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RESUMO

ALMEIDA, Michelle Teixeira. Reacéo inflamatoria induzida por duas SVMPs
isoladas do veneno de Bothrops atrox e por fragmentos peptidicos gerados da
hidrélise de componentes da membrana basal por estas enzimas. 2020. 81 f.
Tese (Doutorado em Ciéncias - Toxinologia) — Instituto Butantan, S&o Paulo, 2020.

Metaloproteases do veneno de serpentes (SVMPs) séo toxinas chave nos efeitos
locais e sistémicos observados em vitimas de acidentes ofidicos. Os mecanismos
envolvidos na acdo das SVMPs estdo relacionados a hidrélise dos componentes da
membrana basal (MB) dos vasos sanguineos, bem como a sua acao direta sobre
plaguetas, receptores de células endoteliais e inflamatérias, e fatores de coagulacéo.
Algumas evidéncias sugerem que fatores endégenos derivados da hidrolise de MB
aumentam os efeitos locais induzidos pelas SVMPs e, consequentemente, a
gravidade dos acidentes ofidicos. Neste trabalho avaliamos o papel de duas SVMPs
de classe P-I e P-lll nomeadas Atroxlisina-la (ATXL) e Batroxragina (BATXH),
respectivamente, isoladas do veneno de Bothrops atrox, e seus produtos de hidrélise
sobre o Matrigel em modelos experimentais de inflamacéo. As duas toxinas induziram
reacao inflamatoéria em modelos murinos. O edema formado nas patas de
camundongos apoés a injecdo de diferentes doses das SVMPs néo indicou diferenca
estatistica entre as doses testadas nem entre as toxinas. As lesdes foram
semelhantes apesar da ATXL possuir massa molecular menor que BATXH. Nos testes
de cinética do edema e acumulo de leucécitos peritoneais foi utilizada a dose de 2
pg/animal. Ambas as toxinas induziram a formacéo de um pico de edema entre 30 min
e 1 h, com aumento de 70% no tamanho das patas. ATXL e BATXH induziram
aumento do influxo leucocitario a partir de 4 h apés injecdo intraperitoneal. Para a
avaliagdo de possiveis mediadores inflamatorios envolvidos nestas reagoes,
estimulamos Células Aderentes Peritoneais Murinas (MPACs) com 40 pg/mL das
SVMPs ou veneno de B. atrox em diferentes periodos de tempo. A citocina TNF-a foi
identificada no sobrenadante de células estimuladas com BATXH ou com veneno de
B. atrox. O veneno atingiu um pico entre 2 h e 6 h com niveis de 800 pg/mL, e BATXH
induziu secrecédo de 200 pg/mL em 4 h. O mesmo nao foi observado com ATXL. Para
testar a hipétese de que os peptideos resultantes da hidrélise de MB pelas SVMPs
poderiam participar do processo inflamatorio, Matrigel foi incubado com as toxinas



durante 1 h a 37 °C, e os produtos de hidrolise foram identificados por LC-MS/MS.
Paralelamente, peptideos resultantes desta incubacédo foram isolados em filtros
centrifugos com corte de 10 kDa. A reacdo gerou diferentes fragmentos,
principalmente peptideos da Laminina. Peptideos isolados por filtragdo induziram a
formacdo de edema com aumento no tamanho das patas de 30%, e promoveram 0
acumulo leucocitario na cavidade peritoneal (4-5 x 10° células/mL). Assim, 0s
resultados sugerem que ATXL e BATXH, juntamente com peptideos resultantes da
hidrélise do Matrigel por essas proteases desempenham um papel importante na
reacdo inflamatéria observada no envenenamento por B. atrox. Geralmente, o
envenenamento causa lesdes locais irreversiveis, mesmo apos a administracdo do
antiveneneno. Neste contexto, apresentamos testes com dois inibidores derivados do
pro-dominio da Jararagina que foram capazes de neutralizar a atividade catalitica,
fibrinolitica e hemorragica induzidas pela SVMP, indicando um possivel tratamento

complementar com soro antibotrépico.

Palavras-chave: Atividades biolégicas. Inflamacdo. Venenos de Serpentes.
Membrana basal. Peptideos.



ABSTRACT

ALMEIDA, Michelle Teixeira. Inflammatory reaction induced by two
metalloproteinases isolated from Bothrops atrox venom and by fragments
generated from the hydrolysis of basement membrane components. 2020. 81 p.
Doctoral dissertation (Doctorate degree in Sciences - Toxinology) — Instituto
Butantan, S&o Paulo, 2020.

Snake venom metalloproteases (SVMPs) are key toxins in local and systemic effects
observed in victims of snakebites. The mechanisms involved in SVMPs action are
related to the hydrolysis of blood vessels basement membrane components (BM), well
as their direct action on platelets, endothelial and inflammatory cell receptors, and
coagulation factors. Some evidence suggests that endogenous factors derived from
BM hydrolysis increase the local effects induced by SVMPs and, consequently, the
severity of snakebites. In this study we evaluated the role of two SVMPs of class P-I
and P-IIl named Atroxlysin-la (ATXL) and Batroxrhagin (BATXH), respectively, isolated
from the Bothrops atrox venom, and its hydrolysis products on Matrigel in experimental
models of inflammation. Both toxins induced inflammatory reactions in mice models.
The edema formed in the mice paws after the injection of different doses of SVMPs did
not indicate a statistical difference between the tested doses or between the toxins.
The lesions were similar despite the ATXL having a lower molecular mass than
BATXH. In the kinetics tests of edema and accumulation of peritoneal leukocytes, a
dose of 2 ug / animal was used. Both toxins induced the formation of an edema peak
between 30 min and 1 h, with a 70% increase in the size of the paws. ATXL and BATXH
induced an increase in leukocyte influx 4 h after intraperitoneal injection. For the
evaluation of possible inflammatory mediators involved in these reactions, we
stimulated Murine Peritoneal Adherent Cells (MPACSs) with 40 pg / mL of the SVMPs
or B. atrox venom in different time’s period. The cytokine TNF-a was identified in the
supernatant of cells stimulated with BATXH or with B. atrox. The venom peaked
between 2 h and 6 h with levels of 800 pg/mL, and BATXH induces secretion of 200
pg/mL in 4 h. The same was not observed with ATXL. To test the hypothesis that
peptides resulting from MB hydrolysis by SVMPs could participate in the inflammatory
process, Matrigel was incubated with the toxins for 1 h at 37 ° C, and the hydrolysis
products were identified by LC-MS/MS. In parallel, peptides resulting from this

incubation were isolated on centrifugal filters with a 10 kDa cut off. The reaction



generated different fragments, mainly Laminin peptides. Isolated peptides in the filters
induced the formation of edema with a 30% increase in the size of the paws and
promoted leukocyte accumulation in the peritoneal cavity (4-5 x 108 cells/mL). Thus,
the results suggest that ATXL and BATXH, together with peptides resulting from
Matrigel’s hydrolysis, play an important role in inflammatory reaction observed in
envenoming by B. atrox. Generally, envenoming causes irreversible local injuries,
even after the administration of antivenom. In this context, we present tests with two
inhibitors derived from the Jararhagin pro-domain that were able to neutralize the
catalytic, fibrinolytic and hemorrhagic activity induced by SVMP, indicating a possible

complementary treatment with antibotropic serum.

Keywords: Biological activities. Inflammation. Snake venoms. Basal membrane.

Peptides.
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1 INTRODUCAO GERAL

1.1 Epidemiologia dos acidentes ofidicos e espécies de interesse médico

De acordo com a Organizacdo Mundial da Saude (OMS) em todo o0 mundo séo
registrados anualmente entre 1,2 e 55 milhdes de acidentes ofidicos, onde a
mortalidade chega a atingir de 81.000 a 138.000 pessoas (WILLIAMS et al., 2019)
alcancando um indice de sobrevivéncia de cerca de 400.000 pessoas que apresentam
sequelas permanentes, sejam elas fisicas ou psicolégicas (GUTIERREZ et al., 2015;
WILLIAMS et al., 2019). Destes, os individuos com faixa etaria entre 10 e 45 anos séo
0S gque apresentam a maior taxa de morbidade e mortalidade neste tipo de acidente
(HARRISON; GUTIERREZ, 2016; CHIPPAUX, 2017).

A maioria dos casos descritos ocorre em paises subdesenvolvidos e politicamente
marginalizados do continente africano, asiatico, americano (América Latina), e em
algumas regides da Oceania (GUTIERREZ et al., 2015; WILLIAMS et al., 2019),
geralmente em regides remotas e providas de pouca ou nenhuma infraestrutura, o que
leva os acidentados a percorrerem grandes distancias para serem atendidos em
unidades de saude muitas vezes deficientes de profissionais e de materiais
importantes para um tratamento efetivo, 0 que resulta muitas vezes na busca por
tratamentos alternativos baseados na cultura popular (HARRISON; GUTIERREZ,
2016).

No Brasil, serpentes da familia Viperidae e Elapidae séo as principais causadoras
de acidentes ofidicos, os quais estéo classificados em ordem decrescente em relacao
aos casos notificados (MINISTERIO DA SAUDE, 2017): entre os anos de 2003 a 2012
foram notificados 86,6% de acidentes causados pelo género Bothrops, com o género
Crotalus logo em seguida totalizando 8,9% dos acidentes, e por fim, os géneros
Lachesis e Micrurus com 3,5% e 0,8% de envenenamentos, respectivamente. Ainda
com relacdo ao mesmo periodo, foi observado que estes acidentes ocorreram em
grande parte nos biomas de Mata Atlantica e Amazoénia (MATOS; IGNOTTI, 2020).

O género Bothrops é o responsavel pelo maior nimero de acidentes, que ocorrem
principalmente devido a sua ampla distribuicdo geografica, tal como B. atrox na regido
Norte, B. erythromelas no Nordeste, B. moojeni nas regides Centro-Oeste e Sudeste
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e B. jararaca nas regides Sul, Sudeste e Centro-Oeste (CARDOSO; YAMAGUCHI;
MOURA-DA-SILVA et al., 2009).

De acordo com a ultima atualizacdo do Ministério da Saude, no ano de 2019 foram
notificados 20.897 acidentes causados por esse género no pais, dos quais 8.465
ocorreram na regiao Norte do Brasil (SINAN, 2020). Estes acidentes acometem
principalmente individuos jovens, do sexo masculino, trabalhadores ou moradores de
regides rurais (CHIPPAUX, 2017).

A espécie Bothrops atrox tem ampla distribuicdo, podendo ser encontrada em
varios paises da América do Sul como Colémbia, Venezuela, Bolivia, Peru, e naregido
amazonica do Brasil, onde essa espécie € responsavel pela maior parte dos acidentes
ofidicos registrados (WALDEZ; VOGT, 2009; MONTEIRO, et al.,, 2020). Dados
indicam que os habitos alimentares generalistas dessa espécie tenham relacdo com
a sua ampla distribuicdo e adaptacéo a diferentes habitats (SOUSA et al., 2017).

1.2 Aspectos clinicos dos envenenamentos por serpentes do género

Bothrops e Tratamento

O gquadro clinico dos envenenamentos por serpentes do género Bothrops sao
caracterizados por manifestacbes locais e sistémicas. Estas manifestaces séo
desencadeadas pela acdo proteolitica, coagulante e hemorragica dos venenos
botrépicos (ALBUQUERQUE et al., 2013).

O acidente ofidico pode ser classificado como leve, moderado ou grave. Para
classificar o envenenamento como grave sdo observadas as manifestacdes locais,
sistémicas, e tempo de coagulacédo (ALBUQUERQUE et al., 2013).

Os efeitos locais frequentemente incluem dor, edema, sangramento no local da
picada, equimose, necrose e ampla reacdo inflamatéria (TEIXEIRA et al., 2005;
MALAQUE; GUTIERREZ, 2015; MONTEIRO et al., 2020). Estes efeitos sdo
correlacionados com a acéo de proteases, hialuronidases, fosfolipases e mediadores
inflamatorios (ALBUQUERQUE et al., 2013). Em alguns casos, infec¢cdes secundarias
causadas por bactérias presentes na saliva das serpentes podem evoluir para a

formacdo de abcessos, assim como a utilizacdo de torniquetes ou tratamentos



19

alternativos baseados na cultura popular podem evoluir para casos mais graves de
necrose, podendo comprometer o membro afetado (MONTEIRO et al., 2020).

Os efeitos sistémicos mais comuns como a hemorragia, incoagulabilidade do
sangue, gengivorragia e hematuria, estdo associados a disturbios de coagulacdo
causados pela ativacdo do fator X e o consumo de fatores da coagulacdo
(ALBUQUERQUE et al., 2013). O consumo de fatores da coagulacéo e sangramentos
podem ou ndo estar associados a alteracdes hemodindmicas e danos locais
(ESCALANTE et al., 2011; RUCAVADO et al., 2008).

A insuficiéncia renal aguda é a principal causa de ébito entre os acidentados
(ALBUQUERQUE et al., 2013). Ribeiro; Gadia; Jorge (2008) analisaram prontuarios
de pacientes maiores de vinte anos atendidos no Hospital Vital Brazil do Instituto
Butantan, no periodo entre 1981 a 1992, e observaram que a possibilidade dos idosos
apresentarem necrose ou das manifestacdes clinicas evoluirem para insuficiéncia
renal aguda e oObito, foi maior que a dos pacientes jovens que receberam a mesma
dose de soro antiofidico.

Outra pesquisa realizada anos mais tarde também no Hospital Vital Brazil do
Instituto Butantan, analisou todos os casos de picadas, inclusive as denominadas
“picadas secas” causadas por Bothrops jararaca no periodo entre 1990 a 2004. Os
dados foram coletados através de prontuarios médicos. Neste estudo, foi identificada
a ocorréncia dos efeitos locais nas primeiras seis horas ap0s a picada, e o0
aparecimento dos efeitos sistémicos apds esse periodo de tempo, indicando que
guanto maior o tempo entre a picada e o tratamento, maiores sédo as possibilidades
do paciente apresentar reagcdes mais graves. Outro dado interessante foi que em
acidentes causados por serpentes adultas, a necrose foi mais frequente quando
comparado aos envenenamentos causados por filhotes (NICOLETI et al., 2013).

De acordo com Silva de Oliveira et al. (2019), os efeitos sistémicos mais
comuns observados em pacientes tratados no hospital da Fundacdo de Medicina
Tropical Dr. Heitor Vieira Dourado, no estado do Amazonas, entre Jan/2016 a
Dez/2017 foram a incoagulabilidade sanguinea, hemorragias sistémicas e
trombocitopenia, seguidos por gengivorragia, hematuria e equimose.

A gravidade dos sintomas vai depender da idade do paciente, local da picada,
quantidade de veneno inoculado, presenca de comorbidades pré-existentes, e do

tempo entre o acidente e a administracao do antiveneno (OLIVEIRA et al., 2010).
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A soroterapia é a forma mais eficaz de tratamento dos sintomas induzidos pelo
envenenamento botropico (MONTEIRO et al., 2020).

Serpentes da espécie Bothrops atrox possuem grande importancia na regiao
amazonica. Entretanto, o veneno dessa serpente ndo faz parte do pool usado na
producédo do soro comercial que é produzido no Brasil (FURTADO et al., 2010).

O Soro Antibotrépico (SAB) comercial € preparado a partir do soro hiperimune
de cavalos, imunizados com um pool contendo 50 % de veneno de Bothrops jararaca
e o0 restante com um mesmo percentual (12,5 %) dos venenos de Bothrops alternatus,
Bothrops jararacussu, Bothrops moojeni e Bothrops neuwiedi (CARDOSO;
YAMAGUCHI; MOURA-DA-SILVA et al., 2009).

No Brasil, os principais centros de producdo do antiveneno s&do o Instituto
Butantan (IB), Instituto Vital Brazil (IVB), a Fundagdo Ezequiel Dias (FUNED) e o
Centro de Pesquisa e Producdo de Imunobioldgicos (CPPI) (DA GRACA SALOMAO;
DE OLIVEIRA LUNA; MACHADO, 2018).

A producdo do soro antibotropico consiste inicialmente na imunizacdo de
cavalos com um pool de venenos que induz uma resposta imunoldgica, resultando na
producao de anticorpos presentes no plasma. Depois, o tratamento e purificacao deste
material pode ocorrer por duas vias: (a) pela precipitacdo de fragmentos de
Imunoglobulinas através da adicdo de &cido caprilico, para a obtengdo somente da
IgG inteira; (b) o plasma é submetido a digestdo enzimética, precipitacdo por sulfato
de amobnia e a etapas de cromatografia para a obtengdo da porcao F(ab’):
(GUTIERREZ et al., 2005; CASTRO et al., 2014).

Testes experimentais demonstraram a eficacia do SAB nas principais
atividades toxicas induzidas pelo veneno. E dentre vérias espécies do género
Bothrops, como Bothrops jararaca, neuwiedi e atrox, as SVMPs foram o0s antigenos
de maior reconhecimento dentro da peconha, indicando uma maior eficacia do SAB
em solucionar grande parte dos danos induzidos especialmente pelas SVMPs de
classe P-lll, que sdo as mais abundantes no veneno de B. atrox e também as que
apresentam maior potencial imunogénico com relacéo as proteinas de classe P-I, que
apresentam baixa reatividade ao uso do antiveneno (SOUSA et al., 2013).

O fato das SVMPs P-| e também das PLA2 serem pouco imunogénicas ao soro,
pode esclarecer questdes acerca da baixa eficiéncia do SAB na resolucéo dos danos
teciduais provocados pela acdo destas duas toxinas (MONTEIRO et al., 2020), o que

nao exclui o fato de que quanto menor o tempo entre o acidente e a administracao do
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soro, maiores sdo as possibilidades de obter um tratamento mais eficaz (NICOLETI et
al., 2013).

Recentemente Moura-da-Silva et al., (2020) correlacionaram 0s aspectos
clinicos do envenenamento por B. atrox com a composi¢do do veneno das serpentes
responsaveis por cada acidente. A maioria dos pacientes que foram avaliados de
janeiro a dezembro de 2017, apresentou edema, dor e sangramento local. Um
paciente apresentou bolhas, trés apresentaram abcesso e dois individuos tiveram
necrose. Testes de cromatografia com os venenos obtidos revelou diferentes perfis
em cada amostra, permitindo a identificacéo de variabilidade individual na composicao
de cada veneno. Nos ensaios de andlise proteémica foram identificadas 11 familias
de proteinas mais abundantes em todos os venenos, e, considerando este fato, as
SVMPs aparecem como as principais toxinas envolvidas com distarbios hemorragicos
e edema. Isoformas individuais de SVMP, CTL e SVSP analisadas apresentaram
correlagcdo com os disturbios hemorragicos, edema, equimose e formacéo de bolhas,
demonstrando que a variabilidade nos componentes do veneno pode exercer
influéncia sobre as manifestacdes clinicas observadas nas vitimas de
envenenamento, assim como na eficacia do tratamento pelo soro antibotropico.

Este fato juntamente com a baixa reatividade de algumas toxinas do veneno ao
soro, levanta questbes sobre a inclusdo da metaloprotease e fosfolipase
recombinantes no protocolo de imunizagdo, ou sobre a inclusdo de anticorpos
monoclonais no tratamento. Outra sugestdo levantada seria a utilizacdo de um
tratamento complementar a soroterapia, com o0 uso de compostos peptidomiméticos
ou fragmentos gerados no processamento natural das toxinas como inibidores
seletivos para as SVMPs ou fosfolipases (MONTEIRO et al., 2020; MOURA-DA-SILVA
et al., 2020).

1.3 Composicao do veneno de Bothrops atrox

O veneno de B. atrox € composto por uma mistura de toxinas onde se destacam
diferentes isoformas de PLA:z (Fosfolipases Az), SVSP (Serino proteases do veneno
de serpentes), CTLs (Lectinas do tipo C), e as SVMPs (Metaloproteases do veneno
de serpentes) (SOUSA et al., 2013).
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PLAz2s sdo enzimas geralmente envolvidas nos danos locais, que induzem
miotoxicicidade local, hiperalgesia, formacéo de edema e secrecdo de citocinas pro-
inflamatdrias (LOMONTE; ANGULO; CALDERON, 2003). As SVSPs sdo proteases
associadas a disturbios da coagulagédo, por meio de sua acao sobre os sistemas
fibrinolitico, calicreina-cinina e em componentes da cascata da coagulacdo
(SERRANO, 2013). CTLs estdo envolvidas em disturbios da hemostasia, através de
sua acao sobre fatores de coagulacdo e receptores de integrinas (ARLINGHAUS;
EBLE, 2012). As SVMPs séo proteases capazes de atuar em diferentes vias,
causando disturbios na coagulacdo, hidrélise de proteinas constituintes da matriz
extracelular presente na microvasculatura, morte de células endoteliais por apoptose,
e inducdo de reacao inflamatéria com a ativacdo e influxo de leucécitos, atuando
diretamente sobre receptores celulares e induzindo resposta das células que secretam
mediadores pro-inflamatérios (MOURA-DA-SILVA; BUTERA; TANJONI, 2007).

Entre as toxinas que constituem o veneno de B. atrox, se destacam as SVMPs,
gue constituem mais de 50% do total de proteinas presentes no veneno. No entanto,
diferencas de filogenia, idade, sexo e distribuicdo geografica podem contribuir sobre
a variabilidade na composicdo dos venenos, alterando o percentual de expressao de
cada toxina (SOUSA et al., 2013).

Dados recentes obtidos por analise prote6mica do veneno de espécimes de B.
atrox envolvidas em acidentes na regido amazonica, revelaram a presenca de 15
isoformas para ATXL e 28 isoformas para BATXH, apresentando diferentes niveis de
expressao entre os venenos (MOURA-DA-SILVA et al., 2020).

O percentual de expresséao de isoformas de determinadas toxinas pode refletir
em alteragdes funcionais dos venenos, conforme dados obtidos por Moretto Del-Rei
et al. (2019), que ao utilizar pools de venenos obtidos a partir de serpentes B. atrox
originarias de trés regides distintas e separadas pelo rio Amazonas, mas nascidas e
mantidas sob cativeiro em mesmas condi¢cbes, observou maior atividade
dermonecrética no veneno das serpentes da regido ao norte do rio, em comparacao
ao veneno obtido das serpentes originarias da regido ao sul do rio, que apresentou
maior letalidade. Estas diferencas, segundo os autores, podem ocorrer devido a uma
expressdo maior ou menor de isoformas, como SVMPs de classe P-1 ou P-lll, que

podem variar dependendo da distribuicdo geografica e acesso as presas.
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1.4 SVMPs

SVMPs fazem parte da familia das Metzincinas, que sdo metaloproteases com
atividade catalitica dependente de ions metélicos de zinco. Essas enzimas sao
compostas essencialmente por um pré-dominio presente na regido N-terminal que
confere a laténcia das enzimas, e um dominio catalitico com o motivo ligante de zinco
e uma estrutura do tipo “met-turn” na regiéo C-terminal (GOMIS-RUTH, 2009).

Elas séo classificadas em trés classes: a classe P-I composta pelos dominios
pré, pré e metaloproteinase; classe P-lIl composta pelos dominios da classe P-1 mais
o dominio desintegrina; e classe P-Ill composta por pré, prd, metaloproteinase, tipo
disintegrina e dominio rico em cisteina (MOURA-DA-SILVA; BUTERA; TANJONI,
2007).

As SVMPs de classe P-l e de classe P-lll podem causar hemorragias através
da clivagem de proteinas de membrana basal e integrinas envolvidas na ligacao
celular & matriz extracelular e nos contatos entre as células, afetando a adesé&o focal
que resulta na morte celular por apoptose e consequente enfraguecimento do
endotélio. Proteinas das trés classes podem interferir na agregacgéo plaquetaria, onde
o dominio desintegrina das P-IlI pode inibir a ligacdo do fibrinogénio ao receptor de
integrina azxbBs; SVMPs de classe P-I podem hidrolisar o vVWF (Fator de Von
Willebrand); e as P-Ill interferir na ativacdo plaguetaria dependente do colageno e
VWEF. Além do mais, estas proteases também podem induzir reacéo inflamatoéria nos
acidentados, atuando no extravasamento leucocitario através de duas vias: digerindo
a membrana basal dos vasos como € observado com MMPs (Metaloproteases de
Matriz) endogenas, ou entédo, atuando diretamente sobre macréfagos que secretam
os mediadores IL-6 (Interleucina-6) e IL-1B (Interleucina-18) que favorecem o
extravasamento e o influxo celular. Também podem clivar o pr6-TNF-a (pro-Fator-a
de necrose tumoral) liberando a sua forma ativa, e podem atuar sobre fibroblastos que
como consequéncia expressam as quimiocinas IL-8 (Interleucina-8) e CXCL-2
(GROB), ou entéo ativam o sistema complemento gerando o componente quimiotatico
C5a (MOURA-DA-SILVA; BUTERA; TANJONI, 2007; MOURA-DA-SILVA et al., 2009).
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1.5 Mecanismos de acao

SVMPs sao proteases envolvidas nos efeitos locais representados por
hemorragia, formacao de bolhas, hidrélise de componentes da matriz extracelular,
dermonecrose e inflamacéo (GUTIERREZ et al., 2009; MOURA-DA-SILVA; BUTERA;
TANJONI, 2007).

Elas atuam sobre a membrana basal de capilares sanguineos e sobre a matriz
extracelular através da hidrdlise de seus componentes, tendo como consequéncia a
ocorréncia de hemorragia, formacdo de bolhas e dermonecrose. Também podem
induzir a secre¢do de varios mediadores pré-inflamatérios, e ativar a mobilizacéo de
células inflamatérias, associados a formacédo de edema e na dor (BALDO et al., 2015;
GUTIERREZ et al., 2009; LOPES et al., 2009; 2012; MOURA-DA-SILVA; BALDO,
2012).

A coagulopatia observada nos envenenamentos é causada pela acdo de
SVMPs capazes de ativar ou inibir diversos componentes e fatores da coagulagcao
como o fibrinogénio, a protrombina e o fator X (BALDO et al., 2008; HOFMANN; BON,
1987; KAMIGUTI et al., 1994). Além de sua atuacdo sobre a cascata da coagulacgéo,
estas toxinas embora que raramente, também podem atuar como agonistas da
agregacdao plaquetaria, ativando metaloproteases plaquetérias endégenas, induzindo
a liberacdo do ectodominio da GPVI (Glicoproteina VI de membrana plaguetaria)
(ANDREWS et al., 2001; WIJEYEWICKREMA et al., 2007). As metaloproteases de
veneno também podem inibir a agregacdo plaquetaria, através do fator de von
Willebrand, do coladgeno, ou entdo, inibindo a funcdo de receptores de integrina
presentes na superficie das plaquetas (BALDO et al., 2010; DE QUEIROZ et al., 2017,
DELLA-CASA et al., 2011; KAMIGUTI; HAY; ZUZEL, 1996; MOURA-DA-SILVA et al.,
2001; SLAGBOOM et al., 2017; TANJONI et al., 2010).

Além dos disturbios hemostéticos, as SVMPs também s&do conhecidas por
desencadear reagbes inflamatérias importantes, que podem avancar para a
restauracdo dos tecidos e funcdo, ou entdo, avancar para 0 agravamento da
inflamacgé&o (TEIXEIRA et al., 2019).

Toxinas de classe P-I sdo capazes de ativar o recrutamento leucocitario
(FARSKY; ANTUNES; MELLO, 2005) e o sistema complemento (FARSKY et al.,

2000). Também podem ativar a sintese de mediadores inflamatérios como IL-1B e IL-
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6, e aumentar a expressado da metaloprotease endogena MMP-9 (Metaloprotease de
matriz 9) (RUCAVADO et al., 2002). Também foi demonstrado que esta classe de
metaloproteases induz a resposta inflamatéria em células MPAC e C2C12, que
secretam as citocinas IL-1p3, IL-6 e a quimiocina KC (derivada de queratinécito) apos
a incubacgéo com a toxina (LOPES et al., 2009).

SVMPs de classe P-llIl também desempenham um importante papel na reacao
inflamatoéria desencadeada pelo veneno, atuando na formacdo de edema e
hiperalgesia, além de agir diretamente sobre células inflamatorias ou seus receptores,
induzindo o recrutamento de leucdcitos, ativando a fagocitose por macréfagos, a
expressdo de citocinas IL-1B, IL-6, TNF-a, assim como as quimiocinas CXCLA1
(GROa), CXCL2, CXCLS8 (IL-8), por meio de seu dominio catalitico ou dos dominios
tipo disintegrina e rico em cisteina (CLISSA et al., 2001; COSTA et al., 2002; DALE et
al., 2004; GALLAGHER et al., 2005; SILVA et al., 2004).

O veneno de Bothrops atrox e algumas SVMPs isoladas a partir dele, podem
ativar o influxo de células inflamatérias polimorfonucleares e mononucleares para o
local da lesdo, e induzir a secrecdo de mediadores pro-inflamatérios como as
citocinas TNF-a, IL-1 B, IL-6, a quimiocina MCP-1 (CCL-2), e os eicosanoides PGE2
(Prostaglandina Ez) e LTB4 (Leucotrieno B4) (MENALDO et al., 2017; MOREIRA et al.,
2012).

Recentemente, foi demonstrado através de analises protedmicas a presenca
de fragmentos de Padrbes Moleculares Associados a Danos (DAMPS) em exsudatos
obtidos apos a injecdo intramuscular do veneno de B. asper em camundongos. A
presenca dos peptideos foi associada a hidrélise de componentes da matriz
extracelular e ao dano celular, indicando a geragdo de DAMPs no envenenamento
causado por serpentes e a sua participacao nos processos inflamatérios (RUCAVADO
et al., 2016).

1.6 Atroxlisina-la e Batroxragina

O veneno de Bothrops atrox possui em sua composicdo mais de 50% de
metaloproteases (SOUSA et al.,, 2013). Devido a grande incidéncia de acidentes

ofidicos envolvendo essa serpente na regiao norte do Brasil, e a alta expressao de
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metaloproteases neste veneno, foram isoladas duas SVMPs altamente hemorragicas
nomeadas como Atroxlisina-la e Batroxragina (FREITAS-DE-SOUSA et al., 2015;
FREITAS-DE-SOUSA et al., 2017). A Atroxlisina-la (ATXL) € uma isoforma da toxina
de classe P-I Atroxlysin-1, isolada a partir do veneno de serpentes B. atrox peruanas
(SANCHEZ et al., 2010).

ATXL difere da Atroxlysin-I pela substituicdo de apenas um aminoacido. Ela foi
capaz de induzir uma hemorragia intensa, em niveis comparaveis a SVMP de classe
P-1ll Batroxragina (BATXH), além de apresentar atividade dermonecrotica jA nos
primeiros 20 minutos apos a injecdo da toxina (FREITAS-DE-SOUSA et al., 2017).

A Batroxragina € uma SVMP de 52 kDa que apresenta 96% de similaridade
com a Jararagina, uma SVMP de mesma classe isolada do veneno de Bothrops
jararaca. Em ensaios anteriores, esta toxina foi capaz de inibir a agregacao
plaguetaria dependente do colageno, hidrolisar a fibrina e induzir hemorragia
semelhantemente a outras SVMPs de mesma classe (FREITAS-DE-SOUSA et al.,
2015).

1.7 Justificativa e Objetivos

Tendo em vista a importancia dos eventos pro-inflamatorios causados pelas
SVMPs e a acdo de alguns peptideos bioativos gerados pela hidrélise dos
componentes da matriz extracelular, neste estudo avaliamos a acao pro-inflamatoria
induzida pela ATXL e BATXH, bem como pelos produtos derivados da degradacao de
produtos da membrana basal presentes no Matrigel por essas duas enzimas. Por
outro lado, devido a baixa reatividade de algumas toxinas ao SAB e a busca por
possiveis tratamentos complementares a soroterapia, destacamos ainda resultados
preliminares obtidos por nosso grupo utilizando dois inibidores isolados do pro-
dominio da Jararagina, que demonstraram eficacia ao inibir algumas das principais
atividades toxicas induzidas por SVMPs.

Assim, os objetivos especificos do trabalho foram:

« Caracterizacdo da acao pro-inflamatéria da Atroxlisina-la e Batroxragina em

modelos experimentais de inflamacéo:
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Avaliacdo do efeito dose-resposta do edema induzido por diferentes doses das
toxinas injetadas via intraplantar em camundongos BALBI/c;

Cinética em diferentes periodos de tempo do edema induzido por uma Unica
dose das duas toxinas;

Avaliacdo do efeito dose-resposta do recrutamento leucocitario induzido por
diferentes doses das toxinas administradas via intraperitoneal em
camundongos BALB/c;

Cinética em diferentes periodos de tempo do recrutamento leucocitario
induzido por uma Unica dose das duas toxinas;

Identificacdo de mediadores inflamatérios gerados em cultura de células MPAC
tratadas com as SVMPs e o veneno de B. atrox:

Tratamento de células MPAC com as SVMPs e veneno em diferentes periodos
de tempo;

Avaliacao de secrecao das citocinas TNF-aq, IL-6, IL-10 e quimiocina MCP-1 por

Citometria de Fluxo, utilizando os sobrenadantes das MPACSs estimuladas.

Caracterizacdo da acao pro-inflamatoria induzida por peptideos gerados apos
a hidrolise de proteinas da membrana basal presentes no Matrigel, pelas

SVMPs Atroxlisina-la e Batroxragina:

Andlise bioquimica dos produtos de hidrolise em diferentes periodos de tempo:
Eletroforese em gel gradiente;

Espectrometria de massas (LC-MS-MS);

Cinética de diferentes periodos de tempos do edema induzido pelos produtos
de hidrélise injetados via intraplantar camundongos BALB/c;

Cinética de diferentes periodos de tempo do recrutamento leucocitario induzido
pelos produtos de hidrélise injetados via intraperitoneal em camundongos
BALB/c.

Avaliacdo a atividade inibitoria do pré-dominio recombinante (PD-Jar) e do
peptideo sintético SynPep em ensaios de atividade enzimatica e atividades
fibrinolitica e hemorragica induzidas pela Jararagina.
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1.8 Descricdo dos artigos publicados

Estdo descritos no apéndice A os resultados obtidos no trabalho que foi
desenvolvido durante o periodo de doutorado, e publicado no ultimo ano do mesmo
na revista Toxins, sendo intitulado “Inflammatory reaction induced by two
metalloproteinases isolated from Bothrops atrox venom and by fragments generated
from the hydrolysis of basement membrane components” (ALMEIDA et al., 2020).

O segundo artigo, descrito no apéndice B e intitulado “Processing of Snake
Venom Metalloproteinases: Generation of Toxin Diversity and Enzyme Inactivation”,
(MOURA-DA-SILVA et al., 2016) trata-se de uma revisao da literatura, o qual foram
apresentados resultados obtidos no periodo de mestrado sobre a inibicdo pelo pro-
dominio recombinante da Jararagina e pelo peptideo sintético derivado do proé-
dominio da Jararagina (SynPep), nas atividades enziméatica, fibrinolitica e
hemorrégica, induzidas pela SVMP Jararagina (P-1ll). Este artigo foi escrito por nosso
grupo em colaboracdo com pesquisadores do Instituto Oswaldo Cruz, no Rio de

Janeiro.
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2 DISCUSSAO

SVMPs (Snake Venom Metalloproteinases) sdo proteases compostas por um
ou mais dominios de acordo com a sua classificacao, e que participam ativamente dos
sintomas locais e sistémicos observados nas vitimas de acidentes ofidicos (MOURA-
DA-SILVA; BUTERA; TANJONI, 2007).

Este grupo de enzimas faz parte da familia das Metzincinas juntamente com
as MMPs (Matrix Metalloproteinases) e ADAMs (A Disintegrin and Metalloproteinases)
sendo esta familia composta por endopeptidases dependentes do zinco, um metal
necessario para que as proteases possam exercer sua funcdo catalitica sobre
substratos especificos (GOMIS-RUTH, 2009; GRAMS et al., 1993; RAWLINGS et al.,
2014).

No Brasil, mais especificamente na regido amazonica, h4 um alto indice de
acidentes associados as serpentes Bothrops atrox. O veneno dessa espécie é
composto principalmente por SVMPs, e os sintomas observados nas vitimas de
envenenamento sdo semelhantes aos sintomas desencadeados pelo veneno de
outras serpentes do mesmo género (CAMPOS BORGES; SADAHIRO; DOS
SANTOS, 1999; SOUSA et al., 2013).

Sabe-se que a dificuldade de acesso a uma unidade de saude, imposta pela
pouca infraestrutura e grandes distancias enfrentadas pela vitima do acidente, além
da falta ou da ineficacia do antiveneno, que por vezes ndo foi armazenado
adequadamente, sdo importantes agravantes das lesdes locais, que normalmente séo
caracterizadas por hemorragia e uma ampla reacao inflamatéria no local da picada
(HARRISON; GUTIERREZ, 2016; KASTURIRATNE et al., 2008; TEIXEIRA et al.,
2005).

Assim, devido a importante reacdo inflamatéria observada nos pacientes
vitimas desse tipo de envenenamento, e na inefichcia de tratamento rapido e
adequado as lesdes locais, dados pelas dificuldades listadas acima, se faz necessaria
a busca por mais informacfes a respeito desses eventos, resultando posteriormente
em possiveis tratamentos. Desta forma, o nosso trabalho teve como objetivo
caracterizar a participacao de duas SVMPs isoladas do veneno de B. atrox (FREITAS-

DE-SOUSA et al., 2015) em modelos experimentais de inflamacéao.
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Na literatura ha diversos trabalhos apontando a participacdo de
metaloproteases do veneno em eventos inflamatérios, os quais foram observadas a
formacdo de edema, infiltrado leucocitario, presenca de aminas vasoativas pela
degranulacdo de mastécitos ativados pelas toxinas, secrecdo de mediadores
inflamat6rios como citocinas e quimiocinas IL-6, TNF-a, CCL-2 e também, de
prostaglandinas como PGE:z e LTB4, além da ativacdo do sistema complemento
(CLISSA et al., 2001; DE TONI et al., 2015; FARSKY et al., 2000; GUTIERREZ et al.,
1995; MOURA-DA-SILVA; BUTERA; TANJONI, 2007; RUCAVADO et al., 2002;
RUCAVADO et al., 1995; TEIXEIRA et al., 2005).

Neste estudo nés pudemos observar que assim como outras SVMPs de classe
P-lI e P-lll j& caracterizadas quanto a sua acéo inflamatdria, ATXL e BATXH foram
capazes de induzir uma rapida formacédo de edema. Contudo, o tempo de duracdo da
lesdo mostrou-se maior que o edema causado por outras SVMPs botrépicas (DALE
et al., 2004; ESCALANTE et al., 2000). Nos ensaios de inflamacao peritoneal, ambas
SVMPs induziram a formacao de infiltrado leucocitario com a presenca de células
polimorfonucleares e mononucleares, assim como foi demonstrado com outras
enzimas (FERNANDES et al., 2006; MENALDO et al., 2017), apesar de ter sido
encontrado um grande numero de células mononucleares também nos periodos
iniciais, como foi observado em experimentos com o veneno total (MOREIRA et al.,
2012). Além disso, o exsudato resultante da injecdo de ATXL continha um namero de
células consideravelmente maior do que a BATXH.

Utilizamos também o sobrenadante de MPACs estimuladas com veneno de B.
atrox ou com as toxinas para a pesquisa de liberacdo de citocinas. Em ensaios
cinéticos por citometria de fluxo, identificamos a presenca da citocina TNF-a nas
amostras incubadas com o veneno e BATXH. Os niveis da citocina secretada pelas
células estimuladas com a BATXH, foram proximos a niveis obtidos em experimento
semelhante com a P-I Neuwiedase (LOPES et al., 2009). ATXL n&o induziu a secre¢céo
de TNF-a, o que nos leva a sugerir duas hipéteses: (1) TNF-a € mais suscetivel a
atividade catalitica da BATXH, o que acaba favorecendo a clivagem de seu precursor
e liberacdo da forma ativa, assim como foi observado anteriormente com a Jararagina,
que € outra P-IIl isolada do veneno de B. jararaca (MOURA-DA-SILVA et al., 1996).
(2) os dominios tipo-disintegrina e rico-em-cisteina da BATXH exercem influéncia
sobre receptores celulares como ja descrito com outras SVMPs de classe P-lll
(CLISSA et al., 2006; MENEZES et al., 2008).
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A citocina pro-inflamatoria IL-6 n&o foi identificada nos grupos testados, com
excecdo apenas do grupo LPS que induziu a secrecdo de todas as citocinas e
qguimiocina testadas, comprovando a eficicia do teste.

Trabalhos recentes tém evidenciado a formacdo de varios fragmentos
resultantes da hidrolise de componentes da matriz extracelular, que atuariam como
DAMPs durante a inflamacéo aguda. Nestes trabalhos, camundongos injetados com
0 exsudato do musculo gastrocnémio de animais que reberam injecdo com o veneno
de B. asper, tiveram aumento da permeabilidade vascular (HERRERA et al., 2016;
RUCAVADO et al., 2016). Além disso, as SVMPs de classe P-l e P-1ll sdo enzimas
gue exercem uma importante acdo proteolitica nesses componentes, especialmente
sobre o colageno IV e a laminina (BALDO et al., 2010; FREITAS-DE-SOUSA et al.,
2017).

Com base nessas evidéncias, testamos a hipotese de que peptideos derivados
da hidrélise do Matrigel por ATXL e BATXH poderiam induzir reacéo inflamatéria em
nossos modelos experimentais.

O Matrigel, nome comercial dado ao composto semelhante a matriz extracelular
isolado do Sarcoma murino Engelbreth-Holm-Swarm é um material rico em proteinas
de membrana basal, bem como a laminina, colageno IV, nidogénio, além de varios
outros componentes biolégicos como fatores de crescimento e metaloproteases
enddgenas (TALBOT, CAPERNA et al., 2015).

Neste estudo, avaliamos primeiramente a acao proteolitica das SVMPs, e nos
experimentos foi observada a hidrélise total da cadeia a da laminina pelas duas
SVMPs. ATXL também hidrolisou as cadeias [ e y da laminina, e o colageno IV.
Identificamos por LC-MS/MS a presenca de peptideos derivados de todas as cadeias
da laminina em amostras incubadas com ATXL, e apenas da cadeia a nas amostras
da BATXH, corroborando nossos achados no teste de eletroforese, e os artigos que
descreveram a mesma acgédo (ESCALANTE et al., 2006; FREITAS-DE-SOUSA et al.,
2017).

Além disso, avaliamos a acdo desses produtos de hidrdlise em ensaios de
inducdo do edema e acumulo de leucdcitos, e foi demonstrado que estes peptideos
também causaram edema e infiltrado de células inflamatorias, embora numa
propor¢cdo menor que os resultados observados com as toxinas, o que nos leva a

propor que os fragmentos resultantes da hidrélise de componentes da matriz
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extracelular pela acdo das SVMPs, também tenham correlacdo com a reacao
inflamatoria induzida pelo veneno.

Por fim, pela baixa eficiéncia dos antivenenos em neutralizar os efeitos locais
dos envenenamentos, o desenvolvimento de tratamentos capazes de reverter ou
amenizar as lesdes locais € de grande importancia. Nesse sentido, considerando que
a gravidade dos acidentes ofidicos € impulsionada principalmente por proteases
presentes no veneno, realizamos testes de inibicdo das atividades do veneno com
potenciais inibidores das SVMPs: o pr6-dominio recombinante da jararagina (PD-Jar)
desenvolvido em nosso laboratério (PORTES-JUNIOR et al., 2014), e um peptideo
sintético (SynPep) desenvolvido em colaboracdo com pesquisadores da Fiocruz.
Nestes ensaios de inibicdo, as atividades catalitica, fibrinolitica e hemorragica
induzidas por SVMPs de classe P-1 (BnP1 isolada do veneno de B. neuwiedi) (dados
nao publicados) e de classe P-lll (Jararagina) foram eficientemente inibidas, ainda que
em ensaios preliminares, demonstrando a importancia da pesquisa basica no
entendimento dos sintomas causados pelo envenenamento ofidico e na sugestédo de

tratamentos alternativos para os pacientes.
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3 CONCLUSOES

= ATXL e BATXH induzem importante reacdo inflamatéria nos modelos
experimentais testados, com a formacdo de edema, mobilizacdo de células
inflamatdrias para o local da leséo e secrecao da citocina pro-inflamatéria TNF-

a.

= Ambas SVMPs hidrolisaram os principais componentes da Membrana basal
nos ensaios mimetizados pelo Matrigel, embora ATXL tenha apresentado maior

atividade catalitica, principalmente sobre as cadeias de colageno IV e laminina.

»= Alaminina gerou peptideos de diferentes tamanhos que foram identificados por
LC-MS-MS.

» Nos ensaios experimentais utilizando os produtos de hidrélise do Matrigel pelas
toxinas, houve a formacédo de edema e acumulo leucocitario significativamente

maior que os peptideos do grupo controle de Matrigel.

= E de suma importancia a busca por tratamentos complementares a soroterapia,
para o tratamento das lesdes locais, utilizando por exemplo, inibidores de
SVMPs, como foi demonstrado nos resultados preliminares com o pro6-dominio

recombinante e o peptideo sintético SynPep.
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APENDICE A - Inflammatory reaction induced by two metalloproteinases
isolated from Bothrops atrox venom and by fragments generated from the

hydrolysis of basement membrane components.
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Abstract: Snake venom metalloproteinases (SVMPs) play an important role in local tissue damage of
snakebite patients, mostly by hydrolysis of basement membrane (BM) components. We evaluated
the proinflammatory activity of SVMPs Atroxlysin-la (ATXL) and Batroxrhagin (BATXH) from
Bothrops atrox venom and their hydrolysis products of Matrigel. BALB/c mice were injected with
SVMPs (2 pug), for assessment of paw edema and peritoneal leukocyte accumulation. Both SVMPs
induced edema, representing an increase of ~70% of the paw size. Leukocyte infiltrates reached
levels of 6 x 10° with ATXL and 5 X 10® with BATXH. TNF-« was identified in the supernatant
of BATXH—or venom-stimulated MPAC cells. Incubation of Matrigel with the SVMPs generated
fragments, including peptides from Laminin, identified by LC-MS/MS. The Matrigel hydrolysis
peptides caused edema that increased 30% the paw size and promoted leukocyte accumulation
(4-5 x 10°) to the peritoneal cavity, significantly higher than Matrigel control peptides 1 and 4 h
after injection. Our findings suggest that ATXL and BATXH are involved in the inflammatory
reaction observed in B. atrox envenomings by direct action on inflammatory cells or by releasing
proinflammatory peptides from BM proteins that may amplify the direct action of SVMPs through
activation of endogenous signaling pathways.

Keywords:  Bothrops atrox; SVMPs; metalloproteinases; basal membrane; hydrolysis;
peptides; inflammation

Key Contribution: PI- and Plll-class SVMPs isolated from B. atrox venom induce inflammatory
reactions in mice characterized by edema and leukocyte accumulation. One mechanism involved
in the toxins’ effect is the proinflammatory activity of peptides resulting from hydrolysis of BM
components by both SVMPs.
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1. Introduction

Snakebites represent a major public health problem and are considered a neglected tropical disease.
According to some estimates, there are 1.8 to 2.7 million ophidian envenomings in the world annually,
of which about 81,000 to 138,000 result in death [1]. In Brazil, the genus Bothrops is responsible for the
greatest number of these accidents, which are characterized by several systemic or local effects that
can evolve into significant temporary or permanent disabilities. These effects are caused by a wide
range of toxins present in the venoms of Bothrops snakes, such as serine proteinases, phospholipases
A, and snake venom metalloproteinases (SVMPs), which participate in different events, including
inflammation [2].

Studies with venoms from Bothrops snakes have demonstrated their proinflammatory activity,
since these venoms are capable of causing increased vascular permeability, formation of edema,
recruitment of leukocytes and expression of adhesion molecules, cytokines and chemokines [3]; in such
events, SVMPs play important role. SVMPs are zinc-dependent enzymes, classified in three classes,
based on their precursors: the PI-class is composed of the pre-, pro- and metalloproteinase domains;
PII-class of pre-, pro-, metalloproteinase and disintegrin domains; and PIII-class composed of pre-,
pro-, metalloproteinase, disintegrin-like and cysteine-rich domains [4]. The PI- and PIII-classes are
widely expressed in viper venoms and well characterized for their proinflammatory action, which is
frequently associated with their catalytic activity [5-7] or with the activation of inflammatory cells as
macrophages that release proinflammatory mediators [8,9]. Due to their catalytic activity, SVMPs may
also have action on endogenous pro-metalloproteinases and pro-cytokines, such as pro-MMPs [10]
and pro-TNF-« [11], which, upon cleavage by SVMPs, are released in their active form. However,
the proinflammatory activity of these enzymes is not only due to the presence of the catalytic activity,
but also to their action on cell receptors through the disintegrin-like and/or cysteine-rich domains,
which can induce leukocyte recruitment and cytokine synthesis [12,13].

Bothrops atrox snakes are reported to be the leading cause of ophidian accidents in the Amazon
region. Human envenomings are characterized in most cases by consumption coagulopathy and local
damages, such as edema, pain, erythema and local hemorrhage, which are not effectively neutralized
by Bothrops antivenom [14]. In experimental models, B. atrox venom displays proinflammatory activity
and is capable of causing an increase in vascular permeability and an important influx of leukocytes to
the site of injury, characterized by the presence of polymorphonuclear and mononuclear cells, as well
as the release of the eicosanoids PGE; and LTBy, and the cytokines TNF-o and IL-6 [15]. However,
the knowledge about the contribution of each toxin class to B. atrox venom on proinflammatory reaction
is still restricted to the isolated PI-class SVMPs. A pool of low-molecular-mass proteinases was able to
induce the formation of edema and leukocyte infiltrate [16]. Considering isolated toxins, Batroxase,
a PI-class SVMP isolated from the venom of Bothrops atrox, was capable of inducing leukocyte migration,
as well as the release of proinflammatory mediators, such as IL-13, IL-6 and PGE,, involved in these
events [17].

PIll-class SVMPs, such as Jararhagin, isolated from the venom of B. jararaca [18], present
hemorrhagic activity and trigger different events during the envenoming [19]. They are able to
trigger the proinflammatory activity, with increased expression of cytokines, such as IL-6 and TNF-«,
which are shortly degraded by the catalytic activity of SVMPs after expression in in vitro assays [12].

Recently, our group isolated two hemorrhagic SVMPs from the venom of B. atrox that were named
Atroxlysin-la [20] and Batroxrhagin [21]. Batroxrhagin (BATXH) is a PIII-class SVMP structurally and
functionally similar to Jararhagin, isolated from B. jararaca venom [21]. Atroxlysin-la (ATXL) is an
isoform of the PI-class SVMP Atroxlysin-1, isolated from B. atrox Peruvian snakes [22] and is structurally
different than Batroxase [23]. However, unlike the previously isolated toxins, ATXL presents a
dermonecrotic activity and is capable of inducing an intense hemorrhage, in levels comparable to the
PIII-class SVMP. The mechanism suggested for ATXL higher hemorrhagic and dermonecrotic action
than other PI-class SVMPs was its higher efficiency to cleave Basement Membrane (BM) components as
collagen IV and laminin, important structural elements that guarantees stability to BM [20]. Laminin
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is a glycoprotein that plays important roles in cell biology, such as cell adhesion, migration and
proliferation, among other biological activities [24]. Some studies have reported different biological
activities of peptides obtained from laminin degradation, for example, SIKVAV and AG73, which
present the ability to regulate the expression of adhesion, migration, invasion and proteolytic activity
molecules in some cell lines of carcinoma [25,26]. Thus, proteolytic hydrolysis of laminin by SVMPs
could also release bioactive peptides that could interfere in cell adhesion and, consequently, in tissue
organization. Rucavado et al. [27] demonstrated, by proteomic analysis, the presence of fragments of
Damage Associated Molecular Patterns (DAMPs) in exudates obtained after intramuscular injection of
B. asper venom in mice. The authors associated the presence of the peptides with the hydrolysis of
extracellular matrix components and cell damage, indicating the generation of DAMPs in snakebite
envenomation and its participation in inflammatory processes.

Thus, in view of the importance of proinflammatory events caused by SVMPs and the action of
some bioactive peptides generated by hydrolysis of ECM components, in this study, we evaluated the
proinflammatory action induced by the ATXL and BATXH, as well as by the products derived from
BM degradation by these two enzymes.

2. Results

2.1. Inflammatory Reaction Induced by SVMPs

Our first approach was to evaluate and compare the inflammatory effects induced by the
administration of ATXL and BATXH into the mouse foot paw. Edema formation was observed after
injections with different doses (0.5, 1, 2 and 5 pg) of ATXL or BATXH (Figure 1). The doses of 1, 2 and
5 ug of both toxins induced edema significantly higher than the control did. The differences among
doses from 1 to 5 pg, within and between each toxin group, were not statistically significant, indicating
that the two-times-lower molecular mass of ATXL than BATXH would not impact the comparisons in
this range of doses. The intermediate dose of 2 ug/mouse was then selected to evaluate and compare
the time course of the edema induced by both toxins, since this dose was capable of inducing edema
without causing hemorrhage in the animals [20].

100-
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Figure 1. Edema induced by different doses of Atroxlysin-la (ATXL) and Batroxrhagin (BATXH). Mice
(n = 6) were injected on the left paw with different protein doses (0.5, 1, 2 and 5 pg/animal) or with
saline as negative control. The results are expressed as the mean + S.E. of two independent experiments.
Symbols indicate significative differences (p < 0.05) compared to the negative control for ATXL (*) or
BATXH (*) groups.

According to the kinetics experiments, the edema induced by both toxins peaked between 30 min
and 1 h after injection (Figure 2). ATXL-induced edema was significantly higher than control within 3 h
after the injection. On the other hand, animals injected into the paw with BATXH showed significantly
higher peaks of edema between 30 min and 6 h. In this group, the edema remained until 24 h after
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injection. Edema reduction occurred progressively until almost reaching the basal level in 48 h, when
compared to the control group injected with saline.

-o- Saline
- ATXL 2 g
=+ BATXH 2 ng

40+

Edema (%)

204

Time (h)

Figure 2. Time course of edema induced by Atroxlysin-la (ATXL) and Batroxrhagin (BATXH). Mice (n
= 6) were injected on the left paw with 2 pg/animal or with saline as negative control. The results are
expressed as the means + S.E. of two independent experiments. * (p < 0.05), *** (p < 0.001) compared to
the negative control group.

In the following experiment, we compared the leukocyte accumulation induced by intraperitoneal
administration of the two SVMPs. In dose-response experiments, doses of 1 and 2 ug of both toxins
induced significant leukocyte accumulation, and the differences among 1 and 2 pg doses of both toxin
groups were not statistically significant (Figure 3A). The dose of 5 pg/mouse was not tested, as it
induced hemorrhage in the previous experiment. The dose of 2 pg/mouse was then selected for the
following experiments. In relation to the total number of leukocytes accumulated by the SVMPs in the
peritoneum, ATXL induced statistical significant leukocyte influx of 6 X 10 cells/mL at 4, 24 and 48 h
after injection, while BATXH showed significant differences from the control after 4 and 48 h, reaching
the number of 5 x 10° cells/mL (Figure 3B). In the differential counts, ATXL induced the increase of
polymorphonuclear cells in periods of 4, 24 and 48 h after injection, whereas BATXH showed a later
response after 24 and 48 h (Figure 3C). Both toxins induced increased influx of mononuclear cells at the
periods of 4 and 48 h (Figure 3D).

2.2. Cytokines and Chemokine Quantification

We next carried out kinetics assay of inflammatory mediators secreted by Murine Peritoneal
Adherent Cells (MPAC) treated with 40 pug/mL B. atrox venom, ATXL and BATXH or 1 pg/mL LPS as
positive controls, and culture medium, as negative control. Treatments with whole venom or isolated
toxins did not induce cytotoxicity in cultures of MPAC, even in incubation periods as long as 24 h (data
not shown). MPAC cultures were then submitted to these different stimuli for 2, 4, 6 and 18 h, and the
supernatants were analyzed by flow cytometry by using the CBA kit.

Figure 4A shows that B. atrox venom and BATXH stimulated the secretion of the proinflammatory
cytokine TNF-«. Venom-induced TNF-« peaked between 2 and 6 h, with levels up to 800 pg/mL;
BATXH induced a significant TNF-« secretion of 200 pg/mL at 4 h. ATXL, on the other hand, showed
cytokine levels comparable to the negative control. In our analysis, only the positive control (LPS)
induced significant increases of IL-6 and IL-10 cytokines or MCP-1 chemokine in the cell culture
supernatants (Figure 4B-D, respectively).
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Figure 3. Leukocyte accumulation in the peritoneal cavity induced by Atroxlysin-la (ATXL) and
Batroxrhagin (BATXH). For dose-response experiments (A), mice were injected intraperitoneally with
increasing doses of ATXL, BATXH or saline as a negative control, in a final volume of 500 pL/animal.
After 4 h, the animals were sacrificed in CO, chamber, for the removal of the peritoneal exudate and the
total number of leukocytes counted in Newbauer’s chamber. For time-course experiments, 2 ug of ATXL
or BATXH was injected, as described above, and the peritoneal exudate was collected at 1, 4, 24 and 48 h.
The total number of leukocytes was counted in Newbauer’s chamber (B). Cells were differentiated
into polymorphonuclear (C) or mononuclear cells (D), under optical microscopy (Amplification: 400x).
The results are expressed as the mean + S.E. (n = 6-12) of four independent experiments. Significative
differences (p < 0.05) compared to the negative control for ATXL (*) or BATXH *) groups.

2.3. Hydrolysis of Matrigel by SVMPs

In order to test our hypothesis that BM peptides generated by SVMP hydrolysis participate
in venom-induced inflammation, our first attempt was to check by SDS-PAGE the hydrolysis of
Matrigel components after 30 min, 1 h and 24 h of incubation with ATXL and BATXH. In Figure 5,
lane 1, we show the Matrigel control with the two major diffuse bands that may include Laminin
a-1 (~400 kDa), 3 and y (~250 kDa) chains [28], and Collagen IV «-1 (~210 kDa) and -2 (~190 kDa)
chains [7]. Total hydrolysis of the 400 kDa band occurred in the first 30 min of incubation with ATXL
(lanes 2—4) and BATXH (lanes 5-7). The 250 kDa band was digested by ATXL in all incubation times,
whereas hydrolysis by BATXH provoked only a reduction in the intensity of this band, though it was
more evident in the longer incubation time. In the Matrigel control sample, the ~150 and 110 kDa
bands correspond to the molecular masses of Nidogen chains [28]. Both SVMPs degraded the 100 kDa
band; however, there was no apparent digestion of the 150 kDa band. The highlighted bands of 52 and
25 kDa correspond to ATXL and BATXH, respectively. Interestingly, although the proteinases generated
different profiles of Matrigel hydrolysis products, both generated large fragments of 30-220 kDa.
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Figure 4. Kinetics of inflammatory mediators secreted by MPACs stimulated with Atroxlysin-Ia (ATXL)
or Batroxrhagin (BATXH). MPACs were stimulated with 40 pug/mL of Bothrops atrox venom, ATXL,
BATXH or LPS (1 pg/mL) as positive control, or culture medium as negative control. Supernatants
were collected after 2, 4, 6 and 18 h, for analysis of TNF-« (A), IL-6 (B), MCP-1 (C) and IL-10 (D) by the
CBA method. The results are expressed as mean =+ S.E. of three independent experiments. * (p < 0.05),
*** (p < 0.001) compared to the negative control group.
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Figure 5. Hydrolysis of Matrigel by Atroxlysin-la (ATXL) and Batroxrhagin (BATXH). Matrigel was
incubated for different periods of time with the proteinases in the enzyme:substrate ratio of 1:10 (w/w) at
37 °C. After incubation, the samples were filtered in centrifugal filter devices (cut off at 10 kDa), and the
proteins retained in the molecular filters were submitted to SDS-PAGE (5-15% SDS-polyacrylamide
gel), under reducing conditions. After electrophoresis, bands were fixed and stained with
Coomassie Blue R-250. M—Molecular mass markers; 1—Matrigel (control); 2—ATXL + Matrigel
(30 min); 3—ATXL + Matrigel (1 h); 4—ATXL + Matrigel (24 h); 5—BATXH + Matrigel (30 min);
6—BATXH + Matrigel (1 h); 7—BATXH + Matrigel (24 h). The bands of 24 and 52 kDa, indicated by
white rectangles, correspond to ATXL and BATXH, respectively.
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To gain further insight into the hydrolysis of Matrigel components by ATXL and BATXH,
we identified the resulting peptide fraction by LC-MS/MS (peptidome). Supplementary Table S1
shows the list of peptides identified with Posterior Error Probability <0.01 in the control and
proteinase-incubated Matrigel samples. This analysis showed the presence of peptides from various
types of proteins in the Matrigel control sample, including intracellular, extracellular and plasma
proteins. Moreover, many peptides present in the control Matrigel samples were not detected in
those incubated with the proteinases, indicating that they might have been further degraded by the
venom proteinases (Supplementary Table S2). The peptidome data were further filtered to only accept
peptides that were detected in both LC-MS/MS runs of products derived from Matrigel incubated with
each toxin and were absent in the control Matrigel sample runs (Table 1). Accordingly, a rather low
number of peptides (17 peptides for ATXL and 10 for BATXH) were detected as hydrolysis products.
Laminin «-1 subunit peptides were detected among the products generated by both ATXL and BATXH,
while peptides from Laminin 3 and v were identified only in the ATXL samples. The low number of
peptides identified is in good agreement with the SDS-PAGE profile that showed various protein bands,
indicating that the proteinases interacted with Matrigel components, promoting limited proteolysis
rather than unspecific degradation to small peptides. Most peptides generated by the proteinases
contain a hydrophobic amino acid residue at the N-terminus, including various peptides that contain
N-terminal Leu or Ile, which is in agreement with the preference of SVMPs for Leu at the P1’ position
of peptides bonds [29] (Table 1).

Table 1. Peptides generated by the incubation of Matrigel with Atroxlysin-Ia (ATXL) and Batroxrhagin

(BATXH).
Proteins * Uniprot Entry Identified Peptides *
ATXL BATXH
HADIIIKGNG ALLHAPTGS
LINGRPSADDPSP
Laminin subunit beta-1 P02469 AIKQADEDIQGTQN
Laminin subunit gamma-1 P02468 IRNTIEETGI
Tubulin beta-4B chain P68372 HSLGGGTGSGMGT
Vimentin P20152 ANYQDTIGR
Actin, cytoplasmic 2 P63260 TVLSS\SI%F(I;V[I\\]{EPRG IAD
Fibrinogen beta chain QBKOE8 LRPAPPPISGGGY
60 kDa heat shock protein, mitochondrial P63038 VGGTSDVEVNEK
60S ribosomal protein L30 P62889 IIDPGDSDIIR
Glyceraldehyde-3-phosphate dehydrogenase P16858 HSSTFDAGAGIA HI"IIJI(SS}IE{I]{D];)IITNBITII(K
Heterogeneous nuclear ribonucleoprotein F Q972X1 SVQRPGPYDRPGTA
Prolyl 3-hydroxylase 1 Q3V1T4 FSSGTENPHGVKA
Transcription intermediary factor 1-beta Q62318 LTEGPGAEGPR
40S ribosomal protein S3 P62908 IGPKKPLPDHVS
40S ribosomal protein S4, X isoform P62702 TIRYPDPLI
78 kDa glucose-regulated protein P20029 VAFTPEGER
Hemoglobin subunit beta-1 P02088 LVVYPWTQR
Protein disulfide-isomerase P09103 ITSNSGVFSK

* Protein group full description, and all data on biological replicates, including criteria to accept peptide identification,
are shown in Materials and Methods and Supplementary Tables S1 and S2.
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2.4. Characterization of Paw Edema and Leukocyte Accumulation Induced by Matrigel-Derived Peptides

We next evaluated the proinflammatory effect of peptides generated by ATXL or BATXH hydrolysis
of Matrigel. For this purpose, ATXL or BATXH were incubated with Matrigel for 1 h, and the peptide
fraction was isolated by filtering on 10 kDa cut-off membranes, as described in the Methods section.
The doses injected in each mouse corresponded to the total amount of peptides released from Matrigel
by 10 ug of SVMPs, which is the dose that induced hemorrhage in mice models [20]. Figure 6A,B shows
that the products resulting from the hydrolysis of Matrigel by BATXH and ATXL were able to induce
edema significantly higher than those of peptides present in Matrigel control samples. The edema was
most pronounced in the periods of 30 min to 1 h after injection and reached basal levels around 3 h after
injection. Peptides released from Matrigel by ATXL and BATXH caused an increase in the mouse paw
of approximately 30-35%, whereas Matrigel peptides induced edema in levels comparable to saline.
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Figure 6. Time course of edema induced by peptides resulting from the hydrolysis of Matrigel by
Atroxlysin-la (ATXL) (A) and Batroxrhagin (BATXH) (B). Matrigel was incubated with SVMPs at an
enzyme:substrate ratio of 1:10 (w/w) or with no enzyme, for 1 h, at 37 °C. After the incubation period,
the samples were filtered, dried and resuspended in saline solution before injection (30 pl) into the left
paw of mice (1 = 6). The filtrate of a Matrigel sample treated under the same conditions, but without
the enzymes (Matrigel peptides), was added to the experiments. Results are expressed as mean + S.E.
of two independent experiments. *** (p < 0.001) compared to the Matrigel peptide control group.

To test the induction of leukocyte accumulation, mice were injected with peptides, as described
for the characterization of the paw edema. In this assay, peptides released by ATXL hydrolysis of
Matrigel caused a significantly higher leukocyte accumulation of 4-5 x 10° cells/mL, 1 and 4 h after
injection, compared to Matrigel control peptides. As for BATXH, a significant increase in the number
of leukocytes was observed at 4 h with 4 X 10° cells/mL. In the later periods of 24 and 48 h, Matrigel
control peptides induced leukocyte influx of approximately 5 x 10° cell/mL, which is statistically higher



Toxins 2020, 12, 96 9 of 19

than the control levels observed by saline injection. Peptides released by BATXH hydrolysis of Matrigel
induced influx of approximately 6 x 10° cell/mL, at 24 and 48 h periods, statistically higher than the
saline control, but with no significative difference to the influx induced by the Matrigel control peptides.
Peptides resulted from ATXL hydrolysis of Matrigel-induced leukocyte influx levels similar to saline
control and significantly lower than Matrigel control peptides, in periods of 24 and 48 h (Figure 7).
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Figure 7. Time course of leukocyte accumulation in the peritoneal cavity induced by peptides released
by Atroxlysin-la (ATXL) or Batroxrhagin (BATXH) from Matrigel. Mice were injected intraperitoneally
with 30 pL of a filtrate resulted from the hydrolysis of Matrigel by ATXL or BATXH. As controls,
we used the same volume of filtrates from Matrigel sample treated under the same conditions (Matrigel
peptides), but without the enzymes, or with saline only. After 1, 4, 24 and 48 h, the animals were
sacrificed in a CO, chamber, for the removal of the peritoneal exudate. The results are expressed as
the mean + S.E. (n = 5-6) of two independent experiments. Symbols indicate significative differences
(p < 0.05) compared to the negative control of saline (*) or Matrigel peptides control group (*).

In differential counts, when comparing to Matrigel control peptides, the peptides resulting
from the hydrolysis of Matrigel by ATXL induced a significative increase in the accumulation of
polymorphonuclear cells after 1 and 4 h and peptides resulted from BATXH hydrolysis of Matrigel
only at 4 h (Figure 8A). In the same periods, increases of mononuclear cells by peptides generated by
hydrolysis of Matrigel by both toxins were not statistically significant comparing to Matrigel control
peptides (Figure 8B). As observed for total leukocyte countings, in periods of 24 and 48 h, the number
of polymorphonuclear cells (PMN) and mononuclear cells (MN) accumulated by injection of peptides
from the Matrigel control was higher than saline control or peptides generated by Matrigel hydrolysis
by ATXL and similar to peptides generated by BATXH hydrolysis of Matrigel.
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Figure 8. Differential count of leukocytes accumulated in the peritoneal cavity by Atroxlysin-Ia (ATXL)
or Batroxrhagin (BATXH). Cells were identified as polymorphonuclear (A) or mononuclear (B) cells
under optical microscopy (Amplification: 400x). The results are expressed as the mean (n = 5-6) of
two independent experiments. Symbols indicate significative differences (p < 0.05) compared to the
negative control of saline (*) or Matrigel peptides control group ().
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Thus, we considered as significant only the inflammatory reaction induced 1 and 4 h after injection
of peptides released by ATXL and BATXH from Matrigel. Moreover, treatment of MPAC cultures with
these peptide fractions did not induce an increase in cytokine or chemokine levels in comparison to the
control samples (data not shown).

3. Discussion

SVMPs present in the venoms of Bothrops snakes are responsible for several inflammatory
responses such as edema formation, leukocyte infiltration and the release of mediators such as
cytokines and chemokines, which play an important role in the inflammatory process [17]. To compare
the proinflammatory action of SVMPs, we tested the local effects of one representative of Pl-class
(ATXL) and one of the PIII-class (BATXH) SVMPs, both recently isolated by our group from B. atrox
venom. Both displayed edematogenic activity at low doses ranging from 1 to 5 pg, peaking from 30 min
to 1 h, comparable to the other SVMPs isolated from venoms of Bothrops snakes [5,30,31]. The injury
time of ATXL was similar to that observed with BaP1 [5]. However, in relation to PIII-class SVMPs
Jararhagin and BpirMP, BATXH edema was shown to be more persistent [30,31]. It is known that
edema formation is influenced by vasoactive amine histamine and eicosanoids such as prostaglandins,
which act on vasodilation and increase in the vascular permeability. In normal tissues, the production
of prostaglandins is usually low, but in damaged tissues, a large production occurs that precedes the
leukocyte recruitment and the process of infiltration of these cells [32,33]. Recently, De Toni et al. [34]
observed that the edema in rats generated by Batroxase is mediated by histamine and LTBy. In in vitro
tests, this metalloproteinase was able to induce degranulation of mast cells, explaining in part the
relation of the lesion with the presence of the mediators.

In the leukocyte accumulation induction experiments, we observed an increase in cell infiltrates
in the peritoneal cavity induced by the injection of the two selected SVMPs. ATXL induced a slightly
larger accumulation compared to BATXH, although not statistically significant. A significant increase
of polymorphonuclear cells was observed at 4, 24 and 48 h periods by ATXL, and at 24 and 48 h
by BATXH. Curiously, mononuclear cells were also observed a few hours after the induction of the
reactions, but the number of mononuclear cells was higher in late periods, such as 24 and 48 h after
induction with both toxins. These results are distinct than the tests performed with Batroxase, which
demonstrated induction of lower levels of leukocyte influx (2 X 106 cells/mL), with increased influx of
polymorphonuclear cells between 2 and 4 h, and increased infiltrate of mononuclear cells in 24 h [17]
and data obtained by Fernandes et al. [35] with influx of mononuclear cells only in later periods after
injection with BaP1. However, Moreira et al. [15], in agreement with our data, demonstrated the
accumulation of mononuclear cells between 1 and 8 h after the induction by B. atrox venom, and this
accumulation was attributed to the synergistic effect of the different toxins that make up the total
venom. The SVMPs used in this study were also able to induce a rapid influx of mononuclear cells that
could be explained due to the presence of resident cells, indicating that further analyses are necessary
to fully understand the proinflammatory mechanisms of whole venoms and isolated SVMPs.

Interestingly, in spite of the structural differences between ATXL and BATXH, both toxins induced
inflammatory signs at the same magnitude. The catalytic domain present on both ATXL and BATXH is
involved in the degradation of ECM molecules [7], activation of pro-MMPs [10], processing of cytokines
as pro-TNF-« [11] or proteins from the complement system [36]. These effects are responsible for
induction or amplification of inflammatory reaction, including the cytokine release, and may be essential
mechanisms involved in the proinflammatory reaction of SVMPs. Studies using MMP inhibitors
have already confirmed the importance of the catalytic activity for the proinflammatory activity of
SVMPs in experimental mice models. Leukocyte infiltrates induced by Jararhagin or BaP1 were
reduced by treatments with chelating agents, such as o-phenanthroline or EDTA, respectively [8,35].
Escalante et al. [5] tested the action of Batimastat, a broad-spectrum synthetic inhibitor of MMPs,
in local damage induced by BaP1 and observed a reduction in bleeding, dermonecrosis and edema in
mouse models. More recently, Preciado et al. [37] demonstrated the efficacy of the synthetic CP 471474
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inhibitor in edema induced by Batx-I, isolated from B. atrox venom. These observations indicate the
relevance of catalytic activity for the proinflammatory activity of SVMPs. However, the importance of
disintegrin-like and cysteine-rich domains of PIII-class SVMPs, present only in BATXH, has also been
reported. Catalytically inactivated PIII-class SVMPs are still able to induce leukocyte recruitment [8]
and mRNA synthesis of proinflammatory cytokines [12], thus implying a direct interaction with
different receptors attributed to motifs present on the disintegrin-like [38], cysteine-rich domains [39]
or both [13].

It has been demonstrated that the inflammatory response induced by the venom of B. atrox
activates TLR2, which plays a role in the migration of polymorphonuclear cells [40], such as neutrophils,
which are the first cells of the immune system to migrate to the site of inflammation, where they
are effective in the elimination of pathogens and the production of cytokines [41]. Thus, in order
to better understand the mechanisms involved in ATXL and BATXH induction of inflammation,
we performed kinetic assays for the quantification of inflammatory mediators commonly found in
these events. Our tests showed that MPAC cells secreted the cytokine Tumor Necrosis Factor alpha
(TNF-«) when stimulated with B. atrox venom or BATXH, while ATXL did not induce synthesis of
this mediator. In similar tests with MPAC cells, Clissa et al. [12] reported that Jararhagin, a PIII-class
SVMP, induced TNF-« release, while Rucavado et al. [42] did not identify TNF-o in the culture of cells
stimulated with a PI-class SVMP, the BaP1 from B. asper venom, indicating that the disintegrin-like
and/or cysteine-rich domains present only in the PIll-class SVMPs may be acting directly on cellular
receptors, thus explaining the lack of stimuli after incubation with PI-class SVMPs.

Interleukin-6 (IL-6), MCP-1 and IL-10 were not identified in the tests performed with ATXL
or BATXH, and levels similar to the negative control were found in the samples incubated with
the whole venom. IL-6 plays an important role during inflammation process through activation of
polymorphonuclear cells, regulation of adhesion molecules, differentiation of T cells and synthesis of
other cytokines [43,44], and it was already shown that different PI- and PIII-class SVMPs are able to
stimulate IL-6 secretion [13,31,45]. Thus, the apparent contradiction between our observations with
previous reports may be attributed to a proteolytic degradation of secreted IL-6 by the metalloproteinase
activity of the enzymes, in the same fashion as previously reported in a study that used similar
protocol [12].

It is known that one of the best described mechanisms of action of SVMPs is the hydrolysis of
BM components, as demonstrated in in vitro and in vivo assays [46]. Baldo et al. [47] demonstrated
that Jararhagin and the Jararhagin-C (devoid of catalytic domain) have an affinity for collagen IV of
basal membrane and bind to tissues accumulating around the capillary vessels. Later, using in vitro
assays with 2D and 3D culture models of HUVECs, it was observed that Jararhagin co-localized on
the surface or was internalized by endothelial cells, and also visualized on the surface of the tubules
formed in the 3D cultures [48]. The binding of Jararhagin to different substrates of the extracellular
matrix as collagen IV and Matrigel and to o, 31 integrin was also reported [29,47]. The basement
membrane is a complex structure that is formed by several molecules, such as collagen IV, laminin and
nidogen, among other components, and acts as a network, guaranteeing stability to blood vessels and
capillaries. Furthermore, the exacerbated hydrolysis of ECM components generate a large amount of
fragments that could have a secondary action on the local lesion that occurs in snakebites [27]. Heparan
sulphate proteoglycans (HSPG) are also structural components of ECM that modulate adhesion and
transmigration of leukocytes to the injury site [49,50]. It is very likely that the hydrolysis of these
components releases small fragments acting on some mechanisms of inflammation. ECM fragments
can act as damage-associated molecular patterns (DAMPs) by interacting with pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs), triggering a series of proinflammatory events from
the innate immune response, which may subsequently influence the adaptive immune response [51,52].
DAMPs can influence the modulation of proinflammatory mediators, cell activation, differentiation
and proliferation, and stimulate regeneration processes [53,54].
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Recently, it was demonstrated that the muscular exudate of CD-1 mice injected with 50 ug of
B. asper venom was able to increase the vascular permeability of other animals injected with this
material. A subproteomic analysis of this material revealed the presence of more cytokines and
chemokines in the collected material 24 h after venom injection, in detriment to the exudate of 1 h,
indicating that, even after venom diffusion, these mediators continue to be produced and may be
related to the inflammatory processes caused during the envenoming [27]. Thus, we suggest that
ECM fragments released by the proteolytic action of SVMPs from B. atrox venom, particularly ATXL
and BATXH, could act as DAMPs and trigger endogenous stimuli similar to those occurring in cell
death processes. To test this hypothesis, we evaluated whether the products of Matrigel hydrolysis by
ATXL or BATXH had proinflammatory effects. Matrigel is mostly composed of collagen IV, laminin,
nidogen and heparan sulphate proteoglycan. After incubating it with ATXL and BATXH, we observed
complete hydrolysis by both SVMPs of the band of approximately 400 kDa, which may correspond
to laminin a-chain [28]. However, only ATXL was able to fully hydrolyze the lower molecular mass
band (~250 kDa), which corresponds to the molecular masses of laminin {3- and y-chains and collagen
IV [7]. Nidogen [28] was partially degraded by the two SVMPs. In the LC-MS/MS analysis, peptides
corresponding to laminin «-, 3- and y-chains were identified in the Matrigel samples incubated with
ATXL, while BATXH generated peptides from the laminin -chain only. Previous reports have already
shown differential hydrolysis of BM components by PI- and PIII-class SVMPs. Escalante et al. [28]
demonstrated the extensive hydrolysis of laminin « and y chains by BaPI (PI-class) and in the case
of Jararhagin (PIII-class) by most of hydrolysis was of the nidogen and only the a-chain of laminin.
In in vivo experiments, Freitas-De-Sousa et al. [20] observed that ATXL and BATXH degraded collagen
IV and laminin, with total collagen digestion by ATXL, which would explain the proteinase ability to
induce hemorrhage, since these BM components play important role in the stability of capillaries.

The products resulting from the hydrolysis of the Matrigel by ATXL and BATXH were then tested
for proinflammatory activity. Both samples induced a fast edema formation and peritoneal cell infiltrates
in levels statistically significant when compared to Matrigel control peptides. The leukocytes found in
the peritoneum region in these periods/conditions were mostly polymorphonuclear cells. Between 24
and 48 h, the number of cells accumulated by the control Matrigel peptides not exposed to SVMPs
hydrolysis was higher than those of the saline control and similar to those of the BATXH-generated
peptides, respectively. Commercial Matrigel is widely used in human stem cell cultures by mimicking
the extracellular matrix (ECM) [55], and it is known to contain components other than structural ECM
proteins, such as growth factors and MMPs 2 and 9 [56], or even intracellular or membrane proteins [55].
Talbot et al. [57] demonstrated by semi-quantitative analyses, with capture antibody arrays, the presence
of various secreted or soluble proteins and peptides classified as growth factors, chemokines and
other proteins with biological activity in four different lots from commercial Matrigel, including the
Vascular Endothelial Growth Factor (VEGF), chemokine MCP-1 and peptide C5a. However, these
results did not answer some questions about the biological activity of proteins or peptides present
in Matrigel, which could impact experiments in vitro involving cell culture. The presence of these
bioactive components in Matrigel may explain the fact that our control sample composed of Matrigel
peptide fraction (without enzyme digestion) induced a leukocyte accumulation in the peritoneum
of injected animals in periods of 24 and 48 h. However, the opposite was observed in the edema
induction tests and in the early phase of the leukocyte accumulation test. In these situations, Matrigel
peptides did not evoke any inflammatory activity, and this result leads us to suggest that peptides
specifically liberated by incubation with ATXL or BATXL are causing the observed early events of the
inflammatory reaction.

Other important aspect to be discussed is that only peptides with molecular masses smaller
than 10 kDa were used in our model, to induce inflammatory reaction. According to our results
of electrophoresis, hydrolysis products were spotted in bands between 30 and 220 kDa, indicating
that the effects of ATXL and BATXH on Matrigel correlate more to limited proteolysis rather than
unspecific degradation to small peptides. Herrera et al. [58] identified dozens of fragments derived
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from extracellular matrix proteins, including heparan sulphate proteoglycan, collagen IV and nidogen,
by means of proteomic analysis of the exudate extracted from the gastrocnemius muscle of mice
injected with the B. asper venom. Considering that larger BM protein fragments also act as DAMPs
and these fragments were not included in our sample, it is reasonable to expect that more evident
proinflammatory effects will be observed when we test the intermediate molecular mass fragments.
Based on these indications, we suggest that the peptides released after the degradation of the BM
components by ATXL and BATXH are stimulating cell-receptors as part of the inflammatory process
and acting indirectly on the endogenous metalloproteinases, amplifying the inflammatory response
observed in the experiments.

In conclusion, ATXL and BATXH SVMPs isolated from B. atrox venom are capable of inducing
edema formation and leukocyte recruitment in experimental models; however, they do so with slightly
different profiles. ATXL induced a higher leukocyte accumulation throughout the evaluation periods,
while BATXH induced MPACs for cytokine release as observed with whole venom, particularly of
TNF-«. Both metalloproteinases hydrolyzed major components of Matrigel, generating products
of different sizes. Once more, ATXL hydrolysis was more extensive, and all Laminin chains were
completely degraded and generated peptides identified by LC-MS/MS. The products resulting
from SVMP hydrolysis of Matrigel were capable of inducing edematogenic activity and leukocyte
accumulation in levels significantly higher than Matrigel control peptides. These data indicate that
proinflammatory action of SVMPs may occur by different a mechanism, including the participation of
hydrolysis products generated from their catalytic action on BM components.

4. Materials and Methods

4.1. Toxins

Bothrops atrox venom was provided by the Herpetology Laboratory, Instituto Butantan, collected
from the snakes maintained under captivity at the Institute for venom production. Atroxlysin-Ia
(ATXL) and Batroxrhagin (BATXH) were isolated from B. atrox venom, according to the methodologies
described previously [20,21].

4.2. Hydrolysis of Matrigel Components and Isolation of the Resulting Peptides

Matrigel obtained from the Engelbreth-Holm-Swarm murine sarcoma (Sigma-Aldrich, St Louis,
MO, USA) was incubated with ATXL or BATXH at an enzyme:substrate ratio of 1:10 (w/w) in 10 mM
Tris-HCl buffer, pH 7.4, for 30 min, 1 or 24 h, at 37 °C. After the incubation period, the reaction was
stopped by adding one additional volume of the same ice-cold buffer, and the samples were processed
in two different ways: (1) For mass spectrometry, proteins remaining in the hydrolysis solution (1 pg
enzyme:10 ug Matrigel in 40 uL) were precipitated by the addition of 8 volumes of ice cold acetone
and 1 volume of ice cold methanol and stored for 12 h, at —20 °C. Then the peptides were recovered
from the supernatants, after centrifugation for 10 min, at 14,000x g, at 4 °C. (2) For electrophoresis and
biological assays, after digestion, the hydrolysis mixtures (80 pug enzyme:800 pg Matrigel in 1 mL) were
placed in centrifugal filter devices (cut off at 10 kDa) (Amicon Ultra-2, Merck, Darmstadt,, Germany)
and centrifuged at 1500x g, for 15 min, at 15 °C, until the volume of 500 pL. Aliquots of sample retained
in the filter were analyzed by electrophoresis in a 5-15% gradient polyacrylamide gel. The filtered
solutions (500 pL) were dried in a SpeedVac concentrator (Thermo Fisher Scientific, Waltham, MA,
USA) and suspended in 120 pL of ice-cold saline. Of these, 30 pL was injected into each mouse,
for in vivo assays. In this way, the amount of peptides injected into each mouse corresponded to the
amount of peptides that were expected to be generated by 10 ug of ATXL or BATXH, which is the dose
at which they induce hemorrhage in mice [20].
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4.3. Gel Electrophoresis

For the analysis of the material retained on the centrifugal filter devices, SDS-PAGE was performed
by using 5-15% acrylamide gradient gel according to the technique described by Laemmli [59], but with
some modifications. The fractions were diluted 1:3 in sample buffer (350 mM Tris-HCl, 10% SDS,
30% glycerol and 1.2 mg/mL bromophenol blue), under reducing conditions (DTT-Dithiothreitol 9.3% in
sample buffer), boiled for 5 min and applied to a stacking gel with 4% polyacrylamide. Electrophoresis
occurred with constant amperage of 35 mA and voltage of 180 V, using run buffer (25 mM Tris; 190 mM
Glycine, 0.1% SDS, pH 8.3). The gels were stained with Coomassie R-250 blue 0.25% in 25% methanol
and 5% acetic acid) and decolorized with bleach solution (40% methanol + 7% acetic acid). Precision
Plus Protein Kaleidoscope molecular mass standard (M.W. 10-250 kDa, BIO-RAD, Hercules, CA, USA)
was used.

4.4. Analysis of Generated Peptides by LC-MS/MS

The supernatant containing the peptide fraction obtained from the hydrolysis of Matrigel by ATXL
and BATXH, as described in Section 4.2, was dried in a SpeedVac vacuum concentrator and dissolved
in 0.1% TFA, for desalting, using Sep-pak C-18 cartridges previously conditioned with methanol and
0.1% TFA (Waters, Milford, MA, USA). Samples were dried and reconstituted in 0.1% formic acid
(solution A), and injected in EASY Nano LCII system (Thermo Scientific, Waltham, MA, USA), into a
5 cm of 10 um Jupiter C-18 trap column (100 pm LD. x 360 pm O.D.) coupled to an LTQ-Orbitrap
Velos mass spectrometer (Thermo Scientific). Chromatographic separation was performed on a 15 cm
long column (75 pm I.D. x 360 um O.D.). Elution occurred with a linear gradient of 5-40% acetonitrile
in 0.1% formic acid (solution B) in 60 min, at 200 nL/min. Spray voltage was set at 2.4 kV, and the
mass spectrometer was operated in data-dependent mode, in which one full MS scan was acquired in
the m/z range of 400-2000, followed by MS/MS acquisition, using higher energy collision dissociation
(HCD) of the ten most intense ions from the MS scan. MS and MS/MS spectra were acquired in the
Orbitrap analyzer, at 60,000 and 7500 resolution (at 400 m/z), respectively. The maximum injection
time and AGC target were set to 25 ms and 1E6 for full MS, and 250 and 100 ms and 5E4 for MS/MS.
The minimum signal threshold to trigger fragmentation event, isolation window and normalized
collision energy (NCE) were set to, respectively, 5000 cps, 2 m/z and 40. Dynamic peak exclusion was
applied to avoid the same m/z of being selected for the next 90 s. Two independent LC-MS/MS runs
were performed for each sample.

Mass spectrometric raw data were analyzed by using MaxQuant software (version 1.5.3.12; Cox
and Mann, 2008), using the UniProt protein sequences of Mus musculus (16,619 sequences, reviewed;
date of fasta file: 8 February 2016). The search parameters were as follows: no enzyme specificity;
deamidation of glutamine and asparagine and oxidation of methionine were considered as variable
modification; peptide and MS/MS mass tolerances were set to 10 ppm and +0.025 Da, respectively. Data
from both LC-MS/MS runs were filtered by Posterior Error Probability value <0.01 for each peptide
(Supplementary Table S1). Data were further filtered to only accept peptides that were detected in both
technical replicates and were absent in the control samples (Supplementary Table S2).

4.5. Evaluation of the Inflammatory Reaction Induced by ATXL, BATXH and Matrigel Hydrolysis Products

4.5.1. Animals

Male mice of the BALB/c strain (18-20 g) were used in the experiments and kept under controlled
temperature and light periods with water and feed ad libitum. All experiments were approved
by the Butantan Institute Ethics Committee on Animal Use (Protocol Number: 6708040817), on 22
August 2014.
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4.5.2. Paw Edema

The protocols described by Kimura et al. [32] and Tavora et al. [60] were used for evaluation
of edema induction, but with some modifications. In the tests, mice (1 = 6/group) had the left hind
paw measured with pachymeter (Starret), prior to injection of the samples (zero time). Subsequently,
the concentrations of 0.5, 1, 2 and 5 pg of the toxins diluted in 30 pL of saline or 30 uL of the peptide
solution, obtained as described in Section 4.2, were injected into the plantar pad of the same foot.
Animals injected with saline were used as control. The injected paws were measured again at different
time intervals (30 min, 1, 3, 6, 24, 48 and 72 h), and the results were expressed as the percent of increase
between the measurements of the paw at the experimental and zero time. Animals injected with
saline or Matrigel treated at the same conditions, but without incubation with SVMPs, were used as
control groups.

4.5.3. Leukocyte Recruitment

ATXL and BATXH or filtrates from Matrigel hydrolysis by SVMPs, obtained as described in
Section 4.2 (30 uL), were diluted in 500 pL of sterile saline and injected intraperitoneally into groups of
6-12 animals/group. A group injected with saline alone or filtrates obtained from Matrigel, without
SVMPs, were used as control. The animals were euthanized in the CO, chamber after 1, 4, 24 and 48 h,
and the peritoneum was washed with 2 mL of ice-cold saline solution. The peritoneal exudate was
centrifuged at 500x g at 4 °C for 6 min. After centrifugation, the pellet was resuspended in saline
and diluted 1:10 (v/v) in the Turk’s solution, with some modifications (600 uL of acetic acid + 2 mg
of methyl violet in the final volume of 20 mL distilled water), and cells were counted in Newbauer’s
chamber. In the differential count, the cells were classified as polymorphonuclear and mononuclear,
according to the morphological differences. The total and differential counts were performed under an
optical microscope, with increases of 400x.

4.6. Production of Inflammatory Mediators

Cytokines and chemokines released by treatment with whole venom or isolated SVMPs were
assayed in supernatants of stimulated MPAC cultures extracted from BALB/c mice. Animals were
euthanized in a CO, chamber, and the peritoneum was washed and massaged with 1.5 mL of RPMI
1640 culture medium (Gibco-Life Technologies, Waltham, MA, USA) supplemented with 10% fetal
bovine serum. (Gibco-Life Technologies). The obtained exudate was centrifuged at 1500x g for 10 min
at 4 °C. The supernatant was discarded, and the cells were suspended in 2 mL of supplemented
culture medium. The cells were counted in a Newbauer’s chamber and subsequently placed in 96-well
plates (6 x 10* cells / well), which were then incubated at 37 °C, in the presence of 5% CO,, for 24 h.
Non-adherent cells were removed by PBS washing, and cells that adhered to the plate were used in
the cell viability assay and inflammatory mediator quantitation assay. Cultures were tested for the
toxicity by the MTT (3- (4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide) cleavage assay of
mitochondrial-cell enzymes, resulting in the formation of formazan blue. MPAC cells were stimulated
with the nontoxic concentrations of 40 ug/mL of ATXL, BATXH or B. atrox venom, LPS (1 pg/mL)
(Sigma-Aldrich, St. Louis, MO, USA), or incubated with culture medium only, as negative control.
Supernatants were collected at 2, 4, 6 and 18 h after the start of incubation.

TNEF-«, IL-10 and IL-6 cytokines levels, and the MCP-1 chemokine in the cell culture supernatant,
were quantified on the equipment FACSCantoll (BD Biosciences, Franklin Lakes, NJ,, USA), using
the Cytometric Bead Array (CBA) Mouse Inflammation Kit (BD Biosciences, USA), according to the
manufacturer’s recommendations.
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4.7. Data Analysis

Student’s t-test was performed to evaluate differences between two groups. Differences between
three or more groups were assessed by ANOVA, followed by Bonferroni’s test. The analyses were
performed by using the software GraphPad Prism 5.0 (San Diego, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/2/96/s1.
Table S1. Identification of peptides generated by the incubation of Matrigel with ATXL and BATXH by LC-MS/MS;
Table S2. Proteins present in Matrigel and identified as cleaved by ATXL and BATXH by LC-MS/MS.
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Abstract: Snake venom metalloproteinases (SVMPs) are abundant in the venoms of vipers and
rattlesnakes, playing important roles for the snake adaptation to different environments, and are
related to most of the pathological effects of these venoms in human victims. The effectiveness of
SVMPs is greatly due to their functional diversity, targeting important physiological proteins or
receptors in different tissues and in the coagulation system. Functional diversity is often related to the
genetic diversification of the snake venom. In this review, we discuss some published evidence that
posit that processing and post-translational modifications are great contributors for the generation of
functional diversity and for maintaining latency or inactivation of enzymes belonging to this relevant
family of venom toxins.

Keywords:  snake venom; metalloproteinase; post-translational processing; enzyme
inhibitor; hemorrhage

1. Introduction

Generation of diversity is a very important feature in the evolution of different species of animals,
especially in systems in which fast adaptation to the environment is required. The most relevant
system in which the generation of diversity plays a key role is the immune system. A large repertoire of
antibody molecules, T cell receptors, and MHC antigens are mostly generated by intrinsic mechanisms
of genetic recombination, together with post-transcriptional and post-translational processing [1-7],
generating molecules responsible for host protection against aggressors and for self-maintenance.
Although such a large repertoire is not necessary for many other systems, generation of diversity is
also used as mechanism for fitness enhancement in most venomous animals, from cone snails [8] to
advanced snakes [9], generating a toxin array that interacts with functionally-relevant receptors of
different species [10], enabling capture of a greater diversity of prey, or evasion from different predators.
In advanced snakes, generation of diversity of venom components was a great adaptive advantage
that allowed the radiation of several taxa after the appearance of the venom glands, recruitment
and neofunctionalization of toxin genes, and development of the venom injection system [9,10]. A
few gene families have been recruited for snake venom production [11]. However, these genes are
under accelerated evolution and undergo a number of duplications followed by distinct genetic
modification mechanisms as accumulation of substitutive mutations, domain loss, recombination, and
neofunctionalization that result in the large diversity within venom toxin gene families [12-17].
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Snake venom metalloproteinases (SVMPs) are particularly important for the adaptation of snakes
to different environments. In the venoms of most species of viper snakes, SVMPs are the most abundant
component [18,19] and, as discussed above, the evolutionary mechanisms of this gene family allowed
the structural and functional diversity of SVMPs in viper venoms. SVMPs are able to interact with
different targets that control hemostasis or relevant tissues related to essential physiological functions
in prey and predators [20,21]. The most evident effect of SVMPs is hemorrhage, as a result of a
combined disruption of capillary vessels integrity and impairment of the blood coagulation system,
resulting in consumption of coagulation plasma factors [20]. The mechanisms of action of distinct
SVMPs involve different targets as, for example, activation of coagulation Factor X [22], activation of
Factor II [23], fibrino(gen)olytic activity [24], binding and damage of capillary vessels [25-27], among
others. SVMPs interacting with distinct hemostatic targets may be found in the same pool of venom
from a single species [21] and, together, these different enzymes interfere with the whole hemostatic
system, subduing prey usually by shock [28].

The structural diversity of SVMPs is well known [29-31] and three classes (P-I, P-1I, and P-III),
further subdivided into at least 11 subclasses, have been described based on their domain structure [31].
This classification is based on the presence of different domains in the zymogens predicted by the
mRNA sequences and the mature form of the enzymes. They are synthesized as pro-enzymes with
pre- and prodomains responsible for directing the nascent proteins to the endoplasmic reticulum
and for maintaining the latency of the enzyme before secretion, respectively [32,33]. The mechanism
involved in the activation of SVMPs (step of biosynthesis involving the removal of the prodomain)
is still understudied. Furthermore, an eventual role played by the free prodomain (or its fragments)
in enzyme activity after secretion is elusive. In addition to pre- and prodomains, a catalytic domain
is present in P-I, P-1I, and P-III classes at the C-terminus of the prodomain and is the only domain
present in mature class P-I SVMPs. P-II and P-III SVMP classes differ from the former by the presence
of non-catalytic domains included at the C-terminus of the catalytic domain: the disintegrin domain in
P-II class and disintegrin-like plus cysteine-rich domains in the P-III class [31].

Genes coding for P-1II class SVMPs appear to have been the first recruited to the snake venom
while P-II and P-I SVMP genes appeared in viperids later, mostly by domain loss [16]. However,
genetic mechanisms are not the only ones responsible for generating diversity in SVMPs. Due to
the recent increase of data generated by venom proteomes and transcriptomes, it has also become
evident that post-transcriptional [34] and post-translational [35] modifications represent additional
sources of diversity generation in venom composition, increasing the possibilities of mechanisms of
predation and resulting in an adaptive advantage for snakes. In this review, we will focus on the role
of processing of nascent SVMPs in the generation of diversity and in the inactivation of these enzymes
during and after their biosynthesis.

2. Biosynthesis and Post-Translational Processing of SVMPs

SVMP transcripts predict proteins with multi-domain structure that undergo different
post-translational processing generating distinct mature proteins (Figure 1). As other secreted proteins,
SVMPs include a signal-peptide/predomain (p) responsible for driving the nascent SVMP to the
endoplasmic reticulum where most of the protein modifications take place. In the endoplasmic
reticulum, the pre-domain is removed by signal peptidases (Figure 1-(D) resulting in zymogens that
are subjected to further modifications [36]. Activation of the enzymes occurs by hydrolysis of the
prodomain (Figure 1-(2)) [37] and, after this step, disintegrin or disintegrin-like/cysteine-rich domains
can also be released by proteolysis (Figure 1-®)) [38]. Mature forms may present other modifications
such as cyclization of amino-terminal glutamyl residues to pyro-glutamate (Figure 1-(9), glycosylation
(Figure 1-(5), addition of new domains (Figure 1-(®), or dimerization of protein chains (Figure 1-(?) [36].
These steps occur to different extents depending on the primary structure of the precursors predicted
by the paralogue genes that originate the transcripts. As a result, different biological activities are
associated to each particular isoform. Therefore, post-translational modifications are essential for
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activity and stability of the proteins, and also for diversifying their specific targets. Some of the issues
related to each of these processing steps will be discussed below.

Precursors Mature Forms
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Figure 1. Schematic representation of the most typical post-translational modification steps occurring
during the maturation of nascent SVMPs: SVMP precursors are composed of signal-peptide/pre-
(p), pro- (PRO), catalytic or metalloproteinase (CAT), disintegrin (DIS), disintegrin-like (DL),
cysteine-rich (CR), and lectin-like (LEC) domains. Processing of nascent SVMP involves
removal of signal-peptide/pre-domain () hydrolysis of the prodomain () and disintegrin or
disintegrin-like/cysteine-rich domains (®), cyclization of amino-terminal glutamyl residues to
pyro-glutamate (@), glycosylation (represented by stars—®)), addition of new domains (®) or
dimerization of protein chains ().

2.1. Hydrolysis of the Prodomain

Activation of SVMPs is regulated by hydrolysis of their prodomains, as happens with matrix
metalloproteinases (MMPs) and disintegrin and metalloproteinase (ADAM) proteins. Prodomains of
SVMPs include a conserved motif (PKMCGVT), also found in ADAM and MMP precursors [33]. In
this motif, a free cysteine residue is a key factor for maintaining enzyme latency via a cysteine-switch
mechanism. This process controls the activation state of enzymes by blocking the catalytic site
(inactivated state) before the proteolytic processing of the prodomain (active state) [33,39].

In MMPs, activation generally occurs at the extracellular space catalyzed by members of the
plasminogen/plasmin cascade, by other MMPs or by chemical modification of the conserved cysteine
residue in the cysteine switch motif [40-42]. A different mechanism of activation is verified in
ADAMs, as the prodomain is generally removed intracellularly by pro-protein convertases [43],
or by autocatalytic mechanisms [31,44,45]. In SVMPs, only a few studies attempted to explain enzyme
activation and/or hydrolysis of their prodomains. However, studying the activation of recombinant
pro-atrolysin-E, Shimokawa and collaborators [38] suggested that chemical modifications are not
efficient for activation, which probably occurs by proteolysis by metalloproteinase present on the
crude venom. In a recent study from our group [46], we used antibodies specific to jararhagin
prodomain to search for the presence of prodomains in different compartments of snake venom
glands, either as zymogens or in the processed form. Using gland extracts obtained at different
times of the venom production cycle, we immunodetected electrophoretic bands matching to the
SVMP zymogen molecular mass (in high abundance), and only faint bands with molecular masses
corresponding to different forms of cleaved prodomain. However, the presence of zymogens in the
venom was rare, detected only as faint bands in samples collected from the lumen of venom gland at
the peak of venom production. In milked venom, only weak bands corresponding to free prodomain
were detected in samples collected at the peak of venom production, suggesting that most of the
prodomain molecules promptly undergo further hydrolysis, generating diverse peptides that are
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not immunoreactive with anti-PD-Jar (Figure 2). In agreement to this suggestion, SVMP prodomain
peptides are very rare in proteomes of viper venoms, with a few exceptions [47], but they were
recently found in the proteopeptidome of B. jararaca venom [48], and in proteomes of B. jararaca gland
extracts [49], which is consistent with our hypothesis.

Lumen of Venom
Gland

Secretory Cells

Peptidome I _‘ l I

Figure 2. Schematic representation of prodomain processing: Antibodies against jararhagin prodomain
detected predominantly bands of zymogen molecular mass in secretory cells and processed form in the
lumen of the venom gland. Prodomain was poorly detected in the venom, suggesting that SVMPs are
mostly in the active form.

Using immunohistochemistry and immunogold electromicroscopy, prodomain detection was
concentrated in secretory vesicles of secretory cells (Figure 3). According to these images, we suggested
that SVMPs are stored at secretory cell vesicles mostly as zymogens; the processing of prodomains
starts within the secretory vesicles but reaches its maximal level during secretion or as soon as it
reaches the lumen of the venom gland.

Figure 3. Cellular localization of prodomains. Venom glands collected before (A) or seven days after
(B, C) venom extraction were sectioned and subjected to immunofluorescence (A, B) stained with
DAPI (blue) and mouse anti-PD-Jar serum (green), which concentrated in the apical region of secretory
cells, or electron microscopy (C) after staining with anti-PD-Jar serum, which highlighted spots in the
secretory vesicles [46].

According to these data, processing and activation of SVMPs undergo distinct routes than
MMPs or ADAMs. MMPs are critical enzymes for remodeling the extracellular matrix in a series of
physiological and pathological processes as angiogenesis, wound healing, inflammation, cancer, and
infections [40,50]. The regulatory role of MMPs in such processes requires a well-controlled mechanism
of activation for which the secretion of latent enzymes is of great advantage. On the other hand, most
ADAMs are transmembrane proteins that regulate mostly cell migration, adhesion, signaling and,
eventually, proteolysis. In this case, processing of ADAMs through the secretion pathway by furins and
other processing enzymes is the most common processing route [43,51]. SVMPs apparently undergo
different processing routes since the release of the prodomain is very likely to occur during the secretion
of vesicle contents. The enzymes responsible for the processing have not yet been identified, but it can
be speculated that venom serine proteinases or even metalloproteinases could be involved. Moreover,
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a series of convertases have been detected in proteomic and transcriptomic studies [49]. One issue
that remains unsolved and will be discussed below is whether SVMPs are maintained in the lumen
of the venom gland in the active form or are kept inactivated by peptides liberated by prodomain
hydrolysis or by other inhibitory factors present in the venom as the acidic pH environment, high
citrate concentrations and tripeptides containing pyroglutamate.

2.2. Generation of Disintegrin and Disintegrin-Like Domains

Disintegrins are generated by proteolysis of SVMPs originated from class P-II transcripts. These
small molecules are abundant in venoms of viper snakes that usually contain the RGD or a related
(XGD) motif in a surface exposed loop that binds to RGD-dependent integrins, such as o« 33, o531,
and oy 33 or, in a few cases, they may display a MLD motif, targeting os31, x437, and xgf31, or a
K/RTS motif that is very selective for binding to o131 integrin [52]. These are important receptors
of different cell types, particularly platelets, inflammatory, and vascular endothelial cells, in which
they are responsible for inhibition of platelet aggregation or endothelial cell adhesion, migration, and
angiogenesis [53,54]. For these reasons, the inclusion of disintegrins in the venom of viper snakes
conferred a great adaptive advantage for using hemostatic targets to surrender prey.

Genes coding for class P-II SVMPs have evolved from P-III ancestor genes by a single loss of the
cysteine-rich domain followed by convergent losses of the disintegrin domain at different phylogenetic
branches that were further responsible for the generation of distinct P-I SVMP structures [16]. After
the cysteine-rich domain loss, evolution of P-II genes was continued by gene duplication and
neofunctionalization of the disintegrin domain in some of the duplicated copies [16,55]. Other genetic
mechanisms of recombination as exon shuffling or pre- or post-transcriptional recombination could
also play a role in the diversification of class P-Il SVMP structures. The first draft of the genomic
organization of a PIII-SVMP gene revealed a series of nuclear retroelements and transposons within
introns that could provide genomic explanations for the emergence of distinct class P-Il messengers [56].
Evidence for post-transcriptional modification arose when B. neuwiedi SVMP ¢cDNA sequences were
analyzed: three distinct types of P-II sequences were noted including a typical transcript of class P-II
SVMP and other transcripts that presented clear indications of recombination between P-II disintegrin
domain coding regions with either P-I or P-III catalytic domain coding regions [34]. The data suggest
that recombination between genes encoding SVMPs might have occurred after the emergence of the
primary gene copies coding for each scaffold. Moreover, it has also been reported by different authors
the occurrence of SVMP structures that might have been assembled by the P-III catalytic domain with
the P-II disintegrin domain [57] or even by PII catalytic domains with the P-III disintegrin-like domains
lacking the cysteine-rich domain [58]. Unfortunately, these mechanisms of recombination are still
speculative since, up to now, genomic sequences coding for SVMPs were not completely disclosed and
the exon/intron distribution at catalytic domain is still unknown.

In viper venoms, the products of P-1I genes are diverse and the precursors undergo proteolytic
steps depending on the structure predicted by the paralogue gene coding for each different toxin.
Most P-II precursors are hydrolyzed at the spacer region, located between catalytic and disintegrin
domains [31] generating free disintegrins and catalytic domains that are frequently found in venom:s,
and also recognized as classical disintegrins and P-I class SVMPs, respectively. However, some P-II
precursors are not hydrolyzed and are expressed in the venom as single chained molecules, containing
catalytic and disintegrin domains. The enzymes involved in the cleavage of P-II precursors to generate
free disintegrins are still unrecognized and the mechanisms by which different P-II precursors are
processed (or not) are still speculative. A mainstream hypothesis, postulated by Serrano and Fox [31],
suggests that the presence of cysteinyl residues, particularly at the spacer region and at the N-terminus
of the disintegrin domain, would confer more resistance to hydrolysis, acting in favor of maintenance
of P-Il SVMPs in the catalytic form. A few of these enzymes have been characterized [53,59-61] and
recent reports indicate potent hemorrhagic activity in catalytic P-Il SVMPs that may be achieved by
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their capability to cleave ECM proteins combined to their potential to inhibit platelet aggregation
and/or to bind to basal lamina [62].

Some P-III class SVMPs are also cleaved generating fragments which correspond to the
disintegrin-like/cysteine-rich domains [31]. However, cleavage mechanisms and the fate of the
domains after cleavage are apparently different than the ones observed in P-Il SVMPs. Most
P-1II SVMPs are found in venoms in their multi-domain form, containing catalytic, disintegrin-like
and cysteine-rich domains, although examples of autolysis at the spacer region of isolated P-III
SVMPs have been reported for jararhagin, from Bothrops jararaca [63], HR1A and HR1B from
Trimeresurus flavoviridis [64], HT-1 from Crotalus ruber ruber [64], brevilysin H6, from Gloydius halys
brevicaudus [65], alternagin, from Bothrops alternatus [66], batroxhagin, from Bothrops atrox [67,68],
and catrocollastatin, from Crotalus atrox [69]. Autolysis of these proteins usually results in combined
disintegrin-like/cysteine-rich domain fragments, known as “C” proteins, which are characterized
as inhibitors of collagen-induced platelet-aggregation [63], but may also display pro-inflammatory
activity [70] or stimulate endothelial cells to release pro-angiogenic mediators [71]. On the other hand,
the free catalytic domain that results from this autolytic process has never been found in venoms,
suggesting that a fast hydrolysis of the catalytic domain to small peptides occurs after autolysis.
In B. jararaca venom, the presence of both intact jararhagin and processed jararhagin-C is currently
detected [63,72]. Moreover, a third form of processed protein was detected that comprised a processed
form of jararhagin-C linked to the catalytic domain by disulfide bonds [73]. This evidence suggests
that at least three different proteoforms of jararhagin may exist and they probably display distinct
pairing of cysteinyl residues that will drive to three different autolytic pathways. The three possibilities
of autolysis appear to occur in venoms of other snakes. We recently reported the same three forms of
processed batroxrhagin, a P-III SVMP isolated from the venom of B. atrox [67]. The presence of these
different forms of P-IIl SVMPs in venoms contributes to greater structural and functional complexity
of the venom, and may be a common feature among other class P-IIl SVMPs.

2.3. Dimerization and Inclusion of Other Domains

The position and pairing of cysteinyl residues certainly play a role in the liberation of disintegrins,
but they are also very important in generating multimeric structures of some nascent SVMPs, increasing
their structural and functional diversity. One example is the linkage of lectin-like domains to the
cysteine-rich domain of class P-IIl SVMPs generating very active pro-coagulant toxins as RVV-X, from
Vipera russelli [32-34], classified as a PIIId, or previously as a P-IV SVMP [30]. However, homodimers
or heterodimers of homologous domains are most commonly found in the venoms and dimerization
apparently contributes to the enhancement of the toxin activity. Class P-IIl SVMPs VAP1 and VAP2
from Crotalus atrox have been crystallized in their dimeric form [74,75] exerting potent pro-apoptotic
activity in endothelial cell cultures [76]. Bilitoxin and BlatH1 are also examples of non-processed P-II
SVMP homodimers [77,78]. Interestingly, in both cases the RGD sequence displayed in the disintegrin
domain is replaced by MGD and TDN, respectively, resulting in toxins that are unable to block the
platelet fibrinogen receptor; however, both dimeric P-Il SVMPs are potent hemorrhagins with activity
levels comparable to those of class P-III SVMPs [62,77].

The most common dimers of SVMPs present in venoms are undoubtedly homo- and heterodimeric
disintegrins. For example, contortrostatin, a homodimeric disintegrin that displays RGD motifs in
both chains, has been produced in a recombinant form [79] and presented substantial anti-angiogenic
and anti-cancer effects [79] with some efficacy as an adjuvant in chemotherapy for melanoma [80]
and for viral infections [81]. Heterodimers composed of distinct disintegrin domains have also
been isolated. Usually, one chain contains the conserved RGD motif and the other chain displays
alternative motifs that modulate specificity and selectivity. The first heterodimeric disintegrin group
identified included EMF-10 and CC-8 disintegrins, with a RGD motif in one chain and a WGD
in the other [82]. As a result, the heterodimer is the strongest blocker of the fibrinogen receptor
and effective to modulate megakaryocyte activity [83]. Other interesting group of heterodimeric
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disintegrins includes EC3, VLO5, and EO5 with V/RGD motif in one chain and the MLD motif in the
other [84]. These toxins target mainly «4(31, @437, and o931 integrins, mostly related to inflammatory
cell receptors [85]. Heterodimeric disintegrins are common in venoms of Viperinae subfamily of vipers,
and the substitution of the RGD muotif at least in one chain may decrease the effect of these toxins
on platelets related to impairment of hemostasis. Although this is an apparent disadvantage for the
snakes, the non-RGD disintegrins are undoubtedly good leading molecules for drug development or
for producing biotechnological tools to address the mechanisms of action of integrin receptors.

2.4. Other Post-Translational Modifications

Most of snake venom proteins undergo glycosylation during their biosynthesis pathway. In
eukaryotic cells, glycosylation influences important biochemical properties of the proteins, such
as folding, stability, solubility, and ligand binding. In spite of the importance of glycosylation
for eukaryotic-secreted proteins, very little is known about the carbohydrate structures present in
venom glycoproteins.

In SVMPs, primary structures predict several putative N-glycosylation sites [31], and important
functions have already been correlated to glycan moieties. However, glycosylation sites identified in
the available crystal structures of SVMPs indicate a significant variability, and suggest that the presence
of glycan moieties is not predictable based on primary structure information only [86]. Studying the
cobra venom glycome, Huang and co-authors [86] identified four major N-glycan moieties on the
biantennary glycan core, and a high variability of N-glycan composition in SVMPs from individual
snake specimens. In the same study, the authors reported that these glycoproteins elicit much higher
antibody response in antiserum when compared to other high-abundance cobra venom toxins, such
as small molecular mass CTXs. The higher immunogenicity of SVMPs compared to other venom
components has been also shown by our group [18], and it can be at least partially attributed to the
glycan moieties present on these molecules. Moreover, Bothrops jararaca SVMPs bothropasin, BJ-PI,
and HF3 were subjected to N-deglycosylation that induced loss of structural stability of bothropasin
and BJ-PI. Although HF3 remained apparently intact, its hemorrhagic and fibrinogenolytic activities
were partially impaired, suggesting the importance of glycans for stability, and also for the interaction
with substrates [87].

The role of glycosylation in the generation of toxin diversity has been recently addressed in a few
studies approaching ontogenetic or gender-related venom variability. The N-glycan composition of
newborn and adult venoms did not vary significantly [88], but gender-based variations contributed to
different glycosylation levels in toxins [35]. The studies demonstrated a complexity of carbohydrate
moieties found in glycoproteins, indicating another level of complexity in snake venoms that could be
related to the diversification of biological activities.

Another form of post-translational modification observed in many SVMPs is the cyclization of
amino-terminal glutaminyl residues to pyro-glutamate. The cyclization of glutaminyl residues by the
acyltransferase glutaminyl cyclase is a common occurrence in many organisms. For many bioactive
peptides, cyclization of amino-terminal glutaminyl residues renders the peptide resistant to proteolytic
processing by exopeptidases, thus protecting their biological activities [89]. Glutaminyl cyclase has
been identified in the venom of viperid snakes [90] particularly in venoms collected at the seventh
and tenth days after venom extraction [46]. Most class P-IIIl SVMPs possess, in their mature form, a
pyroglutamic acid as the N-terminus [31], and this modification provides protection to these enzymes
from further digestion by aminopeptidases, or even further processing steps resulting in the release of
disintegrin domains.

3. The Role of Prodomains for Enzyme Inactivation

One still-unsolved issue is the maintenance of mature enzymes in the lumen of the venom gland.
Since SVMPs degrade extracellular matrix components [91,92] and can lead to loss of viability of
different cell types [20] (including epithelial cells [93]), they can be considered a potential risk for the
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maintenance of venom gland integrity. It is currently accepted that the acidic pH environment in the
lumen of the venom gland could limit proteolytic activity of SVMPs [94]. Additionally, high citrate
concentrations and tripeptides containing pyroglutamate found in venoms could inhibit SVMPs that
would be activated after venom injection due to dilution factors [95,96]. Previously, secretion of SVMPs
into the lumen of the gland as zymogens was also considered as a mechanism for maintaining the
latency of these enzymes. However, we have recently shown that the activation of SVMPs mainly
occurs during the secretion to the lumen of the venom gland, and cleaved prodomains undergo further
hydrolysis to small peptides [46].

The potential of peptides containing the cysteine-switch motif for the inactivation of SVMPs has
already been shown [37]. This work led us to test if processed prodomain or prodomain degradation
peptides could play a role in the inhibition of activated SVMPs, within the gland environment. To
test this hypothesis, we produced jararhagin recombinant prodomain (PD-Jar) as described [46],
and synthesized a 14-mer C-terminally amidated peptide (SynPep), based on a naturally-occurring
prodomain peptide fragment that was abundantly detected in Bothrops jararaca peptidome [48].
Interestingly, our preliminary data show that both recombinant PD-Jar and SynPep inhibited jararhagin
catalytic activity, and also toxic activities such as induction of fibrinolysis and hemorrhage (Table 1).

Table 1. Inhibition of jararhagin activities by its recombinant prodomain (PD-Jar) or a prodomain
degradation peptide (SynPep).

Jar 1 1
Activity PD-Jar SynPep
Molar Ratio % Inhibition Molar Ratio % Inhibition
Catalytic 2 1:10 98 1:5000 90
Fibrinolytic 3 1:14 100 1:200 100
Hemorrhagic 4 1:9 100 1:500 100

! Values correspond to enzyme to PD-Jar/SynPep molar ratios that resulted in inhibition of jararhagin activity; 2
Inhibition of enzymatic activity was tested by incubation with Abz-A-G-L-A-EDDnp as fluorescence quenched
metalloproteinase substrate and compared according to the relative fluorescence units (RFU/min/ug) of each
reaction [97]; 3 Inhibition of jararhagin fibrinolytic activity was calculated by measuring the hydrolysis halo in
fibrin-containing agarose plates [98]; # Hemorrhage levels were calculated by measuring the hemorrhagic area
30 min after intradermal injection in the dorsal region of four mice [98].

Inhibition of metalloproteinase activity by isolated prodomains has been recently addressed in the
search for specific therapeutic tools for pathologies involving these enzymes. The cleaved prodomain
of certain ADAMs can act as a selective inhibitor of the catalytic activity of the enzyme. Moss and
coworkers [99] and Gonzales et al. [100] produced the recombinant prodomains of ADAM-9 and TACE,
respectively, for the purpose of understanding their mechanism of inhibition and selectivity against
these proteinases. In these studies, ADAM-9 prodomain was highly specific and the inhibition of
ADAM-9, by its recombinant prodomain, regulated ADAM-10 activity controlling the release of soluble
a-secretase enzyme, which is an important task in the therapy Alzheimer's disease [99]. Additionally,
TACE prodomain was also specific for this enzyme and could be used as a potential inhibitor of
TNF-o release in inflammatory diseases [100]. Considering the high selectivity of prodomains as
metalloproteinase inhibitors, we are currently testing more accurately the selectivity and kinetics
parameters of SVMPs” inhibition by PD-Jar and SynPep, and their effects on neutralization of local
effects induced by viper venoms. These experiments may increase our understanding about the
maintenance of inactivated SVMPs inside the venom glands, and could also lead to therapeutic
alternatives to minimize local damage induced by snake venoms.

The animal protocols used in this work were evaluated and approved by the Animal Use and
Ethic Committee (CEUAIB) of the Institute Butantan (Protocol 1271/14). They are in accordance with
COBEA guidelines and the National law for Laboratory Animal Experimentation (Law no. 11.794,
8 October 2008).
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4. Conclusions

The contribution of post-translational processing to the generation of venom diversity has been a
recent issue offering important insights for understanding the complexity of animal venom arsenals.
In this review, we present some current data that support the participation of post-translational
processing for generation of diversity of snake venom metalloproteinases. Furthermore, there are
other snake venom toxin families (serine proteinases, phospholipases, and C-type lectin-like proteins)
represented by several proteoforms, and we predict that similar features discussed here for SVMPs
could also be applicable to account, at least in part, for their diversity, and that the same would
hold true for venom components from different animal species. Indeed, in a very elegant study,
Dutertre and collaborators [101] explained the expanded peptide diversity in the cone snail Conus
marmoreus revealing how a limited set of approximately 100 transcripts could generate thousands
of conopeptides in the venom of a single species. More recently, Zhang and collaborators [102]
working with peptide toxins from the tarantula Haplopelma hainanum went further into this aspect by
showing the role of post-translational modifications in the generation of venom diversity and also in
diversifying the functional venom arsenal. In this review, we addressed this issue for snake venom
metalloproteinases. Although genetic mechanisms are essential for generating a great number of SVMP
paralogue genes, post-translational processing appears as an important contributor for diversifying the
SVMP arsenal able to interact with a greater number of physiological targets present in different prey.
The articles revised in this paper may represent only the tip of the iceberg explaining SVMPs diversity.
With analytical methods improvements, such as top-down proteomic approaches, characterization of
proteoforms of complex molecules may present a larger number of possibilities for post-translational
modification in SVMPs, supporting the role of processing for the stability, maintenance and functional
diversification of this important toxin family present in snake venoms.
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Abbreviations

The following abbreviations are used in this manuscript:

SVMP Snake Venom Metalloproteinase

ADAM A Disintegrin and Metalloproteinase

MMP Matrix Metalloproteinase

PD-Jar Recombinant prodomain of Jararhagin

MHC Major Histocompatibility Complex

ECM Extracellular Matrix

TACE Tumor Necrosis Factor-alpha Converting Enzyme

DAPI 4’ ,6-diamidino-2-phenylindole

SynPep Synthetic Peptide of a prodomain hydrolysis product found in B. jararaca venom peptidome
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ANEXOS

77

Tabela Suplementar A.1l: Identification of peptides generated by the incubation of
Matrigel with ATXL and BATXH by LC-MS/MS*.

Table S1. of peptides by the i of Matrigel with ATXL and BATXH by LC-MS/MS*.
Table S1. ICharge  Mass PEP MS/MS Count Protein names Protein IDs  Sequence Gene names  Leading protein: Leading razor protein
ATXL-R1 7 171886 9,51E-03 1 Heat shock cognate 71 kDa protein;Heat P63017;P1662'IIANDQGNRTTPSYVA Hspa8;Hspal;H:P63017 P63017
ATXL-R1 @ 1301,68 7,17E-03 1 Laminin subunit gamma-1 P02468 LKEAEREVTDL Lamc1 P02468 P02468
ATXL-R1 2 1037,55 7,03E-03 1 Laminin subunit alpha-1 P19137 HADIIIKGNG Lama1 P19137 P19137
ATXL-R1 1 624,348 6,93E-03 1 SCY1-like protein 2 QB8CFE4 LPELGP Scyl2 REV__F2YMG0 REV__F2YMGO
ATXL-R1 2 1197,64 6,83E-03 1 ATP synthase subunit alpha, mitochondriz Q03265 LGNAIDGKGPIGS Atp5at Q03265 Q03265
ATXL-R1 2 943,524 6,60E-03 1 Histone H2A.V;Histone H2A.Z;Histone H2 Q3THW5;POCOAGLQFPVGR H2afv;H2afz;Hist Q3THWS5,Q8CGF Q8CGP6
ATXL-R1 2 144579 6,17E-03 1 Calreticulin P14211 LIVRPDNTYEVK Calr P14211 P14211
ATXL-R1 2 1086,58 5,78E-03 1 Tubulin alpha-4A chain; Tubulin alpha-8 ch. P68368;Q9JJZ QTNLVPYPR Tubada;Tuba8;TP68368 P68368
ATXL-R1 2 1330,71 3,71E-03 1 60S ribosomal protein L18 P35980 TAVWGTVTDDVR Rpl18 P35980 P35980
ATXL-R1 3 144375 2,91E-03 1 Laminin subunit alpha-1 P19137 QTARKDFQPPVSA  Lamail P19137 P19137
ATXL-R1 2 951,441 2,50E-03 1 Vimentin P20152 FGGSGTSSRP Vim P20152 P20152
ATXL-R1 2 1222,7 2,40E-03 1 Laminin subunit beta-1 P02469 ANLGPGVIWER Lamb1 P02469 P02469
ATXL-R1 2 137,51 2,34E-03 1 Vimentin P20152 SFRQDVDNAS Vim P20152 P20152
ATXL-R1 2 1257,73 1,83E-03 1 Laminin subunit alpha-1 P19137 LVEHVPGRPVR Lamat P19137 P19137
ATXL-R1 2 152973 1,73E-03 1 Laminin subunit beta-1 P02469 AIKQADEDIQGTQN ~ Lamb1 P02469 P02469
ATXL-R1 2 1653,8 1,39E-03 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(TVLSGGTTMYPGIADR Actgi:Actb  P63260 P63260
ATXL-R1 3 132963 1,28E-03 1 Prolyl 3-hydroxylase 1 Q3V1T4-3;Q3VFSSGTENPHGVKA  Lepret QaV1IT4-3 QaV1T4-3
ATXL-R1 2 102856 1,25E-03 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(QVITIGNER Actg1;Actb;Actg P63260 P63260
ATXL-R1 3 1499,75 1,19E-03 1t g nuclear ri in Q9Z2X1-2,Q9Z SVQRPGPYDRPGTA  Hnmpf Qezax1-2 Qezax1-2
ATXL-R1 2 968,456 1,11E-03 1 Nidogen-1 P10483 ASLHGGEPTT Nid1 P10493 P10493
ATXL-R1 2 1228,64 8,69E-04 1 Laminin subunit gamma-1 P02468 LQNIRNTIEE Lamc1 P02468 P02468
ATXL-R1 2 128069 867E-04 1 Fibrinogen beta c)\a!n ;Fibrinopeptide B;Fil Q8KOES LRPAPPPISGGGY Fgb QBKOE8 Q8KOE8
ATXL-R1 2 113251 7.86E-04 P16858 HSSTFDAGAGIA Gapdh P16858 P16858
ATXL-R1 2 121164 6.43E-04 1 40S ribosomal proletn $5;40S ribosomal |P97461 ATPAVAETPDIK Rps5 P97461 PO7461
ATXL-R1 2 121053 6.41E-04 1 Laminin subunit gamma-1 P02468 MVTDQAFEDR Lamc1 P02468 P02468
ATXL-R1 2 970,508 4,71E-04 1 Procollagen-lysine, 2-oxoglutarate 5-dioxy QSR0BS VAINGNGPTK Plod2 QOR0BY QOR0BS
ATXL-R1 2 1338,64 4,36E-04 1 Laminin subunit alpha-1;Laminin subunit al P19137,Q6067 LINGRPSADDPSP Lamat;Lama2 P19137 P19137
ATXL-R1 2 1270,57 4,04E-04 1 Laminin subunit gamma-1 P02468 HEATDYPWRP Lame1 P02468 P02468
ATXL-R1 2 1360,75 2,93E-04 1t gt nuclear ri ine Q9Z204-4;Q9Z SYPARVPPPPPIA Hnmpe Q97204-4 Q92204-4
ATXL-R1 2 989,533 2,45E-04 1 Laminin subunit alpha-1 P19137 ISMEVGRKA Lama1 P19137 P19137
ATXL-R1 2 1036,57 2,17E-04 1 Laminin subunit alpha-1 P19137 HADIIIKGNG Lamat P19137 P19137
ATXL-R1 2 114461 1,29E-04 1 Laminin subunit gamma-1 P02468 IRNTIEETGI Lame1 P02468 P02468
ATXL-R1 2 1082,54 9,07E-05 1 Transcription intermediary factor 1-beta Q62318 LTEGPGAEGPR Trim28 Q62318 Q62318
ATXL-R1 2 1038,53 2,18E-05 1 Protein disulfide-isomerase P09103 ITSNSGVFSK P4hb P09103 P09103
ATXL-R1 3 141272 2,04E-05 L nuclear ri in Q9Z2X1-2,Q9ZVQRPGPYDRPGTA  Hnmpf Q9z2x1-2 Qoz2x1-2
ATXL-R1 2 1637,81 1,39E-05 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(TVLSGGTTMYPGIADR Actgt:Acth  P63260 P63260
ATXL-R1 2 121264 7,45E-08 1 60S ribosomal protein L30 P62889 1IDPGDSDIIR Rpi30 P62889 P62889
ATXL-R1 3 157998 451E-08 1 78 kDa glucose-regulated protein P20029 KLIPRNTVWPTKKS ~ Hspa P20029 P20029
ATXL-R1 2 1260,72 1,12E-06 1 Elongation factor 1-alpha 1;Elongation facP10126;P6263 VILNHPGQISA Eeflat;Eefla2 P10126 P10126
ATXL-R1 2 1379,72 7,63E-07 1 Laminin subunit gamma-1 P02468 HKQEADDIVRVA Lamc1 P02468 P02468
ATXL-R1 2 1232,59 1,43E-07 160 kDa heat shock protein, mitochondrial P63038;P6303t VGGTSDVEVNEK Hspd1 P63038 P63038
ATXL-R1 2 975,466 7.61E-08 1 Laminin subunit beta-1 P02469 IEDPYSPR Lamb1 P02469 P02469
ATXL-R1 2 1117,48 5,78E-09 1 Tubulin beta-4B chain; Tubulin beta-5 chaii P68372,P9802: HSLGGGTGSGMGT  Tubb4b; Tubb5;TP68372 P68372
ATXL-R1 2 1036,49 5,76E-16 1 Vimentin P20152 ANYQDTIGR Vim P20152 P20152
ATXL-R2 2 1130,56 9,34E-03 1 Laminin subunit gamma-1 P02468 LGNAAADATEAK Lame1 P02468 P02468
ATXL-R2 2 901,487 7,47€-03 1 408 ribosomal protein S6 P62754 LTDTTVPR Rpsé P62754 P62754
ATXL-R2 2 12227 7,36E-03 1 Laminin subunit beta-1 P02469 ANLGPGVIVVER Lamb1 P02469 P02469
ATXL-R2 2 1501,78 7,25E-03 1 Transcription intermediary factor 1-beta Q62318 AIGAPPAAPEGPETKP Trim28 Q62318 Q62318
ATXL-R2 3 1205,65 7,03E-03 1 Ubiquilin-1;Ubiquilin-2 Q8R317-2,Q8F LIQRNPEISH Ubqin1;Ubgin2 Q8R317-2 Q8R317-2
ATXL-R2 2 1160,63 6,68E-03 1 Hemoglobin subunit beta-1;Hemoglobin st P02088;P0208{LVWYPWTQR Hbb-b1;Hbb-b2;|P02088 P02088
ATXL-R2 2 1036,52 6,68E-03 1 Laminin subunit beta-1 P02469 STEGEVIFR Lamb1 P02469 P02469
ATXL-R2 2 1028,56 6,35E-03 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(QVITIGNER Actg1;Actb;Actg P63260 P63260
ATXL-R2 2 1653,8 6,28E-03 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(TVLSGGTTMYPGIADR Actg1;Actb P63260 P63260
ATXL-R2 2 102851 6,20E-03 1 Heat shock cognate 71 kDa protein;Heat P63017;P1662 LNKSINPDE Hspa8;Hspa1l;H:P63017 P63017
ATXL-R2 2 1388,78 3,72E-03 1 Elongation factor 1-alpha 1;Elongation facP10126;P6263' QVIILNHPGQISA Eeflal;Eefla2 P10126 P10126
ATXL-R2 2 1036,57 3,57E-03 1 Laminin subunit alpha-1 P19137 HADIIIKGNG Lamat P19137 P19137
ATXL-R2 2 103649 3,56E-03 1 Vimentin P20152 ANYQDTIGR Vim P20152 P20152
ATXL-R2 2 152967 3,45E-03 1 Laminin subunit beta-1 P02469 SRDPYHETLNPDS ~ Lamb1 P02469 P02469
ATXL-R2 2 865,466 3,19E-03 1 Laminin subunit alpha-1 P19137 ALLHAPTGS Lama1 P19137 P19137
ATXL-R2 2 121862 3,00E-03 1 Calreticulin P14211 LIVRPDNTYE Calr P14211 P14211
ATXL-R2 2 943,524 2,83E-03 1 Histone H2A.V;Histone H2A.Z;Histone H2. Q3THWS5;POCOAGLQFPVGR H2afv;H2afz;Hist Q3THWS5;Q8CGF QBCGP6
ATXL-R2 2 911,519 2,73E-03 1 Elongation factor 1-alpha 1;Elongation facP10126;P6263 GGIGTVPVGR Eeflat;Eefla2 P10126 P10126
ATXL-R2 2 989,533 2,61E-03 1 Laminin subunit alpha-1 P19137 ISMEVGRKA Lama1 P19137 P19137
ATXL-R2 2 1167,62 2,43E-03 1 Lamin-B1 P14733 ASAPATPLSPTR Lmnb1 P14733 P14733
ATXL-R2 3 132963 2,35E-03 1 Prolyl 3-hydroxylase 1 Q3V1T4-3,Q3V FSSGTENPHGVKA Lepret Q3V1T4-3 Q3V1T4-3
ATXL-R2 3 149279 2,04E-03 1 Laminin subunit alpha-1 P19137 ANAPRPGNWILER ~ Lamal P19137 P18137
ATXL-R2 3 131871 1,91E-03 1 3 P16858 LEKPAKYDDIK Gapdh P16858 P16858
ATXL-R2 2 1257,73 1,83E-03 1 Laminin subunit alpha-1 P19137 LVEHVPGRPVR Lama1 P19137 P19137
ATXL-R2 2 111558 1,51E-03 1 60S ribosomal protein L3 P27659 IQUNGGTVAEK Rpi3 P27659 P27659
ATXL-R2 2 1751,85 1,07E-03 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(NTVLSGGTTMYPGIADIActg1;Actb P63260 P63260
ATXL-R2 2 114461 7,09E-04 1 Laminin subunit gamma-1 P02468 IRNTIEETGI P02468 P02468
ATXL-R2 2 1109,55 6,69E-04 1 Fibrinogen alpha chain;Fibrinopeptide A;F E9PV24-2,E9P' LSERHPDLSG Fga E9PV24-2 E9PV24-2
ATXL-R2 2 1082,54 5,02E-04 1 Transcription intermediary factor 1-beta Q62318 LTEGPGAEGPR Trim28 Q62318 Q62318
ATXL-R2 2 133864 4,36E-04 1 Laminin subunit alpha-1;Laminin subunit alP19137;Q6067 LINGRPSADDPSP Lamat;Lama2 P19137 P19137
ATXL-R2 3 1257,73 3,96E-04 1 Laminin subunit alpha-1 P18137 LVEHVPGRPVR Lama1 P19137 P19137
ATXL-R2 2 1130,65 3,54E-04 1 Laminin subunit alpha-1 P19137 IKEITEKVAT Lama1 P19137 P19137
ATXL-R2 2 1003,55 2,67E-04 1 Laminin subunit beta-1 P02469 VWTTFAPNR Lamb1 P02469 P02469
ATXL-R2 3 1336,69 1,73E-04 1 Laminin subunit beta-1 P02469 LDGELDEKYKK Lamb1 P02469 P02469
ATXL-R2 2 10246 1.49E-04 1 Elongation factor 1-alpha 1;Elongation facP10126;P6263 IGGIGTVPVGR Eeflal:Eefla2 P10126 P10126
ATXL-R2 2 975,466 1,31E-04 1 Laminin subunit beta-1 P02469 IEDPYSPR Lamb1 P02469 P02489
ATXL-R2 2 1189,62 1,16E-04 1 Laminin subunit beta-1 P02469 QVEVKLTDTAS Lamb1 P02469 P02469
ATXL-R2 3 1499,75 6,96E-05 nuclear i in Q9Z2X1-2,Q92 SVQRPGPYDRPGTA  Hnmpf Qezax1-2 Qoz2x1-2
ATXL-R2 2 1280,69 6,67E-05 1 Flbnnogen beta chain;Fibrinopeptide B;Fit Q8KOE8 LRPAPPPISGGGY Fgb QBKOE8 Q8KOE8
ATXL-R2 2 1232,59 5,22E-05 1 60 kDa heat shock protein, mitochondrial P63038;P6303t VGGTSDVEVNEK Hspd1 P63038 P63038
ATXL-R2 2 121264 4,41E-05 1 60S ribosomal protein L30 P62889 |IDPGDSDIIR Rpi30 P62889 P62889
ATXL-R2 3 194405 2,15E-05 1 Clathrin heavy chain 1 Q68FDS LHIIEVGTPPTGNQPFPI Cite Q68FD5 Q68FD5
ATXL-R2 2 1529,73 6,86E-08 1 Laminin subunit beta-1 P02469 AIKQADEDIQGTQN ~ Lamb1 P02469 P02469
ATXL-R2 3 1412,72 8,37E-08 1 nuclear in Q9Z2X1-2,Q9ZVQRPGPYDRPGTA  Hnmpf Q9z2x1-2 Q9z2x1-2
ATXL-R2 2 113251 3,48E-09 P16858 HSSTFDAGAGIA Gapdh P16858 P16858
ATXL-R2 2 1117,48 1,17E-09 1 Tubulin beta-4B chain; Tubulin beta-5 chail P68372;P9902: HSLGGGTGSGMGT  Tubb4b;Tubb5;TP68372 P68372
ATXL-R2 2 163781 3,75E-13 1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P§3260;P6071(TVLSGGTTMYPGIADR Actg1;Actb P63260 P63260
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Tabela Suplementar A.1l: Identification of peptides generated by the incubation

Matrigel with ATXL and BATXH by LC-MS/MS*.

Table $1. Identification of peptides generated by the incubation of Matrigel with ATXL and BATXH by LC-MS/MS*.
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BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
BATXH-R2
Contral-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Contral-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
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Mass

15908
1322,65
1160,63
1060,48
1086,61
865,466
1030,53
1359,71
1200,6

10246
1080,54
900,503
1451,69
1338,64
1082,54
1012,52
1240,62
1498,87
1548,75
1233,65
1166,55
1038,53
10855,54
1210,53
1004,48
2039,19
1364,73
1339,63
1286,73
157385
981,478
1073,55
1286,73
1305,66
1160,63
1038,53
1405,72
1004,49

1083,8
1089,58
1088,61
1075,59
998,515
1673,85
865,466
1536,76
1865,97
1338,64

10246
1280,69
988,571
1211,52
1364,73
113,55
1314,61
1272,69
1332,67
1090,54
14927
15738

1647,86
1241,69
988,571
1248,65
1038,53
1146,59
1779,83
1269,73
1481,67
975,486
1380,85
1208,63
1777,86
1182,54
142871
1328,74
1373,60
1029,54
1338,68
131,71
113,64
1284,74

10836

PEP

9,42E-03
9,23E-03
7,33E-03
6,57E-03
6,57E-03
6,56E-03
6,48E-03
591E-03
5,91E-03
5,91E-03
5,44E-03
4,96E-03
4,91E-03
4,11E-03
3,59E-03
2,98E-03
1,73E-03
1,07E-03
1,05E-03
6,87E-04
6,71E-04
6,41E-04
5,61E-04
4,T7E-04
4,17E-04
3,15E-04
2,70E-04
7,15€-05
2,35E-05
6,69E-08
3,92E-10
3.27E-17
9,67E-03
9,20E-03
9,17E-03
7,25E-03
6,86E-03
6,68E-03
6,84E-03
6,30E-03
6,13E-03
5,66E-03
4,98E-03
4,B4E-03
4,68E-03
3,98E-03
342E-03
2,09E-03
1,53E-03
9,06E-04
6,81E-04
6,50E-04
2,70E-04
2,46E-04
1,65E-04
3,37E-05
1,51E-06
5,35E-07
9,98E-08
3,35E-08
1,83E-09
1,48E-09
9.91E-03
9,42€-03
7,711E-03
7,03E-03
6,57E-03
5,92E-03
5,57E-03
5,57E-03
5,30E-03
4,96E-03
4,65E-03
4,16E-03
3,91E-03
3,75E-03
345E-03
3,11E-03
2,85E-03
2,83E-03
1,67E-03
1,51E-03
1,47E-03
9,54E-04
8,64E-04

MS/MS Count Protein names

Protein IDs  Sequence

178 kDa glucose-regulated protein P20029 LTSNPENTVFDAKR
160 kDa heat shack protein, mitochondrial P63038;P6303! LNLEDVQAHDLG

1 Hemoglobin subunit beta-1;Hemoglobin st P02088;P0208!LVVYPWTQR

Gene names  Leading protein: Leading razor protein

Hspa5 P20029
Hspd1 P63038
Hbb-b1;Hbb-b2;| PO2088

1 Heat shock protein HSP 90-alpha PO7801 HLEINPDHS Hsp90aal POT901
1 405 ribosomal protein S4, X isoform  P62702 TIRYPDPLI Rpsdx PB2702
1 Laminin subunit alpha-1 P19137 ALLHAPTGS Lamail P19137
1 Laminin subunit gamma-1 P02468 ISQDLEKQA Lamet P02468
-3-phosp dehyd P16858 IFQERDPTNIK Gapdh P16858
1 Plasminogen;Plasmin heavy chain A;Activ P20918 IFTPQTNPRAG Plg P20918
1 Elongation factor 1-alpha 1;Elongation fac P10126;P6263 IGGIGTVPVGR Eefla1;Eefla2 P10126
1 Laminin subunit alpha-1 P19137 LWDLGSGSTR Lamat P19137
1 Actin, eytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(VITIGNER Actg1:Actb:Actg PE3260
1 Protein disuffide-isomerase P09103 TVIDYNGERTLDG Péhb P09103
1 Laminin subunit alpha-1;Laminin subunit al P19137,Q6067 LINGRPSADDPSP Lamat;Lama2 P19137
1 Transcription intermediary factor 1-beta Q62318 LTEGPGAEGPR Trim28 Q62318
1 Citrate synthase, mitochondrial Qaczue VLDPDEGIR Cs Q8CZU6
1 Nidogen-1 P10493 AGGADAQRPTLQG  Nid1 P10493
1 Laminin subunit gamma-1 P02468 LIEIASRELEKAK Lame1 P02468
1 Heat shock cognate 71 kDa protein;Heat P63017;P1662°IIANDQGNRTTPSY Hspa8;Hspa1lH.P63017
1 Tubulin alpha-4A chain; Tubulin alpha-8 ch P68368;Q9JJZ FQTNLVPYPR Tubada; Tuba8;TP68368
1 Protein disulfide-isomerase A6 Qo22R8 LTDDTFDKNV Pdia8 QO22R8
1 Protein disulfide-somerase P09103 ITSNSGVFSK Pdhb P09103
1 Nidogen-1 P10493 ADAQRPTLQG Nid1 P10493
1 Laminin subunit gamma-1 P02468 MVTDQAFEDR Lame1 P02468
178 kDa glucose-regulated protein P20029 VAFTPEGER Hspas P20028
178 kDa glucose-regulated protein P20029 VMTKLIPRNTVVPTKKS Hspa5 P20028
1 Laminin subunit alpha-1 P19137 IRSQQDVLGGHR Lamat P19137
1 Tubulin beta-4B chain; Tubulin beta-5 chail P68372;P3902: VISDEHGIDPTGT Tubbdb; Tubb5;T P68372
1 405 riboesomal protein S3 P62808 IGPKKPLPDHVS Rps3 P62908
1Gi 3 gen P16858 ITIFQERDPTNIK Gapdh P16858
1 Laminin subunit alpha-1 P19137 ANAPRPGNW Lamat P19137
178 kDa glucose-regulated protein P20029 ITITNDQNR Hspa5 P20029
1 405 ribesomal protein 53 P62308 IGPKKPLPDHVS Rps3 P62908
1 Peptidyl-prolyl cis-trans isomerase FKBP Q61576 LVSREDGLPTGY Fkbp10 Q61576
1 Hemoglobin subunit beta-1;Hemoglobin st P02088;P0208!LVWYPWTQR Hbb-b1;Hbb-b2;| P02088
1 Protein disulfide-isomerase ITSNSGVFSK Pdhb P0g103
1 Nesprin-2 QBZWQ0 LRQYQNIKNNL Syne2 Q6ZWQ0
178 kDa glucose-regulated protein P20029 VAFTPEGER Hspa5 P20029
1 Laminin subunit alpha-1 P19137 DLDPIVTRR Lama1l P19137
1 Clathrin heavy chain 1 QB8FDS VLLESNPYR Clic Q68FDS
1 40S ribesomal protein S4, X isoform  P62702 TIRYPDPLI Rpsdx P62702
110 kDa heat shock protein, mitochondrial Q64433 VLLPEYGGTK Hspe1 Q64433
1 Nidogen-1 P10493 ADAQRPTLQ Nid1 P10493
16 3 P16858 ITIFQERDPTNIK Gapdh P16858
1 Laminin subunit alpha-1 P19137 ALLHAPTGS Lamat P19137

1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P3260;P6071IVLSGGTTMYPGIADR  Actg1;Act;Actg P63260

1 Laminin subunit alpha-1 P19137
1 Laminin subunit alpha-1;Laminin subunit al P19137,Q6067 LINGRPSADDPSP
1 Elongation factor 1-alpha 1;Elongation fac P10126;P6263 IGGIGTVPVGR

LIAKGREWVDAAGTHT; Lamat P19137

Lamat;Lama2 P19137
Eeflat;Eefla2 P10126

1 Fibrinogen beta chain;Fibrinopeptide B;Fil Q8K0EB LRPAPPPISGGGY  Fgb QBKOES
1 Histone H4 P62806 VFLENVIR Hist1hda P62806
1 Laminin subunit beta-1 P02469 YHETLNPDSH Lamb1 P02469
1 Laminin subunit alpha-1 P19137 IRSQQDVLGGHR Lamal P19137
1 Calreticulin P14211 FLDGDAWTNR Calr P14211
1 Hemoglobin subunit alpha P01842 SHHPADFTPAVH Hba PO1942
1 Laminin subunit beta-1 PO2489 LDKTVKELAEQ Lamb1 P02469
16G 3 gen P 16858 ITIFQERDPTN Gapdh P16858
1 Laminin subunit alpha-1 P19137 LWDLGSGSTR Lamat P19137
1 Laminin subunit alpha-1 P19137 IRSQQDVLGGHRQ  Lamail P19137
1Gi 3 gen P16858 ITIFQERDPTNIK Gapdh P16858
1 Laminin subunit alpha-1 P19137 IEVHVNSGDGTSLR ~ Lamat P19137
16 3 P16858 IFQERDPTNIK Gapdh P16858
1 405 ribesomal protein 520 P608ET DTGKTPVEPEVAIHR  Rps20 PE08&T
1 Histone H2A.V;Histone H2A.Z Q3THWS5;POCCATIAGGGVIPHIH H2afvH2afz ~ Q3THWS
1 Histone H4 P62808 VFLENVIR Hist1hda P62808
1 Prolyl 4-hydroxylase subunit alpha-1 Q60715-2;Q60 LLELDPEHQR Pdhat Q60715-2
1 Serpin H1 P19324 WWEVTHDLQ Serpinh1 P19324
1 60S ribesomal protein L18 P35880 FDQLALESPK Rpl18 P35980
1 Protein disulfide-isomerase P08103 VDATEESDLAQQYGVR P4hb P09103
1 Aspartate aminotransferase, mitochondri: P05202 IAATILTSPDLR Got2 P05202
1 60S ribesomal protein L& P62918 GVAMNPVEHPFGGGN Rpl8 P62918
1 Laminin subunit beta-1 P02469 IEDPYSPR Lamb1 P02469
1 405 ribosomal protein $13 P62301 KGLTPSQIGVILR Rps13 P62301
1 Laminin subunit alpha-1 P19137 IRSQQDVLGGH Lamal P19137
1 H nuclear ri protein Q9Z2X1-2;Q92 FMSVQRPGPYDRPGT/Hnmpf Q9Z2X1-2
1 Hemoglobin subunit alpha PO1942 HFDVSHGSAQV Hba P01942
1 405 ribesomal protein S14 P62264 |IEDVTPIPSDSTR Rps14 P62264
1 Elongation factor 1-alpha 1 P10126 VETGVLKPGMWT  Eeflat P10126
1 Histone H4 P62806 VIRDAVTYTEHA Hist1hda P62808
1 Tubulin beta-4B chain; Tubulin beta-5 chai P68372,P902: AVNMVPFPR Tubbdb; Tubb5.T PE83T2
1 Vimentin P20152 TYSLGSALRPSTS Vim P20152
1 Laminin subunit alpha-1 P19137 DLRDLDPIVTR Lamat P19137
1 Tubulin beta-4B chain; Tubulin beta-5 chail P68372;P4802: LVDSVLDVVR Tubb4b; Tubb5;TP683T2
1 10 kDa heat shock protein, mitochondrial Q64433 VLQATWAVGSGGK  Hspel Q64433
1 Laminin subunit alpha-1 P19137 DLDPIVTRR Lamat P19137

P20029
P63038
P02088
P07901
PE2702
P19137
P02488
P16858
P20918
P10126
P18137
P632860
P08103
P18137
Q62318
QaCZue
P10483
P02488
P&3017
PG8368
Q922R8
P0g103
P10493
P02488
P20029
P20029
P18137
P68372
PG2908
P16858
P19137
P20029
P62908
Q61578
P02088
P0g103
Q6ZWQ0
P20029
P18137
Q68FDS
P62702
Q64433
P10483
P16858
P19137
P63260
P18137
P18137
P10126
Q8KOES
P62806
P02489
P18137
P14211
P01942
P02489
P16858
P18137
P18137
P16858
P19137
P16858
P&088T
Q3THWS
P62806
Q60715-2
P19324
P35980
P08103
P05202
P62818
P02489
P&2301
P18137
QoZ2x1-2
P01942
P62284
P10126
P62806
P8g3T2
P20152
P18137
PG8372
Q64433
P19137

Protein group IDs
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Tabela Suplementar A.1l: Identification of peptides generated by the incubation of
Matrigel with ATXL and BATXH by LC-MS/MS*.

Table S1. Identification of peptides generated by the incubation of Matrigel with ATXL and BATXH by LC-MS/MS*.

Table S1. |Charge

Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R1
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2
Control-R2

Control-R2
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1599,95
1082,64
1627,88
1467,77
142968
1953,06
1393,68
1364,73
1853,08
148567
1014,57

10246
1330,71
1953,06
1842,93
1433,76
1886,96
1528,73
1095,56

1352,7
1336,74
1968,92
1806,93
1199,59
117961
1202,64
1528,73
1324,75
1092,52
1815,93
131171
1554,76
1185,68

799,35
148567
999,517
125165
1478,75
1271,68

911,58
112246
958,534
1146,59
1199,59
1690,77
1380,85
1340,66
1270,66
1169,61
1075,59
124465
1599,95
1214,65
1336,74
957,488
1338,68

PEP

7,98E-10
4,33E-11
5,23€-12
1,28E-19
6,22E-20
3,75E-22
2,42E-26
1,30E-29
9,70E-03
9,68E-03
8,61E-03
8,40E-03
731E-03
6,86E-03
6,83E-03
6,83E-03
6,47E-03
6,36E-03
6,34E-03
5,926-03
5,91E-03
5,27E-03
4,65E-03
4,21E-03
4,12E-03
3,62E-03
3,00E-03
2,89E-03
2,81E-03
2,71E-03
2,09E-03
1,97E-03
1,86E-03
1,71E-03
1,58E-03
1,27E-03
1,06E-03
8,72E-04
7,64E-04
7,00E-04
6,69E-04
6,33E-04
5,63E-04
461E-04
2,70E-04
1,24E-04
9,89E-05
8,87E-05
8,04E-05
5,60E-05
5,29E-05
3,82E-05
1,75E-05
3,02E-06
2,81E-06
1,31E-06
6,23E-07
1,39E-07
1,15E-07
2,21E-08
2,14E-09
1,79E-09
1,38E-09
581E-10
3,95E-10
2,18E-10
1,52E-15
5.44E-18
7.71E-28

MS/MS Count Protein names

1 Histone H3.3;Histone H3.2;Histone H3.1;} P84244;P8422{ STELLIRKLPFQR

1 408 ribosomal protein S13 P62301
1 Malate dehydrogenase, mitochondrial ~ P08249
1 Apolipoprotein A-I;Proapolipoprotein A-1;1Q00623
178 kDa glucose-regulated protein P20029

Protein IDs

Sequence

H3f3a;Hist1h3b;1P84244

TPSQIGVILR Rps13 P62301
(GLDPARVNVPVIGGHA(Mdh2 P08249
VAPLGAELQESARQ  Apoal Q00623
TWNDPSVQQDIK Hspa5 P20029

1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(VAPEEHPVLLTEAPLNP Actg1;Actb P63260
1 Eukaryotic initiation factor 4A-I;Eukaryotic P60843;P1063(GYDVIAQAQSGTGK  Eifdat;Eif4a2  P60843

1 Laminin subunit alpha-1 P19137 IRSQQDVLGGHR Lama1 P19137
1 40S ribosomal protein S3 P62908 IGPKKPLPDHVSIVEPK Rps3 P62908
1 Fibrinogen alpha chain;Fibrinopeptide A;F E9PV24-2;E9P' VFSEFGDSSSPATR  Fga ESPV24-2
1 GTP-binding nuclear protein Ran P62827 LVLVGDGGTGK Ran P62827
1 Elongation factor 1-alpha 1;Elongation facP10126;P6263' IGGIGTVPVGR Eeftal;Eefla2 P10126
1 60S ribosomal protein L18 P35980 TAVWGTVIDDVR  Rplt8 P35980
1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(VAPEEHPVLLTEAPLNP Actg1;Actb P63260
1 Tubulin beta-48 chain 372 INVYYNEATGGKYVPR Tubb4b P68372
1 Nidogen-1 P10493 LGSPEGIALDHLGR  Nid1 P10493
178 kDa glucose-regulated protein P20029 VTHAVWTVPAYFNDAQtHspaS P20029
1 Hemoglobin subunit alpha P01942 IGGHGAEYGAEALER Hba P01942
1 Serpin H1 P19324 GVVEVTHDLQ Serpinh1 P19324
1 Laminin subunit beta-1 P02469 LHTLGDNLLDSR Lamb1 P02469
1 Serpin H1 P19324 HLAGLGLTEAIDK Serpinh1 P19324
1 Laminin subunit alpha-1 P19137 ALLHAPTGSYSDGQEH Lama1 P19137
1 3-ketoacyl-CoA thiolase, mitochondrial  Q8BWT1 TNVSGGAIALGHPLGG!Acaa2 Q8BWT1
1 Hemoglobin subunit beta-1 P02088 VITAFNDGLNH Hbb-b1 P02088
1 Histone H4 P62806 ISGLIYEETR Histihda P62806
1 408 ribosomal protein SA P14206 FAAATGATPIAGR Rpsa P14206
1 Hemoglobin subunit alpha P01942 IGGHGAEYGAEALER Hba P01942
1 Histone H4 P62806 DNIQGITKPAIR Hist1hda P62806
1 Vimentin P20152 FADLSEAANR Vim P20152
1 Protein disulfide-isomerase A6 Q922R8 HQSLGGQYGVQGFPT Pdiaé Q922R8
1 Laminin subunit alpha-1 P19137 DLRDLDPIVIR Lamat P19137
1 Hemoglobin subunit alpha P01942 FPHFDVSHGSAQVK  Hba P01942
1 T-complex protein 1 subunit gamma P80318 AVAQALEVIPR Cet3 P80318
1 80S ribosomal protein L14 Q9CRS7 TDFDRF Rpl14 QICRS7
1 Fibrinogen alpha chain;Fibrinopeptide A;F E9PV24-2,E9P' VFSEFGDSSSPATR  Fga E9PV24-2
1 80S ribosomal protein L13 P47963 TGPVMPIRN Rpl13 P47963
1 Vimentin P20152 TYSLGSALRPST Vim P20152
178 kDa glucose-regulated protein P20029 VVTVPAYFNDAQR  HspaS P20029
1 Protein disulfide-isomerase A6 Q922R8 VDATVNQVLASR Pdia8 Q922R8
1 80 kDa heat shock protein, mitochondrial P63038 VGLQWAVK Hspd1 P63038
1 408 ribosomal protein S2 P25444 SPYQEFTDH Rps2 P25444
1 Serpin H1 P19324 LGLTEAIDK Serpinh1 P19324
1 60S ribosomal protein L18 P35980 FDQLALESPK Rplt8 P35980
1 Hemoglobin subunit beta-1 P02088 VITAFNDGLNH Hbb-b1 P02088
1 Hemoglobin subunit alpha P01942 TYFPHFDVSHGSAQV Hba P01942
1 40S ribosomal protein $13 P62301 KGLTPSQIGVILR Rps13 P62301
1 Alpha-2-HS-glycoprotein P29699 VESASGETLHSPK  Ahsg P29699
1 Calreticulin P14211 SDFGKFVLSSGK Calr P14211
1 Laminin subunit alpha-1 P19137 DLIYVGGLPHS Lama1 P19137
1 10 kDa heat shock protein, mitochondrial Q64433 VLLPEYGGTK Hspet Q64433
1 ATP synthase subunit apha, mitochondriz Q03265 SVREPMQTGIK Atp5at Q03265
1 Histone H3.3;Histone H3.2;Histone H3.1;} P84244,P8422( STELLIRKLPFQR H3f3a;Hist1h3b;1P84244
1 60 kDa heat shock protein, mit ial P63038;F IVEK Hspd1 P63038
1 Serpin H1 P19324 HLAGLGLTEAIDK Serpinh1 P19324
1 Stress-70 protein, mitochondrial P38647 VLENAEGAR Hspa9 P38647
1 Vimentin P20152 TYSLGSALRPSTS Vim P20152
1 nuclear in Q9Z2X1-2,Q92 FMSVQRPGPYDRPGT/ Hnmpf Q9z2x1-2
1 Protein disulfide-isomerase P09103 KSNFEEALAAHK P4hb P09103
1 Malate dehydrogenase, mitochondrial ~ P08249 GLDPARVNVPVIGGHA(Mdh2 P08249
1 Tubulin beta-4B chain P68372 INVYYNEATGGKYVPR Tubbdb P68372
1 ATP synthase subunit beta, mitochondrial P56480 IMDPNIVGNEHYDVARC Atp5b P56480
1 Histone H2A type 1-H;Histone H2A J;Histc Q8CGP6;Q8R1IRNDEELN Hist1h2ah;H2afj; Q8CGP6
178 kDa glucose-regulated protein P20029 TWNDPSVQQDIK Hspa5 P20029
1 Endoplasmic reticulum resident protein 2¢P57759 FDTQYPYGEK Emp29 P57759
1 Laminin subunit alpha-1 P19137 IRSQQDVLGGHR Lama1 P19137
1 Vimentin P20152 ETNLESLPLVDTHS ~ Vim P20152
1 kinase 1; 11,P0904' VSHVSTGGGASLELLE(Pgk1;Pgk2  P09411
1 Laminin subunit beta-1 P02469 LHTLGDNLLDSR Lamb1 P02469
1 Endoplasmin P08113 SILFVPTSAPR Hsp80b1 P08113
1 Laminin subunit alpha-1 P19137 EASAAENPPVRTS Lama1 P19137
1 408 ribosomal protein S14 P62264 IEDVTPIPSDSTR Rps14 P62264
1 Histone H4 P62806 ISGLIYEETR Hist1hda P62806
1 Elongation factor 1-alpha 1;Elongation facP10126;P6263' IGGIGTVPVGR Eefial;Eefla2 P10126
1 Laminin subunit alpha-1 P19137 DLRDLDPIVTR Lama1 P19137
1 Actin, cytoplasmic 2;Actin, cytoplasmic 2, P63260;P6071(VAPEEHPVLLTEAPLNP Actg1;Actb P63260
1 Malate dehydrogenase, mitochondrial ~ P08249 GLDPARVNVPVIGGHA(Mdh2 P08249
1 78 kDa glucose-regulated protein P20029 VTHAVWVTVPAYFNDAQI Hspa5 P20029
1 60S ribosomal protein L8 P62918 GVAMNPVEHPFGGGN Rpi8 P62918
1 Protein disulfide-isomerase A6 Q922R8 HQSLGGQYGVQGFPT Pdiaé Q922R8

1 Histone H2B type 1-P;Histone H2B type 1Q8CGP2;Q8CCFVNDIFER Hist1h2bp;Hist1t Q8CGP2
1 Elongation factor 1-alpha 1 P10126 VETGVLKPGMWT  Eeftal P10126
1 60S ribosomal protein L18 P35980 TAVWGTVTIDDVR ~ Rpl18 P35980
1 Laminin subunit alpha-1 P19137 DLRDLDPIVIR Lamat P19137
1 60S ribosomal protein L13 P47963 LATQLTGPVMPIRN  Rpl13 P47963
160 kDa heat shock protein, mitochondrial P63038 TVIEQSWGSPK Hspd1 P83038
110 kDa heat shock protein, mitochondrial Q64433 VLQATVWAVGSGGK  Hspel Q84433
1 Protein disulfide-isomerase P09103 VDATEESDLAQQYGVR P4hb P09103

1 Vimentin; Desmin P20152;P3100' VELQELNDR Vim;Des P20152
1 Histone H4 P62 DNIQGITKPAIR Hist1hda P62806
1 nuclear in Q922X1-2,Q92VQRPGPYDRPGTA  Hnmpf Qoz2X1-2
1 Laminin subunit beta-1 P02489 IEDPYSPR Lamb1 P02469
1 Serpin H1 P19324 HLAGLGLTEAIDK Serpinh1 P19324

*Only peptides with Posterior Error Probability values < 0.01 are shown.

Gene names  Leading protein: Leading razor protein

P84244
P62301
P08249
Q00623
P20029
P63260
P60843
P19137
P62008
EQPV24-2
P62827
P10126
P35980
P63260
P68372
P10493
P20029
P01942
P19324
P02469
P19324
P19137
Q8BWT1
P02088
P62806
P142068
P01942
P62806
P20152
QO22R8
P19137
P01942
P80318
QICRS7
E9PV24-2
P47963
P20152
P20028
Q922R8
P63038
P25444
P19324
P35980
P02088
P01942
P62301
P29699
P14211
P19137
Q64433
Q03265
P84244
P63038
P19324
P38647
P20152
Q9Z2X1-2
P09103
P08248
P88372
P56480
Q8CGP6
P20029
P57759
P19137
P20152
P0g411
P02469
P08113
P19137
P62264
P62806
P10126
P19137
P63260
P08249
P20029
P62918
Q922R8
Q8CGP2
P10126
P35980
P19137
P47963
P83038
Q64433
P09103
P20152
P62806
Q8z2x1-2
P02469
P19324

Protein group IDs
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Tabela Suplementar A.2: Proteins present in Matrigel and identified as cleaved by
ATXL and BATXH by LC-MS/MS*.

Table 2. Proteins present in Malrigel and idenliied as cleaved by ATXL and BATXH by LC-MSIMS".
MSMS Count Wdentification/Sample
Prolein names T Protein ID ATXLR1| ATXLR2 | BATKHR1 | BATXH-RZ [ControbR1] Contro-R2 | ATXL-R1 [ATL-R2] BATXH-RT | BATXH-RE Control-RTControl-R2]
. . v [] [] 1 v 1 - - - + . .
10 kDa heat shock protein, mitachcrdral 064433 3 3 T T : : . . ! . .
Theloacy-Cok tolase, milochandrial QeaNT1 0 [ 0 i 1 [ N B B v N
403 rbosomalprotein 513 P30t 3 ! . - - : : :
405 rbasomal protein 14 Pe2zsd ] 1 B B 0 0
405 ribosomal peotein S2 F25448 [l 1 - - B . v
405 rbasomal protein 520 PRORET ] ] - - - v -
— 1 [] . + . .
405 rbasomal profein 53 PE2508 3 : 3 - : 2 . -
405 rbasomal protein 54, X soform 62702 ] . - + B
405 rbasamal proten 97461 [ v B B B
405 rbasomal protein 56 62758 [ + - - -
405 rbosomal peoten SA 14208 [] - - - ¥ -
0 [] ] 0 0 1 - - - .
) [] [] ] 0 1 - - B v
80 KDa hest shock proten, mitocherdal PEI 0 [ 1 0 0 ] - - -
- - - .
v + B - B
B0S ribosomal protei L13 P47S63 = = - :
BOS ribosomal protein L14 Q9CRST = = - :
. B B 5 v 0
805 rbosomal peotin L1 P3s580 : N v H : : : - : : . :
605 rbosomal proten L3 P27E50 ] 1 ] ] 0 ] - - - - - -
605 rbasamal protein L30 Pe28ss 1 [ 0 ] 0 [ v + B B B
805 rbasomal proten L8 Pe2818 0 0 0 0 1 1 . . . . B B
] [] 1 [] ] ] . P . . .
1 [] [} ] 0 ] v - 5 .
0 [] [] ] 0 [] - - p -
0 ] 1 ] 0 ] PR P . B
] 0 [] ] 1 1 - - - v v
78 kDa glusose-regulated protein P20029 0 T T T 0 T P 5 " -
0 [ 1 [ 0 ] P B B
v [] ] ] 1 1 - - . v v
) [] [] ] 0 ] - 5 B
0 [ [ [ 0 1 B - - v
0 [ ] [ 0 3 . . . B
0 [ ] [ 0 0 B 0 - B
0 + . - -
. B - - v v
Actin, cytoplasmic ZActn, ¢yoplasmic 2, eminaly processed PEI260PE07I0 . B T B
v + - - . .
B ¥ 5 . .
Aigha 2HS-giycoproten P29898 - - B . v
Fpsipaprolen A1 A ] o006 . B - B ¥ -
‘Asgarate anme itcchandrial Pos22 [RATILTSPOLR 1 - - - - + -
LGNAIDGKGPIGS [ [ . - - - -
ATP synihase subunit aipha, milochondial 003285 Rt 7 : - - - .
ATP synihase subunt beta, mitochandrial Psads0 IMDPNIVGNEHYDVARG ] ! - - - .
ATP subunt dalta, mochondrial 080309 ] [ - - - -
Basement ‘sufale proleoglycan core protein Q05753 LIIRDVKEADQGA ] [l - B 5 B
FLOGDAWTIR 1 ] B - + B
Caleticsin Pra2it - _ = . -
- - B - 0
Carats synthase, miochondral Q9C7U - 0 -
Cathrn ey chain 1 QB6FDS + - - -
B B T B
[] [] - 3 . -
Creatre kinase B-ype Q04447 1 1 - - : -
Dhydroipoy] milochondrial 008745 ] [] - - -
Elongation factor 1-aipha 1 P02 : ‘: - - . m =
0 1 ] 0 0 [] + - - -
] [ 1 1 ] 1 + v + v v
Elongation factor 1-agha 1;Elcngaton factor 1-alpha 2 P10126,762831 0 [ ] ] 0 [] - + - - -
0 [ [ [ 0 ] . . . . .
1 [] ] ] 0 [ . - -
Endoplasnic reticulum resident polen 29 i) ] [] [] ] 0 1 - - - +
Erdoplasnin P0aT13 0 [ [ 0 0 1 - - - .
Eukaryotc infiabon factor 4A-1Eukaryotc ntiaon factor 4A-1Evkanotc AN
el processed PI0BI0PI0EI-2 (GYDVIARAQSGTGK ] 0 ] ] 1 0 - - . . .
. . LSERHPOLSG ] 1 + - - . -
Firnogen alpha chain Fibrincpeptile A ESPV24-ZEIPV2L e oA 5 7 - . = - . -
Flrnogen beta chan GEKIER LRPAPFRISGGY 1 1 0 + B + - B
Fbriogen gamma chan QvVeMT [V THPOOPPIFGNM 0 [] . - - - -
[HSSTFDAGAGIA 1 1 v + B . .
[] ] 1 1 [] 0 - . + -
Giycerakiehyde-3-phasphate denydrogenase Pi6es 0 o g ! ¢ 9 - - S -
0 [] 1 z 0 ] O + .
0 1 [ 0 0 0 + B - B
GTP. proten Ran PeZeT B - 5 v B
Heat shock cograte 71 KDa protein PE301T . 5 -
] . - - 5 B
0 0 - B .
Heat shock profein HSP 80-alpha PO7S01 1 - - . -
B B - . v
. B B - v B
Hemoglobin subunit apha PO1B42 . B B - v -
|SHHPADFTPAVH . - - + . .
ITYFPHFOVSHGSAQY B s - 5 . 0
VITAFNOGLNK 1 1 - B - B . 0
Hemgtin sunk bea- roates LWYPATAR 0 1 1 1 0 0 . + + + . -
0 1) o 1 1 - - - + *
[ [] ] ] B B 5 B
e F . Moterminaly 1 1 B 0 B + - - -
087212,0822X1
processed X T 1 0 1 G + . P G
] [] ] [ . - - - -
0 [] ] ] - B 5 B

Continua
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Tabela Suplementar A.2: Proteins present in Matrigel and identified as cleaved by
ATXL and BATXH by LC-MS/MS*.

Table 2. Proteins. vy ATXL LC-Ms/MS®.
Protein names T Protein ID I
Hatarogeneous nuclear rotein i ) a ) o o o - - -
Veleragenesus nuclear rateins C1ICZ 1 a [ o o a B
Histane H2A fype 1-H Histone H2A.J Histome H2A fype 2-C Fistone H2A type 1-K.Histane HZA type 1- TQBCGPS, QEBF u u P o o s . . N . N
E 3 Hisione H2A type 2.4;Hatone KZA [ype 1 Hisione HZAX 52,p27881
Fistane H2A V:Histore HOA 2 a ] o 1 - v
Fistone 28 typs 1-PAstone AZB tyge 1-K:Histone 28 1ype 1-C/E/G Histons 2B fype 2-8iHstane
V25 T Aton 2B e -5 Hatns FOB hpe 1-istons K28 1 11/ ulon 28 e - CICOSZ QBCGR1 GRZUIY0 QS COUTECOUITS . o o | o : - . I
A Histone HZB type 3.8 Hitcne HZB lype 2.6 70883 g |
istane 13,3 Histone 13,2 Hstone 3.1 Hastons HI3C [F84214 P28 PE8s33 L2301 [ a [l ] T T - - - .
[] a o o 1 1 - - - - +
) a ] ] T T - - - - +
Holma H4 [Peza0s [] a [ 1 1 [ - - + -
] a 0 (] 1 ] - - P PR S
Lamin81 lPia733 [] 1 ] o o a I - . -
T 1 1 o - EX ) & - B
[ a [] [] 1 a - - - - + -
a 1 o o ] - - - . -
[ T 0 o 0 [ - = - - - -
L a [] 1 1 a . - + + -
[ a o o o 1 - - - - - +
0 a ] ] F3 F] - - - - - +
[ ] ] ] o 1 B B - - 0
z 1 [] [) [ [] + = - - - -
s [] a 0 ] o ] - - = -
Laminin suburit aipha-1+A1218140 [P18137 3 0 0 & 0 = = - = -
[ a [] [] 1 a - - - - + -
o 1 1 1 1 - . - . .
) a 0 1 ] T - B 5 - -
1 1 [] [] [] [] + C| - - B
[] a o 1 o a - - - - -
1 z q ] ] [ 5 I — - B
v ] 1 1 [ a - B 0y + B
1 a [] [] [] a + - - - -
1 1 1 1 [ [ + | L3
1 1 0 [] o [ 0 | - B B
1 1 [ [ [] [] + s - - -
1 1 0 o 1 1 . 3 - - -
[ a q ] ] T - B - - -
[ 1 L] o ] a - - - -
[] a o 1 o a - - -
Lamiin suunit beta-1 [Pazata ) a ] ] 1 1 - = - o 3
[] a ] o ] [ . - - . .
) 1 q ] ] a - - - - -
[ 1 L] ] ] a - - - -
[] 1 ] o o a . - - -
) T q ] ] q - - - -
) [] ] 1 o a B - - 0 B
1 a [] [] [] a + - - - -
1 a ] o o a v - -
1 1 0 ] o [ 0 | - B B
[ a 1 [] [] a - - + - -
Larinin suburit gamma- 1 IFazsea 1 ] o o - FR -
) u 1 o ] a - - = B -
o + - - .
o . - - -
o - + - -
Mafate dehydragenase, mitachondrial PaE243 1 - - - 5 :
Wiethyimaionate-ssmiaioenyde dehydrogenase (acyiatrg]. micchandrial GEGz - - -
Nesprin-2 [aszaag & B
, B + ,
. - .
5 0 - 5
Nidagen1 IPin4ss + : = D
. - B -
Pepieyi-proy| cis-lrams isomerase FREFTD - + -
Phasphogeraie kinase. - - B - - o
i [FTPOTHPRAG - - 0 - - -
PretaninA/CLanin-A/C. [LETENAGLR B B - B -
Procollagen-ly 5 |VAINGNGFTK. + - - - -
Prob 3-hydrarytase | [FSSGTENPHGVKA = L - -
Prot! £-hyarorytese sUbnt gha-T - - B - O
. - 3 - -
Proten disufide-somerase IPastoa p = - - - +
. - + - . .
s 5 - - + -
Froten disulidesomarass &3 7773 - - - - -
- - B 0 +
Proten disulfide-somerase AS |Q022RE. - - + - -
[) a ] o o 1 - - - - +
ViR proen aacrEs 1 B q o o 5 . B - . -
[ a [] [] 1 a - - - - + -
Serpin H1 [P18324 2 S 2 5 2 : : 2 z . :
[ 1 . . . - 0 N
Stress 70 protein, mitachondrial [PaBsar a o - - - -
T-complex protein | subunit gamma 0318 a o - —— - - 0
. [ o - - - - -
Transeiption ntermedary factor 1-bela lasza1e ; : + i - .
Transient recept i W member & lGBciAL [] a ] o o [ . - - -
a 1 o o - - - B
Tubuiin alpha-44 chair 8 chai ‘chain; Tubuin alpha- 03U
cham Tubulin apha-18 chain,Tubuln algha chan-ike 3 x10 1 ] 0 o 0 . B - .
s B - B 0 =
- - - ¥ .
Tubun et 48 chain lpagsT2 - - - .
5 - - -
. FR - .
lasrs17-2 o 1 o o o a - - - - -
1 i ] G G a 0 [ - -
] ] ] o 1 - - B - - 5
[ a [] [] 1 a - - - + -
1 a ] o o . - - . .
Vimentn lP20152 ) a q ] ] a - - - - -
1 a Q ] ] a - - -
[] a ] o o 1 - - - - -
0 a ] ] T T - = = 0 +
[ [ ] o ] T B - B 5

“The peptidome data (+} were further fitared 1o only ScCept pRRTES dentifed with PEP 5 0,01 and were detected in both LC-MS/MS runs and were absent in the control Matriged samples.

Fonte: ALMEIDA, M. T. et al. Inflammatory reaction induced by two metalloproteinases isolated from
Bothrops atrox venom and by fragments generated from the hydrolysis of basement membrane
components. Toxins (Basel), v. 12, n. 2, Feb 2020.



	Introduction 
	Results 
	Inflammatory Reaction Induced by SVMPs 
	Cytokines and Chemokine Quantification 
	Hydrolysis of Matrigel by SVMPs 
	Characterization of Paw Edema and Leukocyte Accumulation Induced by Matrigel-Derived Peptides 

	Discussion 
	Materials and Methods 
	Toxins 
	Hydrolysis of Matrigel Components and Isolation of the Resulting Peptides 
	Gel Electrophoresis 
	Analysis of Generated Peptides by LC–MS/MS 
	Evaluation of the Inflammatory Reaction Induced by ATXL, BATXH and Matrigel Hydrolysis Products 
	Animals 
	Paw Edema 
	Leukocyte Recruitment 

	Production of Inflammatory Mediators 
	Data Analysis 

	References
	Introduction 
	Biosynthesis and Post-Translational Processing of SVMPs 
	Hydrolysis of the Prodomain 
	Generation of Disintegrin and Disintegrin-Like Domains 
	Dimerization and Inclusion of Other Domains 
	Other Post-Translational Modifications 

	The Role of Prodomains for Enzyme Inactivation 
	Conclusions 

