAMI17
cytoplasmic  domain and full-length
ADAMI17 recombinant proteins by
immunoblotting, immunolocalization and
by solid-phase binding assay. In addition,
using nuclear magnetic resonance, it was
shown in vitro that the titration of the
ADAMI17 cytoplasmic domain promotes
changes in the conformation of Trx-1. The
MS analysis of the cross-linked complexes
showed cross-linking between the two
proteins by lysine residues. To further
evaluate the functional role of Trx-1, we
used a HB-EGF shedding cell model and
observed that the overexpression of Trx-1
in HEK?293 cells could decrease the activity
of ADAMI17, activated by either PMA or
EGF. This study identifies Trx-1 as a novel
interaction partner of the ADAMI17
cytoplasmic domain and suggests that Trx-1
is a potential candidate that could be
involved in ADAM17 activity regulation.

INTRODUCTION

ADAMs (A Disintegrin  And
Metalloproteinase) comprise a family of
membrane-associated ~ metalloproteinases
with a complex multi-domain structure
composed of the following domains:
metalloproteinase, disintegrin-like,
cysteine-rich, epidermal growth factor-like,
transmembrane and cytoplasmic domains.
ADAMI17, also known as the TNFa-
converting enzyme (TACE), is responsible
for cleaving of several growth factors,
cytokines and cell surface receptors (1).

Progress has been made to identify
the signaling molecules that participate in
the induction of ADAMI17 shedding.

Several reports have questioned whether the
cytoplasmic domain is involved (2) or not
involved (3) in ADAMI17 activation, and
some mechanisms have been proposed,
such as the following: 1) phosphorylation of
its cytoplasmic domain at Thr'>> by p38a
MAP kinase (2); 2) EGFR activation by G-
protein coupled receptors involving the Src-
dependent phosphorylation of ADAM17 (4)
and 3) Erk MAP kinase signaling (5, 6).
However, Le Gall et al. (3) showed that
ADAMI17 activity does not depend on
intracellular ~ signaling  through  the
ADAMI17 cytoplasmic tail, suggesting that
the regulation may occur through the
transmembrane domain. Additionally, it has
been shown that the down-regulation of
thiol isomerases enhanced ADAMI17
activity by inducing changes in the redox
environment and thus, a protein disulfide
1somerase could be a specific regulator (7).
In this context, Zhang et al. (8) suggested
that H,O, can activate ADAM17 through
oxidative attack of a pro-domain thiol group
and therefore lead to the disruption of its
inhibitory coordination with the Zn™" in the
catalytic domain. In addition, many authors
have shown the involvement of reactive
oxygen species (ROS) in ADAMI17
activation by p38 MAP kinase (9, 10).

Several  proteins have  been
identified as ADAMI17 cytoplasmic domain
interaction partners, such as MAD2 (11),
PTPH1 (12), Erk1/2 (6), FHL2 (13) and
p38a MAPK (2). The cytoplasmic domain
of ADAMI12 has also been described as a
partner of c-Src/Yes (14, 15), Grb2 (15),
PI3-K (16), a-actinin-1 (17), Tks5/FISK
(18), PACSIN3 (19), Eve-1 (20) and PKCe
(21). However, most of these partners are
not necessarily related to the proteolytic
activation.
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To correlate the activation of
ADAMI17 by inside-out regulation, we used
multiple strategies to identify ADAMI17
cytoplasmic domain partners and cell-based
assays to analyze the functional role of the
partner in ADAMI17 activation. In the
present study, we have demonstrated the
following: 1) Trx-1 is an ADAMI17
cytoplasmic domain ligand in HEK293
cells; 2) Trx-1 co-localized with the
ADAMI17 cytoplasmic domain and full-
length ADAMI17 recombinant proteins; 3)
Trx-1 directly interacts with the ADAM17
cytoplasmic domain, 4) the overexpression
of Trx-1 recombinant protein in the
presence of PMA, which generates reactive
oxygen species (ROS), decreases ADAM17
activity and finally, 5) the physiological
shedding of ADAMI17 substrate, such as
EGF, is modulated by interaction with Trx-
1. These results suggest that Trx-1 is a
direct interaction partner of the ADAMI17
cytoplasmic domain and could be involved
in the modulation of ADAM17 activity.

EXPERIMENTAL
PROCEDURES

Cell culture:

TABLE1

HEK293 (Human  Embryonic
Kidney), HeLa (cervical cancer cells) and
SV40-transformed mEF cells (mouse
embryonic fibroblast) were cultured in
DMEM with 10% FBS and supplemented
with antibiotics at 37°C in 5% CO,
atmosphere. The wild-type (wt) mEF cells
and Adaml7-/- mEF cells were kindly
provided by Dr. Carl Blobel from Weill
Medical College of Cornell University (22).

Constructions:

Human ADAMI17 cytoplasmic
domain and human Trx-1 were cloned from
a cDNA library, generated from HEK293
cells. Vectors, primers sequences, insert
restriction sites and cloned residues are
described in the Table 1. Full-length HA-
tagged ADAMI17 was kindly supplied by
Dr. Axel Ullrich (Department of Molecular
Biology, Max-Planck  Institute  of
Biochemistry) (23).

Plasmid encoding HB-EGF-AP, a
chimeric protein used for Alkaline
Phosphatase (AP) reporter assay, was
kindly provided by Dr. Michael R. Freeman
(Department of Surgery, Harvard Medical
School, Boston) (24-26).

Vectors, cloned residues, and primer sequences used for ADAM17 cytoplasmic domain and Trx-1 constructions

Construction Residues Vector

Primer sequences

FLAG-ADAM17cyto 693-824 pcDNA3

'~AAGAATTCATGGACTACAAAGACGATGACGACAAG-3' (EcoRI)
"-AATCTAGATTAGCACTCTGTTTCTTTGC-3' (Xbal)

His-FLAG-ADAM17cyto 693-824 pET 28a (+) g'-'I'A'I'A'I'Q'I'AGCA'I'GGAC’I'A(_}-\AAGACGA'I'GACG-3' (Nhel)
5"-ATATGGATCCTTAGCACTCTGTTTCTTTGCTG-3" (BamHI)
Trx-1-HA 1-105 pcDNA3 5'-AAGGATCCATGGTGAAGCAGATCGAGAGC-3" (BamHI)
5'-GGTCTAGAGACTAATTCATTAATGGTGGCTTC-3' (Xbal)
His-Trx-1-HA 1-105 pET-28a (+)*
“Subcloned from pcDNA3 Trx-1-HA between BamHI and Notl.

The negative control for HEK293 and Hela cells were
Immunoprecipitation (IP) experiments was  transiently  transfected with  vectors
a FLAG-tagged GFP, named FLAG-GFP, encoding FLAG-ADAM17cyto, ADAM17-
cloned into a pcDNA3 vector (Invitrogen) HA  and  FLAG-GFP  using  the
or the empty pcDNA3. LipofectAMINE and Plus  reagent

Transient transfections: (Invitrogen), following manufacturer’s
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instructions. Protein overexpression was
performed during 48 h for IP and confocal
co-localization experiments. Trx-1-HA was
also co-transfected in HEK293 cells stable
expressing HB-EGF-AP using
Polyethylenimine (PEI, Polysciences Inc.)
during 48 h.

Wt and Adaml7-/- mEF cells were
transiently transfected with vector encoding
HB-EGF-AP as described before.

Stable transfections:

For alkaline phosphatase reporter
assay, HEK293 cells were transfected using
PEI (Polysciences Inc.) and the stable
transfected cells (mix population) were
selected by G418 (Gibco) at 500 pg/mL for
at least 2 weeks.

Immunoprecipitation experiments:

In order to identify ADAMI17
cytoplasmic binding partners, HEK293
cells were seeded in five 150 mm dishes
(Corning) until 50-60% confluence and
after transient transfections with FLAG-
ADAM17cyto, the cells were washed with
PBS, centrifuged for 5 min at 150 x g and
ressuspended in 10 mL of lysis buffer (50
mM Tris-HCI, pH 7.4, containing 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100)
supplemented with phosphatase inhibitors
(1 mM N8.3VO4, 10 mM N8.407P2.10H20, 1
mM NaF, 1 mM Cs;H;Na,O¢P.H,0, Sigma).
After 30 min of incubation on ice, cell
lysates were centrifuged for 10 min at
10,000 x g at 4°C to clear cell debris. Cell
lysates were incubated at 4°C overnight
under gentle agitation with 150 pL of anti-
FLAG M2 Affinity Gel (Sigma). Beads
were washed three times with TBS and the
immunocomplexes were eluted with FLAG

peptide (Sigma) at a final concentration of
150 ng/uL, during 2 h at 4°C, under
agitation. The experiment was performed
three times and the samples were analyzed
by LC-MS/MS.

To confirm the interaction between
Trx-1 and full-length ADAMI7-HA,
HEK293 cells were transfected and lysed
using the following lysis buffer (250 mM
NaCl, 50 mM Tris, pH 8.0, containing 5
mM EDTA, 0.5% Igepal and protease
inhibitors (complete mini-EDTA free,
Roche). For the resin preparation, 100 uL
of protein G sepharose (GE Healthcare) and
2 pg of anti-HA antibody was added to 1
mL of lysis buffer and incubated during 1 h
at room temperature under gentle agitation.
The resin was spun down at 12,000 x g and
300 pg of protein extract was added to the
pellet and incubated for 2 h at 4°C under
gentle agitation. The resin was then washed
6 times with lysis buffer and the proteins
were eluted by adding Laemmli sample
buffer. The interaction of ADAM-17-HA
and endogenous Trx-1 were analyzed by
immunoblotting.

To evaluate whether the endogenous
Trx-1 interaction is dependent or
independent of phosphorylation, HEK293
cells were transiently transfected with
FLAG-ADAMI17cyto as described above.
After 48 h, the cells were washed three
times with PBS (phosphate-buffered saline)
and treated with PMA (50 ng/mL) or
DMSO for 1 h. The proteins were
immunoprecipitated and analyzed by LC-
MS/MS. The data analyses were performed
using QualBrowser software (Thermo
Xcalibur v.2.1.), which calculates the area
under the curve of extracted ion
chromatogram (XIC) of peptides in a
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narrow m/z range corresponding to peptides
from potential interaction partners and/or
phosphorylation sites.

Analysis of ADAMI17 cytoplasmic
domain partners by LC-MS/MS:

The immunocomplexes were
reduced (5 mM dithiotreitol, 25 min at
56°C), alkylated (14 mM iodoacetamide, 30
min at room temperature in the dark), and
digested with trypsin (Promega). The
samples were dried in a vacuum
concentrator and reconstituted in 20 pL of
0.1% formic acid. 4.5 pL of the resulting
peptide mixture was analyzed on an ETD
enabled LTQ Velos Orbitrap mass
spectrometer (Thermo Fisher Scientific)
coupled with LC-MS/MS by an EASY-nL.C
system (Proxeon Biosystem) through a
Proxeon nanoelectrospray ion source.
Peptides were separated by a 2-90%
acetonitrile gradient in 0.1% formic acid
using a pre-column EASY-Column (2 cm x
ID100 pm, 5 pum particle size) and an
analytical column PicoFrit Column (20 cm
x ID75 pum, 5 pum particle size, New
objective) at a flow rate of 300 nL/min over
45 min. The nanoelectrospray voltage was
set to 2.5 kV and the source temperature
was 200°C. All instrument methods for the
LTQ Velos Orbitrap were set up in the data
dependent acquisition mode. The full scan
MS spectra (m/z 300-2,000) were acquired
in the Orbitrap analyzer after accumulation
to a target value of 1e®. Resolution in the
Orbitrap was set to r= 60,000 and the 20
most intense peptide ions with charge states
> 2 were sequentially isolated to a target
value of 5,000 and fragmented in the linear
ion trap by low-energy CID (normalized
collision energy of 35%). The signal
threshold for triggering an MS/MS event

was set to 1,000 counts. Dynamic exclusion
was enabled with an exclusion size list of
500, exclusion duration of 60 s, and repeat
count of 1. An activation q=0.25 and
activation time of 10 ms were used.

Peak lists (msf) were generated from
the raw data files using Proteome
Discoverer version 1.3 (Thermo Fisher
Scientific) with Sequest search engine and
searched against Human International
Protein Database (IPI) v. 3.86 (91,522
sequences; 36,630,302 residues, release
July 2011) with carbamidomethylation
(+57.021 Da) as fixed modification,
oxidation of methionine (+15.995 Da),
phosphorylation of serine, threonine and
tyrosine  (+79.966 Da) as variable
modifications, one trypsin missed cleavage
and a tolerance of 10 ppm for precursor and
1 Da for fragment ions, filtered using xcorr
cutoffs (+1>1.8, +2>2.2, +3>2.5 and
+4>3.5). Potential phosphorylation sites

passing the scoring thresholds were
manually validated.

Immunoblotting:

For  detection of ADAMI7

recombinant protein and to validate partners
from immunocomplexes, samples (20 uL)
were heated to 95 °C for 5 min and
separated by 15% SDS-PAGE. Proteins

were transferred onto  nitrocellulose
membrane (GE Healthcare) by semi-dry
system (Bio-Rad). The nitrocellulose

membrane was blocked with 5% skim milk
for 2 h, and incubated with anti-FLAG
(1:5000, Sigma), anti-HA (1:2000, Sigma)
and anti-Trx-1 (1:1000, Abfrontier) specific
antibodies for 2 h. The membranes were
washed three times, each for 5 min, with 10
mL Tris-buffered saline containing 0.05%
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Tween 20, and then reacted to horseradish
peroxidase-conjugated goat anti-rabbit IgG
(1:5000, Santa Cruz Biotechnology) or
mouse anti-goat IgG (1:5000, Santa Cruz
Biotechnology) for 2 h. After three washes,
as described above, the visualization of
ADAMI17 recombinant protein and Trx-1
were achieved by chemiluminescence with
the ECL kit (Amersham Biosciences).

Enrichment of membrane proteins:

To access the expression of
ADAM17 zymogen (pro ADAM17) and its
mature form, we performed the membrane
protein enrichment, as described by Butler
et al (27), in HEK293 cells after Trx-1-HA
overexpression  followed by PMA
treatment. The membrane proteins were
separated by a 10% SDS-PAGE, and after it
were transferred to nitrocellulose membrane
and incubated with rabbit anti-TACE
(1:2000, Millipore) antibody as described
before.

Confocal microscopy:

HeLa cells were cultivated in 24-
well plates containing 13-mm microscope
cover glasses. After transient transfections
with FLAG-ADAM17cyto, ADAMI17-HA
and Trx-1-HA, cells were washed with
PBS, fixed with 4% paraformaldehyde for
10 min, washed again and permeabilized
with 0.5% Triton X-100 for 10 min. The
cells were blocked with blocking solution
(PBS containing 0.2% Triton and 3% non-
fat dry milk) for 30 min and then incubated
with primary antibodies diluted in blocking
solution for 1 h. Anti-FLAG antibody
(Sigma) was diluted to 1:200, anti-HA
(Sigma) was diluted to 1:100 and anti-Trx-1
(Ab Frontier) was diluted to 1:100. Cells
were washed with PBS and incubated with

Alexa Fluor 488 or 568-conjugated
antibodies (Invitrogen) diluted in blocking
solution for 1 h. Finally, cells were washed
with PBS, incubated with DAPI solution
(4’,6-diamidino-2-phenylindole) for 10
min, washed again and analyzed in a
confocal microscope (Zeiss, LSM510).

Expression and purification of
recombinant His-tagged proteins:

His-Trx-1-HA protein was
expressed in BL21 (DE3) cells at 37 °C for
4 h after induction with 0.5 mM IPTG in
LB or M9 medium supplemented with 1
g/ 15N-ammonium-chloride (Cambridge
Isotopes, Inc) (28), for cross-linking and
NMR experiments, respectively. The
harvested cells were resuspended in lysis
buffer (20 mM sodium phosphate, pH 6.5
containing 80 mM NaCl and 1 mM PMSF)
and disrupted by lysozyme treatment (100
pg/mL, 30 min, on ice), followed by
sonication (Vibracell VCX 500, Sonics &
Materials, Inc.). The suspensions were
centrifuged at 20,000 x g for 10 min at 4°C.
The supernatant was loaded onto nickel-
charged 5-mL His Trap Chelating columns
(GE Healthcare) using a flow rate of 1
mL/min in buffer A (20 mM sodium
phosphate, pH 6.5 containing 80 mM
NaCl). Proteins were eluted using a linear
gradient of 0-1 M imidazole. Affinity
chromatography fractions containing His-
Trx-1-HA  recombinant protein  were
concentrated using a 10 kDa cut-off
Amicon filter (Millipore), and submitted to
size-exclusion chromatography using a
Superdex 200 16/60 column (GE
Healthcare) and flow rate of 1 mL/min in
buffer A. All chromatographic steps were
performed using an AKTA FPLC system
(GE Healthcare). The purified fractions
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were separated by 12% SDS-PAGE under
denaturing  conditions.  Final  protein
concentration was determined by BCA
protein Assay Kit (Thermo Fisher Scientific
Inc.).

His-FLAG-ADAMI17cyto  protein
was expressed in BL21 (DE3) cells at 37°C
for 4 h after induction with 0.5 mM IPTG in
LB medium. The cells were resuspended
and lysed using the same protocol used for
His-Trx-1-HA  expression.  His-FLAG-
ADAM17cyto protein purification was the
same as used for the purification of His-
Trx-1-HA, except that one intermediate step
in a 1-mL MonoQ ion exchange column
(GE Healthcare) was necessary between the
affinity and size exclusion chromatography.
This 1on exchange chromatography was
carried on using a flow rate of 1 mL/min in
buffer A (20 mM Tris-HCl, pH 8.8
containing 20 mM NaCl). The proteins
were eluted using a linear gradient of 0-1M
NaCl. The protein concentration was
determined as described before.

Solid-phase binding assay:

One pg of purified His-FLAG-
ADAMI17cyto or His-Trx-1-HA  were
immobilized into a 96-well polystyrene
High Bind microtiter plate (Corning Glass)
in a 0.05 M sodium carbonate buffer, pH
9.6, with gentle agitation overnight at 4°C,
as described by Oliveira et al. (29). The
wells were washed three times with wash
solution (PBS supplemented with 0.05%
Tween 20) and then blocked with PBS
containing 5% non-fat dry milk for 2 h at
RT. After blocking, the wells were washed
again and the purified proteins were added
in increasing concentration (0.5 — 16 nM),
diluted in PBS supplemented with 0.05%

Triton X-100. The plates were incubated for
2 h at RT, after which the wells were
washed three times. We detected the protein
binding using a colorimetric ELISA. We
incubated the complexes for 1 h at RT with
anti-Trx-1 (Ab Frontier) or anti-FLAG
(Sigma) antibodies, both diluted 1:1000.
The wells were washed three times and
incubated with a peroxidase-linked horse
anti-rabbit secondary antibody
(Calbiochem) diluted 1:10000 for 1 h at RT.
After incubation with secondary antibody,
the wells were washed three times and
developed with a buffer containing ABTS
(2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulphonic acid, Sigma), 0.1 M citric acid
and 0.03% H,O, (Merck). The absorbance
was measured at 405 nm. The experiment
were performed in triplicates and repeated
twice.

Nuclear ~ Magnetic Resonance
Spectroscopy Analysis:
Experiments that correlate the

frequencies of the amide proton and the
nitrogen for each amino acid in the protein
can yield information about interaction sites
in the protein, as well as the strength of the
interaction (30). The signals that change
positions in the "N-HSQC spectra of the
Trx1 protein correspond to main chain
amide groups from amino acids that
interacted with the unlabeled ADAM17cyto
protein. NMR experiments were performed
using a Varian/Agilent Inova spectrometer
operating at a 'H Larmor frequency of
599,887 MHz and temperature of 25°C. For
these experiments, the spectrometer was
equipped with a triple resonance cryogenic
probe and a Z pulse-field gradient unit. The
>N labeled Trx-1 sample was dissolved in
20 mM phosphate buffer, pH 6.5,
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containing 80 mM NaCl and 5% (v/v) D;0,
at a final concentration of 0.7 mM. Water
suppression was achieved by low-power
continuous wave irradiation over the
relaxation delay or  using the
WATERGATE method. All data were
processed using NMRPipe and NMRVIEW
software packages (31, 32). Prior to Fourier
transformation, the time domain data were
zero-filled in all dimensions. When
necessary, a fifth order polynomial baseline
correction was applied after transformation
and phasing. Experiments were performed
in one and two dimensions (2D), with
double resonance techniques to correlate 'H
and N from the main chain amino acids
(15N-HSQC) (33). The hydrogen proton 1D
spectrum was acquired in order to verify
that the protein was structured, and 2D
experiments (15N-HSQC) (32) were
performed to identify interactions between
the proteins His-Trx-1-HA and His-FLAG-
ADAM17cyto. For this, a His-Trx-1-HA
protein sample was labeled with °N and the
His-FLAG-ADAM17cyto protein expressed
in unlabeled media (LB) and they were
titrated in different proportions (50:1, 25:1,
10:1, 5:1, 1:1 and 2:1, respectively).

Cross-linking analysis between His-
FLAG-ADAM17cyto and His-Trx-1-HA by
mass spectrometry:

Cross-linking reactions were
performed by incubating the 5 x 107 mol
of each purified cytoplasmic domain and
purified Trx-1 recombinant proteins with
1.25 mM DSS (disuccinimidyl-suberate,
spacer arm length: 11.4 A, Sigma-Aldrich)
for 2 h at room temperature, followed by
quenching with Laemmli sample buffer.
DSS-cross-linked cytoplasmic domain—Trx-
1 complexes were identified as shifted

bands in 12% SDS-PAGE. The protein
complexes of each band were digested with
trypsin as described before. The samples
were dried in a vacuum concentrator and
reconstituted in 100 uL of 0.1% formic
acid. 4.5 pL of the resulting peptide mixture
was analyzed in LTQ Velos Orbitrap. The
MS analysis were performed as described
before, except for the instrument methods
in LTQ Velos Orbitrap were set up in the
data dependent acquisition mode of HCD
fragmentation. The resolution in the
Orbitrap system was set to r= 60,000 and
the 5 most intense peptide ions with charge
states > 2 were sequentially isolated to a
target value of 50,000 and fragmented in
HCD with normalized collision energy of
40% with the resolution in the Orbitrap
system was set to r= 7,500 for MS/MS. The
signal threshold for triggering an MS/MS
event was set to 80,000 counts and
activation time of 0.1 ms was used.
Dynamic exclusion was enabled with
exclusion size list of 400 and exclusion
duration of 60 s, and repeat count of 2. For
protein identification, peak lists (msf) were
generated from the raw data files using
Proteome Discoverer version 1.3 (Thermo
Fisher Scientific) with Sequest search
engine and searched against Human
International Protein Database (IPI) v. 3.86
(91,522 sequences; 36,630,302 residues,
release July 2011) with
carbamidomethylation (+57.021 Da) as
fixed modification, oxidation of methionine
(+15.995 Da) and chemical cross-linked
with disuccinimidyl suberate-DSS (mass of
dead-end cross-linking: 156.07864 Da) as
variable modifications, one trypsin missed
cleavage and a tolerance of 10 ppm for
precursor and 0.02 Da for fragment ions.
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For cross-linked analysis, the raw
data files generated by Xcalibur v.2.1.
(Thermo Fisher Scientific) were converted
to a peak list format (mgf) using Proteome
Discoverer version 1.3 (Thermo Fisher
Scientific). The mgf files were analyzed in
MassMatrix software
(www.massmatrix.net) (34) to
automatically search chemical cross-linkage
against databases containing the
ADAMIl17cyto and Trx-1 amino acid
sequences, according  to software
instructions. The parameters for cross-
linking analysis used in MassMatrix
software ~ were  carbamidomethylation
(+57.021 Da) as fixed modification,
oxidation of methionine (+15.995 Da) as
variable modifications, chemical cross-
linked with disuccinimidyl suberate-DSS
(138.06808 Da) non-cleavable by enzymes,
four trypsin missed cleavages and a
tolerance of 10 ppm for precursor and 0.02
Da for fragment ions. Search results with
high confidence (MassMatrix pp score >30)
and potential cross-linked peptides were
manually validated for b and y ion series
containing o and P chains (35, 36). This
experiment was performed three times.

“In silico” analysis: A high quality
homology model of the human Trx-1 was
built using multiple templates found on the
protein data bank (PDB) with high identity
and 100% coverage using Yasara (37). To
elucidate the interacting region, an ab initio
model of the ADAMI17 cytoplasmic domain
was obtained from I-Tasser (38) and
evaluated by C-Score and TM-Score (39)
approaches. A customized docking
algorithm was developed through Rosetta
(40) using cross-link information as
constraints of the search space. Resulting
decoys were assayed on energy values and

lysine pair distance. Low energy models
were validated through an automated DSS
bonding protocol generating a final
theoretical model of the interaction
interface. Binding energy contributions of
each interface residue and protein stability
were calculated using an alanine scanning
to evaluate only the interface residues of
ADAMI17 during a 10 nanoseconds
molecular dynamics simulation with
explicit solvent using Yasara. To each 25 ps
a snapshot is extracted and each interface
residue is mutated to alanine. Then, the
whole complex had its side chains
optimized using both a standard rotamer
library and the force field parameters. For
each mutation the binding energy of Trx-1
to wild-type ADAMI17 is compared to
mutated ADAMI17. The difference
corresponded to the level of importance of
the mutated residue for the interaction
interface. The binding energy function used
in the calculations considered, besides the
interaction potential, the solvation effects
given by the sum of the coulombic and van
der walls energy values plus the product of
the accessible surface area multiplied by the
entropic cost of exposing 1 A2 of the
protein surface.

Analysis of ADAM17 activity on AP
reporter assay:

HEK?293 cells stably transfected
with HB-EGF-AP were seeded into 100-
mm dishes and co-transfected with transient
Trx-1-HA and empty vector (negative
control). After 48 h, cells were trypsinised,
counted to 3 x 10° cells per well and seeded
in 24 well-plate (Corning). In the following
day, the cells were starved during 4 h and
activated with PMA (50 ng/mL) or EGF
(100 ng/mL) (41) during 1 h in a phenol-
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free medium. The cleavage of HB-EGF-AP
was measured after overnight incubation.
Briefly, 100 uL of conditioned media were
collected of each well and added to
individual wells of a 96-well plate
containing 100 uL of AP buffer (0.5 M
Tris-HCIL, pH 9.5, containing 5 mM p-
nitrophenyl phosphate disodium, 1 mM
diethanolamine, 50 uM MgCl,, 150 mM
NaCl, 5 mM EDTA) and measured at 405
nm. Three independent experiments were
performed in duplicates for PMA activation
and in triplicates for EGF activation.

To confirm ADAMI17 is the
sheddase responsible for PMA induced HB-
EGF cleavage, wt and Adam17-/- mEF cells
expressing HB-EGF-AP were activated by
PMA as described above. The conditioned
media was incubated with AP buffer. To
assess the amount of total HB-EGF-AP
expressed, the cells were collected and the
lysates were also incubated with AP buffer.
The AP ratio was calculated as previously
described 3. Three independent
experiments were performed in triplicates.

To indirectly evaluate the effect of
Trx-1 overexpression on HB-EGF-AP
levels, the membrane proteins of HEK293
cells co-transfected with Trx-1-HA were
collected by the enrichment of membrane
protein protocol (27). The proteins were
separated by a 12% SDS-PAGE under non-
denaturing conditions and the AP activity
was assessed onto nitrocellulose membrane
after incubation with BCIP/NBT (Sigma),
according to the manufacturer's protocol.

Analysis of mRNA expression levels:
In order to analyze the mRNA expression

of Trx-1, ADAMI17 and HB-EGF, HEK293
cells stably expressing HB-EGF-AP were
co-transfected with Trx-1-HA, as described
above. Total RNA was obtained using the
TRIzol reagent (Invitrogen Corporation)
and 3 ug of total RNA were used for retro-
transcription using the First-Strand cDNA
Synthesis Kit (GE Healthcare). Real-time
quantitative =~ PCR  (qRT-PCR)  was
performed using SYBR® Green PCR
Master Mix (Applied Biosystems), and the
dissociation curves were performed to
confirm the specificity of products. The
primers sequences were: Trx-1 5'-
GGACGCTGCAGGTGATAAACTTGT-3" and
5'-TGGCGTGCATTTGACTTCACACTC-3";
ADAM17 5-GGACCCCTTCCCAAATAGCA-
3" and 5'-ATGGTCCGTGAGATCCTCAAA-3',
HB-EGF 5'-
AGCTCTTTCTGGCTGCAGTTCTCT-3"' and
5'-ACTGTATCCACGGACCAGCTGCTA-3'".
The threshold cycles (CT) values of target
genes were normalized relative to
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene, and relative expression
ratios were calculated by the 2—AA Ct
method. Three independent experiments
were performed with triplicates.

Statistical ~ analysis:  For  the
statistical analysis of HEK293 AP assays,
we performed one-way ANOVA followed
by Tukey test. For mEF cells AP assays, we
used one-way ANOVA followed by
Bonferroni test to compare within each wt
and Adaml7-/- mEF cells (control vs
PMA). The significance level was stated at
0.05 (GraphPad Prism version 5 for
Windows).
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FIGURE 1. Thioredoxin-1 is revealed as novel ligand of ADAM17. HEK293 cells were transfected
with FLAG-ADAMI17cyto, after 48 h the intracellular proteins were collected and submitted to
immunoprecipitation (IP) followed by MS and immunoblotting (IB). (A) The first of the three
panels show the IB of the FLAG-tagged ADAM17 cytoplasmic domain and the negative control
after IP confirming the protein expressions. Following, it shows the input of protein lysates and the
detection of endogenous Trx-1 in both conditions. Finally, it confirms the Trx-1 interaction with
FLAG-ADAMI17cyto by IB. Arrows indicate the identification of Trx-1 bands and asterisks
indicate unspecific bands. The lower panel shows the expression of full-length ADAM17-HA and
its negative control by IB. Following, it also demonstrates that the endogenous Trx-1 interacts with
full-length ADAM17-HA by IP followed by IB. (B) Manual validation of Trx-1 peptide, spectra
containing b and y ion series. (C) Confocal immunofluorescence confirmed the co-localization
between endogenous Trx-1 and full-length ADAM17-HA (upper panel) and likely endogenous Trx-
1 and FLAG-ADAMI17cyto (lower panel) in HeLa cells.
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RESULTS was expressed in HEK293 cells (Figure 1A,
left panel). After immunoprecipitation (IP),
the complexes were eluted with FLAG
peptide, digested with trypsin and analyzed
by LC-MS/MS. Three experiments were
performed with a negative control (FLAG-
GFP recombinant protein). Among the

Identification of thioredoxin-1 as
ADAM17 cytoplasmic domain interaction
partner by LC-MS/MS — To identify the
interaction partners of the intracellular
ADAMI17 domain, the recombinant protein
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proteins found, we identified Trx-1 only in
the 1P with FLAG-ADAMI17cyto compared
with the negative control. One peptide of
Trx-1 was manually validated (Figure 1B).

Validation of thioredoxin-1 as a
cytoplasmic domain partner by
immunoblotting — In order to validate the
interaction between FLAG-ADAMI17cyto
and Trx-1, an aliquot of
immunoprecipitation  complexes  with
FLAG-ADAM17cyto and negative control
(FLAG-GFP recombinant protein) were
separated by SDS-PAGE and analyzed by
immunoblotting. This result showed the
presence of endogenous Trx-1 only in the
IP with FLAG-ADAMI7cyto (Figure 1A,
right panel). Furthermore, in the IP using
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full-length ADAM17-HA, Trx-1 was also
identified by immunoblotting (Figure 1A,
lower panel).

Thioredoxin-1  co-localizes — with
cytoplasmic  domain  and  full-length
ADAM17 recombinant proteins in Hela
cells After the validation of the
interaction between Trx-1 and FLAG-
ADAMI7cyto, we evaluated whether the
proteins co-localize. The recombinant
proteins, FLAG-ADAMI17cyto and full-
length ADAMI17-HA, were transiently
expressed in HelLa cells and confocal
immunofluorescence analysis showed that
both proteins were co-localized with
endogenous Trx-1 (Figure 10).
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analyses showed the phosphorylation of ADAMI17 cytoplasmic residues: S™' and S*°. Spectra
containing b and y ion series were manually annotated for validation of pS791 (A) and pS819 (B).

Thioredoxin-1 interaction is
independent of the phosphorylation of
ADAMI7 residues: S or S* — To
evaluate whether the endogenous Trx-1
interaction is dependent or independent of
phosphorylation, we overexpressed FLAG-
ADAMI17cyto in HEK293 cells and the
cells were treated with PMA. After IP,
eluted complexes were digested with
trypsin and analyzed by LC-MS/MS. By
XIC analysis, we observed that the PMA
treatment  resulted in a lower

TABLE 2

phosphorylation of pS™" and a higher
phosphorylation of pS*" than the control
cells, considering the ratio between XIC of
phosphorylated peptides in the presence of
PMA and DMSO was higher than 1.5-fold
change (Table 2). However, Trx-1 was
found in both preparations with the same
abundance (Table 2). The spectrum of
phosphorylated peptide was manually
validated, confirming the phosphorylation
sites at pS” ' and pS*"” (Figure 2).

Semiquantitative analysis of ADAM17 and Trx-1 peptides after PMA activation by XIC

Proteins XIC of peptide from  XIC of peptide from PMA/Me,SO

(residues) Peptide sequence m/z range” Me,SO treatment PMA treatment PMA/Me,SO” normalized
ADAM17 (739-753) LQPAPVIPSAPAAPK 728.9224-728.9448 1.42 X 10* 1.11 X 10® 0.78 1.00
ADAM17-Ser”! SFEDLTDHPVTR 708.8350-708.8500 6.54 % 107 8.00 X 107 1.22 1.56
ADAM17-Ser(P)”! pSFEDLTDHPVTR 748.8170-748.8320  1.99 X 10° 3.72 X 10° 0.18 0.23
ADAM17-Ser®"” VDSKETEC 484.1860-484.1942 7.65 X 10* 1.76 X 10” 23 2.94
ADAM17-Ser(P)*"? VDpSKETEC 524.1830-524.1950 1.51 x 10* 2.39 X 10? 15.8 20.2
Trx-1(9-21) TAFQEALDAAGDK 668.8130-668.8300 1.78 X 10° 1.68 X 10° 0.94 1.20

“ m/z range selected for XIC in QualBrowser software.

” PMA/Me,SO means the ratio between XIC of peptide from PMA treatment and XIC of peptide from Me,SO treatment.
¢ PMA/Me,SO normalized means the ratio of each peptide was normalized by the ratio of XIC of ADAM17 (739-753) peptide, which was set at 1.00.

ADAMI17  cytoplasmic  domain
interacts with Trx-1 by solid-phase binding
assays — We demonstrated that the
interaction between His-FLAG-
ADAMI17cyto and His-Trx-1-HA

recombinant  proteins occurs in a
concentration-dependent manner by
immobilizing either Trx-1 or ADAMI17cyto
(Figures 3A and 3B, respectively).
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FIGURE 3. ADAMI17 cytoplasmic domain and Trx-1 recombinant proteins can interact in a
concentration-dependent manner. The solid-phase binding assays were performed using either Trx-1
or ADAM17cyto recombinant proteins. (A) Nanomolar concentration of His-FLAG-ADAMI17cyto
(0 — 16 nM) was incubated to immobilized His-Trx-1-HA. (B) Nanomolar concentrations of His-
Trx-1-HA (0.5 — 16 nM) was incubated to immobilized His-FLAG-ADAM17cyto. Both incubations
were performed during 2 h at RT. The negative control was the same concentrations of the
recombinant proteins, but without plate coating. Two experiments were performed with triplicates.

ADAMI17  cytoplasmic  domain
interacts with Trx-1 by NMR - To evaluate
the interaction between Trx-1 and
ADAMI17cyto, the proteins were expressed
in  bacteria, purified by affinity
chromatography and analyzed by NMR.
The NH signals of the main chain protein
(His-Trx-1-HA) that showed marked

changes in their chemical shifts frequencies
during the titration with the binding protein
(His-FLAG-ADAMI17cyto) were used to
confirm the interaction between the
proteins. These signals correspond to the
labeled protein amino acids that interacted
with the unlabeled protein (Figure 4).
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FIGURE 4. ADAM17 cytoplasmic domain and Trx-1-HA recombinant proteins showed interaction
by NMR. (A) 15N-HSQC spectrum at 25°C of the Trx-1 recombinant protein (black) titrated with
the ADAMI17 cytoplasmic domain in the proportions 50:1 (cyan), 25:1 (blue), 10:1 (green), 5:1
(magenta), 1:1 (yellow) and 1:2 (red). Small changes in the chemical shift of some peaks were
detected (inset, *) indicating an interaction between the proteins. Panels (B) to (H) represent the
zoom of the peaks 1, 2, 3, 4, 5, 6 and 7 respectively.

Chemical cross-linking coupled with
mass spectrometry - To evaluate the
interaction between Trx-1 and FLAG-
ADAM17cyto, we chemically cross-linked
the recombinant purified proteins. Initially,
the cross-linked proteins (His-FLAG-
ADAMI17cyto and His-Trx-1-HA) were
separated by SDS-PAGE and the three main
bands of 170 kDa, 55 kDa and 34 kDa were
digested with trypsin. After manually
verifying possible hits from MassMatrix
search results, we identified one crosslink
with high confidence (MassMatrix pp score
>30). The 170 kDa-band showed the
identification of cytoplasmic domain and
Trx-1 complexes by tryptic peptides
"[IKPFPAPQTPGR™® and %KGQK®,
respectively, cross-linked by the side chains

of the underlined lysine residues. This
experiment was repeated three times and
the same cross-linked peptides were
confirmed. The validation of cross-linked
peptides is shown in the Figure SA.

In silico analysis proposes a model
for the interaction— Our homology model of
the human Trx-1 (Figure 5C) presented a
RMSD of 1.089 A compared to the
chimeric human and E. coli protein (PDB
IM7T) and an overall Z-Score of 1.008,
that indicated a good quality for the model.
The ab initio model showed a C-Score of
2.59 and TM-Score of 0.41+-0.14. Our
studies suggest that the ADAMI17
cytoplasmic domain is very flexible and is
presented here in an acceptable topology.
The custom docking algorithm resulted
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5,000 decoys that were filtered by binding
energy and compatible cross-link lysine
pair distance (Figures 5B and 5C). Best
fitted model after the molecular dynamics
simulation exhibited an overall mean Ca-
RMSD of 3A and further analysis
demonstrated the high flexibility of the
ADAMI17 cytoplasmic domain with a
relative mean RMSD of 5.722 A when
compared to Trx-1 (Figure 5D).
Distribution of differences of binding
energy suggests the contribution of each
interface residue of the cytoplasmic domain
of ADAMI17 (Figure 5E). Residues with
average above zero showed an indication
that mutation disturbed the interaction
surface, and thus, must be important to keep
the complex in the bound configuration.

The increase of Trx-1 expression
modulates  HB-EGF  shedding  upon
activation of ADAM17 with PMA — After
the characterization of the interaction
between Trx-1 and FLAG-ADAMI7cyto,
we evaluated the effect of overexpression of

Trx-1 on ADAMI7 activity. For that,
HEK293 cells stably expressing HB-EGF-
AP were transiently transfected with
pcDNA-Trx-1-HA and treated with PMA.
By analysis of AP activity in the
conditioned media of the cells, HEK293
overexpressing Trx-1 showed lower HB-
EGF shedding compared with control cells
(Figure 6A, p<0.05, ANOVA followed by
Tukey test). In addition, using wt and
Adaml7-/- mEF cells, we confirmed
ADAMI17 is the sheddase responsible for
PMA induced HB-EGF cleavage (Figure
6G, p<0.05, ANOVA followed by
Bonferroni test). The expression of Trx-1 in
the same experimental conditions was
confirmed by qRT-PCR (Figure 6B).
Furthermore, we demonstrated that Trx-1-
HA overexpression did not affect the HB-
EGF-AP expression on cell surface or the
mRNA levels (Figures 6C and 6D,
respectively), neither alters the mRNA
levels of ADAM17 (Figure 6E), nor the pro
and mature forms of ADAM17 (Figure 6F).
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FIGURE 5. Interaction between ADAMI17 cytoplasmic domain and Trx-1. (A) Purified
recombinant proteins Trx-1 and ADAM17 cytoplasmic domain, were incubated, chemically cross-
linked, digested with trypsin and analyzed by MS. MS/MS spectra were manually validated for b
and y ion series of the a (peptide of ADAM17 cytoplasmic domain) and f (peptide of Trx-1) chains.
(B) Results from the custom docking algorithm shows the relationship between low energy values
and cross-link acceptable distance. (C) Best conformation based on both cross-link distance and
energy value. ADAMI17 cytoplasmic domain is colored in green and Trx-1 is depicted in blue. DSS
is shown in van der Waals representation (yellow) and the catalytic domain of Trx-1 is show in red.
(D) RMSD plot for the 10 nanoseconds simulation of the Trx-1 and ADAM17 cytoplasmic domain
complex, whereas the red line represent the overall RMSD and the black line the relative RMSD
between the ADAMIl7cyto and overall Trx-1. (E) Normalized boxplot of individual residue
contributions from the ADAM17cyto through the 10 ns molecular dynamic simulations. Values
above zero indicate a high contribution for the complex binding energy and should be targeted for
point mutations.
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FIGURE 6. Thioredoxin-1 modulates HB-EGF shedding in HEK293 cells under PMA stimulation.
HEK?293 cells stably expressing HB-EGF-AP were transiently transfected with Trx-1 recombinant
protein. After 48 h, cells were submitted to a starvation period of 4 h followed by PMA activation
during 1 h. Supernatant was collected and evaluated by AP assay. (A) AP reporter assay indicates
that Trx-1 decreases the HB-EGF shedding in HEK293 cells after PMA treatment. Three
independent experiments were performed in duplicates (one-way ANOVA followed by Tukey test.
Different letters indicate statistically difference at p<0.05). (B) qRT-PCR confirms the expression
of Trx-1-HA after transient transfection in the same experimental conditions used before. (C)
Alkaline phosphatase activity indirectly shows HB-EGF expression after the enrichment of
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membrane proteins from HEK293 cells stably expressing HB-EGF-AP and transiently expressing
Trx-1-HA. Densitometry of the alkaline phosphatase substrate bands are shown in the right panel.
(D) The expressions of HB-EGF and Trx-1 in HEK293 cells are also confirmed by qRT-PCR. (E)
The increase in the expression of Trx-1 do not change the ADAM17 mRNA levels and likely (F)
the proADAMI17 and its mature form after membrane protein enrichment in HEK293 cells.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (G) To confirm ADAMI17 is the sheddase
responsible for PMA induced HB-EGF cleavage, the wt and Adami7-/- mEF cells were transiently
transfected with the vector encoding HB-EGF-AP and following, activated by PMA. AP ratio was
calculated between the supernatant AP activity and the total AP activity in the cell lysate plus
supernatant from three identically prepared wells, and averaged (3). Three independent experiments
were performed in triplicates (one-way ANOVA followed by Bonferroni test for selected pairs of
columns. * indicates statistical difference at p<0.05).

The increase of Trx-1 expression ADAMI7 with EGF is decreased in the
modulates  HB-EGF  shedding upon presence of Trx-1 (Figure 7, p<0.05,
activation of ADAMI17 with EGF - We ANOVA followed by Tukey test).
demonstrated that the activation of
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FIGURE 7. Thioredoxin-1 modulates HB-EGF shedding in HEK293 cells under physiological
stimulation by EGF. HEK293 cells stably expressing HB-EGF-AP were transiently transfected with
Trx-1-HA. After 48 h, cells were submitted to starvation period of 4 h followed by EGF activation
during 1 h. Supernatant was collected and evaluated by AP reporter assay. The results indicate that
Trx-1 negatively modulates the HB-EGF shedding under EGF stimulation. Three independent
experiments were performed in triplicates (One-way ANOVA followed by Tukey test. Different
letters indicate statistically difference at p<0.05). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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DISCUSSION

ADAMs are one of the main proteases
responsible for the ectodomain shedding of
surface membrane proteins, however, how
membrane-anchored proteinases can be
activated by inside-out regulation remains
unclear. To identify the interaction partners of
the cytoplasmic domain and to correlate them
with a functional role in ADAMI17 activation,
we induced the expression of the ADAMI17
cytoplasmic domain in HEK293 cells and
identified the binding partners using mass
spectrometry.

We found thioredoxin-1 as a ligand of
the ADAM17 cytoplasmic domain by MS and
immunoblotting (Figures 1A and 1B). The
immunoprecipitation data confirmed that full-
length ADAMI17 also interacts with Trx-1,
which suggests that the interaction is not
restricted to the soluble cytoplasmic
recombinant protein (Figure 1A, lower
panel).  Co-localization  assays  further
validated the interaction, showing that
endogenous Trx-1 co-localizes with the
ADAMI17 cytoplasmic domain and full-
length ADAMI7 recombinant proteins
(Figure 1C, wupper and lower panels,
respectively).

ADAM cytoplasmic domains are
kinase targets (2, 6, 42) so, we evaluated
whether the phosphorylation state could
interfere in Trx-1 binding. We found that the
Trx-1 interaction with the cytoplasmic
domain is not dependent on pS791 and pS819
because changes in the phosphorylation
pattern induced by PMA treatment (42), such
as the decrease in pS”" and increase in pS®",
did not change the abundance of Trx-1
binding (Table 2).

To evaluate the interaction of Trx-1
and ADAMI17 cytoplasmic domain, we used
three different approaches: solid-phase
binding assay, NMR and chemical cross-
linking coupled with MS. The solid-phase

binding assays demonstrated that the
interaction between the proteins occurs in a
concentration-dependent manner  (Figure
3A/B). From NMR studies, we also
determined that the presence of the ADAM17
cytoplasmic domain promotes perturbations
in the conformational dynamics of the Trx-1
(Figure 4). The MS analysis of the complexes
showed the interaction between the two
proteins to be cross-linked by the side chains
of the lysine residues (Figure 5A) in the
tryptic peptides of ADAMI17 cytoplasmic
domain and Trx-1, "*IIKPFPAPQTPGR’®
and *’KGQK®, respectively. As previously
reported by Willems et al. (7), the interaction
of thiol isomerases is rapid and not very
stable in the reduced form; therefore, this
approach that stabilized the complex by
chemical cross-linking in vitro made it
possible to confirm this interaction through
the side chain of lysine residues that showed
at least a 11.4 A of distance (based on the
DSS spacer arm). In addition, based on the in
silico analysis of the protein-protein
interaction between ADAMI17 cytoplasmic
domain and Trx-1 (Figure 5B), it can be
observed that the active site residues of Trx-1
are not in the contact with the interface region
of ADAMI17 cytoplasmic domain and are free
for binding to different substrates and to
thereby perform different activities. Despite
the high flexibility of ADAMI17 cytoplasmic
domain of ADAMI17, the interface region is
kept along molecular dynamic simulation.
Residues that are considerably contributing to
the binding in ADAM17 cytoplasmic domain
are observed to be above zero (Figure SE).

Trx-1 is known to act as a reductase
via a dithiol/disulfide exchange reaction
between two cysteine residues in the active
site, —Cyssz—Gly—Pro—CySSS—, on oxidized
protein substrates that typically contain
disulfide bonds. Trx-1 can also be found to be
more oxidized when additional disulfide
bonds are formed (43). ADAMI17 has two
CXXC motifs, but only in the disintegrin and
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cysteine-rich domains (44, 45), and these
motifs could be reduced by extracellular Trx-
1.

Previous studies have shown that
intracellular Trx-1 plays a crucial role in the
ROS scavenging (43, 46) and that ROS and
thiol isomerases are involved in the regulation
of ADAM proteolytic activity (7-10, 47-50).
Therefore, we investigated whether ADAM17
activity could be modulated by Trx-1 using a
standard approach in a cell model of HB-EGF
shedding coupled with an AP reporter assay
(7, 25). We found that the transient
overexpression of Trx-1-HA in HEK293 cells
treated with PMA or EGF negatively
modulated the activity of ADAM17 (Figure 6
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4 DISCUSSAO

Trx-1: nova parceira de interacdo da ADAM17

E sabido que a porcio citoplasmatica das ADAMSs varia muito em sua composi¢io e
quantidade de aminodcidos, sendo rica em residuos de serina e prolina, com sequéncias
consenso RXXPXXP e PXXPXR que possibilitam a interacdo desse dominio com outras
proteinas. No artigo apresentado no Capitulo 1 (item 3.1), o papel do dominio
citoplasmatico da ADAM17 na modulacdo da sua atividade proteolitica foi investigado. Os
resultados revelaram a Trx-1 como nova parceira de interacdo do dominio citoplasmético
(Figure 1) e esse ligante foi capaz de modular a ativacdo da ADAMI17 sob diferentes

estimulos.

A superexpressdo do dominio citoplasmatico da ADAMI17, contendo uma cauda
FLAG na regido N-terminal (Table 1), foi realizada em células HEK293 e comprovada pela
técnica de Imunnoblotting (IB) (Figure 1A). Para identificacdo dos parceiros de interacao
foi utilizada cromatografia liquida acoplada a espectrometria de massas (LC-MS/MS) que
revelou, dentre outras proteinas, a Trx-1 como nova parceira de interacdo do dominio
citoplasmatico da ADAMI17 (Figure 1A). A interacdo entre Trx-1 e a ADAM17 completa
(contendo os dominios extracelulares e transmembrana, além do citoplasmatico) também
foi avaliada por Co-imunoprecipitagdo (Co-IP) e comprovada por IB (Figure 1A, painel
inferior). O peptideo TAFQEALDAAGDK da Trx-1 teve seu espectro de massas validado
manualmente (Figure 1B) e células Hela, superexpressando a ADAMI17 completa ou o
dominio citoplasmdtico, foram marcadas pela técnica de Imunofluorescéncia para
comprovar a co-localizacdo entre ADAMI17 recombinante e Trx-1 enddgena, usando

microscopia confocal de fluorescéncia (Figure 1C).
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O dominio citoplasmatico da ADAM17 pode ser fosforilado em seus residuos de
serina (S), treonina (T) e tirosina (Y). Foram descritos como sitios de fosforilacdo na
porgio citoplasmética da ADAMI17 os residuos de T735, S791 e S819 (DIAZ-
RODRIGUEZ et al., 2002; FAN et al., 2003; XU & DERYNCK, 2010). O tratamento com
PMA ou outros ativadores, como fatores de crescimento, choque osmético e luz UV
promove a fosforilagdo desses residuos, o que pode alterar a intera¢cdo do dominio com seus
ligantes. Considerando esses aspectos, avaliou-se a interacdo da Trx-1 quanto a
dependéncia ou nio da fosforilacdo dos residuos do dominio citoplasmético da ADAMI17.
Os dados obtidos nesse estudo mostraram o aumento da fosforilacio na S819 e a
diminui¢do da fosforilacdo na S791 na presenca do PMA (Figure 2 e Table 2),
corroborando com os resultados do estudo de FAN ef al. (2003). Comparando o peptideo
da Trx-1 na presenca e auséncia do PMA (Table 2) acredita-se que a ligacdo da Trx-1 ao
dominio citoplasmaético € independente do estado de fosforilagdo dos residuos de S791 e
S819.

Para explorar a interacdo entre o dominio citoplasmatico da ADAM17 e a Trx-1,
foram realizados experimentos complementares por ensaio de ligacdo em fase sdlida
(Figure 3), ressonincia magnética nuclear (Figure 4) e ligacao covalente entre residuos de
lisina (chemical cross-linking) analisados por LC-MS/MS. Os experimentos confirmaram a
formacdo de um complexo entre as duas proteinas estudadas. O ensaio de ligacdo covalente
usando o reagente DSS e analisado por MS revelou a formacao de ligacdes entre lisinas de
peptideos intermoleculares, confirmados no espectro validado na figura SA do artigo. A
partir desses resultados, e em colaboracdo com o Dr. Paulo Oliveira e seu aluno Rodrigo
Honorato, foram gerados modelos baseados na restri¢do de distancia. A distdncia méxima

entre as lisinas foi determinada pela regido de interacao permitida pelo reagente da ligacao
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quimica (DSS), mostrados nas figuras 5B e 5C do artigo. E importante ressaltar que nesse
modelo o sitio ativo da Trx-1 (Cys’*-Gly-Pro-Cys™) ndo se localiza na interface de
interacdo com a ADAM17, ficando livre para interagir com outras proteinas e exercer sua
atividade de oxiredutase (Figure 5C).

Para avaliar o papel da Trx-1 na modulacdo da atividade da ADAM17, células
HEK?293 expressando estavelmente HB-EGF-AP foram transfectadas com Trx-1-HA e
ativadas com PMA ou EGF por lh para avaliar os niveis de ativagdo da ADAM17
endogena. Trabalhos anteriores, utilizando o ensaio repérter da atividade de fosfatase
alcalina como medida indireta da atividade de ADAM17, mostraram que o HB-EGF € um
alvo especifico dessa metaloprotease, sem contribui¢do expressiva do efeito da ADAM10
ou outras MMPs (SAHIN et al., 2004; WILLEMS et al., 2010).

E interessante notar que WILLEMS et al. (2010) mostraram a interacdo da
ADAMI17 com uma tiol-isomerase, a proteina PDI (protein disulfide isomerase), que
apresenta dominios CXXC em sua molécula. A PDI modula negativamente a ADAMI17 por
se ligar ao dominio extracelular dessa metaloprotease, diferentemente do mecanismo
sugerido em nosso estudo para a interacdo com a Trx-1, onde a ligagdo ocorre no dominio
citoplasmatico.

Além disso, outra classe de metaloprotease também tem sido relatada sendo
modulada pela atividade da Trx-1. A MMP-2 teve sua atividade diminuida em células de
neuroblastoma (FARINA et al., 2001), enquanto a MMP-9, em células de cancer de mama,
teve um aumento de expressao seguido de desregulacdo do balanco entre MMP-9/TIMP-1
(seu inibidor natural), resultando no aumento da capacidade de invasdo dessa linhagem na

presenca de Trx-1 superexpressa (FARINA et al., 2011).
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Nossos resultados indicam que a superexpressao de Trx-1 modula a atividade de
ADAMI17 tanto sob a ativagdo pleiotrépica do PMA quanto sob a acido fisioldgica do EGF
(Figure 6 e 7).. Por sua vez, a Trx-1 além de atuar na prépria atividade da ADAM17,
poderia modular o estado oxidativo de proteinas-alvo na regido préxima & membrana ou em
microdominios, como os lipid rafts, onde ja foi descrita a presenca tanto da ADAMI17
quanto da Trx-1 (TELLIER et al., 2006; HARA et al., 2007). Esse resultado abre novas
perspectivas sobre uma possivel funcdo do dominio citoplasmdtico, na ancoragem ou

mesmo no recrutamento da Trx-1.
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5. CONCLUSAO

A andlise dos parceiros de interacio do dominio citoplasmdtico da ADAMI17
demonstrou que a Trx-1 ¢ um novo ligante desse dominio. Além disso, quando a ADAM17
enddgena foi ativada pelo PMA ou EGF, ocorreu a modulacdo negativa da sua atividade na
presenca de Trx-1 superexpressa. Estudos buscando os parceiros da Trx-1, usando mutantes
da Trx-1 e RNA de interferéncia (RNAi) j4 estio em andamento em nosso grupo, a fim de
explorar e entender os possiveis mecanismos de atuacdo da Trx-1 na modulacdo da

ADAMI17.
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Abstract

The extracellular milieu is comprised in part by products of cellular secretion and cell surface shedding. The presence of
such molecules of the sheddome and secretome in the context of the extracellular milieu may have important clinical
implications. In cancer they have been hypothesized to play a role in tumor growth and metastasis. The objective of this
study was to evaluate whether the sheddome/secretome from two cell lines could be correlated with their potential for
tumor development. Two epithelial cell lines, HaCaT and SCC-9, were chosen based on their differing abilities to form
tumors in animal models of tumorigenesis. These cell lines when stimulated with phorbol-ester (PMA) showed different
characteristics as assessed by cell migration, adhesion and higher gelatinase activity. Proteomic analysis of the media from
these treated cells identified interesting, functionally relevant differences in their sheddome/secretome. Among the shed
proteins, soluble syndecan-1 was found only in media from stimulated tumorigenic cells (SCC-9) and its fragments were
observed in higher amount in the stimulated tumorigenic cells than stimulated non-tumorigenic cells (HaCaT). The increase
in soluble syndecan-1 was associated with a decrease in membrane-bound syndecan-1 of SCC-9 cells after PMA stimuli. To
support a functional role for soluble syndecan-1 fragments we demonstrated that the synthetic syndecan-1 peptide was
able to induce cell migration in both cell lines. Taken together, these results suggested that PMA stimulation alters the
sheddome/secretome of the tumorigenic cell line SCC-9 and one such component, the syndecan-1 peptide identified in this
study, was revealed to promote migration in these epithelial cell lines.
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Introduction

Oral cancer is one of the most common malignancies worldwide
and despite improvements in diagnosis and treatment, the overall
survival rate for advanced patients has not been significantly
improved over the last three decades [1]. Indeed, the lack of
biomarkers avoids prognostic prediction or specific treatment for
oral squamous cell carcinomas (OSCC), the most common
presentation of oral cancer.

New approaches on clinical proteomics, such as secretome-
based analysis, have been developed to identify novel biomarkers.
Secretome/sheddome is a proteomic area that allows the analysis
of a dynamic extracellular environment including secreted,
released, degraded or shed proteins [2-4]. Soluble proteins in
the extracellular milieu can have specific functions and can induce
a variety of responses that are still not predictable, for instance,
notch, E-cadherin and CD44 are known candidates for potential
outsicle-in signal transduction [5-8]. These fragments can carry
over conserved sequences that can regulate autocrine and
paracrine targets [9].

PLOS ONE | www.plosone.org

In order to evaluate the differences between the secretome/
sheddome of normal and tumorigenic cells, two epithelial cell
lines, HaCaT and SCC-9, were treated with phorbol-ester (PMA).
Here we showed that PMA stimulation induced distinet migration,
adhesion and gelatinase activity as well as differences in the
secretome/sheddome. Components in the media such as soluble
and fragments of syndecan-1 were found mainly in stimulated
tumorigenic cells. Syndecans are known family of cell surf

proteoglycans that play regulatory roles in many biological
, including migration, proliferation, wound healing,
inflammation, angiogenesis and tumorigenesis [10,11]. The role
of syndecans in tumor progression may vary with tumor stage and
type [10]. In squamous cell carcinoma, the reduction of syndecan-
1 expression is correlated with the progression of carcinogenesis
[12], histological grade of malignancy [13], tumor size and the
mode of invasion [14]. Furthermore, we also demonstrated

Process

evidence that the fragment of syndecan-1 identified was able to
induce cell migration.
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Abstract

of ADAMI7 overexpression.

novel and refined OSCC-targeting approaches,

Background: ADANT7 js one of the main sheddases of the cells and it & responsible for the cleavage and the
release of ectodomains of important signaling melecules, such as EGFR ligands. Despite the known crosstalk
between ADAMIT and EGFR, which has been considered a promising targeted therapy in oral sguamous cell
carcinoma [05C0), the role of ADAMI T in OSCC development is not clear,

Method: In this study the effect of overexpressing ADAMIT in cell migration, viability, adhesion and proliferation
was comprehensivaly appraised i wire. In addition, the tumor size, tumor praliferative activity, tumor collagenasa
activity and M5-based proteomics of tumeor tissues have been evaluated by injecting tumerigenic sguamaous
carcinoma cells (SCC-9) overexpressing ADAMI7 in immunodeficient mice.

Results: The proteomic analysis has effectively identified a total of 2,194 proteins in control and tumar fissues,
Among these, 110 proteins have been downeregulated and 90 have been up-regulated in tumaor tissues. Biological
network analysis has uncovered that overexpression of ADAMI17 requlates Erk pathway in O5CC and further
indicates proteins regulated by the overexpression of ADAMI7 in the respective pathway, These results are also
supported by the evidences of higher viability, migration, adhesion and proliferation in SCC9 or 4431 cells in vitro
along with the increase of tumaor size and proliferative activity and higher tissue collagenase activity as an outcome

Conclusion: Thase findings contribute to understand the role of ADAMI7 in oral cancer development and as a
patential therapeutic target in oral cancer, In addition, our study also provides the basis for the development of

Introduction

ADAMIT (A Disintegrin And Metalloproteinase} or TACE
(TNF-alpha Converting Enzyme) is a surface membrane
associated protein responsible for the cleavage of several
membrane proteins, which is a biological cell process
called shedding [1,2]. Among the shed proteins, ADAMI17
releases ectodomains of important signaling molecules
such as TNF-o, TGF-o, EGF, HB-EGF and VEGFR2 and
adhesion molecules, such as L-selectin, syndecans, CAMs
icell adhesion molecules) and cadherins [1,3], ADAMI7
expression, likewise other ADAM family  members, is
up-regulated in many types of cancers, correlating with
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tumor progression and apgressiveness (4], The molecules
that are shed by ADAMIT are mostly signaling molecules
that regulate cell proliferation, survival, migration and in-
vasion poperties associated with malignant cells resulted
mainly from the crosstalk between ADAMILT and epider-
mal growth factor receptor (EGFR) [1,5]. Interestingly,
EGFR is a widely studied oncogene in head and neck tu-
mors [6] and agents targeting EGFR have emerged as a
potential adjuvant therapy for OSCC [7.8]. Then, despite
the close relationship between ADAMI7 and EGFR, it is
still not clear the role that ADAMIL7 plays in oral cancer
development. Metalloproteinases are particular important
in oral cancer progression, and squamous cell carcinoma
of head and neck has been classified as the fifth most

common type of cancer in the world [9].
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Introduction medisted protems for OSCC, such as ilanins A and B, catenin

alpha-1 and talin-] as potntial poteins involved in OS5CC
Ohal cancer is one of the most commaon malimancis worldwide

[1,2] and the third most frequent comeer, with a Seyear sunvival
rate less than 50% [3]. The develepment of oml squamous cell
carcinoma ORS00 roquines e pecumulaton ol several genene
allertions  that are alfected by genctic predispesition and
covironmental  conditions such as wbacco, alcobol. chirome
inflammation and vival infecion [4], Because caneer s a complex
and  multifactorial  disease, 1'x'p|nr'm_1: thwe maolecular pathways
involved in this process is necesary o achieve successtisl treatmend
of each specific case and improve the undersianding ol pathogen-
wsis 6]

Therelore, 1 ooder o imvestigate the mechanisms lor oral
cancer  development, this study  focused  on analyzing  the
differentind expression of  proteins . and  peptides i OSCC
compared 1o ponmal tssoe wsing an ontheiopic muine model,
which recapitulates the local wmor micmoewivenment [7.8]. We
st @ twoestep approasch by first ijecting SCO

b ocells and thwe
respective control cells in the wogues of immunedelicient mice o
wduce umor development,. After 20 days, tumor and control
tissues were solaed, and extmcted proteins and peptides were
analyzed using mass spectromerry, followed Ty validation wsing
human OSCC ssoes, We demonstrated that the strategies uaed
hwere enabled the wentibeation of up-regulated  foral adbesion-
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development,

Materials and Methods

Cell culture

The human OS0C cell hne SCC-9 was oblamed fom
American Type Cuolure Collection (ATCC,  MManassas, VAL
USAY, and culured as recommended, SCC-9 celk ane orginaled
[romm boman squamens carcinema from the onguee. The HaCa'l'
cells, an mamortahzed bot ot ponstommed |'pi|l)|'l'l:!| cell line 9]
was maintained i DMEM contaning 10% fetal bovine semum
(FBS) and antbiotics at 37'C in s 5% GOy ar atmesphere.
Halla'l' cells are human keratinocyies ongnated  rom skin.
Control cells were vsed to assure et all the amimals were
subjected to the same procedures, Human Epidenmoid Carcioma
A3 (epidermeid carcinoma cell ling ongisated [rom sking was
mown o Reswell Park Memoral Institate (REMI 1640
medium supplemented with 10% FBS and antbistics at 37°C in
a 3% OOy air atmosphere. Metasiate SCC-9 cells were solated
[P hyrmply nodes f.L\'. nri.t:_‘il:;:l i.ug the cell line SCC-U LN [14].
This cell lne was cultured 2 meeommended [or SCC-9 cells,
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8. ANEXOS

DECLARAGAO

Declaro para os devidos fins que o contetido de minha tese de Doutorado intitulada A Tioredoxina-
1 € uma nova parceira de interagdo do dominio citoplasmatico da ADAM17 e participa da sua
modulacdo

() n&o se enquadra no § 4° do Artigo 1° da Informacgdao CCPG 002/13, referente a bioética e
biosseguranca.

Tem autorizagdo da(s) seguinte(s) Comissao(des):

( x ) ClBio — Comissdo Interna de Biosseguranca , projeto No. AFPL 14, Institui¢io: Laboratério
Nacional de Biociéncias — LNBio-CNPEM (ABTLuS).

() CEUA - Comissdo de Efica no Uso de Animais , projeto No. , Instituigao:

() CEP - Comisséo de Etica em Pesquisa, protocolo No. , Instituigao:

* Caso a Comissédo seja extemna ao IBAUNICAMP, anexar o comprovante de autorizag&o
dada ao trabalho. Se a autonzagdo ndo tiver sido dada diretamente ao trabalho de tese
ou dissertagdo, devera ser anexado também um comprovante do vinculo do trabalho do
aluno com o que constar no documento de autorizagdo apresentado.

Aluno:m;;on Barbosa Aragdo

Orientador: Adriana Franco Paes Leme

Para uso da Comissdo ou Comité pertinente:
() Deferido ( ) Indeferido

yi€4 AT 4 oA
Carimbo e assinatura Prm::"a? w fﬂ.ﬁ'ﬁfﬁﬂm
Instituto de Biologia - UNICAMP

Para uso da Comiss@o ou Comité pertinente:
( )Deferido ( ) Indeferido
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Pesquisador responsavel: Adriana Franco Paes Leme
Experimentador: Annelize Zambon Barbosa Aragio

Nivel do treinamento do experimentador: [ ]-Iniciagdo cientifica, [ ]-mestrado, [ x ]-doutorado,
[ ]-doutorado direto, [ ]-pds-doutorado, [ ]-nivel técnico, [ ]-outro, especifique:

Resumo do projeto:

As ADAMs (metaloproteinases de mamiferos compostas dos dominios metaloproteinase, tipo-disintegrina e rico em cisteinas, tipo fator de
crescimento epidermal, dominio transmembrana e citoplasmatico) apresentam-se com expressio aumentada em tumores malignos, como o
carcinoma de células escamosas de cabega e pescogo, que é considerado o quinto mais comum no mundo. Considerando as vias que essas
proteases podem modular, essas proteases estio muito associadas & tumorigénese e progressio de tumor. Tém sido apontadas como reguladoras
chaves dos mecanismos de sinalizagdo celular, pois sdo responsaveis pela liberagio de ectodominios de proteinas de superficie celular mediando
a transdugdo de sinal entre GPCR e EGFR. Esta claro que existe essa via tripla de ativagio e que as ADAMs funcionam como efetores da
sinalizagdo mediada pela GPCR. Entretanto, pouco se sabe sobre os mecanismos de ativagdo das ADAMs via dominio citoplasmatico e as vias
que essas proteases podem regular. Dessa forma, esse projeto se propde a estudar os mecanismos de ativagio das ADAMs via fosforilagdo do
dominio citoplasmatico e o seu papel na regulagdo das vias de sinalizagdo em queratindcitos normais e cancerosos (carcinoma oral de células
escamosas). Com essa finalidade, sera realizada transfecgdo e super-expressio de ADAM17 recombinante em células normais e cancerosas. Para
determinagdo dos sitios de fosforilagdo no dominio citoplasmatico, a ADAM17 recombinante sera recuperada por imunoprecipitagdo com
anticorpo anti-FLAG e as proteinas que se ligarem as ADAMs serdio eluidas com peptideo FLAG. A determinagdo dos sitios de fosforilagao e a
identificagdo dos ligantes do dominio citoplasmético serdo realizadas por espectrometria de massas e a validagdo dos alvos da ADAM17 sera
realizada por western blot. Além disso, ensaios de viabilidade, migragio e invasdo para comparagio do efeito da super-expressio da ADAM
recombinante no comportamento das células também serdo realizados. O conhecimento dos ligantes e das vias de sinalizagdo e regulagdo das
ADAMs podem elucidar alvos atrativos para o desenho de drogas que modulem a agdo dos seus ligantes.

A CIBio analisou este projeto em reunio realizada no dia: A [ 1% /LO ’

Parecer final: D(v]-projeto aprovado, [ ]-projeto recusado, [ ]-projeto com deficiéncias, favor
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