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“O que sabemos € uma gota,
O que ignoramos ¢ um oceano”

Sir Isaac Newton
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Resumo

O gene da Serina Protease Transmembrana 2 (TMPRSS2), localizado no
cromossomo 21¢22.3, codifica uma proteina com o mesmo nome, sendo membro da
familia das Serino Proteases Transmembrana Tipo Il (TTSPs). A TMPRSS2 humana é
normalmente relacionada a resposta a androgenos, mas foi cooptada pelo SARS-CoV-2
para clivar a glicoproteina viral Spike, e assim permitir a infeccdo da célula hospedeira.
Apesar da existéncia de outras proteases cooptadas pelo SARS-CoV-2 para realizar essa
funcdo, recentes estudos funcionais mostram uma ativacdo e penetracdo mais velozes do
SARS-CoV-2 em células expressando TMPRSS2 que naquelas dependentes de outras
proteases. De forma a avaliar os padrdes evolutivos que moldaram a relacdo entre a
TMPRSS2 do Homo sapiens e a Spike do SARS-CoV-2, buscamos identificar todas as
TTSPs presentes no genoma do Homo sapiens, visto que o ultimo estudo sobre o tema foi
publicado em 2009. Foram encontradas 18 TTSPs pertencentes a 4 subfamilias, resgatando
a relacdo filogenética original das subfamilias TTSPs. Porém quando foram analizados
somente os 30 sitios que interagem com a Spike do SARS-CoV-2 um padrao filogenético
distinto foi encontrado. Também investigamos a regido codificante dos ortélogos do
TMPRSS2 de 182 espécies de mamiferos placentarios. A variabilidade interespecifica em
33 sitios pode ser explicada por selecdo positiva de acordo com a andlise no pacote
MEME, sendo que seis desses sitios (299, 340, 389, 413, 431, 438), ou seja, 15%, sdo
reconhecidos como importantes para a interacdo com o virus. Esses resultados podem
indicar um sinal de uma corrida armamentista entre 0s coronavirus e 0s seus potenciais

hospedeiros mamiferos. Em outras palavras, esse padréo de variagdo sugere que a maior



parte da variagdo entre especies seja resultados de pressdes seletivas que potencialmente
vém moldando a fungdo normal da TMPRSS2 humana e de seus ortélogos nas células das
espécies correspondentes. Por outro lado, a Spike viral estaria sendo moldada
evolutivamente para se ligar em posi¢des nas proteases dos hospedeiros mamiferos com
menos propensdo a terem variacdo promovida por acdo de selecdo positiva, 0 que
conferiria vantagem ao virus, pois ele teria menos chance de perder afinidade com o

hospedeiro ao mesmo tempo que daria mais chances para saltos zoon6ticos.



Abstract

The Transmembrane Serine Protease 2 (TMPRSS2) gene, located at human
chromosome 21q22.3, encodes a protein with the same name member from the type Il
transmembrane serine proteases (TTSPs). TMPRSS2 is usually related to the response to
androgens but is co-opted by the SARS-CoV2 to cleave the viral Spike glycoprotein to
infect the host cell. Despite the existence of other proteases co-opted by SARS-CoV?2 to
that function, recent functional studies show a more rapid activation and penetration of
SARS-CoV?2 in cells expressing TMPRSS2 than with those in which infection depends on
other proteases. In order to assess the evolutionary patterns that shaped the relationship
between the Homo sapiens TMPRSS2 and SARS-CoV2 Spike, we aimed to identify all
TTSPs present in the Homo sapiens genome since the previous study with this purpose was
published in 2009. One of our goals is to understand better why TMPRSS2 has been
evolutionarily co-opted and is preferentially used to cleave Spike. Eighteen canonic Homo
sapiens TTSPs, grouped in 4 clades were found, rescuing the original phylogenetic
relationship of the TTSPs subfamilies. However, when only 30 sites that interact with the
Spike of SARS-CoV-2 were used, a distinct phylogenetic pattern was found. We also
investigated the coding region of TMPRSS2 orthologs of the 182 species of placental
mammals. Using the MEME package, our evolutionary analysis shows that the
interspecific variability in 33 sites can be explained by positive selection, six of them (299,
340, 389, 413, 431, 438), that is, 15%, with importance for the interaction with SARS-
CoV-2. These results may be a sign of the biological arms race between coronaviruses and
their potential mammalian hosts. In other words, this pattern of variation suggests that
most of the variation between species is the result of selective pressures that have been
shaping the normal function of human TMPRSS2 and its orthologs in the cells of the
corresponding species. On the other hand, the virtal Spike would be evolutionarily shaped
to bind at positions in the proteases of mammalian hosts that are less likely to have
variation promoted by positive selection action, which would give the virus an advantage,
as it would have less chance of losing affinity with the host while giving more chances for

zoonotic jumps.



1. Introducéo

1.1 Contexto geral

No contexto atual de pandemia da COVID-19 um esfor¢o cientifico global foi
empreendido para compreender os diversos aspectos que levaram um virus a promover
uma infeccdo tdo ampla e com um ndmero tdo grande de mortes. Como exemplo, uma
rapida busca no Google Académico com a palavra chave “COVID-19” resgata ~466.000
publicaces (busca no dia 15 de maio de 2022). Visando ajudar nesse esforco, esse
trabalho teve como objetivo principal elucidar a histéria evolutiva da Serino Protease
Transmembrana 2 (do inglés Transmembrane Serine Protease 2 or TMPRSS2) uma das
proteinas envolvidas na infeccdo pelo B-coronavirus SARS-CoV-2 causador da COVID-
19, e que esta envolvida também em outras infecc¢des virais.

A TMPRSS2 é uma proteina codificada por um gene de mesmo nome e faz parte da
familia das Serino proteases transmembrana tipo 2 (Type Il Transmembrane Serine
Protease - TTSP) com trés dominios funcionais: um receptor LDL classe A, um dominio
scavenger (Scavenger Receptor Cysteine-Rich - SRCR) e um dominio peptidase
extracelular S1 (Tripsina) (Hussain et al., 2020).

As TTSPs compdem uma familia de proteinas identificada recentemente, em 2001
por Hooper et al. Os autores identificaram, a época, 17 membros em mamiferos
placentérios (Hooper et a., 2001). Em 2009, Bugge et al. aumentou o nimero de proteinas
identificadas em humanos e as classificou em 4 subfamilias usando como critério 0s
dominios que cada proteina possui: HAT (human airway trypsin — Tripsina humana de vias
aéreas) /DESC (7 genes/proteinas), Hepsina/TMPRSS (7), Matriptase (4), and Corina
(1). TMPRSS2é membro da subfamilia Hepsin/TMPRSS junto com TMPRSS3, TMPRSS4,
TMPRSS5/Spinesin, MSP (Mosaic serine protease) e Enteropeptidase.

No entanto, nenhum trabalho mais especifico sobre a histéria evolutiva da
TMPRSS2 e sua familia pode ser encontrado. Desse modo, o presente estudo busca

contribuir para preencher essa lacuna de conhecimento, visando, dentre outras coisas,
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avaliar uma potencial e quem sabe antiga guerra armamentista bioldgica entre virus e seus
potenciais hospedeiros mamiferos.

Nos itens abaixo podera ser encontrado uma revisdo mais detalhada sobre o tema
SARS-CoV-2 e COVID-19. Vale destacar, contudo, que uma introducdo abrangente,
porém focada mais na TMPRSS2, e em proteinas paralogas no Homo sapiens, bem como
aquelas ortdlogas em outros mamiferos placentarios, também podera ser encontrada no

item Resultados- Manuscrito (pagina 21), de modo que alguma repeticdo é inevitavel.

1.2 A pandemia da COVID-19

A COVID-19 (Coronavirus Disease 2019) é uma doenca causada pela infec¢do do
B-coronavirus SARS-CoV-2 sendo caracterizada por um amplo espectro de sintomas. Os
individuos infectados podem permanecer assintomaticos, apresentar sintomas brandos,
apresentar pneumonia de graus leve a grave, bem como apresentar a sindrome respiratéria
aguda grave, caracterizada por um comprometimento respiratorio severo que pode levar a
obito (WHO, 2022). Dados no primeiro ano na pandemia indicavam que 0s quadros mais
severos e as taxas de mortalidade mais altas dessa doenca estavam associados a idosos
(PADHAN & PRABHEESH, 2021), pacientes imunossuprimidos (ISER et al. 2020) e a
pacientes com condi¢Ges preexistentes como hipertensdo e problemas cardiacos
(ROBINSON et al., 2020, CHEN et al., 2020). Como outros virus respiratorios, entre 0s
sintomas mais comuns encontravam-se a febre, tosse, dificuldade respiratdria, dor
muscular e fadiga, bem como uma pouco comum perda severa de olfato e paladar. No
entanto, j& era perceptivel no inicio da pandemia que um ou mais desses sintomas
poderiam estar ausentes (ISER et al. 2020). Além do pulmdo, logo foi possivel detectar
gue 0 SARS-CoV-2 também podia afetar coracao, sistema digestivo, rins e cérebro (CHEN
et al.,, 2020, NERSISYAN et al., 2020). Devido ao amplo espectro de sintomas e
complicacdes a COVID-19 tem sido reportada desde sua emergéncia como uma doenca
multi-sistémica (Temgoua et al., 2020; Mir et al., 2021). Ainda, por ter sintomas e quadros
clinicos semelhantes aos da gripe comum e outros resfriados, juntamente com a presenca
de portadores assintomaticos, a COVID-19 apresentava um quadro dificil de ser
diagnosticado de forma clinica imediata, 0 que ajudou, inicialmente, sua rapida

transmissao pelo mundo.
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Em 31 de dezembro de 2019, a Organiza¢do Mundial da Saude (OMS) foi alertada
sobre varios casos incomuns de pneumonia grave na cidade de Wuhan, na China. Tratava-
se de uma nova cepa de coronavirus que nao havia sido identificada antes em seres
humanos. Em 30 de janeiro de 2020, depois de um surto que comecava a assustar a Italia e
a Europa inteira, a OMS decretou que 0 caso constituia uma “Emergéncia de Salde
Publica de Importancia Internacional”. Desde entdo a pandemia da COVID-19 tem
movimentado tanto os poderes politicos dos varios paises, quanto a sociedade de modo
geral, causando um impacto negativo nos sistemas de saude globais, forcando os governos
a fechar as fronteiras, restringir viagens, promover “lockdowns’ e tomar precaucées contra
colapsos econdmicos (BIEBER, 2020; NICOLA et al., 2020; PADHAN & PRABHEESH,
2021; MEYER et al., 2022). Para se ter uma ideia, o setor primario foi impactado
principalmente pela falta de pessoal e pela inseguranca em relacdo aos empregos. Além
disso, a deficiéncia de pessoal para o transporte e verificacdo dos produtos trouxe grandes
consequéncias para o setor (NICOLA et al., 2020). O setor secundario foi igualmente
afetado pela falta de pessoal e o fechamento das fronteiras. A quebra na cadeia de
suprimentos , em uma escala nunca vista antes (ROZHKOQOV et al., 2022; MEYER et al.,
2022), e o afastamento de pessoal levou a um declinio da indastria (NICOLA et al., 2020)
assim como a redugdo na demanda por produtos do setor (MEYER et al., 2022). O setor
terciario, por sua vez, foi o setor que provavelmente teve mais areas afetadas. Os setores de
turismo, hoteleiro, aviacdo, tiveram profunda queda na demanda (MEYER et al., 2022)
enquanto os de saude, farmacéutico e alimenticio tiveram um aumento na demanda,
seguido de baixa nas vagas para pacientes ou no estoque de produtos e adaptacOes
significativas seja na infraestrutura ou na entrega dos produtos e servicos (NICOLA et al.,
2020). De forma ampla os trés setores foram afetados pela reducdo no ndmero de
empregos, que consequentemente afeta a distribuicdo de capital, pelo aumento nos custos
de transagBes internacionais, pelo declinio do turismo e dos servicos de modo amplo e
geral (PADHAN & PRABHEESH, 2021). Mais recentemente, de acordo com o relatorio
econémico da Organizagédo para a Cooperacao e Desenvolvimento Econdmico (OCDE) de
setembro de 2021 (OCDE, 2021), o PIB global atual é superior ao nivel anterior a
pandemia. No entanto, a producdo em meados de 2021 ainda era 3,5% menor do que 0
esperado antes da disseminagdo do COVID-19, resultando em perdas de empregos e renda
(MARTINEZ et al., 2022).
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Do ponto de vista social, as medidas de distanciamento, como o fechamento das
escolas, elevaram a preocupacdo com o aumento nos niveis de violéncia doméstica, que
inclui abuso fisico, emocional e sexual, inclusive de criancas (NICOLA et al., 2020;
ABRAMS et al., 2022). Para os especialistas, um periodo maior de confinamento significa
que pessoas vulneraveis estdo mais expostas ao abuso e tem mais dificuldade para buscar
ajuda (NICOLA et al.,, 2020; ABRAMS et al., 2022). O prolongamento da pandemia
também levou ao aumento da inseguranca alimentar (ABRAMS et al., 2022) e problemas
mentais como depressdo e ansiedade, adventos que tornaram a situacdo de vida ainda pior
para aqueles em condigdes sociais de vulnerabilidade (ABRAMS et al., 2022; WIRKNER
et al., 2022). Soma-se a esse cenario a discussdo intensa e disseminacdo em escala global
de teorias da conspiracdo, caracterizadas por idéeias pseudocientificos e fantasiosas, que
levaram a efeitos sociais bastante negativos como diminuicdo da confianca nas instituicdes
publicas e ao apoio das medidas de conten¢do como o distanciamento social e aplicacdo de
vacinas (PUMMERER et al., 2022).

Por outro lado, a emergéncia mundial também mobilizou a comunidade cientifico-
académica de um modo nunca antes visto. Os esforcos tém buscado avancar no
conhecimento sobre o coronavirus e como combaté-lo. Para se ter uma idéia da amplitude
desse esforco coletivo da comunidade cientifico-académica, uma rapida busca no PubMed
(dia 25/09) com as palavras chaves “SARS-CoV2 e COVID-19” identifica 35.338 artigos
publicados em 2020. A mesma pesquisa feita em 2022 (04/05) revelou que no periodo de
2019 a 2022 o numero se elevou para 209.982 artigos cientificos. JA& no Google
Académico, como ja comentado, 0 nimero salta para ~466.000 publica¢fes. Dentre esses
milhares de estudos muitos, incluindo de nosso grupo de pesquisa (FAM et al., 2020;
YEPEZ et al., 2022), focaram na compreensdo de como o SARS-CoV-2 era tdo eficiente
evolutivamente, ou seja, quais eram os meios moleculares que este organismo se apropriou
para infectar seres humanos (ver outros exemplos em SONG et al., 2019; ANDERSEN et
al., 2020; CAO et al., 2020; LI et al., 2020; MOUSAVIZADEH & GHASEMI,2020;
GHEWARE et al., 2022; HOROWITZ et al., 2022).

1.2 Origem do SARS-CoV-2
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Até 2003 os coronavirus (familia Coronaviridae) eram conhecidos por causar
apenas, de modo geral, doencas mais leves em humanos, como o resfriado comum sazonal
(virus HCoV-229E, HCoV-0C43, HCoV-NL63, HCoV-HKUL). No entanto, desde entéo,
trés coronavirus com capacidade para causar impactos graves na saude humana foram
identificados. No ano de 2003 foi identificado o B-coronavirus SARS-CoV, responsavel
pela epidemia da Sindrome Respiratoria Aguda Grave (SARS “Severe Acute Respiratory
Syndrome”). O SARS-CoV estava sendo transmitido, inicialmente, entre pacientes de
hospitais na China, e foi posteriormente identificado como um coronavirus originario da
espécie de morcego, Rhinolophus sinicus. No entanto, teria sido transmitido ao homem por
espécie intermediéria a civeta da palmeira (Paguma larvata), um pequeno carnivoro
asiatico (SONG et al., 2019). Passado cerca de 10 anos, outro coronavirus da mesma
familia foi isolado inicialmente na Arabia Saudita. O B-coronavirus chamado de MERS-
CoV foi o responsével pela epidemia da Sindrome Respiratéria do Oriente Médio (MERS,
“Middle East Respiratory Syndrome™), que acometeu diferentes paises, sendo transmitido
para humanos inicialmente por dromedarios (Camelus dromedarius) (AZHAR et 2014,
SONG et al. 2019; LAMMERS & HAAGMANS et al., 2022). Estudos demonstram que o
reservatorio natural do MERS-CoV também seriam morcegos da familia Rhinolophidae,
tendo os dromedarios como hospedeiros intermediarios, antes do transbordamento
zoonotico para 0 Homo sapiens (SONG et al. 2019).

Vale destacar que semelhante ao SARS-CoV, o SARS-CoV-2 utiliza a Enzima
Conversora de Angiotensina 2 (ACE2 da sigla do inglés para Angiotensin-Converting
Enzyme 2) como portal de entrada para as células hospedeiras (ver revisdo em FAM et al.,
2020). Ainda, de acordo com a OMS e varios pesquisadores (ver revisdo em YEREZ et al.,
2022), a taxa de mortalidade média estimada, considerando casos detectaveis/notificados,
para COVID-19 é menor (2,72%) do que a doenca causada por MERS-CoV (34,4%) e
SARS- CoV (9,6%). Esse nimero permanece baixo mesmo considerando que o nimero de
mortes causadas pela COVID-19 pode estar subestimado. Apesar dessa taxa de
mortalidade relativamente baixa, em 15 de maio de 2022 foi estimado que a infec¢do por
SARS-CoV-2 ja tinha levado a mais de 518 milhdes de casos confirmados e mais de seis
milhGes de mortes de acordo com OMS (https://www.who.int/publications/m/item/weekly-
epidemiological-update-on-covid-19---18-may-2022). Comparativamente, SARS-CoV e
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MERS-CoV infectaram 8.098 e 2.566 pessoas e mataram 774 e 866 pessoas,
respectivamente (YEPEZ et al., 2022).

Desse modo é bem conhecido que 0s genomas virais mais semelhante ao SARS-
CoV-2 sdo oriundos de linhagens de coronavirus de morcego da espécie Rhinolophus
affinis, tais como “RaTG13” ¢ “bat-SL-CoVZC45” (ZHOU et al., 2020, SINGH & Y],
2021). Inicialmente, SONG et al. (2019) postularam que esses virus de morcegos nao
possuiam dominios de ligacdo iguais aos do SARS-CoV-2, 0 que sugeria que
provavelmente ndo se conectariam bem com o seu receptor celular em humanos (ACE2),
indicando a possibilidade de existir hospedeiro intermediario na origem do SARS-CoV-2.
O genoma com o dominio de ligacdo mais semelhante a0 SARS-CoV-2 foi encontrado em
um coronavirus do pangolim malaio (Manis javanica) denominado Pangolin-CoV
(ZHANG et al., 2020). No entanto, tanto o bat-SL-CoVZC45 quanto o Pangolin-CoV
encontrados nesses animais ndo possuem os sitios de clivagens presentes no SARS-CoV-2,
0 que sugere que nenhum dos dois é o progenitor direto do SARS-CoV-2 (SONG et al.,
2019). A recombinacdo entre linhagens virais também tem sido proposta ha algum tempo
(SALLARD et al., 2020, SINGH & YI, 2021). Porém, é importante notar que nenhuma
dessas espécies de morcegos e pangolins foi amostrada o suficiente para abarcar toda a
variedade de coronavirus potencialmente presente nelas. Para adquirir os sitios de clivagem
e os dominios de ligacdo necessarios para infectar seres humanos o animal que serve de
reservatorio para o virus precisaria ter uma populacdo suficientemente grande onde esses
sitios/dominios poderiam aparecer por meio de mutacfes aleatdrias com posterior acdo da
selecdo natural para um efetivo salto zoon6tico bem sucedido (ANDERSEN et al., 2020).

Mais recentemente, TEMMAN et al. (2022) salientam que o reservatério animal do
SARS-CoV-2 ainda é controverso, apesar de relatos de similaridade com virus de
morcegos Rhinolophus affinis, como ja comentado acima. Os autores reforcaram a
proposta de que 0 SARS-CoV-2 teria um genoma em mosaico, sugerindo a contribuicdo de
diferentes progenitores. TEMMAN et al (2022) sustentam que o SARS-CoV-2 seria
resultado de uma recombinacdo de sequéncias pré-existentes em espécies de morcegos
Rhinolophus que vivem nos extensos sistemas de cavernas de calcario do Sudeste Asiatico
e do sul da China, incluindo R. malayanus e R. pusillus. Além disso, as distribuicdes de R.
marshalli, R. malayanus e R. pusillus se sobrepdem na sub-regido da Indochina, o que

significa que eles podem compartilhar cavernas como abrigos e habitats de forrageamento.
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Suas descobertas, portanto, indicariam que virus semelhantes ao SARS-CoV-2
transmitidos por morcegos potencialmente infecciosos para humanos circulam em
Rhinolophus spp. na peninsula da Indochina (TEMMAN et al., 2022). Os ultimos autores
comentam, no entanto, que nenhum desses coronavirus de morcegos apresentavam o sitio
com quatro aminoacidos (PRRA) na juncdo S1/S2 da proteina Spike que é clivado pela
Furina. Esse sitio de clivagem por Furina é importante na determinacdo da infectividade
viral do SARS-CoV-2. Com base na comparacdo das sequéncias em torno do local de
clivagem entre os sitios S1 e S2 da proteina Spike dos morcegos foi sugerido que o local
de clivagem pela Furina no SARS-CoV-2 poderia ter se originado por eventos de
recombinacdo entre os coronavirus BANAL-116, BANAL-247, bat RmYNO0O2 e bat
RacCS203. Alternativamente, o sitio de clivagem pela Furina no SARS-CoV-2 poderia ter
emergido através de passagens do virus em um hospedeiro alternativo ou mesmo durante
uma circulagdo precoce pouco sintomatica e ndo relatada em humanos (TEMMAN et al.,
2022).

E oportuno salientar que assim como outros Coronaviridae, SARS-CoV-2 é um
virus envelopado com genoma de fita simples de RNA (~ 30 kb), de sentido positivo, o que
significa que seu RNA gendmico serve tanto como um modelo direto para traducdo quanto
para a replicacdo. SARS-CoV-2 apresenta duas “fases de leitura abertas” (em inglés open
reading frame ou ORF) sobrepostas, ORFlae ORFb que geram polipeptidios continuos
que sdo clivados em um total de 16 proteinas ndo estruturais. A traducdo de ORF1b é
mediada por mudanca na matriz de leitura que permite que a traducéo continue além do
cédon de parada de ORFla. Além de ORFla e ORF1b, todos os outros ORFs virais
canodnicos sdo traduzidos de RNAs sub genémicos. Esses RNAs subgenémico codificam as
4 proteinas estruturais conservadas - Spike (S), membranares (M), de envelope (E) e
nucleocapsideo (N), - e varios polipeptideos acessorios, tais como as denominadas ORF3a,
ORF6, ORF7a, ORF7b, ORF8 e ORF10 que desempenhariam papéis importantes no ciclo
de vida viral e poderiam contribuir para sua patogénese e viruléncia (HASSAN et al.,
2021). Ainda em 2020 FINKEL et al. (2020) identificaram um nimero maior de ORFs do
que aquelas propostas inicialmente, e sugeriram que essas ORFs adicionais, quando
traduzidas, resultariam em polipeptidios com papel regulatorio. Atualmente, sé&o
reconhecidos pelo menos 13 ORFs (MALONE et al., 2022).
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Finalmente, é sabido que cinco dos seis amino&cidos criticos nos respectivos
dominios de ligacdo ao receptor (RBD) da Spike viral, sdo diferentes entre SARS-CoV-2 e
SARS-CoV (L455Y, F486L, Q493N, S494D, N501T, respectivamente; TANG et al.,
2020).

1.3 Infecgéo celular por SARS-CoV-2

Como ja mencionado, o SARS-CoV-2 utiliza a peptidase de membrana ACE2
como receptor celular para infectar as células humanas (GHEWARE et al., 2022;
HOROWITZ et al.,2022). Essa enzima foi anteriormente descrita como receptor de entrada
para outros dois coronavirus humanos: o B-coronavirus SARS-CoV e o a-coronavirus
NL63 (HOFMANN et al., 2005, HOFMANN & POHLMANN 2004). E esta associada a
severidade da doenca no caso da COVID 19 (GHEWARE et al., 2022; HOROWITZ et
al.,2022).

A ACE2 é uma enzima transmembrana responsavel pela clivagem de angiotensina
tipos 1 e 2 (Omim numero de referéncia *300335) e foi identificada como sitio de ligacéo
para a proteina Spike do coronavirus SARS-CoV-2 (LI et al., 2020; LAMMERS &
HAAGMANS et al., 2022).

Além de ACE2, ha outros elementos genéticos chaves no sucesso da infec¢éo.
Dentre estes, o receptor Serino Protease Transmembrana 2 (no inglés Transmembrane
Serine Protease 2 ou TMPRSS2), cujo papel é fundamental para uma bem sucedida
infeccdo pelo SARS-CoV-2 (HOFFMANN et al., 2020; LAMMERS & HAAGMANS et
al., 2022). O papel da TMPRSS2 (Omim ndmero de referéncia * 602060) no hospedeiro
normalmente estd relacionado a resposta a sinalizacdo de androgenos, mas foi
evolutivamente recrutada pelo SARS-CoV-2 para processar a proteina Spike
(HOFFMANN et al., 2020; LAMMERS & HAAGMANS et al., 2022).

A proteina Spike do SARS-CoV-2 possui 2 subunidades: a subunidade S1 que se
liga ao ACE2 e a subunidade S2 que media a fusdo de membranas (JACKSON et al., 2022;
LAMMERS & HAAGMANS et al., 2022). As duas subunidades sdo separadas pelo sitio
S1/S2 que contém um motivo de clivagem para Furina (JACKSON et al., 2022;
LAMMERS & HAAGMANS et al., 2022). Para a infecgcdo ocorrer com sucesso, ambas as

proteinas sdo necessarias, apés se ligar a ACE2 da célula alvo, a proteina Spike é clivada
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pela TMPRSS2 no sitio S2°. A clivagem ativa a subunidade S2 promovendo a fusdo entre a
célula hospedeira e o virus (JACKSON et al., 2022; LAMMERS & HAAGMANS et al.,
2022). Outra entrada que pode ser utilizada pelo virus ¢ através dos endossomos. Nessa via
a Catepsina pode clivar a proteina Spike, mas estudos recentes mostram que essa via nao é
eficiente considerando células epiteliais primarias (JACKSON et al., 2022; LAMMERS &
HAAGMANS et al., 2022). Outros co-receptores como a Neuropilina 1 e proteases como
Catepsina L, os pardlogos de T TMPRSS2, MPRSS11d e TMPRSS13 podem também estar
envolvidas com a infeccdo por SARS-CoV-2, mas ndo esta claro ainda como essas vias
moleculares alternativas operam (JACKSON et al., 2022; LAMMERS & HAAGMANS et
al., 2022).

1.4 O Gene TMPRSS2 e seu produto como mediador de infeccdo viral

O gene TMPRSS2, tambem conhecido como PRSS10, codifica a proteina
TMPRSS2 pertencente a familia das Serina-Proteases (“Type Il Transmembrane Serine
Protease” — TTSP). O gene possui 43.854 nucleotideos, 15 éxons e esta localizado no
cromossomo 21 humano, na regido 21g22.3 (PAOLINI-GIACOBINO et al., 1997).
TMPRSS2 contém trés dominios funcionais: um receptor LDL classe A, um dominio
scavenger (“Scavenger Receptor Cysteine-Rich” - SRCR) e um dominio peptidase
extracelular S1 (Tripsina) (HUSSAIN et al., 2020).

Baseando-se na sua estrutura, foi especulado que a proteina deveria funcionar como
mediadora de sinais entre 0 ambiente extracelular e a célula (VAARALA et al., 2001).
Analises posteriores in vitro relataram que essa proteina regulava a atividade de canais de
sodio, estando ela associada a processos fisioldgicos e patolégicos como a digestdo,
remodelamento tecidual, invasdo celular tumoral, apoptose e dor (THUNDERS &
DELAHUNT, 2020).

A expressdo do TMPRSS2 também é observada durante o desenvolvimento e
aumenta com o envelhecimento. TMPRSS tem alta transcricdo no cérebro fetal, mas baixa
no cérebro adulto e uma baixa transcricdo também no pulméo fetal quando comparado ao
pulméo adulto (THUNDERS & DELAHUNT, 2020). O gene TMPRSS2 possui expressao
diferenciada em outros orgdos, tais como figado, coracéo, e trato gastrointestinal, 6rgéos

que podem ser afetados pelo SARS-CoV-2 durante a infecgdo. Esse gene também é
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altamente expresso no tecido epitelial do lumen da préstata (VAARALA et al., 2001;
THUNDERS & DELAHUNT, 2020). Na prostata ele contribui para uma cascata
proteolitica que resulta na ativacdo do antigeno prostata-especifico, a protease presente no
fluido seminal com atividade enzimatica analoga a coagulacdo do sangue (THUNDERS &
DELAHUNT, 2020). TMPRSS2 possui elementos responsivos a androgenos na sua regiao
5> UTR, portanto, dentro do seu promotor. A testosterona e a di-hidrotestosterona regulam
a transcricdo desse gene através do estimulo do receptor androgeno presente nas células
epiteliais do limen da préstata, um dos locais onde o gene é expresso (THUNDERS &
DELAHUNT, 2020).

Devido a sua atividade proteolitica, TMPRSS2 foi ao longo da evolugdo cooptada
por virus para facilitar suas entradas nas células hospedeiras. Porém, ndo se sabe desde
guando isso vem acontecendo, pois estudos com outros animais e seus respectivos virus
sdo praticamente inexistentes. Inicialmente foi descrito o papel de TMPRSS2 para o
sucesso das infec¢Bes por cepas do virus influenza, considerando populagdes humanas. A
replicacdo do virus influenza humano € iniciada pela glicoproteina de superficie
hemaglutinina (HA) que media a ligacdo aos receptores de superficie celulares contendo
acido salicilico e fusdo do envelope viral com a membrana celular (BOTTCHER-
FRIEBERTSHAUSER et al., 2010). HA é sintetizada como uma molécula precursora que
precisa ser clivada pela célula hospedeira nas subunidades HA1 e HA2 para adquirir sua
capacidade de fusdo com a membrana da célula hospedeira (BOTTCHER-
FRIEBERTSHAUSER et al., 2010). A clivagem induz mudancas conformacionais em pH
baixo que expde o peptideo de fusdo hidrofébico N-terminal da subunidade HA2 e inicia a
fusdo (BOTTCHER-FRIEBERTSHAUSER et al., 2010). Em seres humanos a clivagem
pode ser feita por duas serino-proteases: a tripsina humana de vias aéreas — (human air way
trypsin-like protease, HAT também conhecida como TMPRSS11D) ou pela TMPRSS2
(BOTTCHER-FRIEBERTSHAUSER et al., 2010). Estudos subsequentes mostraram que
TMPRSS2 e a protease relacionada TMPRSS4 clivam a HA do virus influenza HIN1
(familia Orthomyxoviridae), responsavel pela pandemia de 1918. Além disso, TMPRSS2
também ativaria a proteina de fusdo do Metapneumovirus (MPV; familia Paramyxoviridae)
humano identificado em 2001 (BOTTCHER-FRIEBERTSHAUSER et al., 2010).

Analises in vitro com plasmideos realizadas por GLOWACKA et al. (2011)

demonstraram que as proteinas Spike do SARS-CoV eram clivadas de duas formas pela
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TMPRSS2: pela clivagem em cis e pela clivagem em trans. Na clivagem em cis,
TMPRSS?2 e a proteina Spike do SARS-CoV eram expressos juntos na mesma célula e a
clivagem resultava na quebra da proteina Spike e na liberacdo dos fragmentos desta
proteina no sobrenadante. Os fragmentos funcionam como chamarizes de anticorpos e
provocam a inibi¢do da resposta imune mediada por anticorpos. Ainda, 0S mesmos testes
in vitro indicaram que a clivagem em trans ocorria quando uma célula expressava a
proteina Spike viral na membrana, enquanto outra célula expressava TMPRSS2. Quando
ocorria 0 encontro de ambas moléculas ocorria a clivagem da proteina Spike e a posterior
fusdo das células em questdo. Isso indica que a proteina Spike precisa de um
processamento para permitir a entrada do virus na célula, e em seres humanos esse
processamento ocorre através do recrutamento da TMPRSS2 (GLOWACKA et al., 2011).
Posteriormente, BERTRAM et al. (2013) demonstraram que TMPRSS2 estava envolvida
com a infeccdo pelo a-coronavirus humano CoV-229E, enquanto IWATA-YOSHIKAWA
et al. (2019) corroboraram que TMPRSS2 ativava SARS-CoV, sendo também
indispensavel para a infec¢do bem sucedida do B-coronavirus MERS-CoV. Com o advento
da COVID-19, os estudos se voltaram para identificar se TMPRSS2 também exercia um
papel crucial na infeccdo por SARS-CoV-2, o que de fato foi demonstrado por varios
autores (HOFFMANN et al.,2020; MATSUYAMA et al., 2020; JACKSON et al., 2022;
LAMMERS & HAAGMANS et al., 2022). Por outro lado, como ja comentado, o papel de
ortdlogos de TMPRSS2 nas infeccBes de virus presentes em outras espécies de mamiferos
ainda precisa ser investigado.

Como ja comentado, a TMPRSS2 ndo ¢ a Unica capaz de processar Spike, sendo a
Catepsina L pode realizar esse processo. No entanto, a rota da TMPRSS2 aparenta ser mais
veloz, e portanto mais eficiente (KOCH et al., 2021; JACKSON et al., 2022; LAMMERS
& HAAGMANS et al., 2022). Além disso, outras proteinas da mesma familia da
TMPRSS2 podem ser utilizadas. Esses achados indicam que a proteina TMPRSS2 além de
outras da mesma familia vem sendo cooptadas muito antes da interacao entre SARS-CoV-

2 € 0 Homo sapiens.

1.5 As Serino Proteases Transmembrana Tipo 2 (“Type Il Transmembrane Serine
Protease” - TTSP).
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As TTSPs sdo uma familia identificada recentemente em 2001 por HOOPER et al,
consistindo a época de 17 membros em mamiferos placentarios. Em 2009 BUGGE et al
aumentou o numero de proteinas identificadas em humanos e as classificou em 4
subfamilias usando como critério os dominios que cada proteina possui: HAT/DESC (7
genes/proteinas), Hepsina/ TMPRSS (7), Matriptase (4), and Corina (1). TMPRSS2¢é
membro da subfamilia Hepsin/TMPRSS junto com TMPRSS3, TMPRSS4,
TMPRSS5/Spinesin, MSPL e Enteropeptidase.

Desde entdo, estudos sobre esta familia génica ndo tém sido publicados, pelo
menos considerando paralogos humanos e ortélogos presentes em outras espécies de

mamiferos.

2. Objetivo

Tendo em vista que a protease TMPRSS2 é a molécula preferencial para a
clivagem da Spike do SARS-CoV-2, buscamos neste trabalho atingir o seguinte objetivo
de identificar eventuais padrdes de diversidade na regido codificadora dessa molécula e
seus paralogos no Homo sapiens, bem como de ortélogos em mamiferos, com intuito de
responder, basicamente, duas principais perguntas: 1) O padrdo de diversidade genética
encontrado poderia ser resultado, mesmo que parcialmente, de pressdo seletiva exercida
por uma corrida armamentista bioldgica entre virus-hospedeiro? e 2) Porque TMPRSS2 foi
preferencialmente cooptada evolutivamente pelo SARS-CoV-2 para 0 processamento da

Spike, enguanto outras TTSPs ndo o foram?
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3. Resultados- Manuscrito

Os resultados podem ser encontrados no manuscrito a segulir:

Castro-Noébrega M, Yépez Y, Fam B, and Bortolini MC. TMPRSS2 AND OTHER
TYPE Il TRANSMEMBRANE SERINE PROTEASES (TTSPS): SIGNATURE OF A
LONG-TERM ARMS RACE BETWEEN VIRUSES AND PLACENTAL MAMMALS.

1. Introduction

1.1 SARS-CoV-2 and its ability to infect humans

The B-coronavirus SARS-CoV-2 has a lower estimated average mortality rate
(2.72%) when it is compared with other -coronaviruses that infect humans, MERS-CoV
(34.4%) and SARS-CoV (9.6%) (Xiao et al., 2020; ECDC, 20214, b; Krishnamoorthy et
al., 2021; Awadasseid et al., 2021). Despite that, SARS-CoV-2 is responsible for the
current COVID-19 pandemic, which has already killed millions of people, a stark contrast
to the number of deaths reported from infections of MERS-CoV (866) and SARS-CoV
(774) (WHO, 2003, 2020; Alfaraj et al., 2019; Petersen et al., 2020; Peng et al., 2021).
This extraordinary evolutionary success of the original (Wuhan) SARS-CoV-2 and its
derived lineages arose from some characteristics in addition to its relatively low lethality:
stronger tropism with the host cell, high transmissibility, high transmission rate from
asymptomatic individuals, and high viral load (Peng et al., 2021; Yépez et al., 2022).

Coronavirus (COV) originated millions of years ago (Wertheim et al., 2013), so
zoonotic spillover's success, i.e., transmitting a pathogen from a vertebrate animal to a
human and vice-versa, is a common phenomenon. As a result, it can be assumed that an
evolutionary arms race has been established between CoVs and their potential vertebrate
hosts (Fam et al., 2020; Yépez et al., 2022). The CoV-RaTG13 of the brown bat
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(Rhinolophus affinis) is the Wuhan-SARS-CoV-2 potential ancestor since their genomes
have 97.41% of identity (Malaiyan et al., 2021). At least five amino acid (aa) substitutions
(F486L, Q493Y, S494R, N501D, e Y505H) at critical sites of the Spike (S) glycoprotein
receptor-binding domain (RBD) of CoV-RaTG13 were crucial to break the interspecific
barrier and to endow the Wuhan-SARS-CoV-2 of a high tropism for some human cells that
have the peptidase named Angiotensin-Converting Enzyme (ACE2) in their cell-
membranes (Wan et al., 2020).

Wuhan-SARS-CoV-2 also has five critical amino acid differences in its RBD
(domain responsible for binding to host receptor angiotensin-converting enzyme 2, ACE2)
when compared with SARS-CoV (L455Y, F486L, Q493N, S494D, N501T; SARS-CoV-2
and SARS-CoV aa respectively (Wan et al., 2020; Andersen et al., 2020; Tang et al.,
2020). Later, successive mutations in key Spike residues appeared in derived SARS-CoV-2
lineages, including in the most critical concern variants (VOCs: Alpha, Beta, Gamma, and
Delta), increasing their transmission capacity when compared with the Wuhan lineage but
maintaining a similar mortality rate (Yépez et al., 2022 and references therein). This
scenario changed with the arrival of the VOC Omicron (BA.1).

Viruses do not inevitably evolve toward being less virulent, although it is a
commonly observed phenomenon. Evolution selects those that excel at multiplying. In the
case of COVID-19, in which the vast majority of transmission occurs before any
symptomatology, the reduced severity may not be directly selected for all lineages
(Bhattacharyya and Hanage, 2022). Despite these circumstances, Omicron has increased
transmissibility compared to other variants but reduced the risk of hospitalization and
severe disease (WHO, 2022; Madhi et al., 2022; Wolter et al., 2022). Derived Omicron
lineages are even more contagious and have already swept the globe in recent months, but
it makes people no sicker than the original Omicron. In other words, Omicron and its sub-
variants are less virulent, even in settings where vaccination is ineffective. Nevertheless,
some authors point out that this trend can be reversed since the ongoing rapid antigenic
evolution will likely produce new variants that may escape immunity and be more severe
(Markov et al., 2022).

Viruses enter host cells through highly complex molecular mechanisms shaped by
natural selection over thousands of years. Thus, similar to other viruses, all SARS-CoV-2

variants need to co-opt genetic elements from host cells for effective infection and
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replication. The process starts through the viral fusion glycoprotein SARS-CoV-2 Spike,
and ACEZ2, an aminopeptidase, present in the host cell membranes of several organs and
tissues, including the respiratory system. ACE2 as the gateway for SARS-CoV-2 into
human cells was identified concomitantly by several research groups soon after the
COVID-19 outbreak (Zhou et al., 2020; Walls et al., 2020; Hoffmann et al., 2020; review
in Peng et al., 2021). SARS-CoV-2 Spike, a class | viral fusion glycoprotein, presents the
S1 and S2 subunits, the first contains the RBD (Peng et al., 2021). Three copies of the
RBD are found, and they exhibit some level of mobility. So, the three RBDs can adopt
different conformations at the prefusion state, exposed for access by ACE2 (open
conformation) but not synchronously (Walls et al., 2020; Ke et al., 2020; Peng et al.,
2021). Besides, the binding of ACE2 to an open RBD can promote the conformational
transition of the other closed RBDs and make them accessible by the receptor. Thus, the
Spike can bind to 1-3 ACE2 molecules, depending on the conformation of each RBD
(Walls et al., 2020; Ke et al., 2020; Peng et al., 2021). Interestingly, Omicron RBD has a
~3-fold enhanced binding affinity for ACE2 relative to the Wuhan-SARS-CoV-2 and Delta
RBDs (Meng et al., 2022).

After that link between RDB and ACEZ2, the conformation of the S1 subunit is
affected, disrupting its interactions with the S2 that contains the machinery that promotes
fusion between the cell and viral membranes (Chi et al., 2020; Hoffmann et al., 2020;
Mousavizadeh and Ghasemi, 2020; Vargas-Alarcon et al., 2020; Wettstein et al., 2021).
Among the domains of S2, there is the fusion peptide (FP), but, in contrast to most typical
class | viral fusion glycoproteins, FP of the coronavirus Spike is shielded by the upstream
helix region of S2, thus requiring a second cleavage (at site S2”) to expose FP. This last
event activates a molecular cascade, triggering irreversible S2 conformational changes

essential to initiate host cell-SARS-CoV-2 membrane fusion (Peng et al., 2021).
1.2 Transmembrane serine protease 2 (TMPRSS2)

As seen above, viral fusion glycoproteins need to be cleavage by proteases co-
opted from the host for their functional processing. For instance, Furin cleaves the Spike at

site S1/S2, a region with a multibasic motif (Bestle et al., 2020; Coutard et al., 2020;
Hoffmann et al., 2020a; Koch et al., 2021; Peng et al., 2021). It is known that VOCs Alpha
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and Delta Spike proteins confer more efficient cell-cell fusion kinetics compared to
Wuhan-SARS-CoV-2 due to mutations in the Furin cleavage site region that increase
S1/S2 cleavage and promote syncytia formation, which is associated with pathogenesis
(Saito et al., 2021; Meng et al., 2022).

The second major step of proteolysis of SARS-CoV-2 Spike is executed mainly by
the transmembrane serine protease 2 (TMPRSS2), which cleaves the S2 at the S2’ site to
expose the FP (Bestle et al., 2020; Hoffmann et al., 2020; Wettstein et al., 2021; Peng et
al., 2021; Koch et al., 2021). It has been known for decades that TMPRSS?2 is expressed in
epithelial cells of the prostate gland (Lin et al., 1999). However, its presence is currently
recognized in organs and tissues that also express ACEZ2, including the nasal mucosa of the
olfactory cleft, olfactory bulb, and lung epithelium (Lechien et al., 2020).

The TMPRSS2 gene, located at human chromosome 21g22.3, presents 14 exons.
TMPRSS2 is an androgen-regulated member composed of 492 amino acids. It was initially
classified as a Type Il Transmembrane Serine Protease (TTSP) that contains the following
main domains: Transmembrane domain (TMD; 84-106), an LDL Receptor Class A
domain (LDLRA; 113-148), a Scavenger Receptor Cysteine-Rich (SRCR; 149-242)
domain and an Extracellular Serine Protease domain (SPD; 255-492) of the S1 family
(Paoloni-Giacobino et al., 1997; Lucas et al., 2008). More recently, just three main
functional domains are recognized: an N-terminal LDLRA domain (113-148), followed by
SRCR (153-246), and finally, the Extracellular C-terminal Peptidase S1 domain (SPD;
256-487) (Hussain et al., 2020), in which is the central catalytic domain of the molecule.
The named catalytic triad of human TMPRSS2 is composed of H296, D345, and S441
residues (Sgrignani & Cavalli, 2021). S441 was demonstrated as the most critical residue
for the proteolytic cleavage of viral Spike glycoprotein (Béttcher et al., 2006; Shirogane et
al., 2008). Hussain et al. (2020) found S441 interacting with several flanking residues of
other cleavage sites found in SARS-CoV-2 Spike, indicating the importance of neighbor
residues of the catalytic triad in the establishment of the molecular cascade involving
cleavage between TMPRSS2 and Spike.

The S1/S2 multibasic cleavage site of SARS-CoV-2 Spike harbors several arginine
(R) residues (a characteristic not present in RaTG13). The precise positioning of these
proteolytic cleavage sites has been mapped. For instance, Hussain et al. (2020) showed that
S1/S2 and the S2' cleavage sites are located at the junction of R685/S686 (first cleavage
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site) and R815/S816 (second cleavage site) of the SARS-CoV-2 Spike, respectively. Other
authors identified the critical amino acids of the S1/S2 cleavage site motif: PRRAR685|
(Hoffmann et al., 2020; Tang et al.,2020), while Essalmani et al., (2021) predicted S2’
motif sequence of SARS-CoV-2 as KPSKR815|SF.

The Histidine (H) residue at position 296, a catalytic site of TMPRSS2, forms a
hydrogen bond and electrostatic interaction with R682 of the SARS-CoV-2 Spike,
potentially crucial to the first cleavage site R685/S686. Besides, both H296 and S441
establish hydrogen bond interactions with P809, K814, and S810 of the SARS-CoV-2
Spike protein, a connection potentially critical to the second cleavage site R815/S816
(Hussain et al., 2020).

Recent studies with serine protease inhibitor alAT showed that it inhibits
TMPRSS2 action, suppressing SARS-CoV-2 replication in human airway epithelial cell
cultures (Wettstein et al., 2021). Other studies, however, showed that when TMPRSS2 was
blocked, cathepsin L, an endolysosomal cysteine protease, would not take over and
subsequently process SARS-CoV-2 (Koch et al., 2021). Besides, the last authors suggest
that SARS-CoV-2 uses two distinct routes to enter cells, one fast (*10 min), corresponding
to the timing of TMPRSS2 activation, and one slower (40—50 min), corresponding to
cathepsin L priming. In other words, several host cell proteases can prepare the Spike
protein for fusion with the host cell, but it is not yet well known whether this phenomenon
requires specific proteases or a coordinated, spatiotemporal combination of multiple
proteases (Koch et al., 2021).

Other studies show that infected lung cells (known to express endogenous
TMPRSS2) presented more excellent viral replication for Delta than Omicron (Meng et al.,
2022). The last authors also observed a lower intracellular S1/S2 cleavage for Omicron
versus Delta Spike proteins and that Omicron is inefficient in utilizing TMPRSS2 for its
entry into host cells (Meng et al., 2022). The Omicron contains six unique residues in S2
(764K, 796Y, 856K, 954H, 969K, and 981F) that were not previously detected in other
VOCs (Meng et al., 2022). Given the knowledge of S1/S2 cleavage, the most likely
explanation is that TMPRSS2 sub optimally cleaves S1/S2 in Omicron, resulting in
inefficient S2 processing and FP exposure (Meng et al., 2022). Because of this, the
Cathepsin B/L molecules are preferentially used by this lineage (Cathepsin B/L pathway

(Padmanabhan and Dixit, 2022). Nonetheless the higher rate of transmission detected in
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this variant can be explained by a higher affinity for ACE2 compared to Delta and by its
hability to evade antybodies (Meng et al., 2022).

It is noteworthy that TMPRSS2 has a critical role in influenza viruses and other
coronaviruses (Shen et al., 2017; Liu et al., 2021). So, the evolutionary cooptation of this
molecule by viruses goes far beyond the history of SARS-CoV-2 and its host, the Homo

sapiens.

1.3 Type Il Transmembrane Serine Proteases (T TSPs)

Hooper et al. (2001) identified that the family of type Il transmembrane serine
proteases (TTSPs) in placental mammals consists of 17 members, of which seven are
found in Homo sapiens. Since then, the number of known TTSPs has increased. For
instance, Bugge et al. (2009) identify that the human TTSP family has 17 members. Some
of them were identified in mice (Mus musculus). Bugge et al. (2009) also showed that
TTSPs belong to one of four subfamilies: HAT/DESC (7 genes/proteins), Hepsin/TMPRSS
(7), Matriptase (4), and Corin (1). TMPRSS2 is a member of the Hepsin/TMPRSS family
together with TMPRSS3, TMPRSS4, TMPRSS5/Spinesin, MSPL, and Enteropeptidase.

In the present study, we aim to investigate the evolutionary patterns of TMPRSS2
and other members of the TTSP family in placental mammals to explore the amino acid

(aa) differences between species and their potential evolutionary significance.

2. Material and Methods

2.1 TTSP family

To have a better panorama of the TTSP family, a protein alignment was made using
the algorithm Clustal Omega in the Uniprot server, and a tree was generated by the same
algorithm based on the alignment. The Homo sapiens paralogous protein sequences were
retrieved from the Uniprot database. All the structures of the proteins were assessed using
Pfam (Protein Families database), and the similarity between the proteins was checked
using the Treefam database. Another alignment was made only with the 30 sites that
interact with SARS-CoV-2 to evaluate which proteins are more similar to TMPRSS2 in
this region. These 30 sites were described in a study made by Hussain et al. (2020) that

used docking simulations to provide this information.
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2.2 DNA Sequences

The TMPRSS2 coding sequences were retrieved from the curated library of
orthologs from NCBI (n=141, https://www.ncbi.nlm.nih.gov, 20/08/2020) and Ensembl
(n= 13, https://www.ensembl.org 20/08/2020, Yates et al., 2020) and also through a blast

to retrieve sequences from non-curated primate genomes (n=28) from NCBI.
(Supplementary Material, Table S1). We considered the analysis of the set of Primates (n =
56) initially, and later we analyzed it together with the other mammal orders, including six
species of Afrotheria, 29 of Rodentia, 28 of Artiodactyla, 28 of Carnivora, 15 of Chiroptera
and 20 others (Table S1). All the placental mammals found on the mentioned libraries
were used on the study.

Both sets, primates and placental mammals, were aligned using the GUIDANCE2
server (Landan & Graur, 2007; Penn et al., 2010; Sela et al., 2015). The algorithm for
multiple sequence alignment Prank was used once it is more accurate to recognize
insertions and deletions and thus leads to a better alignment (Loytynoja & Goldman
2008).

To assess human variation, the Ensembl and Uniprot (UniProt: the universal protein
knowledgebase in 2021) databases were used.

2.3 Evolutionary Analysis

To assess the evolutionary patterns of the TMPRSS2 orthologs, we used several
tests to estimate the rate of nonsynonymous to synonymous substitutions defined by
equation o = dN/dS (dN = nonsynonymous and dS = synonymous). The o values serve as
an indicator of negative selection (o < 1), neutral or relaxed selection (o = 1), or positive
selection (w > 1) acting on sites and/or specific phylogenetic tree branches (Nei & Kumar,
2000; Yang, 2006). We performed a Site Model (NsSite) test with Codeml package in
PAML 4.9 software (Yang, 2007), which allows ® to vary across sites in the alignment and
fit neutral (Mla and M7) or positive selection (M2a and M8) models to the data using
maximum likelihood (Yang, 2007). M2a and M8 models admit positive selection. In cases
in which tests indicate models of positive selection were significantly more likely, we

used post hoc Bayes Empirical Bayes (BEB) to infer individual sites with a high
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probability (p < 0.05) of being under positive selection (Yang et al., 2005), being a
Bayesian model the P value was onbtained from de likehood ratio test (LRT) by using the
program WINPEPI (Abramson, 2011).

We also used another tool from the Datamonkey server to compare with PAML
results and to find more discrete patterns of positive selection: MEME (Mixed Effects
Model of Evolution; Murrell et al., 2012), a method to detect pervasive and episodic
positive selection (diversifying). In other words, MEME can identify sites where only
some branches have experienced selective pressure, with an extensive data set it provides
the most power in Datamonkey (Weaver et al., 2018). The MEME test also uses o as a
metric. MEME is also a conceptual advance over the first generation of random effects
models designed to detect episodic selection (called “branch-site models” in the literature)
(Murrell et al., 2012). We established a p-value < 0.1 for MEME for statistical significance
thresholds (Spielman et al., 2019).

To assess the impact of substitutions both on family and between species, we used the
Grantham score (Grantham, 1974) to compare the substitutions and the classification of Li
et al. (1984).

2.4 TTSPs bibliography reviewing and classification according to the interaction with
SARS-CoV-2

In order to understand our results regarding the TTSPs, we have performed a
bibliographic review over the studies involving the family and the SARS-CoV-2. All the
articles released involving the proteins of the family and the virus were considered.

All proteins were researched separately and all the studies released after 2019
containing the names of each protein on its content were pre-selected. After careful
selection, all the articles related to the theme were read.

After reading all the articles we have classified the TTSPs in three categories
regarding its relationship with SARS-CoV-2 infection: Not used; Not definitive evidence;
and Strong evidence. Being classified as not definitive evidences the ones that have not
involved in vitro cell tests or have controversial results in literature; Not used the ones that
have at leas one in vitro test indicating that is not used by the virus, with no controversial
results; And Strong evidence the ones that have two or more studies attesting that the

protein is used by the virus, also with no controversial results.
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The studies used and the classification can be found on table S4.

3. Results

3.1. TTSP family

Here, we identified potential 18 Homo sapiens protein coding genes belonging to
five TTSP subfamilies (Figure 1): HAT/DESC: TMPRSS11A, TMPRSS11B,
TMPRSS11D, TMPRSS11E and TMPRSS11F (TMPRSSC and G were identified only in
Rodentia). Hepsin/TMPRSS: TMPRSS1, TMPRSS2, TMPRSS3, TMPRSS4, TMPRSSS5, ,
TMPRSS13 and TMPRSS15; Matriptase: TMPRSS6, TMPRSS7, TMPRSS9 and
TMPRSS12, TMPRSS14; and Corin: TMPRSS10.

Noteworthy that we classified TMPRSS12 and TMPRSS14 as belonging to the
Matriptase subfamily based on information presented in Uniprot and NCBI GenBank
databases (Uniprot, 2021, Sayers et al., 2021, Homo sapiens coding sequences).

When the structure is observed, it is possible to notice that TMPRSS12 has lost
domains that characterize the other members of the Matriptase subfamily (Figure 2).

We also compared the potential 18 Homo sapiens TTSPs (Table 1), considering
just the 30 critical human TMPRSS?2 sites (all located at the Extracellular Serine Protease
domain; SPD; Figure 3) that interact with SARS-CoV-2 to promote the cleavage of its
Spike glycoprotein (Hussain et al. 2020). Positions 296, 441, 460, 462, and 465 are the
most conserved among the Homo sapiens TTSPs (Table S2). Two of them (296 and 441)
are part of the catalytic triad of human TMPRSS2 (Sgrignani & Cavalli, 2021), with an
almost complete fixation in the paralogs of the amino acids histidine (H) and serine (S)
(the exception is TMPRSS1). The H296 and S441 are key residues to form a hydrogen
bond and electrostatic interaction with specific sites of the SARS-CoV-2 Spike, potentially
crucial to the first cleavage site R685/S686 and the second cleavage site R815/S816
(Hussain et al., 2020).

Besides, although ~83% of the 30 sites have different residues among paralogs,
changes predicted as radical are rare (< 3%; Table S3).

Three Homo sapiens proteins of the family (TMPRSS2, TMPRSS11D, and
TMPRSS13) present strong evidence related to the infection, taking into consideration in
vitro tests with human cells, among others. Seven other proteins (TMPRSS1, TMPRSS3,
TMPRSS4, TMPRSS5, TMPRSS7, TMPRSS9, TMPRSS11A, TMPRSS11E,
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TMPRSS11F, TMPRSS12, and TMPRSS15) have controversial (not definitive) in
vitro pieces of evidence of having been co-opted by the SARS-CoV-2 for its processing
and subsequent entry into the host cell. In the case of TMPRSS 9 and TMPRSS12, no
article was found studying these proteins in the context of this particular cleavage viral
mechanism. Considering the four remaining proteins (TMPRSS6, TMPRSSI10,
TMPRSS11b, and TMPRSS14), in vitro evidence indicates that they are not used to
process the Spike glycoprotein.

The shreds of evidence considered not definitive used by us were: co-expression
with ACE2 (Meng et al., 2020; Salas Orozco et al., 2021; Wruck & Adjaye, 2020),
homology with TMPRSS2 (Zhang et al., 2021), and allelic frequency of variants (Vargas-
Alarcon et al., 2020). In contrast, the evidence that we considered to be strong came from
studies that used in vitro human cell lines (Ou et al., 2020; Zang et al., 2020; Tharappel et
al., 2020; Laporte et al., 2021; Hoffmann et al., 2021; Kishimoto et al., 2021). The
particularities of each protein classification and references are in Table S4.

Figure 4 illustrates the amino acid identity between the human TMPRSS paralogs
considering these 30 selected sites. Noteworthy, the tree topology has some discrepancies
from Figure 1. There are two clades, and one of them contains all TTSPs with solid
evidence that is co-opted by the viruses for its cleavage (TMPRSS2, TMPRSS13, and
TMPRSS11D; the first two from the Hepsin subfamily and the last from the Hat/Desc
subfamily) while the other contains three of the four described as not co-opted (TMPRSS6,
TMPRSS10, TMPRSS11A, all of the different subfamilies). Another TMPRSSs with non-
definitive evidence of having been co-opted by the virus are distributed in both groups
(Table S4) (Meng et al., 2020; Salas Orozco et al., 2021; Wruck & Adjaye, 2020; Zhang et
al., 2021; Vargas-Alarcén et al., 2020; Ou et al., 2020; Zang et al., 2020; Tharappel et al.,
2020; Laporte et al., 2021; Hoffmann et al., 2021; Kishimoto et al., 2021). This result
indicates that it can have a minimum amino acid framework necessary for evolutionary co-
opting of TMPRSS members by viruses since there is identity between members of
different subfamilies. However, the TMPRSS2 and its closest phylogenetically paralog,
TMPRSS3 (Figure 1), remain together in the tree considering the 30 key sites to promote
the cleavage of the Spike (Figure 4), although studies with the latter show no definitive
evidence of it had been co-opted (Table S4). Noteworthy, TMPRSS3 has an LDL receptor
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absent when compared with TMPRSS2, which probably interferes with its ability to be
used by the SARS-CoV-2 to cleave the Spike.

These results highlight the complexity of the scenario involving the critical
elements for the virus's evolutionary co-optation of the host molecules. Table 1 shows the
amino acid classification based on side chains, considering these 30 sites. No variation is
found in the two-site members of the catalytic triad of TMPRSS2 (296 and 441; Sgrignani
& Cavalli, 2021). Besides these, 460 and 465 also have the same amino acid in all
paralogs, contrasting with a notable difference in the others. Interestingly at position 387,
all the TTSPs with solid evidence that are possibly co-opted have an amino acid with a
polar neutral side chain, while a hydrophobic side chain is prevalent in those with no signs
of being used by the virus (Table 1).

3.2 TMPRSS2 evolution in placental mammals and primates

Considering the mammal set (MS) and Primates (PS) as two subsets, the PALM
model that best fits in both cases is M8 (p < 0.0001) in comparison to M7 (Table 2),
indicating that the action of positive selection can explain the variation found between
species. Under the M8 model, the BEB algorithm identified only two sites with high
probability to are under positive selection (Tables 3, S5 and S6): PS:173 (p=0,01) and 358
(p=0,03); MS: 214 (p=0,0) and 360 (p=0,05). Sites 173 and 214 are located in the SRCR
domain, an ancient and highly conserved protein module (Sarrias et al., 2004), while 358
and 360 at the Extracellular Serine Peptidase domain (SPD). These sites are in regions that
form disulfide bonds (172 < 231, 244 < 365) or nest to a glycosylation site (213)
(UniProt Consortium, 2018).

As expected, MEME indicated much more sites under positive selection, possibly
because the test can detect episodic selection in specific branches of a given phylogeny
(Tables 3, S5, and S6). MEME matches the performance of older approaches, such as
PALM, when natural selection is pervasive but possesses greater power to identify sites
where episodes of positive selection are confined to a small subset of branches in a
phylogenetic tree (Murrell et al., 2012).

Note that the variation at site 173 in primates can be explained by a positive
selection action detected by PALM and MEME tests. Site 173 is not listed as a key to
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Spike's cleavage (Hussain et al., 2020), but as already commented, it is next to a site that
forms a disulfide bond. A consultation of public databases
(https://www.ncbi.nlm.nih.gov/gene/7113), considering the most studied primate of all,
Homo sapiens, indicates that only one missense polymorphism at site 173 was identified (a
minor allele frequency of ~0.04% in Africa;
https://www.ncbi.nlm.nih.gov/snp/rs1189756287). No clinical relevance has been reported
regarding this variation. This finding suggests that some evolutionary constriction operates
within our species, reinforcing that amino acid changes in primates may be taxon-specific
with potential functional and evolutionary implications.

When MS is considered, six of the TMPRSS2 sites under positive selection are
known to be critical for the proteolytic cleavage of SARS-CoV-2 Spike glycoprotein
according to Hussain et al. (2020): 299 (glutamic acid, E, in human sequence), 340 (K),
389 (E), 413 (R), 431 (Q) and 438 (Q). Across the species, these six sites presented many
variations, particularly at positions 340, 413, and 431. For instance, at position 340, the
amino acid residues differ from Homo sapiens in 129 species, the most common R>K
(n=126), but it is a conservative substitution. Other sites at positions 299, 389, and 438
have few or unique changes across all species. Thus, this last result is probably due to an
episodic case of positive selection when only a few species or branches of the phylogeny
have amino acid variants.

On the other hand, no important site for SARS-CoV-2 Spike cleavage is under

positive selection considering PS.

4. Discussion

The last update regarding the TTSP family was published in 2009 (Bugge et al.,
2009). A new protein belonging to the family was identified since that publication,
TMPRSS12 (The MGC Project Team, 2004). However, although 33 articles were
published in NCBI and 123 on Google scholar (access 09/12/2021), none of them explores
evolutionary issues regarding TTSP family members.

We detected that the phylogenetic tree using 18 Homo sapiens TMPRSS coding
genes (Figure 1) has a different topology than that constructed using only the data of the 30
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key sites that interact with the SARS-CoV-2. For instance, Figure 1 shows clades with
group members belonging to each subfamily. In contrast, Figure 4 presents the proteins
already associated with the infection TMPRSS2 and TMPRSS11D (Hepsin subfamily), as
well as TMPRSS13 (Hat/Desc subfamily) into a clade along with others whose
evolutionary information on co-option (or not) by the virus is not yet well defined. Another
clade contains three of the four described as not co-opted (TMPRSS6, TMPRSS10,
TMPRSS11A), all different subfamilies. These findings suggest that it could have standard
components (e.g., a combination of amino acids with specific profiles) in the different
subfamilies that are potential of "interest” to the virus in its evolutionary strategy of co-
opting host molecules to promote the infection and its replication.

Coronaviridae (COVs) may have originated millions of years ago (Wertheim et al.,
2013); thus, their mammalian hosts have been under attack for an equivalent time. We can
assume that strategies of co-opting molecules from the host by COVs, concomitant with
host strategies to circumvent this kind of infection, have been shaped by natural selection
for much longer than the recent history of the SARS-CoV-2 and of the Homo sapiens. The
TMPRSS2 evolution is not driven only by the long history of coexistence of
the Homo genus and the Coronaviridae viruses but also by a potential ancient arms race
between potential mammalian hosts and several viruses and other virus families (like
Orthomyxoviridae; which includes the four genera of Influenza; Shen et al., 2017; Liu et
al., 2021). Besides, the natural pressure under the gene's normal function is also expected.
Thus, it is not surprising that our tests showed sites whose amino the action of positive
selection can explain acid variation between species (33 sites considering mammalian data
set, and 18 considering Primates data set; Table 3).

However, it is notable that of all these sites with a signature of the diversifying
positive selection, including episodic, only 20% of those (299, 340, 389, 413, 431, and
438) are co-opted for SARS-CoV-2 Spike (and potentially other COVs; Shen et al., 2017)
cleavage, considering placental mammals data set. On the other hand, none of them appear
when Primate's data set is considered. In this scenario and considering only the 30 sites
mentioned by Hussain et al. (2020) as key to the cleavage of Spike glycoprotein, primates
would be more susceptible to SARS-CoV-2 (or some new lineages or even a COV derived
from it), as they do not present variation in any of these sites, at least considering variation

promoted by selective action. This pattern of variation suggests that perhaps most of the
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variation between species is the result of selective pressures that have been shaping the
normal function of TMPRSS2 and its orthologs in the cells of the corresponding species.
On the other hand, it also indicates that the virus, through its Spike glycoprotein (that
needs cleavage), would be evolutionarily shaped to bind at positions in potential
mammalian host proteases that are less likely to have variation promoted by positive
selection action due to demand for host cell functions. This would give the virus an
advantage, as it would, for example, have less chance of losing affinity with the host while
giving more chances for zoonotic jumps.

Functional studies (Darrell et al., 2022) demonstrate that SARS-CoV-2 could
replicate to high levels in cell lines expressing the TMPRSS2 gene from cat (Felis catus),
goat (Capra hircus) and golden hamster (Mesocricetus auratus), despite of some
differences found at positions 299, 340, 389, 413, 431, and 438 of the respective orthologs,
regarding TMPRSS2 Homo sapiens TMPRSS2 (Table S5).

Another aspect that must be considered is that the action of a protein can be
superimposed by its paralogs, as in the case of the TTSP family members. For instance,
Kim et al. (2006) generated TMPRSS2—/— mice and compared it to wild-type littermates.
The authors described that TMPRSS2—/— mice usually developed, survived to adulthood
with no differences in protein levels of prostatic secretions, and exhibited no discernible
abnormalities in organ histology or function. As a result, they conclude that the lack of a
discernible phenotype in TMPRSS2—/— mice suggest functional redundancy involving one
or more of the TTSPs members or other serine proteases in specific branches of a given
phylogeny. Abnormal expression of human TMPRSS2 was closely related to tumor
growth, invasion, metastasis, and prognosis in various cancers, especially prostate cancer
(Liu et al., 2021). Alternatively, some authors postulated that TMPRSS2 might contribute
a specialized but non vital function apparent only in stress, disease, or other systemic
perturbation (Kim et al., 2006). Nevertheless, if this is the case for tumors after
reproductive age, changes in this gene may not necessarily have evolutionary relevance to
the host organisms, at least considering humans. On the other hand, examples such as
position 173 of TMPRSS2 in primates make it difficult to suppose that there is no
functional and evolutionary relevance of this enzyme, at least in humans or other primates.

Our thought-provoking findings may reflect some pattern shaped by an ancient and

continued biological arms race between viruses (COVs and other viruses) and their
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potential mammalian hosts. Nevertheless, as evidenced by the studies mentioned in the
paragraphs above, it is hard to define precisely the causes behind the positive selection
pattern found for us regarding placental mammals. In other words, it is due just to a long-
term evolutionary arms race between viruses and their hosts or the normal environmental
pressure considering the TMPRSS2 performance in each potential host/clade. Furthermore,

both scenarios are not mutually exclusive.

We must also compute the current stage of SARS-CoV-2 evolution, illustrated by
the fact that Omicron primarily uses the Cathepsin B/L pathway (TMPRSS2 independent)
for its entry into the host cell (Meng et al., 2022; Padmanabhan and Dixit, 2022) since
there is a suboptimal S1/S2 cleavage in Omicron when TMPRSS2 is triggered (Meng et
al., 2022). Furthermore, there are the “Homo sapiens reactions”. For instance, most
individuals affected by COVID-19 survive because their immune responses adequately
fight the infection, probably reflecting the long history of COVs attacks. The immune
response is also induced by the current large-scale SARS-CoV-2 vaccine deployment, a
new and potent element in the effective host reaction. In other words, old and new

elements are also part of this complex scenario.

Despite these difficulties, a clear evolutionary pattern can be observed in other
cases (Fam et al., 2020; Landau et al., 2022). In other words, variable sites due to the
positive selection are always a minority among those in the host molecules that the virus
co-opts for its efficient infection and replication.

From the point of view of viral evolution, we can assume that there is a preference
for co-opting conserved sites intra and inter-species, thus preserving affinity over time and
facilitating the jump across potentially host mammalian species (spillover).In summary,
SARS-CoV-2 is a specialist for infecting humans due to the particular evolutionary events
keeping its relatively low lethality, high transmissibility, and evolvability (Yépez et al.,
2022). In this context, the successful co-option of all host molecules needs to promote the
infection, and viral replication is a crucial element. One of these molecules is TMPRSS2,
whose evidence of being used by processing the SARS-CoV-2 Spike glycoprotein is
consolidated. In the present study, we detect the signature of the positive selection action

modulating TMPRSS2 diversity among mammalian species, including primates, which
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may reflect adaptation for normal enzyme functions in the host organism and a long-term

evolutionary arms race between viruses and these mammalian hosts.
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6. Figures and Tables

TMPRSS10  } Corin Subfamily
TMPRSS15 )
TMPRSS1
TMPRSS4
TMPRSS13  »Hepsin Subfamily

TMPRSS5
4‘_7‘: TMPRSS2

TMPRSS3
TMPRSS12
TMPRSS7
TMPRSS14  >Matriptase Subfamily
TMPRSS9
TMPRSS6

TMPRSS11B ~
TMPRSS11D

TMPRSS11F L4\ Desc Subfamily
TMPRSS11A
TMPRSS11E |

Figure 1. Phylogenetic alignment of the 18 TTSP proteins of the Homo sapiens.
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Figure 3. In the 3D structure of TMPRSS2 (Frasser et al. 2021), in blue is the
scavenger receptor domain and in green is the peptidase domain. The red stripes in

the peptidase domain are the 30 sites that interact with SARS-CoV2 spike protein,

according to Hussain et al. (2020).
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Figure 4. Phylogenetic alignment of the 18 Homo sapiens TMPRSSs considering just 30 sites
that are critical for the proteolytic cleavage of SARS-CoV-2 Spike glycoprotein.
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Table 1. Homo sapiens TTSPs are aligned and classified according to amino acid

classification based on side chains.

Amino Strong
acid Not Used Not Definitive Evidences Evidences
position

6 10 11B 14 13 45 7 9 11A 11E 11F 12 15 2 11D 13

275
276
278
280
296
299
300
338
340
341
342
387
388
389
390
391
392
413
414
419
431
433
438
441
460

462
465




The amino acids observed in 30 human TMPRSS2 sites on the left column interact with SARS-CoV-
2 Spike protein (Hussain et al., 2020). The two site members of the catalytic triad of TMPRSS2
(Sgrignani & Cavalli, 2021) are in bold. Green is for hydrophobic side chain — aliphatic; Blue is

hydrophobic side chain — aromatic; Red is polar neutral side chain; Purple is electrically charged
side chain — acidic; Yellow is electrically charged side chain — basic; and white is for unique amino

acids that do not belong to no group, proline, and glycine.
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Table 2. PAML results for the Primate and placental mammal data sets.

Set Primates Set Mammals
LN LNR p- value LN LNR p- value
Model 1  Model 2 Model 1  Model 2
-10217,3 -10217,3 0 1 -53200,9 -53200,9 0 1
Model 7 Model 8 Model 7 Model 8

-10198,6 -10184,4 28,35355 0,000 [7.0E-0007] -52302 -52292,7 9,310079 0,002 [ 2.3E-0003 ]
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Table 3. Sites under positive selection. The six sites that interact with the virus are
highlighted in blue.

Mammals Primates
MEME PAML MEME | PAML
3 214 6 173
4 360 66 358
5 85
66 114
85 115
111 116
117 117
122 173
137 214
166 247
181 250
189 324
217 378
253 399
263 401
264 s
448
299
318
319
340
360
389
409
413
423
431

438




448
471
483
484
485

In bold, TMPRSS2 critical sites to the cleavage of SARS-CoV-2 Spike glycoprotein

according to Hussain et al. (2020).

59



J

i

A

1l

el

...%.00.‘

|

-~

I

fierey NPl

2)

Rhinolophus ferrumequinum
Preropus vampyrus
Preropus alecto
Rousettus aegyptiacus
Sturnira hondurensis
Artibeus jamaicensis
Phyllostomus discolor
Desmodus rotundus
Pipistrellus kuhlii
Eptesicus fuscus
Myotis myotis

Myotis brandrii
Myotis davidii
Miniopterus natalensis
Molossus molossus
Heterocephalus glaber
Fukomys damarensis
Cavia porcellus
Octodon «/4'3(!”
Chinchilla lanigera
Rattus rattus

Rattus norvegicus
Arvicanthis niloticus
Grammomys surdaster
Mus musculus

Mus spretus

Mus pahari

Mastomys coucha
Meriones unguiculatus
Mesocricetus auratus
Cricetulus griseus
Microtus ochrogaster
Peromyscus maniculatus
Peromyscus leucopus
Onychomys torridus
Nannospalax galili
Jaculus jaculus
Dipodomys ordii
Castor canadensis
Sciurus vulgaris
Urocitellus parryii
Spermophilus dauricus
Ictidomys tridecemlineatus
Marmota marmota
Nycticebus coucang
Orolemur garnettii

Daubentonia madagascariensis

Propithecus coquereli
Indri indri

Cheirogaleus medius
Microcebus griseorufus
Microcebus murinus
Microcebus mittermeieri
Microcebus tavaratra
Microcebus ravelobensis
Mirza wza

Mirza coquereli
Prolemur simus

Lemur catta

Ewlemur fulvus

Evwlemur macaco
Eulemur flavifrons
Pithecia pithecia
Plecturocebus donacophilus
Saguinus imperator
Callithrix jacchus

Aotus nancymaae
Saimiri boliviensis
Cebus albifrons

Cebus capucinus
Sapajus apella

Alouatta palliata

Ateles geoffroyi
Mandrillus leucophaeus
Mandrillus sphinx
Cercocebus atys

Papio anubis
Theropithecus gelada
Macaca mulatta

Macaca fascicularis
Macaca nemestrina
Ervthrocebus patas
Chlorocebus sabaeus
Cercopithecus neglectus
Cercopithecus mona
Rhinopithecus roxellana
Rhinopithecus bieti
Pygathrix nemaeus
Nasalis larvatus
Semnopithecus entellus
Trachypithecus francoisi
Piliocolobus tephrosceles
Hylobates moloch
Nomascus leucogenys
Gorilla gorilla

Pan troglodytes

Pan paniscus

Homao sapiens

Pongo abelii

299

mMmMMMMMMmMMMmMmMMMMMMMmMMMmMMmMMMMMMMMMmMMMMMMMMMMMMMMMMMMyuMmMmMMmMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMEVmMMMMMMMmMM

340

A RRXRARRXRXRRXRXRRRRXRXRARXAXXXDODODLDODOLODLDODD VY VvV NV VERXRRRXRRXRRRXRRXVARXRRXRXRRXRXRXRXRXRRRRXRRXAMRXLD R XXXXRXKXXX-SLBLWNXX XXX XX

389

" T

TMMMMMM MM MM MMM MMM MMMMM VY wY YUY Y YD MMM euummmMmmMmmMMMMMuOMMMMMMMMMMMMMMMMMMMMMMMMMMMmMMMMMMMMMMM

Sites

413

D DX KX X KXXR XD DR XX KXKXXXKXXRDVXRDDDDD DD VYRR XDUXRXXXKXKXKXXXXRXDRXRRXRRKXRRXRXKEXRRRRRXRRRRRNRRRXXRXRXRXRXRXXRXNSCKDTDIDDID

431

LCOPLLOLLPLOLLLLLLLLDIPOPDOLOPLDPLPLVAEARRRXRXDAARAVVOOLOVVOOOOL0OLOPOOLOLOOMODOOLOOMIODPOOPLLZPLPLLOLLOLLOLLOLLOLOLS<POLPOLOOGIIO >

438

DL PLLLPOPLLLLOLLLLLLLLLLDLOLVNROLLPLLOLLO vwvwOOLPL vwVvOOLOPLLLOLLOOLOPLLLLLLLOLOLOOLPLLLOLLOLLLOLLLLLOLLOLOLOLLLLLRLLORL



Figure 5. Phylogeny of TMPRSS2 considering the six sites under positive selection that
interact with SARS-CoV-2 Spike glycoprotein, in yellow are marked the sites that differ from
Homo sapiens (highlited in red). Primates, Rodentia, and Chiroptera species are shown.
Monkey by bmijnlieff, Rat by Vectors Market, and Bat by Md Saiful Alam Saif from
NounProject.com.
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7. Supplementary Material

Table S1. Data sets used in present study.

ORDER SPECIES REFERENCE TMPRSS2 DATA SET

Afrotheria Chrysochloris asiatica XM_006870856.1 Mammalian set
Afrotheria Echinops telfairi XM_030888670.1 Mammalian set
Afrotheria Loxodonta africana XM_023559111.1 Mammalian set
Afrotheria Orycteropus afer XM_007947316.1 Mammalian set
Afrotheria Procavia capensis ENSPCAG00000001830.1 Mammalian set
Afrotheria Trichechus manatus XM_023739122.1 Mammalian set
Avrtiodactyla Balaenoptera XM_007172707.2 Mammalian set

acutorostrata

Artiodactyla Balaenoptera musculus ~ XM_036850886.1 Mammalian set
Avrtiodactyla Bison bison XM_010834939.1 Mammalian set
Avrtiodactyla Bos grunniens ENSBGRG00000014644.1 Mammalian set

62



Avrtiodactyla

Artiodactyla

Artiodactyla

Artiodactyla

Avrtiodactyla

Avrtiodactyla

Avrtiodactyla

Artiodactyla

Artiodactyla

Artiodactyla

Avrtiodactyla

Avrtiodactyla

Avrtiodactyla

Avrtiodactyla

Artiodactyla

Bos indicus

Bos mutus

Bos taurus

Bubalus bubalis

Camelus dromedarius

Camelus ferus

Capra hircus

Catagonus wagneri

Cervus elaphus

Delphinapterus leucas

Globicephala melas

Lagenorhynchus

obliquidens

Lipotes vexillifer

Monodon monoceros

Moschus moschiferus

XM_019962885.1

XM_005893019.2

NM_001081585.1

XM_025292133.1

XM_010994865.2

XM_032461838.1

XM_005675629.3

ENSCWAG00000012074.1

ENSCHYG00000026573.1

XM_022552961.1

XM_030835403.1

XM_027122628.1

XM_007452880.1

XM_029214475.1

ENSMMSG00000009350.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

63



Avrtiodactyla

Artiodactyla

Avrtiodactyla

Avrtiodactyla

Avrtiodactyla

Artiodactyla

Artiodactyla

Artiodactyla

Avrtiodactyla

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Neophocaena

phocaenoides

Odocoileus virginianus

Orcinus orca

Ovis aries

Phocoena sinus

Physeter catodon

Sus scrofa

Tursiops truncatus

Vicugna pacos

Acinonyx jubatus

Ailuropoda melanoleuca

Callorhinus ursinus

Canis lupus

Enhydra lutris

XM_024758324.1

XM_020907938.1

XM_033418343.1

XM_027960704.1

XM_032631437.1

XM_024120360.1

NM_001386131.1

XM_033856384.1

XM_031684299.1

XM_027041574.1

XM_034655405.1

XM_025863512.1

XM_038443561.1

XM_022515963.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

64



Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Eumetopias jubatus

Felis catus

Halichoerus grypus

Lontra canadensis

Lynx canadensis

Mirounga leonina

Mustela erminea

Mustela putorius

Neomonachus

schauinslandi

Neovison vison

Odobenus rosmarus

Panthera leo

Panthera pardus

Panthera tigris

Phoca vitulina

XM_028126498.1

XM_023238709.1

XM_036108025.1

XM_032865299.1

XM_030330003.1

XM_035028851.1

XM _032355539.1

NM_001386127.1

XM_021679201.1

ENSNVIG00000005330.1

XM_012564540.1

ENSPLOG00000013265.1

XM_019420396.1

XM_015541202.1

XM_032392537.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

65



Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Puma concolor

Suricata suricatta

Ursus americanus

Ursus arctos

Ursus maritimus

Ursus thibetanus

Vulpes vulpes

Zalophus californianus

Artibeus jamaicensis

Desmodus rotundus

Eptesicus fuscus

Miniopterus natalensis

Molossus molossus

Myotis brandtii

Myotis davidii

XM_025913088.1

XM_029938936.1

ENSUAMGO00000026733.1

XM_026499970.1

XM_040621677.1

ENSUTTG00000017173.1

XM_025983380.1

XM_027587844.2

XM_037144605.1

XM_024561824.1

XM_028151885.1

XM_016220949.1

XM_036243106.1

XM_005885695.2

XM_006754329.2

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

66



Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Chiroptera

Dasyuromorphia

Dermoptera

Didelphimorphia

Diprotodontia

Diprotodontia

Diprotodontia

Eulipotyphla

Myotis myotis

Phyllostomus discolor

Pipistrellus kuhlii

Pteropus alecto

Pteropus vampyrus

Rhinolophus

ferrumequinum

Rousettus aegyptiacus

Sturnira hondurensis

Sarcophilus harrisii

Galeopterus variegatus

Monodelphis domestica

Phascolarctos cinereus

Trichosurus vulpecula

Vombatus ursinus

Erinaceus europaeus

XM_036350387.1

XM_028504691.2

XM_036446834.1

NM_001386133.1

XM_023538199.1

XM_033088803.1

XM_016134588.2

XM_037042998.1

XM_003766371.4

XM_008571221.1

XM_007493067.2

XM_020976261.1

XM_036744151.1

XM_027843625.1

XM_016194345.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

67



Eulipotyphla

Eulipotyphla

Lagomorpha

Lagomorpha

Monotremata

Perissodactyla

Perissodactyla

Perissodactyla

Perissodactyla

Pholidota

Pholidota

Primates

Primates

Primates

Sorex araneus

Talpa occidentalis

Ochotona princeps

Oryctolagus cuniculus

Ornithorhynchus

anatinus

Ceratotherium simum

Equus asinus

Equus caballus

Equus przewalskii

Manis javanica

Manis pentadactyla

Alouatta palliata

Aotus nancymaae

Ateles geoffroyi

XM_004602515.1

XM_037524481.1

XM_004594171.2

NM_001386128.1

XM_029046634.1

XM_004429710.2

XM_014839273.1

XM_005606160.3

XM_008538229.1

XM_037014836.1

XM_036876908.1

GCA_004027835.1

XM_021669490.1

GCA_004024785.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

68



Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Callithrix jacchus

Carlito syrichta

Cebus albifrons

Cebus capucinus

Cercocebus atys

Cercopithecus mona

Cercopithecus neglectus

Cheirogaleus medius

Chlorocebus sabaeus

Daubentonia

madagascariensis

Erythrocebus patas

XM_008986722.3

XM_008068563.1

GCA_004027755.1

XM_017538612.2

XM_012037329.1

GCA_014849445.1

GCA_004027615.1

GCA_008086735.1

XM_037985428.1

GCA_004027145.1

GCA_004027335.1

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

69



Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Eulemur flavifrons

Eulemur fulvus

Eulemur macaco

Gorilla gorilla

Homo sapiens

Hylobates moloch

Indri indri

Lemur catta

Macaca fascicularis

Macaca mulatta

Macaca nemestrina

GCA_001262665.1

GCA_004027275.1

GCA_001262655.1

XM_004062839.3

NM_005656.4

XM_032174257.1

GCA_004363605.1

GCA_004024665.1

XM_005548645.2

XM_015132845.2

XM_011725990.2

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

70



Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Mandrillus leucophaeus

Mandrillus sphinx

Microcebus griseorufus

Microcebus mittermeieri

Microcebus murinus

Microcebus ravelobensis

Microcebus tavaratra

Mirza coquereli

Mirza zaza

Nasalis larvatus

Nomascus leucogenys

XM_011984191.1

GCA_004802615.1

GCA_008750995.1

GCA_008750955.1

XM_012749836.2

GCA_008750975.1

GCA_008750935.1

GCA_004024645.1

GCA_008750895.1

GCA_000772465.1

XM_030806307.1

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

71



Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Nycticebus coucang

Otolemur garnettii

Pan paniscus

Pan troglodytes

Papioanubis

GCA_004027815.1

XM_023518095.1

XM_034947921.1

XM_016938565.2

XM_009202216.4

Piliocolobus tephrosceles XM_023191885.1

Pithecia pithecia

Plecturocebus

donacophilus

Pongo abelii

Prolemur simus

Propithecus coquereli

GCA_004026645.1

GCA_004027715.1

XM_024239539.1

GCA_003258685.1

XM_012640067.1

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

72



Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Rodentia

Rodentia

Rodentia

Pygathrix nemaeus

Rhinopithecus bieti

Rhinopithecus roxellana

Saguinus imperator

Saimiri boliviensis

Sapajus apella

Semnopithecus entellus

Theropithecus gelada

Trachypithecus francoisi

Arvicanthis niloticus

Castor canadensis

Cavia porcellus

GCA_004024825.1

XM_017880226.1

XM_010354509.2

GCA_004024885.1

XM_003927594.3

XM_032276822.1

GCA_004025065.1

XM _025380760.1

XM_033232534.1

XM_034514887.1

XM_020181818.1

XM_013146070.1

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian

setandPrimates set

Mammalian set

Mammalian set

Mammalian set
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Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Chinchilla lanigera

Cricetulus griseus

Dipodomys ordii

Fukomys damarensis

Grammomys surdaster

Heterocephalus glaber

Ictidomys

tridecemlineatus

Jaculus jaculus

Marmota marmota

Mastomyscoucha

Meriones unguiculatus

Mesocricetus auratus

Microtus ochrogaster

Mus musculus

Mus pahari

XM_005375855.2

NM_001386129.1

XM_013027332.1

XM_010636600.3

XM_028752540.1

XM_004842457.3

XM_021725256.2

XM_004654601.1

XM_015478793.1

XM_031364839.1

XM_021660850.1

XM_013116227.2

XM_013354818.1

NM_015775.2

XM_021209684.1

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set
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Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Scandentia

Xenarthra

Mus spretus

Nannospalax galili

Octodon degus

Onychomystorridus

Peromyscus leucopus

Peromyscus maniculatus

Rattus norvegicus

Rattus rattus

Sciurus vulgaris

Spermophilus dauricus

Urocitellus parryii

Tupaia belangeri

Dasypus novemcinctus

MGP_SPRETEIJ_G0021917.1 Mammalian set

XM_008827408.3

XM_023715938.1

XM_036204162.1

XM_037209598.1

XM_015991310.1

NM_130424.3

XM_032900351.1

ENSSVLG00005015845.1

ENSSDAG00000013476.1

XM_026379435.1

ENSTBEG00000008474.1

XM_004466304.3

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Mammalian set

Note: The references starting with ENS and MGP belong to Ensembl. the others are from

NCBI and the GCA refers to the non curated primate sequences.
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Table S2. Comparison between human TMPRSS2 and other TMPRSSs according to the
Grantham Score. considering the 30 sites where TMPRSS2 interacts with SARS-CoV-2

Spike protein to its cleavage (Hussain et al. 2020).

Site

TMPRSS Conservative

Identical

Moderately

Conservative

Moderately

VAL275

GLN276

VAL278

VAL280

HIS296*

GLU299

LYS300

ASP338

LYS340

THR341

LYS342

THR387

16

11
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GLU388

GLU389

LYS390

GLY391

LYS392

ARG413

TYR414

LEU419

GLN431

ASN433

GLN438

SER441*

SER460

GLY462

CYS465

11

16

16

16

15

14

10
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ALA466 7 0 9 1 0 0

LYS467 3 3 6 4 1 0

TYR469 0 1 2 11 2 1

*296 and 441 are part of the catalytic triad of Homo sapiens TMPRSS2

Table S3. Comparison of TMPRSSs according to Grantham Score regarding the 30 sites
where TMPRSS?2 interacts with SARS-CoV-2 Spike glycoprotein.

Moderately
Moderately
Conservative Conservative Radical Radical Gap Identical
TMPRSS1 4 11 8 4 3 0
TMPRSS3 5 4 7 1 0 13
TMPRSS4 3 10 4 1 0 12
TMPRSS5 4 13 4 1 0 8
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TMPRSS6

TMPRSS7

TMPRSS9

TMPRSS10

TMPRSS11A

TMPRSS11B

TMPRSS11D

TMPRSS11E

TMPRSS11F

TMPRSS13

TMPRSS12

TMPRSS14

TMPRSS15

10

10

10

10

11

11

13

12

12

10

10

Table S5. Sites under positive selection across all the evolutive analysis and its respective

p-value.
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Set Mammals

MEME PAML

Site  p-value  Site  p-value
3 0.00 214 0.00
4 0.00 360 0.05
5 0.01

66 0.01

85 0.01

111 0.01

117 0.01

122 0.00

137 0.02

166 0.04

181 0.00

189 0.01

217 0.04

253 0.04

263 0.00

264 0.00

284 0.01

299 0.01

318 0.05

319 0.01

340 0.01

360 0.05

389 0.02

409 0.01

413 0.05

423 0.01

431 0.01

438 0.04
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448 0.01

471 0.05

483 0.00

484 0.00

485 0.00

Set Primates
MEME PAML

Site  p-value  Site  p-value
36 0.05 173 0.01
66 0.05 358 0.03
85 0.00

114 0.03

115 0.03

116 0.03

117 0.03

173 0.02

214 0.04

247 0.05

250 0.04

324 0.00

378 0.05

399 0.02

401 0.03

415 0.05

448 0.00
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Table S6. Sites under positive selection that interacts with SARS-CoV-2 spike

glycoprotein (Hussain et al. 2020). The sites that differs from Homo sapiens are

highlighted in yellow

Specie

340

413

431

438

Sarcophilus harrisii

Phascolarctos cinereus

Vombatus ursinus
Trichosurus vulpecula
Erinaceus europaeus

Sorex araneus
Talpa occidentalis
Suricata suricatta

Panthera tigris

Panthera pardus

Panthera leo
Lynx canadensis
Felis catus

Puma concolor

Acinonyx jubatus
Canis lupus
Vulpes vulpes

Enhydra lutris
Lontra canadensis

Neovison vison
Mustela putorius
Mustela erminea

Callorhinus ursinus
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Monodelphis domestica
Zalophus californianus
Eumetopias jubatus
Odobenus rosmarus
Mirounga leonina
Monachusschauinslandi
Phocavitulina
Halichoerus grypus
Ailuropoda melanoleuca
Ursus thibetanus
Ursus americanus
Ursus arctos
Ursus maritimus
Manis javanica
Manis pentadactyla
Equus caballus
Equus przewalskii
Equus asinus
Ceratotherium simum
Vicugna pacos
Camelus dromedarius
Camelus ferus
Balaenoptera acutorostrata
Balaenoptera musculus
Physeter catodon
Lipotesvexillifer
Neophocaenaphocaenoides
Phocoena sinus
Delphinapterus leucas
Monodon monoceros
Globicephala melas
Tursiops truncatus

Lagenorhynchusobliquidens
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Orcinus orca
Moschus moschiferus
Bubalus bubalis
Bos taurus
Bos indicus
Bos mutus
Bos grunniens
Bison bison
Capra hircus
Ovis aries
Odocoileus virginianus
Cervus elaphus
Catagonuswagneri

Sus scrofa

Rhinolophus ferrumequinum

Pteropus vampyrus
Pteropus alecto
Rousettus aegyptiacus
Sturnirahondurensis
Artibeusjamaicensis
Phyllostomus discolor
Desmodusrotundus
Pipistrellus kuhlii
Eptesicus fuscus
Myotis myotis
Myotis brandtii
Myotis davidii
Miniopterusnatalensis
Molossus molossus
Oryctolagus cuniculus
Ochotona princeps
Heterocephalus glaber

Fukomys damarensis
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Cavia porcellus
Octodon degus
Chinchilla lanigera
Rattus rattus
Rattus norvegicus
Arvicanthisniloticus
Grammomyssurdaster
Mus musculus
Mus spretus
Mus pahari
Mastomyscoucha
Merionesunguiculatus
Mesocricetus auratus
Cricetulus griseus
Microtus ochrogaster
Peromyscus maniculatus
Peromyscus leucopus
Onychomys torridus
Nannospalax galili
Jaculus jaculus
Dipodomys ordii
Castor canadensis
Sciurus vulgaris
Urocitellus parryii
Spermophilusdauricus
Ictidomystridecemlineatus
Marmota marmota
Nycticebus coucang
Otolemur garnettii
Daubentonia
madagascariensis
Propithecus coquereli

Indri indri
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Cheirogaleus medius
Microcebus griseorufus
Microcebus murinus
Microcebus mittermeieri
Microcebus tavaratra
Microcebus ravelobensis
Mirza zaza
Mirza coquereli
Prolemur simus
Lemur catta
Eulemur fulvus
Eulemur macaco
Eulemur flavifrons

Pithecia pithecia

Plecturocebusdonacophilus

Saguinus imperator
Callithrix jacchus
Aotusnancymaae
Saimiri boliviensis
Cebus albifrons
Cebus capucinus
Sapajus apella
Alouatta palliata
Ateles geoffroyi
Mandrillusleucophaeus
Mandrillus sphinx
Cercocebus atys
Papio anubis
Theropithecus gelada
Macaca mulatta
Macaca fascicularis
Macaca nemestrina

Erythrocebus patas
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Chlorocebus sabaeus
Cercopithecus neglectus
Cercopithecus mona
Rhinopithecus roxellana
Rhinopithecus bieti
Pygathrix nemaeus
Nasalis larvatus
Semnopithecus entellus
Trachypithecus francoisi
Piliocolobus tephrosceles
Hylobates moloch
Nomascus leucogenys
Gorilla gorilla
Pan troglodytes
Pan paniscus
Homo sapiens
Pongo abelii
Carlito syrichta
Galeopterus variegatus
Tupaia belangeri
Dasypus novemcinctus
Trichechus manatus
Procavia capensis
Loxodonta africana
Echinops telfairi
Chrysochloris asiatica
Orycteropus afer

Ornithorhynchus anatinus
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Table S4. Functional studies with TMPRSSs.

TMPRSS
Type of Evidence
1 2 3 4 5 6 7 9 10 11A 11B 11D 11E 11F 12 13 14 15 Article
Coexpression with
yes yes Meng et al., 2020
ACE2
Coexpression with Salas Orozco et al.,
yes yes yes yes yes
ACE2 2021
Coexpression with Wruck & Adjaye,
yes yes yes yes
ACE2 2020
Homology with
* no 'yes Zhangetal., 2021
TMPRSS2
Vargas-Alarcon et
Allelic frequency yes yes
al., 2020
In vitro HEK293 cell
yes yes yes yes yes Quetal., 2020
line
In vitro HEK293 cell
yes yes Zang et al., 2020
line
In vitro HEK293 cell Tharappel et al.,
yes yes yes no
line 2020
In vitro HEK293 cell
yes yes no no yes Laporte et al., 2021
line
In vitro BHK21 cell Hoffmann et al.,
yes no no No No no yes yes yes yes
line 2021
Kishimoto et al.,
In vitro E6 Cell line no 'yes no no no no no no yes no yes no

2021

Table 1-classification nd se nd nd nd nu nd nd nu nd nu se nd nd nd se nu nd

Note: Studies considered to build the groups presented at the Table, where nd represents
“not definitive evidence”, Se represents “strong evidence”, and nu represents “not used”.
The evidences highlighted in yellow were considered by us as “not definitive”. Yes and no
refer to proteins tested or not tested, respectively. Proteins with controversial results or not

found in any article were also classified by us as “not definitive”.

89



FigureS1. Phylogeny of all the species and respective sites under positive selection that
interacts with SARS-CoV-2 spike protein (Hussain et al. 2020). The sites that differ from

Homo sapiens are highlighted in yellow.
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Rattus rattus

Rattus norvegicus
Anicanthis niloticus
Grammomys surdaster
Mus musculus

IMus spretus

Mus pahzari

Mastomys coucha
Meriones unguiculatus
Mesocricetus auratus
Cricetulus griseus
Microtus ochrogaster
Peromyscus maniculatus
Peromyscus leucopus
onychomys torridus
Mannospalax galili
Jaculus jaoulus
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Castor canzdensis
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spermophilus dauricus
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Marmata marmota
Mycticebus coucang

S,
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Position
275 276 278 280 296 299 300 338 340 341 342 387 388 389 390 391 392 413 414 419 431 433 438 441 460 462 465 466 467 469

TMPRSS12

o

TMPRSS13

TMPRSS14

TMPRSS11D
TMPRSS5

TMPRSS11F
TMPRSS2

TMPRSS3
TMPRSS4
TMPRSS1
TMPRSS15

TMPRSS10
TMPRSS7

TMPRSS11B

TMPRSS11A

TMPRSS6
TMPRSS9
TMPRSS11E

Figure S2. Alignment of the 30 sites and its phylogeny
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4. Consideracdes finais

O presente trabalho contribuiu para atualizar a histéria das TTSPs, uma familia de
proteinas cujo Ultimo trabalho em relacdo a sua histéria de evolucdo molecular foi
publicado em 2009. A oportunidade de um estudo dessa natureza se faz premente ja que
um ou mais membros dessa familia (exemplo TMPRSS2) foi (foram) cooptado (s)
evolutivamente pelo virus SARS-CoV-2 para seu processamento e uma bem sucedida
entrada na célula do hospedeiro Homo sapiens. SARS-CoV-2 é o agente causador da
pandemia da COVID-19.

Dezoito paralogos TTSPs foram identificados no genoma do Homo sapiens, sendo
que fomos capazes de alocar todos eles em quatro subfamilias, incluindo TMPRSS12 no
clado das Matriptase.

Um alinhamento filogenético dessas 18 TTSP do Homo sapiens resgata o esperado
considerando a histéria evolutiva das moléculas. Interessantemente quando a mesma
analise é feita considerando somente os 30 sitios de TMPRSS2 que interagem com o virus,
a topologia da arvore se altera, sugerindo que ha uma certa identidade em pontos chaves,
ndo obstante a histdria filogenética das TTSPs, considerando suas sequéncias codificadoras
completas. Em outras palavras, as proteinas dividiram-se um dois clados distintos, sendo
gue um deles continha todas as proteinas que ja foram documentadas como capazes de
realizar a clivagem da proteina Spike do SARS-CoV-2. No outro clado encontravam-se as

TTSPs cuja interagdo com SARS-CoV-2 tem sido controversa ou descartada.
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Finalmente, respondendo as questdes principais formuladas:

1) O padréo de diversidade genética encontrado poderia ser resultado, mesmo que
parcialmente, de pressdo seletiva exercida por uma corrida armamentista bioldgica entre
virus-hopspedeiro?

Sim. Em relacdo a evolugcdo da TMPRSS2 humana e seus ortélogos em outros
mamiferos placentarios, nosso trabalho identificou 33 sitios onde a variagdo encontrada
entre pode ser explicada por selecdo positiva, cinco deles em posi¢Bes que interagem com
0 virus, ou seja, somente 15%. Esse padrdo de variagcdo sugere que, talvez, a maior parte da
variacdo entre espécies seja resultados de pressdes seletivas que vém moldando a fungéo
normal da TMPRSS2 e de seus ortdlogos nas células das espécies correspondentes. Por
outro lado, também indica que o virus, através de sua proteina Spike, que necessita de
clivagem, estaria sendo moldado evolutivamente para se ligar em posi¢des nas proteases
dos potenciais hospedeiros mamiferos com menos propensdo a terem variagdo promovida
por acdo de selecdo positiva devido a demandas do préprio hospedeiro. Isso daria
vantagem ao virus, pois ele teria, por exemplo, menos chance de perder afinidade com o
hospedeiro a0 mesmo tempo que daria mais chances para saltos zoondticos. Nesse
contexto, o padrdo de variabilidade nos mamiferos placentarios indica profundidade de
tempo evolutivo, algo esperado ja que TMPRSS2 e outras TTSPs vém sendo cooptadas por
outras familias virais, tais como Orthomyxoviridae. Considerando que tanto as familias de
virus como as de mamiferos placentarios convivem a milhdes de anos, esses achados
indicam uma corrida armamentista evolucionaria de longo tempo.

2) Porque TMPRSS2 foi preferencialmente cooptada evolutivamente pelo SARS-

CoV-2 para o processamento da Spike, enquanto outras TTSPs ndo o foram?
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H& um provavel conjunto de cerca de 30 aminoacidos em sitios pouco variaveis
devido & selecdo positiva, 0 que garante uma identidade chave entre TMPRSS2 e outras
TTSPs, incluindo de membros de diferentes subfamilias. E o conjunto de aminoacidos
nesses sitios que potencialmente garante a reiterada cooptacdo evolutiva dessas proteases
pelo SARS-CoV-2 e outros virus para o processamento de suas Spikes. Por outro lado,
TTSPs que ndo compartilham esse conjunto de aminoacidos ndo tem sido

preferencialmente cooptada.
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