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Resumo

A familia Pr1 de proteases tem papel importante na patogenicidade e
viruléncia de artropatégenos como Metarhizium anisopliae. Esses fatores de
viruléncia geralmente atuam na penetragdo da cuticula do hospedeiro, etapa
essencial do processo infectivo. Ha 11 proteoformas de Pr1 (Pr1A a Pri1K)
descritas. Essa familia é dividida em duas classes, sendo que a Classe Il
(tipo-proteinase K) inclui 10 paralogos subdivididos em trés subfamilias. Essas
proteoformas agem em sinergia e com outros fatores de viruléncia, conferindo
patogenicidade a diferentes hospedeiros. A medida em que a viruléncia coevolui
por selecdo reciproca com os hospedeiros, a selegdo positiva pode levar a
evolugao de novas familias de proteases ou paralogos das existentes que possam
superar as defesas do hospedeiro. Essa hipotese € suportada por proteinas Pr1
da Classe I, pois evidenciamos: (i) selegao positiva em seis dos dez paralogos de
Pr1 (em maioria no dominio proteolitico); (ii) divergéncia funcional Tipo | em
comparagdes intra-subfamilia, com suporte a uma potencial nova proteoforma de
Pr1J; (iii) localizagbes projetadas em estrutura terciaria proximas ao sitio
catalitico, com potencial impacto na catalise. Uma abordagem mista
computacional-experimental foi desenvolvida para caracterizar essa nova
proteoforma de Pr1J e identificar os efeitos de sua evolugdo, utilizando
simulagées comparativas por dindmica molecular e expressado heterdloga em
Escherichia coli. Até o momento, diferentes elementos estruturais e
comportamentos conformacionais podem ser observados entre ambas as
proteoformas de Pr1J. Ademais, as construgdes de vetores plasmidiais foram
bem-sucedidas, embora a sua expressao nao tenha sido possivel. Em conjunto,
essa abordagem mista pode apontar os efeitos da duplicagdo e diversificagdo
proteica nas capacidades proteoliticas de M. anisopliae. Até o0 momento, 0s
resultados implicam a existéncia de presséo seletiva diferencial em genes pri e

uma potencial nova proteoforma, provavelmente afetando especificidade de



hospedeiros, viruléncia ou ainda adaptando o organismo a diferentes estilos de

vida independentes do hospedeiro.



Abstract

The Pr1 family of proteases plays an important role in pathogenicity and
virulence of arthropathogens such as Metarhizium anisopliae. These virulence
factors are active during the penetration of the host cuticle, an essential step in the
infective process of this fungus, which possesses 11 Pr1 proteoforms (Pr1A
through Pr1K). This family is divided in two classes, with Class Il (proteinase
K-like) comprising 10 paralogs further split into three subfamilies. These
proteoforms act synergistically and with other virulence factors, conferring
pathogenicity to multiple hosts. As virulence coevolves by reciprocal selection with
hosts, positive selection may lead to the evolution of new protease families or
paralogs of extant ones that can withstand host defenses. This hypothesis is
supported in Class Il Pr1 proteins, as we have evidenced: (i) positive selection in
six out of ten Pr1 paralogs (mostly located on the proteolytic domain); (ii) Type |
functional divergence in intra-subfamily pairwise comparisons, also supporting a
potential novel Pr1J proteoform; (iii) tertiary structure projected locations being
closely located to the enzyme’s catalytic cleft, potentially impacting catalysis. A
mixed computational-experimental approach was developed in order to
characterize this novel Pr1J protein proteoform and identify the effects of positively
selected sites and residues related to functional divergence, by means of
comparative molecular dynamics simulations and heterologous expression in
bacterial vectors. While these analyses are currently underway, different structural
elements and conformational behaviors can already be observed among both Pr1J
proteoform. Furthermore, plasmidial vector constructions have been successful,
although their expression is yet to be accomplished. In conjunction, this mixed
approach should provide a comprehensive view of the effects of protein
duplication and diversification regarding proteolytic capabilities in M. anisopliae.
So far, our results imply the existence of differential selective pressure acting on
pr1 genes and a potential novel proteoform, likely affecting host specificities,

virulence or even adapting the organism to different host-independent lifestyles.
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Introducao

Evolugao de Fungos

No contexto da vida na Terra (aproximadamente esférica'), é inegavel a
importédncia dos fungos nos mais diversos ecossistemas que habitam.
Reconhecidos como um reino taxondmico, Fungi?, desempenham papel vital na
bioquimica global, reciclando carbono e mobilizando nitrogénio, provendo suporte
a vida de plantas na rizosfera ou de forma endofitica, por exemplo
(NARANJO-ORTIZ; GABALDON, 2019). Em outra frente, caracteristicas
particulares de seus metabolismos permitiram que a sociedade humana
produzisse antibidticos para tratamento de infecgbes, além de alimentos e
bebidas fermentadas para saciedade ou prazer, ou ainda que explorasse a propria
biomassa fungica para alimentagdo. Essas singularidades metabdlicas trazem
consigo possibilidades danosas, contudo. Patégenos fungicos podem dizimar
populagdes animais e vegetais, extinguindo espécies ou ameagando cadeias de
producdo alimenticia (NARANJO-ORTIZ; GABALDON, 2019). Entretanto, mesmo
essas caracteristicas inicialmente negativas podem ser exploradas de maneira
benéfica, a exemplo da utilizagdo de espécies fungicas para biocontrole de pragas
agricolas (IWANICKI et al.,, 2019), a ser melhor explorada em secgdes
subsequentes.

A classificagado taxonémica de fungos passou por diversas revisdes. Parte
do problema envolve a propria definicdo do que é um fungo “verdadeiro”. Embora
existam excegdes, caracteristicas comuns a fungos incluem: parede celular
composta de quitina e B-glicanas®, apresentagdo unicelular ou crescimento como
micélio, presenga da rota do aminoadipato para biossintese de lisina, e cristas
mitocondriais achatadas (ADL et al., 2012, 2019). Enquanto o percurso de
classificagdo dos fungos verdadeiros foi baseado em tragos morfologicos e

reprodutivos em seus primérdios, dados de sequenciamento gendmico e

' Infelizmente, se faz necessaria essa distingdo, dada a abismal disseminagéo de pseudociéncia.
2 Juntamente a Animalia, Plantae, Protista, Bacteria e Archaea.
% Nos esporos, pelo menos.
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metagendmico permitiram sua divisdo taxondmica em nove filos principais (Eigura
1): Basidiomycota, Blastocladiomycota, Chytridiomycota, Glomeromycota,
Mucoromycota, Neocallimastigomycota, Opisthosporidia, Zoopagomycota e

Ascomycota, ao qual direcionam-se os estudos deste trabalho.

Opisthosporidia
Blastocladiomycota
Neocallimastigomycota
Chytridiomycota
Zoopagomycota

—— Glomeromycota

—— Mucoromycota

—— Basidiomycota

—— Ascomycota

Figura 1: Reino Fungi. Arvore esquematica representando os nove filos majoritarios
de fungos e suas relagdes evolutivas. Unidades taxonémicas fora do nivel de filo foram
omitidas por simplicidade. Adaptado de (NARANJO-ORTIZ; GABALDON, 2019).

Contendo aproximadamente dois tercos de todas as espécies fungicas
descritas (LUTZONI et al., 2004; SCHOCH et al., 2009), o filo Ascomycota contém
organismos-modelo de notavel importancia cientifica e econémica (i.e. Aspergillus
nidulans, Saccharomyces cerevisiae, Schizosaccharomyces pombe e Neurospora
crassa, dentre outros). Cruzamentos entre espécies de ascomicetos induzem a
formacgéo de hifas dicarioticas*, que levam a formagéo de ascos contendo esporos
(ascosporos) de origem meidtica. Porém, ndo € incomum a ocorréncia de
reproducdo assexuada em varios membros deste filo. De particular interesse, o
subfilo Pezizomycotina® possui a maior diversidade dentre os ascomicetos e sua

anatomia basica é filamentosa e anastomizada (ADL et al., 2012; HEALY et al.,

4 Caracteristica do sub-reino Dikarya, composto por Ascomycota e Basidiomycota, onde a fus&o
de hifas & disjunta da meiose (NARANJO-ORTIZ; GABALDON, 2019).

® Os outros sendo Taphrinomycotina e Saccharomycotina, este sendo clado-irméo de
Pezizomycotina (NARANJO-ORTIZ; GABALDON, 2019).
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2013; LIU et al., 2008), com ascos normalmente protegidos por ascocarpos. Unico
a este grupo taxonémico fungico é a evolugdo mesosinténica®, evidenciada por
genbmica comparativa (HANE et al., 2011), e metabolismo secundario altamente
desenvolvido (SBARAINI et al., 2016; WISECAVER; ROKAS, 2015; WISECAVER,;
SLOT; ROKAS, 2014). Os Pezizomycotina possuem 13 classes conhecidas, cada
uma abrangendo diversas ordens, porém ha em torno de 5000 membros desse
subfilo sem classificacdo exata (NARANJO-ORTIZ; GABALDON, 2019). Por
objetividade, focaremos na classe Sordariomycetes, que abrange em torno de 2,2
x 10* organismos conhecidos, o segundo mais abundante desse subfilo
(NARANJO-ORTIZ; GABALDON, 2019). Morfologicamente  diversos,
sordariomicetos possuem estilos de vida saprotréfico, patogénicos a plantas,
parasitas de animais ou fungos, endofitico ou até formando liquens
(NARANJO-ORTIZ; GABALDON, 2019).

A ordem Hypocreales, da classe Sordariomycetes, abrange uma
cornucopia de fungos fitopatogénicos, endofiticos, micoparasitas, simbiontes de
insetos e patdégenos de artropodes (KEPLER et al., 2012; SUH; NODA;
BLACKWELL, 2001). Em particular, a entomopatogenicidade evoluiu de maneira
independente nas familias  Cordycipitaceae,  Ophiocordycipitaceae e
Clavicipitaceae, de tal forma consistente com transicbes repetidas entre
hospedeiros plantas, fungos ou insetos (SUH; NODA; BLACKWELL, 2001).
Direcionando o foco especialmente a familia Clavicipitaceae, destaca-se que é
composta majoritariamente por espécies patogénicas, incluindo patégenos de
plantas, fungos, répteis e artrépodes (KEPLER et al., 2014). O género
Metarhizium, por exemplo, inclui representantes patogénicos a répteis
(Metarhizium viride e Metarhizium granulomatis) (SCHMIDT et al., 2017), a
cogumelos (Metarhizium marquandii, também saprofito) e a insetos (Metarhizium
acridum). Metarhizium spp. sao tradicionalmente considerados patégenos de
insetos que apresentam esporos assexuais esverdeados, divergindo de

representantes endofiticos ha aproximadamente 307 milhdes de anos (MiA) (ST

8 Manutengao de contetido génico sem conservagdo de ordem de ocorréncia.
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LEGER; WANG, 2020), e vem sendo de particular interesse no estudo da

patogenicidade e em aplicagdes comerciais voltadas ao biocontrole de pragas.

Artropatdégenos e Metarhizium spp.

Fungos artropatogénicos (FAP)” vem sendo utilizados para biocontrole ha
mais de um século, oferecendo alternativas ambientalmente corretas se
comparados a pesticidas sintéticos convencionais para controle de pragas
artrépodes. Um foco especial vem sendo dado a ordem Hypocreales, devido a
mecanismos eficientes de infecgdo, abrangéncia de hospedeiros e facilidade de
producdo em massa (BUTT, JACKSON; MAGAN, 2001). Aproximadamente 80%
das aplicagbes comerciais de FAPs sdo baseadas nos géneros Metarhizium e
Beauveria (FARIA; WRAIGHT, 2007). Especialmente, Metarhizium anisopliae foi a
primeira espécie de FAP a ser produzida em massa e aplicada a esse propoésito.
Sendo uma das espécies de melhor caracterizacdo quanto a viruléncia e
especificidade de hospedeiros em nivel molecular, M. anisopliae tem grande
importancia no estudo da artropatogenicidade (ST LEGER; WANG, 2020)

O banco de dados Mycobank® apresenta 85 espécies reconhecidas de
Metarhizium spp. (Name status: Legitimate; incluindo formas e variantes®), cujas
sequéncias genbmicas ja foram determinadas para 8 espécies (Tabela 1).
Estudos filogendmicos (HU et al., 2014) apontam para a existéncia de grupos
considerados hospedeiro-especificos ou especialistas® como primitivas as
demais espécies amostradas. Fungos cuja abrangéncia de hospedeiros é mais
diversa sao considerados (hospedeiro-)generalistas, abrangendo 7 ordens de

artropodes™. Integrantes com nlUmero intermediario de hospedeiros’ sé&o

7 Usado como alternativa para “entomopatogénicos”, visto que os hospedeiros de alguns FAPs
incluem nao-insetos (e.g. Metarhizium). E, porém, um termo n&o-usual.

8 http://www.mycobank.org/; consulta em 5 de agosto de 2020.

® Do latim, respectivamente, forma e varietas, abreviados como f. e var.

" Metarhizium album e Metarhizium acridum, patogénicos as ordens Hemiptera e Orthoptera,
respectivamente.

" M. anisopliae, Metarhizium brunneum e Metarhizium robertsii, abrangendo Diptera, Lepidoptera,
Coleoptera, Hymenoptera, Orthoptera, Hemiptera e Ixodida.

2 Metarhizium majus e Metarhizium guizhouense, ambos abrangendo Lepidoptera e Coleoptera.

19


https://paperpile.com/c/pSD9dz/LY8D
https://paperpile.com/c/pSD9dz/zC1K
https://paperpile.com/c/pSD9dz/MLe6
https://paperpile.com/c/pSD9dz/LY8D
https://paperpile.com/c/pSD9dz/oQRI
http://www.mycobank.org/

definidos como espécies transicionais no processo de diversificacdo de
hospedeiros no género Metarhizium. Presume-se que a especiagéo direcionada a
generalizagdao do leque de hospedeiros, partindo de especialistas, ocorreu
paralelamente a diversificacdo dos artropodes em um processo coevolutivo. Em
espectro mais abrangente, a ampliagdo do rol de hospedeiros dos Metarhizium
gerou aumento no tamanho gendémico, numero total de genes e expansao de

familias génicas — especialmente as associadas a interagdo com os hospedeiros.

Tabela 1: Genomas disponiveis para Metarhizium spp. conforme o banco de dados
do NCBI. Consulta em 18/06/2021.

Comprimento

Espécie Montagens ID total (Mb) Proteinas GC%
M. acridum 1 2443 39,42 9849 49,80

M. album 1 11737 30,45 8472 52,70

M. anisopliae 6 2190 38,59 11415 50,90
M. brunneum 2 15954 37,43 11054 51,08
M. guizhouense 1 15953 43,47 11787 49,60
M. majus 1 37185 42,06 11535 51,00

M. rileyi 2 44815 31,91 8854 49,65

M. robertsii 2 13329 40,99 12036 51,10

Em particular, M. anisopliae foi a primeira espécie de FAP a ser produzida
em massa e a ser utilizada de forma bem-sucedida para fins de biocontrole
(ZIMMERMANN; PAPIEROK; GLARE, 1995). Esse organismo é um dos FAPs
melhores caracterizados e € aplicado globalmente em programas de controle
biolégico (BEYS-DA-SILVA et al., 2020), podendo ser encontrado no solo®,
endofiticamente ou de maneira infectiva ou saprotréfica (ST LEGER, 2008). Em
particular, a forma infectiva (Figura 2) pode ser dividida em 3 grandes etapas
(BUTT et al., 2016; SANCHEZ-PEREZ et al., 2014): penetracdo, crescimento e
reprodugao. O estagio de penetracéo inclui o reconhecimento da superficie do
hospedeiro suscetivel, adesdo e germinagdo do conidio, desenvolvimento de

apressorio e tubo germinativo e a penetragdo propriamente dita. Em seguida, na

' Habitando a rizosfera de plantas.
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etapa de crescimento, ocorre a diferenciacdo das hifas em blastosporos™,
crescimento intenso do FAP e consumo de recursos do hospedeiro até sua morte.
Por fim ocorre nova diferenciacdo de hifas, que emergem através da cuticula e
desenvolvem conidiéforos, cuja liberagdo de conidios no ambiente permite a
reprodugdo através de novo hospedeiro (BEYS-DA-SILVA et al., 2020;
BOOMSMA et al., 2014). Entretanto, esse ciclo s6 é possivel se o conidio resistir
as diversas defesas, induzidas ou pré-existentes, do hospedeiro (BUTT et al.,
2016). A primeira e principal dessas € a cuticula, composta principalmente por
lipideos'®, proteinas e quitina'®. Para que ocorra a penetracgdo fisica dessa
complexa camada, conidios de M. anisopliae formam apressorios, estruturas
especializadas que exercem simultaneamente pressdo mecanica e secregao de
enzimas lipoliticas, quitinoliticas e proteoliticas (BUTT et al., 2016; SCHRANK;
VAINSTEIN, 2010). Esse balango quimico entre parasita e hospedeiro, no que se
refere respectivamente a fatores de viruléncia e moléculas de defesa, em prol do
agente invasor é essencial para a manutencédo e evolugdo desse estilo de vida.
Os genes codificantes de proteases fungicas, em particular, apresentam-se como
modelos promissores no estudo da evolugdo adaptativa de familias multigénicas e
seu impacto nos processos de especiagao (VILCINSKAS, 2010).

As proteases, em particular, desempenham fungdes essenciais na
patogenicidade de M. anisopliae (ROSAS-GARCIA et al., 2014). No processo
infectivo desse fungo filamentoso, sdo conhecidos pelo menos trés tipos distintos
de proteases: serino-proteases dos tipos subtilisina (Pr1'") e tripsina (Pr2'®), além
de um tipo de metaloprotease (ST LEGER; BIDOCHKA; ROBERTS, 1994). As
proteinas tipo-tripsina e tipo-subtilisina pertencem a distintas superfamilias de
serino-proteases, cuja evolugdo convergiu independentemente a mecanismos
cataliticos similares. As funcbes dessas enzimas vao além da penetragao

cuticular, também disponibilizando as proteinas do hospedeiro para a nutricdo e

* Formas leveduriformes que se difundem passivamente pela hemolinfa do artropode.
'® Na epicuticula

'® Na procuticula

EC 3.4.21.62

®EC3.4.214
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agindo em resposta as defesas do inseto através da hidrolise de peptideos
antimicrobianos e inibidores de proteases, a citar alguns (BUTT et al.,, 2016;

VILCINSKAS, 2010).

Penetracéao

Colonizagao completa d-robhospedeiro

Figura 2: Visdo esquematica da forma infectiva de M. anisopliae. Retrata-se o ciclo
em forma cartunizada do carrapato bovino Rhipicephalus microplus. Ao centro, visdo
ampliada do estagio final de colonizagao, onde a superficie do cadaver apresenta-se
tomada pelos conidiéforos esverdeados de M. anisopliae. C - conidio; A - apressorio;
GT - tubo germinativo (sigla do do inglés, germ tube). Adaptado de (BEYS-DA-SILVA et
al., 2020; SCHRANK; VAINSTEIN, 2010).

Proteases Pr1

A familia Pr1 de proteases esta intimamente ligada a patogenicidade de M.
anisopliae. Analises de ESTs indicam a presencga de 11 paralogos de Pr1, sendo
mais prevalentes os transcritos de Pr1A, seguidos de Pr1J - quase oito vezes
menos abundantes (FREIMOSER et al., 2003). Estudos filogenéticos posteriores
empregando trés linhagens de M. anisopliae (ARSEF 2575, ARSEF 324 e ARSEF
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820) (BAGGA et al., 2004) sugerem a divisdo dessa familia em duas classes
(Tabela 2). A Classe | (tipo-bacteriana) contém a proteoforma Pr1C, enquanto a
Classe I, tipo-proteinase K, subdivide-se em trés subfamilias que abrangem as
isoenzimas remanescentes.

A subfamilia extracelular 1 (Sf1) compreende Pr1 A, B, G, | e K, sendo
caracterizada por genes contendo de dois a trés introns e quatro residuos de
cisteina conservados nas proteinas codificadas (BAGGA et al., 2004). Em
especial, Pr1A é reconhecida como um importante fator de viruléncia de M.
anisopliae, sendo que linhagens superexpressando essa proteoforma reduziram o
tempo de morte do hospedeiro em até 25%, ocorrendo também reducédo da
alimentacdo em 40% enquanto vivos, parametro critico na avaliagdo de pesticidas
comerciais (ST LEGER et al., 1996). Adicionalmente, mutantes espontaneos com
delecao dos genes pr1A e pri1B apresentaram viruléncia reduzida - sem efeito na
patogenicidade - para Tenebrio molitor, porém nao para Galleria mellonella
(WANG; TYPAS; BUTT, 2002), implicando que as diferentes proteoformas de Pr1
podem ter efeito na especificidade a determinados hospedeiros. O mesmo
trabalho também aponta que linhagens apresentando delegbes de alguns genes
pr1 ainda sao capazes de infectar seus respectivos hospedeiros, embora com
viruléncia reduzida. O processo €, portanto, intrincado e multifatorial.

A subfamilia extracelular 2 (Sf2) compreende Pr1 D, E, F e J. Genes neste
grupo podem possuir até dois introns, ndo havendo conservacédo de cédons de
cisteina. Em particular, os genes pr1E e Pr1F" estdo organizados in tandem,
distantes cerca de 800 pb, implicando que sua origem decorreu de duplicagao de
um gene ancestral similar a pr1F. E proposto que um ancestral de Metarhizium
spp. herdou pr1D e um gene similar a pr1J, este sofrendo duplicagéo, resultando
em gene ancestral similar a pr1F (BAGGA et al., 2004). Também existem indicios
de que a duplicagdo que deu origem as subfamilias 1 e 2 ocorreu ha
aproximadamente 400 MiA no filo Ascomycota, anteriormente a divergéncia entre

leveduras e ascomicetos filamentosos (HU; ST. LEGER, 2004).

' Ambos sem introns
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Tabela 2: Classificagdo da familia Pr1 de proteases, conforme proposto por
(BAGGA et al., 2004)

Classe Subfamilia Proteoforma Localizagao

Classe | c
(Tipo-Subtilisina)

Extracelular

Extracelular

A
B Extracelular
G

(sf1) Extracelular

| Extracelular

K Extracelular
Classe

(Tipo-Proteinase K) D Extracelular
2 E Extracelular
(sf2) F Extracelular
J Extracelular

3
(sf3) H Intracelular

N/A - Ndo-Aplicavel

A ultima subdivisdo da Classe |l € composta apenas pela isoenzima Pr1H,
ocupando a subfamilia intracelular 3 (Sf3), independente das demais. A natureza
intracelular dessa proteina é inferida pela auséncia de peptideo-sinal identificavel
(BAGGA et al., 2004). Ha indicios de que a evolugdo dos genes associados as
proteinas tipo-subtilisina encontradas em ascomicetos ocorreu a partir de
proteinas intracelulares até as extracelulares, o que pode ter facilitado o uso
dessas proteases como fatores de viruléncia por espécies patogénicas (LI et al.,
2010, 2017).

O unico representante da Classe | em M. anisopliae (Pr1C) nao foi incluido
nas analises de 2004 (BAGGA et al.,, 2004) por ser altamente divergente das

demais e introduzir um viés nos alinhamentos. Sendo assim, n&o foi possivel
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relaciona-lo com os demais membros da familia sob um mesmo olhar. Essa
proteoforma em particular apresenta maior similaridade com sequéncias de
Bacillus spp., ndo apresentando introns ou sitios conservados de cisteina
(BAGGA et al., 2004). Analises in silico apontam potenciais fungdes regulatérias e
interagdo com outras proteases tipo-subtilisina®®, dentre outras proteinas em
etapas iniciais de infecgdo (BEYS-DA-SILVA et al., 2014).

As proteinas Pr1, em sua maioria, sao sintetizadas como pré-pro-peptideos
(Figura _3) (SIEZEN; LEUNISSEN, 1997). A regiao “pré” é localizada nos
primeiros 15 a 22 aminoacidos (aa) dos polipeptideos e corresponde a um
peptideo-sinal, este ausente em Pr1H (BAGGA et al.,, 2004; LI et al., 2010).
Sequencialmente, temos a regido “prd”, localizada entre o peptideo-sinal e a
regido da protease madura e com 60 a 80 aa de extensdo (BAGGA et al., 2004).
Esse segmento, sem assinatura evidente em Pr1E e F, possui fungdo no
enovelamento proteico como chaperona intramolecular (LI et al.,, 1995) e atua
como inibidor temporario do dominio proteolitico (KOJIMA; MINAGAWA; MIURA,
1997) até que assuma sua conformacéo final, de aproximadamente 280 aa (ST.
LEGER, 1995).

Embora ndo se conhegca completamente a funcido individual de cada
proteoforma de Pr1, espera-se que as atividades das enzimas que forem parcial
ou totalmente ndo inibidas complementem funcionalmente umas as outras no
processo infectivo (VILCINSKAS, 2010). Potencialmente, esse processo pode
aumentar a adaptabilidade e alcance de hospedeiros, ou até mesmo favorecendo
a sobrevivéncia em diferentes habitats externos. Diferencas de estabilidade,
adsorcao e afinidade por substratos, dentre outras caracteristicas, sugerem que
as proteinas tipo-subtilisina interagem sinergisticamente com outras enzimas
associadas a cuticula, hidrolisando mais eficientemente as componentes
cuticulares (BAGGA et al., 2004; BUTT et al., 2016; LI et al., 2010).

2 Pr1A, B, le J.
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Pré-peptideo

/ Pré-peptideo

PS

=18 aa =70 aa
¢ Pr1H ¢ Pr1E, Pr1F

Figura 3: Arquitetura tipica da familia Pr1 de proteases. Em geral, o polipeptideo
transcrito possui peptideo-sinal (PS) para secrecao, este ausente na proteoforma H,
um dominio dito inibitério (Inibidor_19), ausente nas proteoformas E e F, e o dominio
proteolitico (Peptidase_S8) da superfamilia das subtilases. A nomenclatura dos
dominios segue a empregada no PFAM, das referéncias PF05922 (/nhibitor_I9) e
PF00082 (Peptidase_S8).

=280 aa

A expressao diferencial de proteases por Metarhizium spp. em diferentes
substratos pode ser interpretada como uma adaptacgao fisiolégica aos inibidores
de proteases dos hospedeiros (VILCINSKAS, 2010). Analises protedmicas de M.
anisopliae durante a infec¢cao de Dysdercus peruvianus (BEYS-DA-SILVA et al.,
2014) sugerem aumento da expressdo de Pr1A, B, C e |, além de redugao de
expressdo Pr1J nos estagios iniciais de infeccdo (48 h). Adicionalmente, Pr1B
continua aumentada apés 96 h do inicio da infecgdo. Na infec¢cdo de Spodoptera
exigua (JAVAR et al., 2015), verifica-se aumento gradual na expressao de Pr1A
nos estagios iniciais e atinge pico 1.000 vezes maior na etapa de conidiagdo, em
relacdo ao inicio do processo, sugerindo que essa proteoforma também tem acéao
no processo de extrusdo de hifas nos estagios finais, possivelmente
disponibilizando nutrientes. Da mesma forma, em Galleria mellonella (SMALL;
BIDOCHKA, 2005), verifica-se expressdao aumentada de Pr1A na formagao de
apressoérios e na conidiacdo. Experimentos de RNA-Seq a partir de material
extraido de culturas de M. anisopliae em cuticulas de Rhipicephalus microplus
(STAATS et al., 2014) evidenciam superexpressao das proteoformas C, |, J e Ka

48 h pos-infecgdo, voltando a niveis basais em 144 h pods-infecgcdo. Ja em
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Manduca sexta (FREIMOSER; HU; ST. LEGER, 2005), observa-se alteracao
generalizada da express&o da maioria dos paralogos da familia Pr1 de proteases
em relagao ao controle (Figura 4).

Esses dados mostram conjuntamente que a expresséo de serino-proteases
da familia Pr1 esta relacionada a diferentes composi¢cdes de cuticula dos
hospedeiros artrépodes. Potencialmente, isso envolve um processo de
“‘amostragem” do meio, afetando a especificidade de M. anisopliae
(BEYS-DA-SILVA et al., 2014; FREIMOSER; HU; ST. LEGER, 2005; SANTI et al.,
2010). Contudo, se o hospedeiro ndo possuir capacidade inibitoria relativa a
alguma protease em particular que esteja associada a um determinado patégeno,
de tal maneira que n&o ocorra a sua inativagao completa, esta se tornara o fator
mais relevante. Isso se da independentemente de sua concentracdo absoluta ou
atividade, podendo ser notavelmente menores que as dos demais fatores, visto
que a secregao de enzimas de cujos inibidores o hospedeiro dispde em grandes

quantidades acarreta no desperdicio de recursos (VILCINSKAS, 2010).

Meio Minimo 8 Cuticula de Manduca sexta

Taxa de expressao (log,)
N
Taxa de expressao (log,)

A

g tv//.v ] J ‘ o

0 1 2 4 8 12 18 24 0 1 9 4 8 12 18 24
Tempo (h) Tempo (h)

EPrlA ; COPrlB ; OPrll ; ®PrlE; +Prl) ; APrliD; APrlC ; xPriK

Figura 4: Diferengcas na expressao de genes pr1. As taxas de expressao médias
para cada gene, comparativamente entre meio minimo (a esquerda) e em cuticulas de
M. sexta (a direita), demonstram a plasticidade da transcricdo de acordo com o
ambiente. Adaptado de FREIMOSER; HU; ST. LEGER, 2005.

Provavelmente a viruléncia de FAPs coevolui por resultado da selegao

reciproca com o organismo-alvo. Sob esse paradigma, € possivel postular que
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exista selegéo positiva na direcdo da evolugcdo de novas proteases?' que ndo séo
inativadas pelos fatores do hospedeiro (VILCINSKAS, 2010). Avaliagdes prévias a
este trabalho da presséo seletiva na familia Pr1 de proteases apontam que,

calculando w = dN/dS meédio entre todos os cédons, a divergéncia dessa familia

seguiu 0 que se espera de evolugdo neutra, com niveis variaveis de selecao
purificadora (BAGGA et al.,, 2004; HU; ST. LEGER, 2004). Contudo, como os
proprios autores apontam, ponderar o entre todos os cdédons mascara as
diferentes regides da cadeia polipeptidica sob pressdes seletivas diferenciadas.
Mais recentemente, avaliagdes filogenémicas incluindo 7 espécies de Metarhizium
22 apontam Pr1K, apenas, sob selecéo positiva em todas as linhagens (HU et al.,
2014). Ademais, ha evidéncias de selegao positiva atuando em serino-proteases
de fungos aprisionadores de nematddeos (LI et al., 2010). Esse mesmo estudo
aponta propriedades compartiihadas com FAPs no ambito do parasitismo,
inclusive demonstrando a capacidade de diversos entomopatdgenos infectarem
ovos de nematddeos. Da mesma forma, mostrou-se que fungos patogénicos a
nematédeos sao capazes de infectar artrépodes. Com isso em mente, um
extensivo estudo comparativo entre as diversas proteoformas de serino-proteases
tipo-subtilisina da familia Pr1, incorporando espécies fora do complexo
Metarhizium, pode evidenciar novos padroes de diversificagcdo, contribuindo no

entendimento do papel individual dessas enzimas no processo infectivo.

2 Sejam novas familias ou mesmo novos paralogos de familias existentes.
2 M. acridum, M. album, M. majus, M. guizhouense, M. brunneum, M. robertsii e M. anisopliae
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Tese

Se a viruléncia fungica coevolui com seus hospedeiros, havendo pressao seletiva
positiva para o surgimento de novas variantes,

entdo essa pressao seletiva pode ser quantificada e alteragdes decorrentes
desse processo causam efeitos conformacionais e funcionais observaveis e

detectaveis na estrutura proteica.

Objetivos

Gerais: evidenciar padrdes evolutivos de selegao positiva e divergéncia funcional
na familia Pr1 de proteases, bem como seus efeitos na estrutura proteica e

funcao enzimatica.

Especificos:

e Descrever a evolugdo molecular da familia Pr1 de serino-proteases em
Metarhizium spp.;

e Evidenciar regides de variacdo e alteragdo estrutural e funcional da
proteina;

e \Verificar o papel de residuos positivamente selecionados e associados a
divergéncia funcional na estrutura e fungéo de proteoformas de Pr1J;

e Caracterizar e diferenciar a fungao enzimatica de proteoformas de Pr1J em

Metarhizium spp.
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Organizacao Geral

Doravante, o trabalho se divide em trés capitulos, correspondendo a

divisdo de temas inerente ao estudo proposto. Neles serdo apresentados

resultados e metodologias pertinentes, seguidos de discussdo conjunta das

implicagbes das observacdes. A Figura 5 traz, de forma grafica, o panorama do

fluxo metodolégico seguido. De forma resumida, sdo como segue:
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1.

3.

Evolucéo
Inferéncia filogenética baseada em sequéncias de proteases Pr1,

com posterior afericdo de pressao seletiva positiva e avaliacdo de
divergéncia funcional entre as 10 proteoformas da Classe Il. Por fim,
discorre-se sobre as implicacbes desses residuos em estrutura proteica

homologa. Sera apresentado na forma de artigo, ja publicado.

Estrutura
Baseado nos resultados decorrentes do Capitulo 1, foi realizada a
construcao de modelos comparativos de estrutura proteica, seguidos de

simulagao por Dindmica Molecular de proteoformas (potenciais) de Pr1J.

Funcéo

Complementar ao Capitulo 2, tentou-se realizar expressao
heteréloga das Pr1J fungicas, com posterior isolamento e caracterizacao
da atividade enzimatica em substratos conhecidos, visando observar
diferencas funcionais entre as potenciais proteoformas de Pr1J. Este
segmento encontrava-se em andamento até a pandemia do SARS-CoV2 e

esta interrompido por tempo indeterminado.



Capitulo 1

Banco de
Dados
A

Selegao Inferéncia Divergéncia
Positiva Filogenética Funcional
Projecéo
Estrutural

Capitulo 2 | Capitulo3
)
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Estrutural M. anisopliae E6
—
———
: Construgao

Alinhamento de Vetor

-
——L—

Modelagem Clonagem
Comparativa E. coli DH5a / 10
-

A
Validagéo

Estereoquimica
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Molecular

Inducdo de Expresséo
E. coli BL21(DE3)pLysS

Figura 5: Organizagao Geral da Tese.
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Capitulo 1: Evolucao

O artigo que constitui essa sessao foi publicado no periddico Molecular
Genetics and Genomics sob o DOI 10/c3zn. Neste Capitulo sdo descritas as
primeiras analises evolutivas envolvendo a Classe Il da familia Pr1 de proteases
em M. anisopliae e outras espécies relacionadas, incorporando informacdes
existentes em bancos de dados publicos. Esse trabalho aborda aspectos
evolutivos gerais dos 10 paralogos (A-K, exceto C), caracterizando as relagbes
das entidades moleculares entre si, bem como entre as subfamilias,
analisando-se as ramificagbes associadas ao género Metarhizium. A seguir,
analisa-se a presencga e localizacao de selegao positiva e divergéncia funcional
tipo Il. Verifica-se, entdo, a relacdo entre pressao seletiva e localizacdo na
estrutura proteica através de modelagem estrutural comparativa. Por fim,
discorre-se sobre as implicagdes dos processos evolutivos sobre a fungao

proteica e sobre a potencial existéncia de uma proteoforma nao descrita de Pr1J.
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Abstract

The Pr1 family of serine endopeptidases plays an important role in pathogenicity and virulence of entomopathogens such as
Metarhizium anisopliae (Ascomycota: Hypocreales). These virulence factors allow for the penetration of the host cuticle,
a vital step in the infective process of this fungus, which possesses 11 Prl isoforms (Pr1A through Pr1K). The family is
divided into two classes with Class II (proteinase K-like) comprising 10 isoforms further split into three subfamilies. It is
believed that these isoforms act synergistically and with other virulence factors, allowing pathogenicity to multiple hosts.
As virulence coevolves through reciprocal selection with hosts, positive selection may lead to the evolution of new protease
families or isoforms of extant ones that can withstand host defenses. This work tests this hypothesis in Class IT Pr1 proteins,
focusing on M. anisopliae, employing different methods for phylogenetic inference in amino acid and nucleotide datasets
in multiple arrangements for Metarhizium spp. and related species. Phylogenies depict groups that match the taxonomy of
their respective organisms with high statistical support, with minor discrepancies. Positively selected sites were identified
in six out of ten Prl isoforms, most of them located in the proteolytic domain and spatially close to the catalytic residues.
Moreover, there was evidence of functional divergence in the majority of pairwise comparisons. These results imply the
existence of differential selective pressure acting on Prl proteins and a potential new isoform, likely affecting host specifici-
ties, virulence, or even adapting the organism to different host-independent lifestyles.

Keywords Metarhizium anisopliae - Serine endopeptidases - Molecular evolution - Positive selection - Functional
divergence
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importance, such as Aedes aegypti, the primary vector of
Dengue, Chikungunya and Zika viruses (Greenfield et al.
2015). However, different species of Metarhizium display
different host ranges, correlated with the genus evolution:
specialists such as M. acridum and M. album are pathogenic,
respectively, to the orders Orthoptera and Hemiptera; while
transitional species (M. guizhouense, M. majus) are able to
infect Lepidoptera and Coleoptera; and finally generalist rep-
resentatives (M.anisopliae, M. brunneum, M. robertsii) can
parasitize over seven arthropod orders. Specialist traits are
considered plesiomorphic with respect to transitional and
generalist characters, the latter being the most recent in the
evolutionary chronology. This directional widening of host
ranges is thought to have occurred alongside the diversifica-
tion of the hosts, in a coevolutionary fashion, encompassing
increases in genome size, number of genes, and number of
protein families (Hu et al. 2014).

A successful infection requires that the conidium trans-
poses the cuticle, the first and foremost layer of defense,
while resisting a series of defense mechanisms employed
by the hosts, including cuticle melanization and secretion
involving fungistatic compounds, antimicrobial peptides,
and protease inhibitors (Butt et al. 2016). After adhesion to
the epicuticle, conidia develop structures named appressoria,
which are responsible for exerting mechanical pressure and
secreting an array of proteinases, chitinases, and lipases for
the degradation of the protein-chitin exoskeleton (Schrank
and Vainstein 2010; Butt et al. 2016).

M. anisopliae synthesizes at least three different kinds
of proteases in the infective process: subtilisin-like serine
proteases of the Prl family, trypsin-like serine proteases of
the Pr2 family, and a metalloprotease (St Leger et al. 1994;
Schrank and Vainstein 2010). M anisopliae possesses 11
known Prl isoforms (Prl1A through K), the highest num-
ber ever observed in fungi (Freimoser et al. 2003), which
are divided in Class I (bacterial-like), containing exclu-
sively Pr1C, and Class II (proteinase K-like), comprising
the remaining isoforms further divided into three subfami-
lies. The extracellular subfamily 1 (sf1) contains Prls A, B,
G, I, and K; the extracellular subfamily 2 (sf2) comprises
Prls D, E, F, and J; and finally Pr1H composes subfam-
ily 3 (sf3), which is the only endocellular Pr1 (Bagga et al.
2004). This family of proteases has been widely associated
with fungal virulence (Rosas-Garcia et al. 2014) and their
overall expression levels increase during the initial and later
stages of infection in cuticle models, namely through cuticle
penetration and conidiation, although expression patterns
for each isoform change accordingly to hosts (Freimoser
et al. 2005; Small and Bidochka 2005; Beys-da-Silva et al.
2014; Javar et al. 2015). While the individual functions of
Prl isoforms are not fully understood, it is presumed that
they act synergistically with other hydrolytic enzymes for
an efficient degradation of the cuticle (Butt et al. 2016).
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Their different expression patterns suggest an environment
sampling mechanism with direct effects on host specificity
(Santi et al. 2010).

In this work, we sought to unveil the patterns of selection
in the molecular evolution of the Prl family of proteases
regarding M. anisopliae and related species. Presumably,
virulence coevolves through reciprocal selection with the
host and positive selection is responsible for the evolution of
new proteases or isoforms capable of withstanding the host
defense mechanisms, namely protease inhibitors (Vilcinskas
2010). In this sense, we performed a thorough phylogenetic
evaluation of these proteases, focusing on positively selected
sites and functional divergence, and evidenced that six out of
ten Class II Pr1s are under positive selection, some on func-
tionally-related regions, with many residues involved in the
functional divergence of these proteins. Our findings might
contribute to the understanding of the intricate interaction
of fungal pathogens and their arthropod hosts by means of
differential selective pressures on virulence factors.

Materials and methods
Database construction

A local database of subtilisin amino acid sequences was
constructed using the hmmsearch software of the online
HMMER platform (Eddy 1998; Finn et al. 2011) based
on the Peptidase_S8 HMM profile (PF00082) downloaded
from the Pfam database (Finn et al. 2014). We realized
searches in the Reference Proteomes database applying sig-
nificance E value thresholds of 0.01 and 0.03 for sequences
and hits, respectively. In total, our database comprised
35,560 sequences containing the subtilase family proteo-
lytic domain. We then searched this database for homolo-
gous sequences to each Prl contained on the Metarhizium
anisopliae E6 genome (Staats et al. 2014) (Table 1) using
the blastp software from the BLAST + package (Cama-
cho et al. 2009) with the following parameter thresholds:
E<1079, identity > 60%, and cover > 60%. The resulting
sequences were filtered by size, removing sequences 40%
larger or smaller than the average size of the references
(Table 1). We then retrieved the corresponding nucleotide
sequences from the NCBI database and clustered identical
entries into a single representative sequence. Metarhizium
spp- sequences from Hu and coworkers (2014) were main-
tained for comparison.

Phylogenetic analysis
Amino acid sequence alignments were performed for Prl

A,B,D,E,F, G, H, J, and K, as well as for joint datasets
for sfl, 2, or 3 with PRANK (Ldytynoja 2014) and were
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Table 1 blastp and filtering results, evolutionary model analyses and selected phylogenies for different Prl datasets

Subfamily Isoform Accession Size (aa) #BLAST+ #Filtered Model (aa) Model (nt) Selected tree
Sf1 A KFG86683.1 390 100 33 LG+I1+G+F" GTR+1+G* nt-BI
B KFG82971.1 386 33 13 JITT+G¢ HKY +I° nt-BI
G KFG792717.1 399 9 7 JITT+1¢ HKY +G® nt-BI
1 KFG81480.1 388 97 12 WAG +G' GTR+I¢ nt-BI
K KFG84128.1 391 32 26 WAG+1+G" GTR+1+G* nt-BI
= N/A N/A N/A 91 LG+I1+G° GTR+1+G* nt-BI
Sf2 D KFG83000.1 406 14 9 JITT+G¢ HKY +G° nt-BI
E KFG79137.1 386¢ 34 16 JTT+G¢ GTR+G*¢ nt-ML
KFG81922.1
KFG84469.1
F KFG79136.1 329¢ 24 13 WAG +G' GTR +G*¢ aa-BI
KFG83510.1
J KFG80219.1 398¢ 23 16 WAG +Gf GTR+1+G* nt-ML
KFG85392.1
X N/A N/A N/A 54 WAG +1+Gf GTR+1+G*¢ nt-BI
Sf3 H KFG381188.1 533 179 118* LG+1+G® GTR+1+G*¢ nt-BI
Global N/A N/A N/A 263 LG+1+G° GTR+1+G* nt-BI

2 union of all sequences belonging0020to the subfamily, N/A Non-Applicable

*After additional filtering at 95% identity
°Le and Gascuel 2008

“Tavaré 1986

4Jones et al. 1992

“Hasegawa et al. 1985

"Whelan and Goldman 2001

average of the sizes of the references

manually inspected and edited (when deemed necessary)
with AliView (Larsson 2014). For the global sf123 dataset
we employed GUIDANCE v2 (Sela et al. 2015) to assess
alignment reliability, using the PRANK (Ldytynoja 2014)
algorithm for alignment with 100 bootstrap replicates and
variable gap penalties, the GUIDANCE2 (Landan and Graur
2008) method for confidence measurements with a score
cutoff of 0.70. The corresponding nucleotide alignment was
constructed with TranslatorX (Abascal et al. 2010). The
best-fit amino acid or nucleotide evolutionary model was
estimated using ProtTest v3.2 (Guindon and Gascuel 2003;
Abascal et al. 2005; Darriba et al. 2011) and JModelTest v2
(Guindon and Gascuel 2003; Darriba et al. 2012), respec-
tively. Phylogenetic reconstruction through Maximum Like-
lihood (ML) was performed using PhyML v3 (Guindon and
Gascuel 2003) with 1000 bootstrap replicates. Additional
parameters include the estimation of gamma distribution
(+G), proportion of invariable sites (+I), observed residue
frequencies (+F) when applicable (Abascal et al. 2005), 4
substitution rate categories, optimization of tree topologies,
branch lengths, and substitution model parameters. Starting
tree construction uses the BioNJ algorithm (Gascuel 1997),
and tree topology search using nearest-neighbor interex-
change. Phylogenetic reconstruction by Bayesian Inference

was performed using MrBayes v3.2.5 (Altekar et al. 2004;
Ayres et al. 2012; Ronquist et al. 2012), sampling trees for
at most 107 generations, except for Pr1H-aa-BI that required
further sampling for convergence. The sampling occurs
every hundredth generation, with a stopping value at a 0.01
average standard deviation of split frequencies threshold,
discarding the 25% initial samples as burn-in, and summa-
rizing topologies and parameters afterwards. All obtained
phylogenies had their branches collapsed at an 800 boot-
strap or with the use of a 0.8 posterior probability threshold
using the TreeGraph v2 software (Stover and Miiller 2010).
A meta-tree was constructed using the four collapsed trees
(amino acid and nucleotide datasets for both ML and BI)
with the MetaTree software (Nye 2008). The generated con-
sensus topology (centermost node of the meta-tree) and the
phylogeny displaying fewer polytomies were used for posi-
tive selection analyses. Tree manipulation softwares include
FigTree v1.4.2 (Rambaut 2016) and SeaView v4 (Gouy et al.
2010).

Positive selection

In order to estimate positively selected sites on the indi-
vidual Pr1 coding nucleotide sequences we used the codeml
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software of the PAML package (Yang 2007), following the
procedures depicted on the manual, for the MetaTree con-
sensus topology and selected tree alike. First, we calculated
branch lengths according to the M0 (w) model, which were
used as input for dy/d calculations according to the Mla
(nearly neutral), M2a (positive selection), M3 (discrete), M7
(p) and M8 (B&w) likelihood (/) models. Likelihood Ratio
Tests (LRTs; 2Aln [) were conducted comparing nested
models MO vs M3, Mla vs M2a, and M7 vs M8 following
x2 tests with 4, 2, and 2 degrees of freedom, respectively,
as recommended by Anisimova et al. (2002). For rejection
of the null hypothesis of neutrality, we considered p <0.05,
which was calculated using the chi2 software of PAML.
The probability of positively selected sites was calculated
according to the Naive Empirical Bayes (NEB) and Bayes
Empirical Bayes (BEB) methods implemented in PAML,
where we only considered sites with posterior probabilities
of 0.95 or higher as positively selected.

Functional divergence

Type I functional divergence evaluates altered functional
constraints in one or more residues when comparing two
genes, where any given site is conserved in one gene and
highly variable in other, regardless of the underlying evo-
lutionary mechanisms (Gu et al. 2006). We employed
DIVERGE v3.0 software (Gu et al. 2013) to analyze func-
tional divergence of the subfamilies 1 and 2. The Gu99
method (Gu 1999) was applied to each subfamily alignment
and extracted subtrees from the global phylogeny due to bet-
ter resolution (in most scenarios) when compared against
their joint phylogenies. Polytomies in these topologies were
represented as zero-length branches. For each dataset, we
selected monophyletic clades corresponding to each isoform
(labeled A, B, G, I, and K for sf1; D, E, F, and J for sf2) for
ML pairwise estimation of type I functional divergence coef-
ficient (f;), gamma parameter for among-site rate variation
(@), standard error of the estimate (SEg), and LRT for 6,. The
likelihood ratio test yields a log-score approximately follow-
ing a y* distribution with 1 df and is constructed under the
null hypothesis of no functional divergence (¢;=0) against
the existence of functional divergence (6,> 0). We consid-
ered p<0.05, also calculated using the chi2 software (see
previous section), for rejection of the null hypothesis. In this
case, a successful test means that functional constraints have
shifted between two homologous genes (Gu 2001).

Structural projection
In order to pinpoint the location of positively selected
sites, we projected the location of residues onto an experi-

mentally determined homologous structure. Thus for
each Prl isoform a generalist, transitional, and specialist
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Metarhizium representative was selected (M. anisopliae E6,
M. guizhouense ARSEF 977, and M. acridum CQMa 102,
respectively). An online phmmer (Eddy 1998; Finn et al.
2011) search within the Protein Data Bank (PDB; Berman
et al. 2003, 2007) was then conducted for each sequence
at default settings to find a reliable homologous structure.
Criteria for structure selection followed best-practices for
template selection in template-based modeling (Khan et al.
2016): over 30% alignment identity and the best possible
resolution. Afterwards, a structure-based multiple sequence
alignment was performed using the online PROMALS3D
(Pei et al. 2008) software with default parameters on our
representative sequences plus a structural homolog. Amino
acid sites under positive selection were located in this align-
ment and their locations highlighted in the homologous posi-
tion of the crystallographic structure using PyMOL v2.2.0
(Schrodinger 2015).

Imaging software

Final figures were constructed using Inkscape v0.92 (http://
www.inkscape.org) and converted using GIMP v2.8.14
(http://www.gimp.org).

Results

Filtering, alignment, and evolutionary model
selection

Sequences corresponding to each Class II Prl from M.
anisopliae E6 were used as queries against our local pro-
tein database using blastp (Camacho et al. 2009). Initially
545 sequences were recovered. This number was reduced to
approximately 65% (359) through identity and size filter-
ing. Our resulting sequences for isoforms A, B, and I (sf1)
displayed some intersections, solved by constructing pre-
liminary phylogenies and analyzing the resulting clusters.
Additionally, due to over-representation of some taxonomic
groups (especially Metarhizium spp. and Fusarium spp.),
a representative sequence was chosen for groups display-
ing >95% sequence identity for Prl1A and Pr1H (Metarhi-
zium spp. sequences from Hu and coworkers (2014) were
maintained for comparison, regardless of identity). This
results in a final number of 263 sequences (roughly 48% of
the initial) (Table 1). Moreover, assessing the reliability of
our global alignment of Class II isoforms rendered a reduc-
tion of 76.55% in alignment size (1966 to 461 sites) (Online
Resource 1-13 and 1-14).

Isoforms E, F, and J exist in multiplicity in the genome
of M. anisopliae E6 (3, 2, and 2, respectively), as well as
in some related species. For Prl1E there are three identi-
fied sequences for M. brunneum ARSEF 3297, three for
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M. robertsii ARSEF 23, and two sequences for M. robert-
sit ARSEF 2575. In a similar fashion for Pr1F we obtained
two sequences belonging to M. anisopliae ARSEF 549, two
for M. brunneum ARSEF 3297 and two for both lineages
ARSEEF 23 and ARSEF 2575 of M. robertsii. Additionally,
many species displayed two sequences for isoform J, namely
M. brunneum ARSEF 3297, M. guizhouense ARSEF 977,
M. acridum CQMa 102, and to both M. robertsii ARSEF
23 and ARSEF 2575. Finally, there were two annotated
Pr1H sequences for M. anisopliae E6, KFG81188.1 and
KFG83511.1, although the latter displayed no homologs in
our database and was thus discarded.

All sequence accessions for data used in this work, along
with their taxonomic classifications, can be found in Online
Resource 2. Results for all evolutionary model analyses
based either on our amino acid alignments (Online Resource
1) or on our retroalignments are summarized in Table 1.

Phylogenetic reconstruction
Selected phylogenies for each dataset are listed in Table 1.
Subfamily 1

In order to better assess the evolutionary history of Prl
proteases we constructed a joint alignment, comprising
all sequences contained in sfl (Online Resource 1-10).
However, we could not unequivocally define relationships
among them. In Sf1-nt-Bi (Fig. 1a) and Sf1-MT (Fig. 1b),
we observed a separation of representatives for each isoen-
zyme in a [K, (A, B, G, I)] pattern, although some of these
groups appear fragmented. Pr1A members split into four
groups in Sf1-nt-BI: A1 (including Metarhizium, Pochonia,
Metacordyceps, Epichloé, Claviceps, Beauveria, Lecanicil-
lium, Fusarium, Engyodontium, Ophiocordyceps, Hirsutella,
and Purpureocillium genera; corresponding to sets Al.1,
Al.2, and A1.3 in Sf1-MT), A2 (Tolypocladium; identi-
cal in Sf1-MT), A3 (Eutypa, Cordyceps, and Sarocladium;
A3.1 and A3.2 in Sf1-Mt), and A4 (Trichoderma; identi-
cal in Sf1-MT). Even though group K is depicted as mono-
phyletic in Sf1-nt-BI, it is branched into four groups in the
meta-tree: K.1 (including Metarhizium, Epichloé, Claviceps,
Villosiclava, and Trichoderma genera), K.2 (Fusarium and
Nectria), K.3 (Acremonium), and K.4 (Colletotrichum). The
remaining groups (B, G and I) composed similar monophy-
letic clades in both topologies. There were also no major
differences regarding clustering for OTUs of each isoform
in comparison to individual datasets and the observed
subgroups in Fig. 1b correspond in most cases to existing
branches in the individual trees (Online Resource 3—1 and
3-2). It is noteworthy that host-specialist species (M. acri-
dum and M. album) in the sfl phylogeny appear as sisters
to host-generalist (M. anisopliae, M. brunneum, and M.

robertsii) and transitional species (M. guizhouense and M.
majus) in B, G, I, and K clades. In clade A, however, even
though Prls belonging to specialists are depicted as sisters to
the others, there is a mix of generalist and transitional OTUs
in a high posterior probability clade.

A similar trend was also observed in the proposed indi-
vidual reconstructions (Online Resource 3). In general, phy-
logenies depicted similar groupings when comparing the
MetaTree for each dataset to its selected topology, although
with some different inter-relationships. For Pr1B-MT spe-
cifically, no reasonable clusters were observed, meaning that
there was no substantial agreement among all our individual
phylogenetic reconstructions for the Pr1B dataset (Online
Resource 3—1). Overall, the majority of operational taxo-
nomical units (OTUs) belonged to the Hypocreales order
and were clustered according to their families in our indi-
vidual analyses.

Subfamily 2

Jointly, phylogenetic analyses for sf2 isoforms (Fig. 2)
displayed concordant topologies regarding large groups.
We could verify in both Sf2-nt-BI (Fig. 2a) and Sf2-MT
(Fig. 2b) the (J, (D, (E, F))) clustering pattern, there being
an identifiable specialist-transitional-generalist trend for
Metarhizium spp. inside all groups. The OTU composition
for this subfamily contained only Metarhizium spp. and
Epichloé festucae (Pr1] only), which are representatives
from the Hypocreales order and Clavicipitaceae family.
In general, all branchings for monophyletic clades corre-
spond to their individual counterparts. Due to Pr1D infer-
ences (Online Resource-3) depicting two groups of two
nearly identical topologies, differing by a single branch,
no consensus topology could be inferred for this dataset.
Trees belonging to Pr1E (Online Resource 3-3) branched
into three main groups: groups | and 2 were composed
exclusively by generalist species, while group 3 contained
specialist, transitional, and generalist representatives, there
being a closer relationship among non-specialists. Much like
Pr1E, resulting phylogenies for our PrlF analyses (Online
Resource 3—4) displayed multiple groups, one following the
specialist-transitional-generalist pattern and the other being
a heterogeneous cluster composed of one specialist and
five generalist sequences. Finally, regarding Pr1J (Online
Resource 3—4) we observed two monophyletic groups fol-
lowing the overall trend for Merarhizium spp., with E. festu-
cae placed in between.

Subfamily 3/Pr1H
The sf3 dataset was the largest and most taxonomically

diverse of all our data, encompassing a different phylum
and several classes (Fig. 3a). The Eurotiomycetes and
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«Fig. 1 Subfamily 1 joint phylogenetic reconstructions. a Phylo-
genetic reconstruction using Bayesian Inference with the nucleotide
dataset, following the GTR +1+ G evolutionary model, and sampling
364,000 generations. Estimated posterior probabilities are adjacent to
their corresponding branches; b Meta-tree combining all constructed
topologies (Maximum Likelihood and Bayesian Inference methods
using both amino acid and nucleotide datasets). Component groups
are identified in red labels above their corresponding branches. Host
range information for Metarhizium spp. is depicted in red, blue, and
green for specialist, generalist, or transitional OTUs, respectively

Dothideomycetes classes formed sister groups, both of
which composed a sister clade to Leotiomycetes. Sordari-
omycetes, which included Metarhizium spp., was inferred
to be a sister group to the [Leotiomycetes, (Eurotiomycetes,
Dothideomycetes)] clade. Moreover, the Saccharomycetes
class shared a basal node with [Sordariomycetes, (Leotio-
mycetes, (Eurotiomycetes, Dothideomycetes))]. Due to our
rooting, a member of the Basidiomycota phylum (Rhodoto-
rula mucilaginosa) was positioned within Saccharomycetes,
which was labeled as an outlier (Online Resource 3-5). Sf3-
MT (Fig. 3b), comparatively, depicted the same relation-
ships regarding Saccharomycetes, Sordariomycetes, and
Leotiomycetes, although the latter was polytomically split
into two groups. Also, Eurotiomycetes and Dothideomycetes
were positioned at the same level and both are divided into
two groups. Overall, higher taxonomical orders were also
grouped in Sf3-nt-BI (Online Resource 3-5).

Groupings within the Hypocreales clade were organized
according to taxonomical families. In Sf3-nt-BI, Cordycipi-
taceae OTUs (Beauveria, Cordyceps, and Isaria genera)
shared a basal node with a polytomic group composed of
Nectriaceae (Fusarium and Nectria), Hypocreaceae (Tricho-
derma), Ophiocordycipitaceae (Ophiocordyceps), and Clavi-
cipitaceae [Metarhizium, Epichloé, Claviceps, and Ustilagi-
noidea (outlier)], the last two being sister clades. Differences
observed in our Sf3 meta-tree included the loss of a tree
level, polytomically positioning Cordycipitaceae with the
remaining families, while maintaining the (Ophiocordycipi-
taceae, Clavicipitaceae) clade. Just as observed for the other
Prl isoforms, Metarhizium spp. were grouped as expected
regarding host ranges in Sf3-nt-BI and Sf3-MT alike.

Global analysis

A joint phylogenetic analysis of all Class II Prl serine pro-
teases, employing only the most reliable alignment regions
(estimated with GUIDANCE), allowed us to observe the
relationships at the subfamily and isoform levels in a highly-
supported tree. According to Li and coworkers (2010), sf3
(Clade E in their work) is the earliest diverging group of
subtilisin-like serine proteases so that our trees were rooted
in the Sf3 clade. Figure 4 displays three monophyletic clades
corresponding to Sf1, Sf2, and Sf3, the first two depicted as

sister groups and sharing a basal node with Sf3. This pat-
tern was observed for the BI topology constructed with the
nucleotide sequence alignment (Sf123-nt-BI; Fig. 4a) and
meta-tree (Sf123-MT; Fig. 4b) alike.

Outer branches of Sf123-nt-BI supported the monophyly
of each isoform (posterior probabilities >0.98), rendering
the evolution of Class II subtilisin-like serine proteases as
(H, [d, (D, (E, F))), (K, (A, (B, (G, D))))]. Isoform branch-
ings were identical in Sf123-MT, with the exception of Sf1,
which polytomically related all members of this subfamily
and split the equivalent Pr1A clade of Sf123-nt-BI into eight
distinct branches, corresponding to highly supported ramifi-
cations in the selected tree (Online Resource 3—-6). Addition-
ally, observed branchings in Sf123-nt-BI were roughly the
same to the individual or joint subfamily analyses for sf1 and
sf2, and similar at the class level for sf3.

Positive selection (PS)

The phylogenetic trees obtained for meta-tree (MT) and
selected topology (Sel) alike were employed in positive
selection analyses using the PAML package. These, along
with retroalignments for each respective dataset, allowed
for a statistical measurement of selective pressures under
which each coding site is subjected by means of LRTs
(Likelihood Ratio Test; using o as descriptor). We point
out that MO vs M3 tests evaluate @ heterogeneity among
sites, not positive selection, and this test displayed p < 0.05
for all datasets. Log-likelihood values, LRTs, average o,
estimated parameters, and positively selected sites (when
applicable) are displayed in individual tables for each analy-
sis in Online Resource 4. The following nomenclatures will
be employed: Pr1X-PS-MT (when the meta-tree was used)
and Pr1X-PS-Sel (selected topology), where X designates
the corresponding isoform. Table 2 depicts a qualitative
framework of statistic test results, while Fig. 5 summarizes
identified positively selected sites and their respective loca-
tions according to typical protein architecture.

Positive selection was identified in four out of five mem-
bers of sfl (PrlA, B, G, and I), employing MT and selected
topologies alike. There was an overall convergence among
identified sites for Pr1 A-PS-MT and Pr1 A-PS-Sel. Sites 133,
233, and 391 corresponded to positions N126, G216, and
K353, respectively, in M. anisopliae E6, located in the prote-
olytic domain (S8). For Pr1B we detected positive selection
in site 76 in Pr1B-PS-MT, but not in Pr1B-PS-Sel, corre-
sponding to position 16A in our reference sequence, located
in the signal peptide region. Results for Pr1G-PS-MT and
Pr1G-PS-Sel concurred, displaying site 211 (position 211R,
S8 domain) as positively selected. Analyses for Pr1l point
towards sites 231, 328, and 379 for both Pr11-PS-MT and
Pr1I-PS-Sel, and 233 and 328 for Pr1I-PS-MT exclusively.
These sites corresponded, in ascending order, to positions
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(E)Metarhizium guizhouense ARSEF 977
E)Metarhizium majus ARSEF 297

(F)Metarhizium guizhouense ARSEF 977
(F)Metarhizium majus ARSEF 297

(D)Metarhizium majus ARSEF 297
(D)Metarhizium guizhouense ARSEF 977

(J)Metarhizium guizhouense ARSEF 977
(J)Metarhizium majus ARSEF 297

(J)Epichloé festucae FI1

(J)Metarhizium guizhouense ARSEF 977 1

|

@ Specialist

Fig.2 Subfamily 2 joint phylogenetic reconstructions. a Phylo-
genetic reconstruction using Bayesian Inference with the nucleotide
dataset, following the GTR+I1+G evolutionary model, sampling
152,000 generations. Estimated posterior probabilities are adjacent to
their corresponding branches; b Meta-tree combining all constructed

E227, 8229, T271, A323 (S8 domain), and A374 (C-termi-
nal portion without associated domains) in M. anisopliae E6.
Positive selection was not identified for isoform K.
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(b)

(E)Metarhizium guizhouense ARSEF 977
E)Metarhizium majus ARSEF 297

(F)Metarhizium guizhouense ARSEF 977
(F)Metarhizium majus ARSEF 297

- |

(D)Metarhizium majus ARSEF 297
(D)Metarhizium guizhouense ARSEF 977

sy

j_

(J)Metarhizium guizhouense ARSEF 977 ————
(J)Metarhizium majus ARSEF 297 ———

(J)Epichloé festucae FI1

e

(J)Metarhizium iuizhouense ARSEF 977 1 ——
@ Generalist

topologies (Maximum Likelihood and Bayesian Inference methods
using both amino acid and nucleotide datasets). Component groups
are identified in red labels above their corresponding branches. Host
range information for Metarhizium spp. is depicted in red, blue, and
green for specialist, generalist, or transitional OTUs, respectively

Two out of four subfamily 2 members appeared to display
positive selection. For Pr1D, lacking a metatree, sites 223,
291, and 317 were identified, corresponding to positions
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1 — (H)Metarhizium anisopliae E6
! (H)Metarhizium anisopliae ARSEF 549
(H)Metarhizium robertsii ARSEF 23
(H)Metarhizium brunneum ARSEF 3297

1 C(H)Mstamizlum majus ARSEF 297

(H)Metarhizium guizhouense ARSEF 977

(F izium acridum CQMa 102
(H)Metarhizium album ARSEF 1941
(H)Epichioé festucae FI1

Claviipitacase

(H)
| (H)Trichoderma atroviride

1 — (H)Fusarium oxysporum f. sp. cubense race 4
f_C (H)Fusarium CS3096
1 L (H)Nectria haematococca mp\l 77-13-4

1 (— (H)lsaria fumosorosea
099 (H)Cordyceps cicadae APC20
o9 (H)Cordyceps militaris CM01
bassiana ARSEF 2860

(
S (H)Isaria farinosa RCEF685

Cordyciptaceae

Fig.3 Subfamily 3/Pr1H phylogenetic reconstructions. a Phylo-
genetic reconstruction using Bayesian Inference with the nucleotide
dataset, following the GTR+I+G evolutionary model, sampling
296,000 generations. Estimated posterior probabilities are adjacent to
their corresponding branches; b Meta-tree combining all constructed
topologies (Maximum Likelihood and Bayesian Inference methods

Q218, V286, and L321 in M. anisopliae E6, located in the
S8 domain. Regarding PrlJ, Pr1J-PS-MT and Pr1J-PS-Sel
displayed the same positively selected sites: 364, 365, and
367 (notation: copyl/copy?2 in M. anisopliae E6; positions
K337/T337, T338/V338, and S340/T340, all in the proteo-
lytic domain). Data for Pr1E were conflicting: we rejected
the null hypothesis for Pr1E-PS-Sel in the M1a vs M2a test,
but not for test M7 vs M8, while not detecting positive selec-
tion for Pr1E-PS-MT at all. Although above our statistical
threshold, we were unable to locate sites with above 0.50
posterior probabilities, suggesting it to be a false positive.
We did not observe positive selection for isoform F.

Our data did not point toward positive selection in Sub-
family 3/Pr1H. Neither Pr1H-PS-MT nor Pr1H-PS-Sel
displayed statistical significance, having LRTs of 0.00
(p>0.99) and 0.01 (p>0.99) in tests M1a vs M2a and M7
vs M8, respectively, for both datasets. It is worth noticing
that both LRTs and p values were rounded to two decimal

(1) Sordariomycetes
(2) Saccharomycetes
(3 Leotiomycetes
(4) Dothideomycetes
@ Eurotiomycetes

(b)

(H)Metarhizium anisopliae E6
(H)Metarhizium anisopliae ARSEF 549
(H)Metarhizium robertsii ARSEF 23
(H)Metarhizium brunneum ARSEF 3297
(H)Metarhizium majus ARSEF 297
(H)Metarhizium guizhouense ARSEF 977
(H)Metarhizium acridum CQMa 102
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Clavicpitaceae

(H)Claviceps purpurea 20.1 . Spegcialist (H)Clavicsps purpurea 20.1
(H)Ustilaginoidea virens UV-8b et (H)L Virens UV-gp PR et et
(H)Oy sinensis CO18 () Transitional (H)Ophiocordyceps sinensis CO18 Depccicpces,
+ — (H) Trichoderma harzianum CECT 2413 ’ (H) Trichoderma harzianum CECT 2413
1 (H)Trichoderma harzianum . Generalist (H)Trichoderma harzianum iy l
! (H)Trichoderma virens Gv29-8 . (H)Trichoderma virers Gv29-8 — Hypocreacees
reesei QMba J Outlier (H) Trichoderma reesei QMBa ——| Hypocreales

(H)Trichoderma atroviride ——)
(H)Fusarium oxysporum . sp. cubense race 4
(H)Fusarium 53096
(H)Nectria haematococca mpVl 77-13-4 ——
(Hiari fumosorosea —_
(H)Cordyceps cicadae APC20
(H)Cordyceps miltaris GMO1 ——
(H)Beauveria bassiana ARSEF 2860 —|
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Nectriaceae

Cordycipitacese

using both amino acid and nucleotide datasets). Taxonomical phylum,
class, order, and family information for sampled OTUs are described
above each branch, also valid for upper levels. Host range information
for Metarhizium spp. is depicted in red, blue, and green for specialist,
generalist, or transitional OTUs, respectively

places, rendering values for Pr1H-PS-Sel and Pr1H-PS-
MT appearing to be identical, while, in reality, differing on
scales as low as 107,

Functional divergence (FD)

Estimation of site-specific rate difference due to Type |
functional divergence (T1-FD) in subfamilies 1 and 2 sug-
gested different functional constraints after gene duplication
between the majority of isoform pairs. An overview of esti-
mated type I functional divergence coefficients (6;), LRTs,
estimated False Discovery Rate (FDR), and number of iden-
tified sites is available in Table 3, while detailed informa-
tion regarding site position and composition can be found
in Online Resource 5.

LRTs for sf1 pointed towards 8 out of 10 isoform pairs
displaying signs of T1-FD: A/B, A/G, A/K, B/G, B/I, B/K,
G/1, G/K. FDRs ranged from 0.29% (A/B pair) to 11.61%
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Fig.4 Global Class II Pr1 phylogenetic reconstructions. a Above:
Schematic representation of the relationships among subfamilies.
Internal branches, in black, are to reflect OTU abundance; Below:
Phylogenetic reconstruction using Bayesian Inference with the GUID-
ANCE filtered nucleotide dataset, following the GTR +1+G evolu-
tionary model, sampling 10,000,000 generations. Estimated posterior
probabilities are adjacent to their corresponding branches; b Meta-

(G/K) and number of FD-related sites, when any, were as
small as 1 (A/B) and as high as 24 (A/G). Isoform pairs B/I
and G/1, despite showing statistical significance, displayed
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Sf1

Sf2

Sf3

tree combining all constructed topologies (Maximum Likelihood and
Bayesian Inference methods using both amino acid and nucleotide
datasets). Monophyletic clades corresponding to groups (or subsets of
them) of OTUs for each isoform are represented as triangles. The red,
green, and blue colors relate to subfamily 1, 2, and 3, respectively
(branches are labeled accordingly)

zero sites above our 0; threshold (and, unsurprisingly, 0%
FDR).

Sf2 FD analyses were twofold: regarding Pr1J as a sin-
gle cluster (named 1J), and considering it to be formed
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Table2 Qualitative view of Subfamily Isoform MetaTree Selected Topology
positive selection tests for all
analyzed proteins Mla vs M2a M7 vs M8 Mila vs M2a M7 vs M8 #PSS?*
Sfl A N Y N Y 3
B Y Y N N 1
G N Y N Y 1
I Y Y Y Y 5
K N N N N N/A
Sf2 D N/A N/A Y Y 3
E N N Y N N/A
F N N N N N/A
J Y Y Y Y 3
Sf3 H N N N N N/A

*Number of positively selected sites, ¥ null hypothesis rejection, N null hypothesis acceptance, N/A non-

applicable

Pr1A - -
Pr1B
PriG - -
Pril - :
PriD - :
Pr1J - :

SP

15-22aa 60-80aa

Fig.5 Location of identified positively selected sites regarding
domain architecture. The typical architecture of Prl proteases is
depicted in the lowermost part. Usually, the polypeptide contains a
signal-peptide (SP), an inhibitory domain (Inhibitor_I9; PF(05922),
and a subtilase-like proteolytic domain (Peptidase_S8; PF00082).
Lines are ordered according to isoforms, and hyphens represent the

by two independent branches (2J). Since our phylogenies
indicate two monophyletic clades following a specialist-
transitional-generalist trend, there might be in fact two
functionally distinct isoforms that were considered as PrlJ.
Supporting this hypothesis, comparisons between clusters
J1 and J2 have shown statistical signs of T1-FD, depicting
45 FD-related sites with 9.38% FDR. Additionally, while
D/J portrayed a similar scenario to B/I and G/I from sf1l
(i.e., statistical significance and no above-threshold sites),
both D/J1 and D/J2 comparisons were statistically signifi-
cant and indicated 7 and 2 FD-related sites with 8.25% and
7.38% FDR, respectively. Comparing 1J to 2J, both E/J and

N126 G216 K353

: R211
| E227 $229 T271 A323 (A374)

Q218 V286 L312

K337 T338 S340
T337 V338 T340

Peptidase S8

~280aa

absence of positively selected sites in that region. The site in paren-
theses (Prll) is located in the C-terminal portion, with no identifiable
domain by sequence similarity, but still a part of the mature polypep-
tide. Proteins Pr1E, PrlF, PrlH, and Pr1K did not display signs of
positive selection

F/J displayed an overall decrease in FDR (12.13-8.56%
average for Prl1E; 10.05-2.92% average for Pr1F) and an
increase in FD-related sites (1 to 32 and 6 - E/J1 and E/J2,
respectively; 2 to 132 and 1-F/J1 and F/J2, respectively).
Finally, E/F yielded the same trend as D/J (rejection of
the null, no sites) and the alternate hypothesis of FD was
rejected for D/F. It is worth mentioning that D/E, D/F,
and E/F comparisons for 1J are exactly the same in 2J due
to using the same alignment and topologies, yielding the
exact same results and, therefore, they are not depicted in
the 2J rows in Table 3.
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Table 3 Type I functional divergence analysis for Pr1 Class II subtili-
sin-like serine proteases

Clades  6;+SE, LRT 4 (p) FDR? (%)  #Sites®

Sfl
A/B  0310+0070 19.718 (<107%)  0.29 1
A/G  0.700+0.100  48.525(<107'1) 822 24
Al 0.098+0.064  2.390 (>0.10) N/A N/A
A/K  0.190+0.039  23.521 (<107%)  6.04 4
B/G  0.726+0.133  29.891 (<10™7) 855 11
B/1 0.318+0.105  9.200 (<1072 0.00 0
B/K  0314+0067 21.892(<107%)  10.51 6
G/l 0.387+0.161  5.765 (<0.02) 0.00 0
G/K  0.654x+0.117 31.328(<10°") 1161 17
/K 0.092+0.049  3.560 (>0.05) N/A N/A

S£2 (1)
D/E  0.654+0.152  18.505(<107%  8.93 7
D/F 0.235+0.159  2.188 (>0.10) N/A N/A
D/J 0.374+0.183  4.186 (<0.05) 0.00 0
E/F 0.443+0.153 8373 (<107%) 0.00 0
EN 0.569+0.196 8397 (<1072) 12.13 1
F/J 0.398+0.128  9.667 (<107?) 10.05 2
zSf2 (2))
DAl 0.594+0.126 22259 (<1075 825 7
D12 0.564+0.141  16.034 (<107%  7.38 2
EAJl  0.778+0.121  41.397(<107%  8.61 32
EN2  0.670+0.162 17.043 (<107%  8.50 6
FA1 0.982+0.126  60.412(<107%)  1.84 132
FJ2  0512+0.146  12.327(<107%)  4.00 1
J1/12 0.810£0.129  39.527 (<107% 938 45

0; Type I functional divergence coefficient, SE, standard error of
the estimate, LRT 6 Likelihood Ratio Test of functional divergence,
which is compared to a 4 distribution with 1 df

* 0.86 posterior probability cut-off, N/A non-applicable

Structural projection

Knowing the position of PS sites in primary structures offers
little information regarding potential modulation of function
at a molecular level other than an eventual physical-chemical
change in an amino acid sidechain. As structure begets func-
tion, a structure-based sequence alignment in conjunction
with crystallographic information may provide a glimpse
into how evolution is shaping Prl proteins. Our phmmer
searches indicated PDB ID 1IC6, determined by X-ray crys-
tallography at a 0.98-A resolution (Betzel et al. 2001), as
a suitable homologous structure for all our representative
sequence, ranging from as high as 69% identity and 86.1%
similarity (PrlA from M. guizhouense) to as low as 32.6%
identity and 52.2% similarity (Pr1J2 from M. anisopliae),
and its residue numbers will be used as reference. As
this structure only comprises the mature peptide, we also
retrieved the full protein sequence from Uniprot (PO6837)
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PrA

Catalytic Triad
CaZ+

Fig.6 Location of positively selected sites regarding protein
structure. Site positions are depicted as colored sections on the sur-
face representation of a Proteinase K crystallographic structure from
Parengyodontium album at a resolution of 0.98 A (PDB ID 11C6),
with the underlying backbone structure rendered in black lines. The
lower structure represents a 180° rotation on the horizontal axis of the
upper one

and added it to our dataset for sequence alignment (Online
Resource 6). Regarding residue conservation: the catalytic
triad (D144, H174, and S329 on P06837) was preserved
on all sequences; disulfide bonds cysteines (C139-C228
and C283-C354) were present in all Sf1 members except
for Pr1G from M. acridum, which displayed a deletion of
residue 283; and calcium binding sites appeared in variable
levels of conservation throughout all isoforms. Amino acid
mutations on structurally relevant regions can potentially
modulate protein function. By projecting alignment infor-
mation on to 11C6 (Fig. 6), we were able to observe four PS
residues in proximity to the catalytic cleft: G100 for Pr1G
(arginine in M. anisopliae and M. acridum; glutamine in
M. guizhouense), S101 (glutamine in M. anisopliae; glu-
tamic acid in M. guizhouense and M. acridum), and Y169
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(valine in M. anisopliae; tyrosine in M. guizhouense and M.
acridum) for Pr1D, and S221 for Pr1J (J1: serine for all rep-
resentatives; J2: threonine for M. anisopliae and serine for
M. guizhouense and M. acridum). Additionally, residue S17
for Pr1A (asparagine in M. anisopliae and M. guizhouense,
glutamine in M. acridum) appeared close to a calcium atom
and adjacent to residue T16, which composes calcium bind-
ing site 2 (Online Resource 6). Remaining PS residues are
distributed on the protein surface with no apparent potential
influence on functionally related regions.

Discussion

In order to test the hypothesis that Prl serine-proteases
belonging to M. anisopliae are subject to differential selec-
tive pressures, we conducted extensive phylogenetic analy-
ses encompassing all Class II members. Additionally, we
identified positively selected sites in six—Pr1A, B, D, G, I,
and J—out of ten analyzed datasets, suggesting an increase
in non-synonymous substitution rates over synonymous
ones, which leads towards additional amino acid variability
in those sequences. We have also found evidence for Type |
functional divergence in most pairwise comparisons within
subfamilies, further supporting that Prl isoforms are not
functionally redundant and pointing to a potential novel
protease isoform. This modification or innovation tendency
and functional shifts in the Pr1 family have potential impacts
over arthropod host ranges in this fungal genus.

Among sequences that were identified as homologous to
those of M. anisopliae E6, proteins Prl1E, PrlF, and Prl1J
appeared in multiple non-identical copies. This multiplicity
seems to be associated with the host range expansion process
in the Metarhizium genus, since the increase in host numbers
is associated to protein families expansion (Hu et al. 2014).
Phylogenetic analyses for Pr1E, which originated from an in
tandem duplication of a Pr1F-like gene (Bagga et al. 2004),
support this hypothesis due to the presence of monophyletic
clades related to the “additional” copies, exclusively identi-
fied in generalist Metarhizium species (M. anisopliae, M.
brunneum, and M. robertsii; Online Resource 3-3 and 3—-4).
Analyses portrayed in this work, regarding these isoforms,
differ from previous studies, where only one copy of each
protein was employed per species (Bagga et al. 2004; Hu
and St. Leger 2004; Li et al. 2010). Overall, our sampling of
homologous sequences to Prl proteases was more extensive
than those of earlier studies, mainly due to the availability of
newly sequenced genomes encompassing fungi of different
host ranges (Hu et al. 2014).

As a general trend observed in our phylogenies, proteins
belonging to members of the Metarhizium genus clustered
according to host ranges, placing host-specialty as an ances-
tral character to wider ranges (such as those of generalist or

transitional species), in accordance with the evolutionary
relationships established using genomes (Hu et al. 2014).
Furthermore, observed branchings at the family level resem-
ble those observed by Hu et al. (2014), in which fungal
family evolution in the Hypocreales order is described as
[Nectriaceae, (Hypocreaceae, (Cordycipitaceae, (Ophio-
cordycipitaceae, Clavicipitaceae)))]. Analyzing those data-
sets comprising multiple families (Pr1A, Pr1B, Pr1H, and
Pr1K), the same pattern emerged albeit with minor discrep-
ancies. Noteworthy, no external groups were included in our
datasets, rendering it difficult to attribute temporal meaning
to topologies, while allowing a near-equivalent representa-
tion to previous studies that included such groups by direct
branch reordering. The presence of discrepantly grouped
orders, like those in the internal branches of Hypocreales
(Glomerellales in Pr1K and Xylariales in Pr1A), and poly-
phyletic groups such as Cordycipitaceae and Ophiocordy-
cipitaceae in Prl1A may be related to suboptimal sampling
of amino acid sequences or a different evolutionary process,
as the phylogenies of specific proteins do not need to nec-
essarily reflect their species evolution. As pointed out by
Pearson (2013), sequences sharing less than 30% identical
residues may still be homologous. In this work, we applied a
60% identity threshold, possibly rendering our search overly
stringent.

Identified relationships among isoforms from sub-
families 1 and 2 are better supported than previous ones.
Holder and Lewis (2003) point towards a 70% bootstrap
test value as an indicator of strong support for any given
group in phylogenetic analyses, and such value will be
used as reference for the following discussion. By employ-
ing Prl sequences belonging to three M. anisopliae line-
ages, Bagga et al. (2004) have established a [G, (A, B,
I)] relationship for subfamily 1, not including Pr1K, and
a (D, E, F, J) pattern for subfamily 2 members, with sf3/
Pr1H at a basal position. When including proteins from
other species, branching was shown as [H, (J, D, (E, F)),
(K, (A, B, G, I))], depicting three polytomically related
subfamilies. Also in 2004, Hu and St. Leger have inferred
a [K, G, I, (A, B)] relationship of sfl and [D, J, (E, F)]
for sf2, also positioning sf3/Pr1H as root. Li et al. (2010)
related subtilisin-like protease sequences belonging to
the Pezizomycotina subphylum, which encompass several
pathogenic fungal classes, including various Prl isoforms
in M. anisopliae. Their work separated all three subfami-
lies although internal relationships in these clades lack
statistical support (posterior probabilities estimated using
MrBayes, in that case). A more recent study by the same
group (Li et al. 2017) did not rescue the monophyly of
Prl isoforms and subfamilies, depicting the evolution of
already described Class II proteases (i.e., not considering
putative entries) as [H, A, B, G, I, K J, D, (E, F)]. Global
phylogenetic reconstructions in our work (Fig. 4, Online
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Resource 3-6) pointed towards a [K, (A, (B, (G, 1)))] for
sfl and [J, (D, (E, F))] for sf2, rooted in sf3/Pr1H, where
internal branchings for these clades corresponded, in
general, to those visualized in the individual phylogenies
for each isoform. This work introduces a fully resolved
phylogeny at the subfamily and isoform levels, with high
statistical support, providing a more solid basis on the
classification of Class II subtilisin-like Pr1 proteins, while
consistent with previous knowledge on the subject.
Positive selection inferences here presented differ from
those identified in previous works. Both Bagga et al. (2004)
and Hu and St. Leger (2004) included exclusively informa-
tion of generalist Metarhizium species, being unable to find
evidence of positive selection in average dy/d; comparisons
throughout whole alignments. As it was also pointed out by
Bagga and coworkers (2004), averaging ® over all codons
may mask Prl regions under differential selective pressures.
Estimations using our datasets, employing individual sets
for each protein belonging to Prl subfamilies 1, 2, and 3—
including data from generalist, specialist, and transitional
Metarhizium species, as well as from closely related fun-
gal species—pointed towards positive selection in six out
of ten Class II isoforms, specifically in Pr1A, Pr1B, Pr1D,
Pr1G, Prll, and PrlJ. This suggests an active process of
amino acid diversification similar to that observed by Li
et al. (2010) for nematode-trapping fungi, which are closely
related to entomopathogens. Location of positively selected
sites inside the proteolytic domain region is consistent with
the hypothesis that each isoform has diverged (and is still
diverging) to perform different functions in entomopatho-
genic fungi (Bagga et al. 2004). Structural information
(Fig. 6; Online Resource 6) further supports this claim: resi-
dues G100 and S101 (PS in Pr1G and Pr1D, respectively)
are both involved in substrate recognition by the formation
of a triple-stranded beta-sheet with the peptide substrate
(Betzel et al. 1988). Beyond cuticle penetration, these func-
tions can comprise affinities for different substrates, host
cellular defense suppression, defense molecules’ degrada-
tion, and contribute to an increase in host ranges (Vilcinskas
2010). Additionally, the proximity of some PS residues to
the catalytic cleft, such as Y169 (in Pr1D) and S221 (Pr1J),
might modulate pocket size and physical-chemical proper-
ties. A positively selected site inside the signal peptide (pre
region) of Pr1B may specify different modes of targeting and
membrane insertion (Martoglio et al. 1998). Elevated and
increasing expression of this isoform in D. peruvianus in
the first 96 h of M. anisopliae infection (Beys-da-Silva et al.
2014) suggests that this isoform is relevant in the infective
process of this specific host and secretion using different
pathways may reflect the necessities of infecting a particular
host class. This hypothesis, however, should be taken care-
fully due to its inference being solely based on Pr1B-MT
(Online Resource 4-3), which is largely unresolved.
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Opposed to what (Hu et al. 2014) have identified, our
analyses did not indicate positive selection acting on Pr1K,
while agreeing on PrlG, for the M. acridum lineage. Con-
ceptually, the 2014 study has evaluated selective pressures
through branch models on seven Metarhizium genomes
exclusively, while in the present work @ was estimated
using site models, also including sequences from other
fungal families. For this discordant case in particular, the
presence of evolutionarily farther sequences [i.e., from Nec-
triaceae, which diverged approximately 395 million years
ago, against nearly 117 million years for Metarhizium spp.
(Hu et al. 2014)] may have mitigated selection signals in this
dataset. From a different perspective, the presence of highly
similar sequences from Fusarium spp. (Nectriaceae) may
overestimate dg over dy, reducing o in such a way that posi-
tive selection signals are somehow masked. Reevaluation of
these results by further reducing the dataset through identity
criteria, analogously to Pr1A and Pr1H scenarios, besides
a less stringent resampling (as discussed above), may be
beneficial in addressing this apparent contradiction.

Previous FD studies involving the proteinase K family
of subtilisin-like serine proteases in fungi, which included
a subset of known Prl isoforms, did not display signs of
T1-FD (Varshney et al. 2016). Opposed to those results,
incorporating an expanded sample of Prl proteins, we identi-
fied most of the analyzed pairs of proteins under statistically
significant T1-FD (Table 3). Four of those, despite rejection
of the null hypothesis, did not possess FD-related sites with
above-threshold posterior probabilities, suggesting them to
be false positives under our criteria. Under this scenario,
Pr1I would not be functionally divergent to any sfl isoform,
or would be a functional intermediate in this subfamily; the
functionalities of Pr1D would not significantly diverge from
Pr1F and PrlJ, but would from Pr1E, placing it in a some-
what similar hypothetical situation than isoform I; and Pr1E
and Pr1F would not be functionally divergent or their activi-
ties would be very similar. Supporting these hypotheses, in
M. anisopliae E6, Prll has the highest average sequence
identity in all of sf1 (compared with itself), Pr1D shares on
average more identical residues with Pr1F and PrlJ than it
does with isoform E, and Pr1E and Pr1F share more average
identical sites between them than every other sf2 isoform.

Large numbers of Pr1 isoforms in generalist Metarhizium
species in comparison to specialists or even other fungal
species may have allowed pathogenicity towards a large
number of hosts. Consistent with our results, Vilcinskas
(2010) suggests that adaptation to a larger number of hosts
should be accompanied by rapid diversification of genes
involved in multiple host interactions. Additionally, it is
pointed out that adaptation to particular host species should
promote loss of genes that are unaffected by selective pres-
sures due to lack of function in the pathogenesis of reduced
host ranges. For sf2 (Fig. 2), particularly, the presence of
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multiple groups related to Pr1E and PrlF, solely associated
with generalist species (or predominantly generalist, as it
is for Pr1F), may indicate a gain in enzymatic capacity by
generalists or subtilisin-like gene loss by specialists with
probable effects in virulence. Additionally, the presence of
two highly supported subclades in clade J, which contains
isoforms regarded as second in abundance among the Prl
family (Freimoser et al. 2003), following the same special-
ist-transitional-generalist pattern, suggests that they may be
different subtypes. Indeed, when splitting those clades and
testing for T1-FD, 45 FD-related sites were identified and
both Pr1J1 and Pr1J2 were depicted as functionally divergent
to all other sf2 isoforms. One thing to notice is that the F/
J1 comparison yielded near-one 6; (Table 3) and all sites
displayed posterior probabilities > 0.96 (Online Resource 5).
Even though deemed a normal software behavior, some site
compositions were homogeneous and incompatible with a
FD-related site; thus, data for F/J1 are to be disregarded.
Gu (2003) points out that “except for a large number of
sequences, one should be cautious about the result when all
pairwise sequence identities are >90%, because of the lack-
ing of statistical power”. Although such levels of identity are
not observed in every pairwise comparison, many proteins
from Metarhizium spp. or Fusarium spp. in our individual
datasets share high sequence identity and could potentially
impact T1-FD inferences. Subfamily 2 is particularly sus-
ceptible due to almost exclusively containing Metarhizium
sequences. In order to either confirm or refute these hypoth-
eses, a more thorough phylogenetic analysis with increased
sampling of the Prl family may be beneficial, as well as a
biochemical recharacterization of Pr1J proteins found in the
genomes of generalists such as M. anisopliae.

Evolution of parasitic lifestyles depends on the availabil-
ity of enzymatic virulence factors when interacting with
hosts, be it on nutrient acquisition, on infection by itself,
or by weakening host defenses (Vilcinskas 2010). Presum-
ably, pathogen virulence coevolves as a result of recipro-
cal selection with the host, there being positive selection
towards the evolution of new types of proteases or isoforms
that can overcome host defenses, such as protease inhibi-
tors (Vilcinskas 2010). Vilcinskas (2010) has illustrated, in
a simplified way, a few possible scenarios and results here
presented point towards a combination of scenarios 3 and
4 in M. anisopliae, where proteases are either partially or
non-inhibited by the host, allowing for a shift in importance
of virulence factors depending on hosts, despite absolute
concentration or activity, due to a strong diversifying selec-
tion of pathogen-associated proteases. The large number of
expressed isoforms by this generalist fungus is determinant
of host ranges, and its differential expression on distinct
hosts is a potential physiological adaptation to the inhibitory
mechanisms of its host, while enabling hydrolysis of differ-
ent cuticle compositions (Vilcinskas 2010). Additionally,

isoform amounts and expression patterns for Prl proteases
may also be pre-adaptive features to a parasitic lifestyle (Hu
and St. Leger 2004) or even to different environments out-
side the host, such as plant rhizospheres (St Leger 2008).

To date, this is the most comprehensive study on the
molecular evolution of Class II subtilisin-like serine pro-
teases in Metarhizium spp., unveiling patterns of protein
diversification that were not addressed before on this fam-
ily of virulence factors. Identification of positive selection
and functional divergence in sfl and sf2 is consistent with
the expected increase in evolutionary rates for duplicated
genes involved in infecting multiple hosts (Vilcinskas 2010;
Li et al. 2017). Further work is required to confirm the
importance of T1-FD-related and positively selected sites
in these proteins, as to identify the effects of these sites in
protein structure and function, although functionally relevant
regions appear to be affected. It would also be of benefit to
apply a similar approach to expanded datasets with more
permissive criteria, including Pr1C and the additional Pr1H
copy that were not included in this study. The employed
methodology is meant to be the least subjective as possible,
and we enforce the use of collapsed (or condensed) topolo-
gies for phylogeny representation to avoid misinterpretation
of results by the non-specialist community and to remove
unsupported inferences. We expect our work to expand cur-
rent knowledge of Prl evolution, paving the way for future
studies on Metarhizium spp. virulence and pathogenicity, as
well as to provide a reliable analysis framework for molecu-
lar evolution studies.
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Discussao

Visando testar se as serino-proteases do género Metarhizium estao
sujeitas a pressdes seletivas diferenciais, realizamos um estudo filogenético
amplo. Foram observados indicios de selegao positiva na maioria dos casos
analisados. Além disso, ha evidéncia de divergéncia funcional Tipo | dentro das
subfamilias 1 e 2, oferecendo suporte a hipétese de que nédo ha redundancia
funcional das proteases Pr1, bem como sugerindo a existéncia de uma nova
proteoforma de Pr1J até entdo ndo descrita. Essa tendéncia a variabilidade,
juntamente com desvios funcionais, tem potencial impacto sobre o leque de
hospedeiros artrépodes nesse género fungico.

Em geral, as filogenias mostram entradas de Metarhizium ramificadas
conforme a abrangéncia de hospedeiros, posicionando a especializagdo de
hospedeiros como caracteristica plesiomorfica aos alcances maiores®, em
consonéancia com dados gendmicos (HU et al., 2014). Ademais, as reconstrugdes
baseadas em sequéncias nucleotidicas e aminoacidicas, em geral, recuperaram a
filogenia das espécies que as contém. Essa observagdo implica que a
transmissdo dos genes pr1 ocorre de maneira vertical, sem indicios de
transferéncia interespecifica ou horizontal.

As relagdes filogenéticas observadas entre paralogos das familias 1 e 2
apresentam melhor suporte estatistico que as previamente disponiveis no
momento de publicagdo deste artigo®. As reconstrugbes de filogenia global
(alinhando todas as Pr1 amostradas) apontam para ramificagdes [K,(A,(B,(G,)))],
para a sf1, e [J,(D,(E,F))] ,para a sf2, enraizadas na sf3/Pr1H onde, em geral, as
ramificacdes internas corresponderam aquelas observadas nas reconstrucoes
individuais por proteoforma. Nosso trabalho introduz uma filogenia totalmente
resolvida nos niveis de subfamilia e proteoforma, com alto suporte estatistico,

provendo uma base mais sélida na classificacao das proteinas Pr1 da Classe I,

= Transicionais e generalistas.
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enquanto mantendo a consisténcia com conhecimento prévio (BAGGA et al.,
2004; Ll et al., 2010, 2017).

As inferéncias de selegcao positiva e divergéncia funcional deste trabalho
introduzem uma nova perspectiva na evolucdo das proteases Pr1 Classe Il. A
presenca de pressdo seletiva positiva em seis de dez genes pr1?%, cujos sitios
localizam-se no dominio proteolitico, sugerem processo ativo de diversificagéo.
Adicionalmente, observou-se a presenca de divergéncia funcional estatistica na
maioria das comparagdes par a par realizadas em cada subfamilia, com multiplos
residuos-chave associados. Em conjunto, esses dados sdo consistentes com a
hipétese de que a familia de proteases Pr1 divergiu (e continua divergindo) de
modo a desempenhar atividades nao-redundantes em fungos entomopatogénicos,
podendo influenciar diferentes afinidades por substratos, supressao ou
degradacéao de respostas do hospedeiro e aumento no alcance de hospedeiros.

Numeros maiores de proteoformas de Pr1 em espécies generalistas de
Metarhizium em comparagdo com especialistas ou outras espécies fungicas
podem ter resultado na capacidade de infectar hospedeiros. Consistente com
nossos resultados, Vilcinskas (2010) sugere que a adaptagdo a um maior numero
de hospedeiros deve ser acompanhada de rapida diversificagdo dos genes
envolvidos na interagdo com multiplos hospedeiros. Adicionalmente, a adaptacao
a uma espécie particular de hospedeiros deve promover perda de genes que nao
sdo afetados por pressodes seletivas devido a falta de funcdo na patogénese de
alcances reduzidos de hospedeiros. No caso da sf2, em particular, a presencga de
multiplos grupos® associados apenas, ou em maioria, com espécies generalistas
pode indicar um ganho de capacidade enzimatica nos especialistas ou perda de
genes por parte dos especialistas, com efeitos provaveis na viruléncia.

A evolucado de estilos de vida parasiticos depende da disponibilidade de
fatores enzimaticos de viruléncia na interagdo com os hospedeiros, seja na
aquisicado de nutrientes, na infeccdo propriamente dita ou pelo enfraquecimento

das defesas do hospedeiro. Presumidamente, a viruléncia de um patdégeno

% Pr1A, Pr1B, Pr1D, Pr1G, Pr1l e Pr1J.
% Em Pr1E e PriF.
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coevolui como resultado de selecdo reciproca com seu hospedeiro, havendo
selecao positiva no sentido da evolucdo de novos tipos de proteases ou
proteoformas que possam sobrepujar as defesas do alvo, tais como inibidores de
proteases. Vilcinskas (2010) ilustra, de maneira simplificada, alguns cenarios
possiveis. Os dados aqui apresentados apontam na direcdo de uma combinagao
dos cenarios 3 e 4 em M. anisopliae, onde proteases sdo ou parcialmente, ou
nao-inibidas pelo hospedeiro, permitindo uma mudanga na importancia de fatores
de viruléncia de acordo com os hospedeiros, independente de concentragéo
absoluta ou atividade, em virtude de uma forte selecdo diversificadora em
proteases associadas a patéogenos. O numero de paralogos expressos por esse
fungo generalista é determinante no alcance de hospedeiros e sua expressao
diferenciada em hospedeiros distintos € uma adaptacgéo fisioldgica em potencial
aos mecanismos inibitorios de seu hospedeiro, enquanto permitindo a hidrélise de
diferentes composigdes cuticulares (VILCINSKAS, 2010). Adicionalmente, a
quantidade de proteoformas e os padrdes de expressao das proteases Pr1 podem
ser caracteristicas pré-adaptativas a um estilo de vida parasitico (HU; ST. LEGER,
2004), ou mesmo a diferentes ambientes fora do hospedeiro, como a rizosfera de
plantas (ST LEGER, 2008).

Até o momento de publicagédo, esse trabalho foi o mais abrangente da
evolucdo das serino-proteases tipo-subtilisina Classe || em Metarhizium spp.,
evidenciando padrdes de diversificagdo previamente desconhecidos nessa familia
de fatores de viruléncia. A identificagcdo de selegcdo positiva e divergéncia
funcional na sf1 e na sf2 é consistente com o aumento esperado nas taxas
evolutivas para genes duplicados envolvidos na infeccdo de multiplos hospedeiros
(LI et al., 2017; VILCINSKAS, 2010). Enquanto regides funcionalmente relevantes
aparentam estar sendo afetadas, mais estudos s&o necessarios para confirmar a
importancia de residuos positivamente selecionados e associados a divergéncia
funcional nessas proteinas, de modo a identificar os efeitos desses sitios na
estrutura e fungdo proteica. Dessa maneira, os resultados deste Capitulo 1 dao

base tedrica aos Capitulos 2 (Estrutura) e 3 (Funcao), a seguir.
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Capitulo 2: Estrutura

Com base nas avaliacoes filogenéticas e de pressdo seletiva na familia

génica Pr1, buscamos descrever in silico o comportamento molecular da potencial
nova proteoforma de protease Pr1J, visando analisar diferengas conformacionais
e fisico-quimicas desta em relacdo a forma “candnica”. Para tal, foram
construidos os modelos tedricos de estrutura tridimensional das proteases Pr1J1
e Pr1J2 por modelagem comparativa®? com proteinas cuja estrutura ja €
conhecida. Apés, realizaram-se simulagdes por dinamica molecular visando
caracterizar as conformagdes mais prevalentes e evidenciar detalhes que

permitam a diferenciacao das proteoformas de protease Pr1J.

2 Ou por homologia
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Procedimentos Metodolégicos

Modelagem Comparativa

A partir da projecgéo estrutural descrita no Capitulo 1?8, utilizou-se como
molde a estrutura cristalografica da Proteinase K de Parengyodontium album
(PDB 1D 1IC6; (BETZEL et al., 2001)), determinada por difracdo de raios-X a uma
resolugdo de 0.98A. Uma avaliagdo pelo servidor PDBSum (LASKOWSKI et al.,
2018)% indicou que o peptideo maduro inicia imediatamente apds o dominio 19,
sendo que apenas as regides correspondentes nas proteases Pr1J1 (NCBI
KFEG80219.1, aminoacidos (aa) 117-398) e Pr1J2 (NCBI KFG85392.1, aa 111-398)
foram utilizadas. As sequéncias foram alinhadas com a sequéncia aminoacidica
do molde utilizando o alinhador online PROMALS3D (PEI; KIM; GRISHIN, 2008),
que foram utilizados como entrada para o software Modeller 9.19 (SALI;
BLUNDELL, 1993). Foram construidos 10 modelos teoricos, com otimizagao
estrutural por dinamica molecular, posteriormente avaliados comparativamente
pelo escore DOPE (Discrete Optimized Potential Energy). O script completo
encontra-se no Anexo 1. A estrutura de menor DOPE foi submetida a ferramenta
PROCHECK (LASKOWSKI et al., 1993), hospedada no servidor PDBSum, para
aquisicdo dos perfis de estrutura secundaria e avaliacdo de perfil de angulos
diedrais pelo grafico de Ramachandran-Ramakrishnan-Sasisekharan, doravante
apenas tratado como grafico de Ramachandran (RAMACHANDRAN;
RAMAKRISHNAN; SASISEKHARAN, 1963). Foram consideradas aceitaveis as

estruturas pela inequacao:
RMF + RAF > 95% (1)

onde RMF é o numero de residuos em regides mais favoraveis no grafico e RAF,

em regides adicionalmente favoraveis.

2 (ANDREIS; SCHRANK; THOMPSON, 2019)Online Resource 6
2 https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=11C6
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Dinamica Molecular

As estruturas obtidas foram submetidas a simulagbes por Dinamica
Molecular (DM) em ftriplicata técnica utilizando o pacote GROMACS 2020.1
(LINDAHL et al., 2020a, 2020b), seguindo as etapas aqui descritas (baseadas nos
protocolos disponiveis no manual do software (LINDAHL et al., 2020a)).
Inicialmente, foi construida a topologia da proteina® e suas interagdes descritas
segundo o campo de forca AMBER99SB-ILDN (LINDORFF-LARSEN et al., 2010),
bem como a configuragdo de solvente explicito (agua) do tipo TIP3P
(JORGENSEN et al., 1983). A proteina foi inserida em uma caixa dodecaédrica,
mantendo uma distancia minima de 1,0A das bordas, aplicando-se condigdes
periddicas de contorno nas trés dimensdes espaciais. O sistema foi solvatado®' e
foram adicionados contra-ions Na* e CI, conforme necessario, para a
neutralizagdo da carga total do sistema. Em seguida, o sistema foi submetido a
minimizacdo de energia potencial segundo o algoritmo Steepest Descent, com
passo de minimizagao de 0,01 ps, em um maximo de 50.000 passos ou quando o
sistema atingir forga maxima inferior a 1000,0 kJ mol”" nm™. Apés, foi realizada a
geracéo de velocidades iniciais e acomodagao do solvente em torno da proteina
(com restricdo de posigao) permitindo variagado da pressao do sistema, mantendo
volume e temperatura® constantes (NVT; Anexo 2).

A partir deste ponto, comum a todas as réplicas, iniciou-se a amostragem
em triplicata técnica do sistema. Seguiu-se de forma analoga a equilibragédo NVT,
porém fixando a pressdo e temperatura e permitindo variagdo de volume (NPT;
Anexo 3), mantendo as restricbes de posicdo na proteina, até a equilibracdo do
volume do sistema. Por fim, executou-se a fase de produgao, simulando o sistema
(agora sem restricao de posi¢des) por 200 ns, utilizando o integrador leap-frog
com passo de integragdo de 2 fs (Anexo 4). As simulagdes foram avaliadas®® em

relacgo a RMSD (Root Mean Square Deviation), quantificando variacdo de

% 11C6, Pr1J1 ou Pr1J2

3 Adigdo de moléculas de agua na caixa tedrica
%2.300,15K ou 27°C

3 Através das médias*erro padrdo das triplicatas.
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coordenadas em relagdo a estrutura inicial (NPT), e RMSF (Root Mean Square
Fluctuation) por residuo, quantificando a variagéo posicional das cadeias laterais
de cada residuo ao longo de toda a simulagdo. Ambos foram calculados com o
pacote GROMACS. Residuos associados a selecdo positiva e divergéncia
funcional serdo avaliados em relacao as ligacdes de hidrogénio em pontos-chave

da simulacao.
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Resultados e Discussao

Modelagem Comparativa

Dos dez modelos construidos para as proteinas Pr1J1 e Pr1J2, foram
escolhidos os modelos de numeros 9 e 10 (Tabela 3), respectivamente. Ambos,
além da estrutura cristalina 11C6*, foram avaliados quanto ao impedimento
estérico (grafico de Ramachandran), acessibilidade a solvente e progressado de
estruturas secundarias observadas. A estrutura-molde deve ser inspecionada por
efeitos induzidos no processo de cristalizagdo (empacotamento cristalino) e
demais anormalidades que podem influenciar a predigdo das estruturas. Pelas
estatisticas fornecidas pelo PDBSum/PROCHECK (Figura 6; Anexos 5, 6 e 7): a

estrutura 11C6 apresenta 100% de residuos (nao-glicina e nao-prolina) em RMFs
e RAFs; Pr1J1 apresenta 98,8%; Pr1J2 apresenta 97,9%. Os residuos em regides
adicionais de Pr1J1 correspondem as posi¢des T106, R129 e K250, estando
localizados em zonas limitrofes de estrutura secundaria, ndo aparentando, em
principio, serem de grande influéncia nas analises subsequentes. Com relagdo a
Pr1J2, os residuos D31, P56, Y177, T174 e S173 encontram-se em regides
menos favoraveis, também localizadas em zonas limitrofes de estrutura
secundaria, ou desprovidas de elementos secundarios.

Em primeira vista (pré-simulacdo), a estrutura-molde e os modelos
construidos apresentam convergéncia na progressao de estruturas secundarias.
Em particular, verifica-se maior semelhanga entre o cristal 11C6 e o modelo
estrutural de Pr1J1 que com Pr1J2 (Figura 6). Ademais, quando realizadas
equivaléncias posicionais com base em alinhamentos, verifica-se delecdo em
Pr1J2 na regido compreendida entre os residuos 30 e 43, um conjunto de
insercbes e delegdes nas regides 71-76 e 115-117, insergdo em 190-193 e
240-241 em Pr1J2 (com potencial influéncia na estrutura secundaria). Com

relacdo a ligagdes dissulfeto, anotadas na estrutura-molde, observou-se que nao

3 hitps://www.ebi.ac.uk/pdbe/entry/pdb/1ic6
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ha conservacao de cisteinas nas posi¢ées homologas, tanto para o par C41-C138
quanto para C201-C275. Isso sinaliza que é possivel esperar menos restricao
dindmica nas estruturas terciarias quando em solug¢ao para as estruturas-modelo.
Sitios de ligagdo a ions calcio (Ca*?) ndo aparentam estar conservados. Por fim, a
triade catalitica composta por D46, H82 e S248 encontra-se conservada nas trés
estruturas.

Com base nas avaliagdes filogenéticas e de presséo seletiva na familia
génica Pr1, buscamos descrever in silico o comportamento molecular da potencial
nova proteoforma de protease Pr1J, visando analisar diferengas conformacionais
e fisico-quimicas desta em relacdo a forma “canbnica”. Para tal, foram
construidos os modelos teoricos de estrutura tridimensional das proteases Pr1J1
e Pr1J2 por modelagem comparativa com proteinas cuja estrutura ja é conhecida.
ApOs, realizaram-se simulagdes por dinamica molecular visando caracterizar as
conformagdes mais prevalentes e evidenciar detalhes que permitam a

diferenciagao das proteoformas de protease Pr1J.

Tabela 3: Funcbes de pontuacdo para avaliagcdo de modelos tedricos, conforme
fornecidas pelo MODELLER. O sombreado indica o modelo selecionado para
simulacéo.

Pr1J1 Pr1J2
Nuamero molpdf DOPE molpdf DOPE
1 1.435,25 -30.315,06 5.838,83 -26.373,41
2 1.509,97 -30.296,72 6.173,85 -25.427,11
3 1.568,99 -29.992,55 5.912,45 -25.574,84
4 1.459,64 -30.475,02 5.847,91 -26.858,13
5 1.440,01 -30.199,05 5.852,84 -26.115,52
6 1.444,12 -30.157,10 5.926,18 -26.330,27
7 1.441,64 -30.488,49 5.848,53 -26.504,05
8 1.541,57 -30.439,34 6.154,08 -26.245,43
9 1.412,49 -30.580,62 5.866,88 -26.571,08
10 1.469,79 -30.478,91 5.986,23 -26.945,24
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Figura 6: Comparativo de propriedades da estrutura-molde (11C6) com modelos
tedricos (Pr1J1 e J2). Apresentam-se, de cima para baixo, informagdes de progressao
de estrutura secundaria (diferentes formas em amarelo), acessibilidade ao solvente
(gradientes de azul a branco, em retadngulos correspondendo a cada residuo),
posicionamento no grafico de Ramachandran e propriedades de residuos do molde.
Posicoes de residuos homodlogos estdo ajustadas conforme alinhamento do
PROMALS3D.
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Dinamica Molecular

Para avaliagdo do ensemble conformacional das simulagdes em triplicata
(Anexos 8, 9, 10) para estruturas terciarias teéricas de Pr1J1 e Pr1J2, bem como
da estrutura cristalografica de codigo PDB 11C6 (Figura 7), foi necessario tomar

estatisticas das trés simulagdes. Dados de RMSD de cada simulagao foram

conjuntamente representados por RMSD + s, onde RMSD representa a média

das amostras e o desvio padrao amostral de cada passo temporal da simulacéo

(Anexo 11), suavizando a curva através da tomada dos valores médios RMSD e s
em janela deslizante de 500 ps (Anexo 12). Para o RMSF, valores conjuntos de
flutuacéo por residuo foram representados pelos seus desvios-padrao. Scripts de
construgdo dos graficos com o soffware Gnuplot (“gnuplot homepage”, [s.d.])
encontram-se nos Anexos 13 e 14. Graficos com réplicas individualizadas de
RMSD e RMSF para 11C6, Pr1J1 e Pr1J2 encontram-se, respectivamente, nos
Anexos 15, 16 e 17.

Analisando os conjuntos de simulagdes individualmente, verifica-se uma
diferenca intrinseca da flexibilidade de cadeias laterais, descrita pelo
desvio-padrao de RMSF por residuo (Figura 7, direita), entre as proteinas. Na
simulacao da Proteinase K 11C6, observa-se uma amplitude de desvio-padrao de
0,99x103 (V155) a 0,93 (A279) A, enquanto para os modelos teodricos Pr1J1 e
Pr1J2, esses valores vdo de 2,52x10° (A206) a 1,92 (V70) A e de 9,03x10°®
(V170) a 4,4 (T1) A, respectivamente. Para contexto, o raio covalente de um
atomo de hidrogénio é de aproximadamente 0,31 A (“Periodic Table”, 2019) e o
comprimento de uma ligagdo de hidrogénio varia de 16 a 20 A,
aproximadamente (LEGON; MILLEN, 1987). A correlagdo com as amplitudes de
RMSF, somente, para os ensembles implica que provavelmente nido ocorreram
rearranjos significativos da rede de ligagbes de 1IC6 durante as simulagoes,

enquanto sdo mais provaveis nas estruturas tedricas (J1 < J2). Naturalmente,
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essas suposi¢coes apenas podem ser confirmadas analisando o comportamento
das cadeias laterais em seu contexto molecular ao longo da simulag&do. Se
analisarmos a regidao compreendida entre os residuos do sitio ativo no inicio das
simulagdes (expandidas para compreender elementos de estrutura secundaria
apresentados na Figura 6)*, fica evidente que rearranjos de cadeias laterais sdo
mais abundantes e amplos nas estruturas teoricas e, dentre elas, sdo mais
pronunciados em Pr1J2.

Com relacdo a manutengao geral do enovelamento proteico, indiretamente
representada pelo RMSD ao longo do tempo (Eigura 7, grafico inferior), verifica-se
um padrdo similar ao observado nos dados de RMSF. Tomando a estrutura
resultante da acomodagao NVT como ponto de referéncia para as coordenadas,
observa-se a menor variagdio em 1IC6 (0,3052+0,0075 A [t =0ns] a
0,9434+0,1879 A [t = 115,87 ns]), variagdo intermediaria em Pr1J1
(0,5137£0,0084 A [t = Ons] a 2,2895+0,2921 A [t = 118,82 ns]) e a maior
variagdo em Pr1J2 (0,8260+0,0126 A [t = 0ns] a 5,9472+1,3290 A [
t =192,59ns]). Da mesma forma, essas diferencas se refletem nas
conformacgdes assumidas em t = 200 ns, observando as posi¢oes relativas dos
residuos da triade catalitica e dos aminoacidos sob selegao positiva (Figura 7,
colunas 1, 2 e 3). Para melhor observar essas variagbes conformacionais, seria
benéfico avaliar como os padrbes de estrutura secundaria variam ao longo do
tempo de simulacdo, empregando conjuntamente o pacote GROMACS com o
programa DSSP (KABSCH; SANDER, 1983). Dessa forma, os elementos de
estrutura secundaria sao definidos para cada passo da simulagao, permitindo uma

melhor visdo de sua manutencao.

% Figura 6, posi¢des 39 a 264
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Figura 7: Simulagdoes por Dindmica Molecular. Apresentam-se as estruturas
assumidas no quadro final da simulagdo (r=200 ns) da simulagdo controle (PDB ID
11C6), Pr1J1 e Pr1J2, com cada coluna representando a superficie de cada réplica (1,
2 e 3). A superficie em amarelo refere-se aos residuos da triade catalitica. A superficie
em laranja representa residuos positivamente selecionados em Pr1J. Os graficos
laterais apresentam os desvios padrao amostral dos valores de Root Mean Square
Fluctuation (RMSF) por residuo. O grafico inferior apresenta médiatdesvio padrao
(linha e area, respectivamente) de 3 simulacdes para cada sistema.
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Em conjunto, essas observagbes parecem reforgar a maior similaridade
estrutural e, por conseguinte, funcional, entre 11C6 e Pr1J1. Contudo, ressalta-se
a ndo-conservacéo de sitios de cisteina e dos residuos de coordenagéo com Ca*?
das estruturas-modelo em relacédo a estrutura-molde. Isso tem como efeito pratico
estruturas menos restritas em solugdo, em particular em relagdo a coordenagao
dos ions calcio, tidos como necessarios ao enovelamento e estabilidade de
proteases tipo-subtilisina (GALLAGHER; BRYAN; GILLILAND, 1993; SIEZEN;
LEUNISSEN, 1997). Adicionalmente, na Proteinase K, ions Ca*? propriamente
ligados parecem estar associados com aumento na afinidade de ligacdo a
substratos (LIU et al., 2011). Convém apontar que as simulagdes ndo contaram
com forgas adicionais para restricdo das posi¢cbes de Ca*?, utilizando apenas os
parametros do campo de forca AMBER99SB-ILDN para interagdo. Visto que a
simulacao adequada de complexos metalicos por DM classica (i.e. sem empregar
Mecanica Quantica) € um desafio corrente no campo (VERLI, 2014), a prépria
escolha metodologica pode ter enviesado os resultados nesse sentido. Como
alternativa, as simulagcbes podem ser refeitas empregando métodos hibridos
QM-MM (Quantum Mechanics-Molecular Mechanics), que s&o capazes de
calcular o comportamento de nuvens eletronicas desse tipo de interagdo (SENN;
THIEL, 2009).

Do que foi possivel constatar, estudos in silico de estrutura molecular
envolvendo proteases Pr1 fungicas sao escassos, especialmente com
proteoformas diferentes da “candnica” (i.e. Pr1A). Liu e colaboradores (2007)

estudaram proteases envolvidas na degradagdo de cuticula de FAPs (Pr1;

apresentando similaridades com Pr1A, conforme entrada Uniprot P29138) e de
fungos nematofagos (Ver112 e VCP1) utilizando modelagem comparativa contra a
Proteinase K 11C6. Observou-se compartilhamento de elementos estruturais®,
condicbes de reacado, além de alta identidade de sequéncia. Apesar das
similaridades, verificou-se, a época, residuos variaveis dentro dos sitios de

ligacdo a substratos e diferentes flexibilidades conformacionais em cavidades da

% Especificamente: pontes dissulfeto e sitios de ligagéo a calcio
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regido catalitica®’, com efeitos esperados em especificidade de substrato e
atividade catalitica. Apesar da importancia das observagdes, nao € esperado que
estruturas estaticas reflitam adequadamente as propriedades dinamicas de
proteinas em solugdo, visto que a fungéo bioldgica é intrinseca aos movimentos
fisicos das biomoléculas (HENZLER-WILDMAN; KERN, 2007). Recentemente,
estudos de DM da proteina Ver112 derivada de Lecanicillium psalliotae (YANG et
al., 2019), um fungo nematoéfago, reforcam essa discrepancia. A presenga de um
nucleo estrutural rigido prové aumento da termoestabilidade e resisténcia contra
autdlise ou protedlise, enquanto uma superficie vizinha flexivel (especialmente em
algas na superficie) & pré-requisito para o desempenho da fungdo enzimatica,
permitindo a acomodacgdo e orientagdo do substrato, orientacdo, catalise e
liberacdo do produto. Ressalta-se, porém, que essas alteragdes conformacionais
nao estdo restritas as adjacéncias da regido catalitica, visto que flutuagdes
distantes dessa zona podem afetar a dindmica do sitio de ligagdo ao substrato por
modos concertados, mecanismos de dobradi¢a e outras interacdes de elementos
de estrutura terciaria.

Comparando o presente estudo com estudos prévios, verificam-se
diferencas notaveis na construcdo dos experimentos. Especificamente, Liu e seus
colaboradores (2007) apontaram como caracteristicas 6timas para a protease
Pr1A um pH alcalino entre 8 e 10 e temperaturas de 50 a 60 °C. Yang e
associados (2019) aplicaram o campo de forgas do tipo united-atom GROMOS
43a1 a uma temperatura de 300 K (=27°C). Nossas simulagdes para Pr1J foram
realizadas sob o campo de forcas all-atom AMBER99SB-ILDN a uma temperatura
de 300,15 K (27°C) em pH 7. Em vista dessas diferencas, pode ser benéfico
refazer as simulagcdes com pH entre 8 e 10, mantendo a temperatura em 27 °C,
visto que essa faixa alcalina pode trazer alteragcdes nos estados de protonagao de
cadeias laterais, em particular para cisteinas (pK wcia ea= 8,18; “Amino Acids
Reference Chart”, [s.d.]). Notadamente, os dados aqui apresentados sdo deveras

iniciais e mais analises sao necessarias para melhor avaliar os comportamentos

% Indiretamente, medindo a variagdo de ligagdes de hidrogénio e pontes salinas.
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das proteinas simuladas em solucdo. Uma descricdo completa de proteinas
requer uma superficie multidimensional de energia que define as probabilidades
dos estados conformacionais e barreiras energéticas entre eles, sendo que muitos
processos biolégicos sdo regidos por alteracbes em taxas e populagdes
conformacionais, em vez de um simples padrdao liga-e-desliga
(HENZLER-WILDMAN; KERN, 2007). Métricas ainda ndo avaliadas incluem o raio
de giragao®, avaliagdo de ligagdes de hidrogénio ao longo do tempo para cadeias
laterais especificas, tempo de retencado de ions calcio, variagdo do volume da
cavidade catalitica no tempo, medicido da area de superficie acessivel ao solvente
(SASA), dentre outras. Adicionalmente, a simulagdo de um complexo
proteina-substrato pode fornecer detalhes relevantes do processo catalitico.
Substratos sintéticos utilizados para ensaios de cinética enzimatica como
Succinil-Ala(x3)-p-nitroanilina, Succinil-Ala(x2)-Pro-Phe-p-nitroanilina e caseina
sao candidatos promissores, visto que, além de auxiliarem na avaliacdo dinamica
do complexo proteina-substrato, servem como ponto de ligagdo com os

experimentos propostos no Capitulo 3.

% Qu raio de giro; R,
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Capitulo 3: Fungao

Em paralelo a caracterizacao in silico das proteases Pr1J de M. anisopliae,

buscamos caracterizar e diferenciar in vitro as atividades das proteoformas Pr1J1
(“candnica”) e J2 (“tedrica”). Para tal, construimos vetores plasmidiais visando
induzir a expressao dessas proteinas em Escherichia coli, de modo a obter
quantidades suficientes para ensaios de atividade enzimatica que permitam

evidenciar diferencas entre Pr1J1 e Pr1J2 em nivel funcional.

Procedimentos Metodoloégicos

Esses experimentos foram realizados em colaboragdo com o Dr. Nicolau
Sbaraini e com a Dra. Julia Catarina Vieira Reuwsaat e encontram-se em
desenvolvimento, sendo que o que segue reflete o estado corrente dos resultados

parciais obtidos. A Figura 8 prové um panorama da metodologia empregada.

Linhagens, plasmideos, meios de cultura e outros preparos

Para as etapas de clonagem e manutengao de plasmideos foram utilizadas
as linhagens DH5a e 10 de E. coli. Para expressao heteréloga, a linhagem
BL21(DE3)pLysS de E. coli foi utilizada. Utilizou-se o plasmideo pET23d(+)
(Figura 9, superior), contendo marca de selegdo para ampicilina, como vetor de
expressao. Para cultivo, utilizou-se o meio Luria-Bertani (LB) (BERTANI, 1951)
acrescido de agar (15 g/L) quando necessario cultivo sélido, e/ou ampicilina a 100
Mg/mL quando necessario meio seletivo. Procedimentos de eletroforese foram

realizados utilizando gel de agarose 0,9% contendo 0,05% de brometo de etideo.
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Sintese Amplificacdo Construgcdo
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Figura 8: Panorama metodolégico do Capitulo 3. Construido com BioRender.com
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Figura 9: Mapa grafico dos vetores plasmidiais utilizados. Superior: vetor
pET23d(+). Inferior: localizacdo dos genes pr1J1 e pr1J2 em relagdo ao plasmideo.
bla: gene codificante de B-lactamase, conferindo resisténcia a ampicilina. ori: origem de
replicagao. rbs: sitio de ligagédo do ribossomo

Material biolégico e sintese de cDNA

Foi utilizado como molde o RNA extraido de culturas de M. anisopliae,
linhagem EG, gentilmente cedido pelo Dr. Nicolau Sbaraini (ARRUDA et al., 2005;
SBARAINI et al., 2019). Aliquotas de RNA extraido (2 ug) foram tratadas com
DNAse RQ1 (Promega), segundo protocolo especificado pela fabricante, sendo
posteriormente quantificadas e diluidas a uma concentragdo de 100 ng/uL. A fim
de validar se o tratamento com DNAse foi efetivo na digestdo de DNA gendmico
contaminante, realizou-se PCR (Tag DNA Polimerase, Ludwig Biotecnologia) com

oligonucleotideos especificos para o gene da tubulina®. A auséncia de

% Par de oligonucleotideos 1 (Anexo 18)
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amplificagdo indica que a amostra esta livre de DNA gendmico em quantidade
detectavel.

Confirmada a eficacia do tratamento, realizou-se a sintese de cDNA.
Inicialmente, adicionaram-se 700 ng de acido nucleico a 9,6 yL de agua DEPC e 2
uL do oligonucleotideo CDS (10 uM)*. A solugéo foi incubada a 70 °C por 5 min e
em gelo por 5 min para anelamento de oligonucleotideos. As amostras foram
entdo incubadas com a enzima transcritase reversa (ImProm-ll; Promega),
segundo especificacdo da fabricante, a temperatura ambiente por 5 min e a 42°C
por 1 h. O produto final foi diluido a concentragdo de 10 ng/uL. Foram entdo
realizadas trés PCRs (Taqg DNA Polimerase, Ludwig Biotecnologia) com: (1)
oligonucleotideos especificos para o gene da tubulina*', para confirmagdo de
integridade; (2) oligonucleotideos especificos para o gene da Pr1J1
(JNNZ01000177.1)*, para identificagéo; (3) oligonucleotideos especificos para o
gene da Pr1J2 (JNNZ01000033.1)***, também para identificagao.

Clonagem

Uma vez confirmada a sintese de cDNA referente aos genes pr1J1 e
pr1J2, realizamos novas PCRs utilizando a DNA polimerase de alta fidelidade Q5
(New England Biolabs) com os oligonucleotideos para anelamento nas regides de
pr1J1 e pr1J2. As amostras foram fracionadas em gel de agarose e as bandas
referentes aos produtos de amplificacdo foram excisadas, solubilizadas e
purificadas utilizando o kit comercial NucleoSpin Gel and PCR Clean-up
(Macherey-Nagel), seguindo protocolo recomendado pela fabricante. A

quantidade de DNA na solucéo resultante foi quantificada usando NanoDrop®.

40 Par de oligonucleotideos 2 (Anexo 18)

41 Par de oligonucleotideos 1 (Anexo 18)

2 Par de oligonucleotideos 3 (Anexo 18)

43 Par de oligonucleotideos 4 (Anexo 18)

4 Ambos os codigos de acesso referem-se aos contigs do genoma sequenciado. Referir a
anotagao para posicionamento exato.

45 NanoDrop Lite (Thermo Scientific)
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A construgéo dos plasmideos pET23D(+)-pr1J1 e pET23D(+)-pr1J2 (Eigura
9, inferior) foi realizada pela reagao de Hot Fusion (FU et al., 2014), adicionando
em tubo de 0,2 mL: 0,5 yL de DNA do vetor pET23D(+) linearizado com as
enzimas de restricdo Ncol e Xhol (50 ng/ul); 4,5 uL do amplicon pr1J71 ou pr1J2; 5
ML de solugcdo Hot Fusion 2x (Tris pH 7,5 a 0.2 M; MgCl, a 20 mM; dNTPs a 0.4
mM; DTT a 20 mM; 10% PEG-8000; exonuclease T5 a 0,0075 U/uL; DNA
polimerase Phusion Hot Start a 0,05 U/uL). Os tubos foram incubados em
termociclador por 1 h a 50 °C e resfriados até 20 °C em decréscimos de 0,1 °C
por segundo para amplificagao.

Os produtos foram empregados para a transformagédo de células
termocompetentes de E. coli, realizada por choque térmico. Em tubo de 1,5 mL
contendo 50 pL de células de E. coli DH5a ou 10 , adicionaram-se 5 pL dos
produtos da reacdo de Hot Fusion. As células foram incubadas por 20 min em
gelo, seguido de choque térmico a 42 °C por 90 s. Apdés o choque térmico,
adicionaram-se 400 uL de LB liquido ao tubo contendo as células. As culturas
foram, entdo, incubadas em estufa a 37 °C por 1 h, homogeneizadas por inversao
a cada 30 min, e transferidas para placas de petri*® contendo meio seletivo solido.
As placas foram incubadas por 14~16 h em estufa a 37 °C. Por fim, tendo sido
obtidas colbnias potencialmente abrigando os plasmideos de interesse, reagdes
de PCR de até 10 coldnias foram realizadas, a fim de identificar positivos.

As colbénias de E. coli potencialmente contendo o plasmideo
pET23d(+)-pr1J1 ou -pr1J2 foram inoculadas em tubos de ensaio contendo 5 mL
de meio liquido em presengca de ampicilina a concentragcdo de 50 pg/mL e
incubadas em plataforma orbital a 37 °C com agitagdo de 200 rpm por 14~16 h.
Os cultivos que apresentaram crescimento celular*’ foram submetidos a extragéo
de DNA plasmidial (miniprep).O DNA extraido foi solubilizado em 30 pL de agua,
sendo tratado com RNAse (1 yl de RNAse 100 mg/mL por 1 h a 37°C). A fim de

confirmar a correta montagem dos vetores de expressdo (pET23d(+)-pr1J71 e

46 Aproximadamente 250uL em cada
47 Determinado pela turbidez da cultura
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pET23d(+)-pr1J2) clivagens com enzimas de restricdo e sequenciamento dos

potenciais insertos foram realizados*.

Expressao Heterdéloga

Para expressdo das proteases Pr1J de M. anisopliae em E. coli,
transformou-se o plasmideo PpET23D(+)-pr1J1 ou pr1J2 na linhagem
BL21(DE3)pLysS por choque térmico, confirmando os transformantes por PCR de
colénia, conforme previamente descrito. Apods, foi realizado pré-indculo de
colénias de transformantes em tubos de ensaio contendo 1 mL de meio LB
suplementado com 1% de glicose e 100 yg/mL de ampicilina, incubados em
banho-maria a 37°C e 200 rpm overnight. Em seguida, adicionaram-se 50 uL do
pré-indculo em 50 mL de meio liquido em erlenmeyers de 500 mL. A cultura foi
incubada da mesma maneira até atingir ODggn,*° entre 0,4 e 0,6°°, momento no
qual acrescentou-se IPTG a concentracdo de 1 mM para induzir a expressao da
proteina recombinante e coletou-se aliquota de 1 mL em tubo de 3,5 mL (Oh de
inducdo). Em seguida, o indculo foi incubado nas mesmas condi¢cdes por 3h,
realizando coletas a cada hora (tempo 1h, 2h, 3h). Ao final, o remanescente da
cultura foi armazenado em tubo para estoque. Todas as aliquotas foram, no ato
da coleta, centrifugadas a 13 krpm por 3 min e descartou-se o sobrenadante,

congelando-se o pellet.

SDS-PAGE

O precipitado resultante da etapa de Expressao Heterdloga foi
ressuspenso em 100 yL de tampao de amostra de SDS-PAGE (Tabela 4) com
auxilio de vortex e, apos, fervidos por 10 min em banho-maria. As amostras foram

centrifugadas a 14 krpm por 1 min a temperatura ambiente, separou-se o

8 ACTGene Analises Moleculares

4 Densidade 6ptica a 600 nm de comprimento de onda; aferida no espectrofotdémetro BioMate 3S
(Thermo Scientific)

% Aferida no espectrofotdmetro NanoDrop Lite (Thermo Scientific)
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sobrenadante e se ressuspendeu o pellet em 80 uyL de tampao de amostra.

Realizou-se SDS-PAGE®' com 10 pyL do sobrenadante para avaliagdo de

solubilidade da proteina recombinante.

Tabela 4: Preparos para SDS-PAGE.

Glicerol
B-mercaptoetanol
Tampao de amostra (10mL) SDS
Tris-HCI 0,0625 M (pH 6,8)
Azul de bromofenol
Tris Base
Tampao de corrida 5x (1L) Glicina
SDS
Agua destilada
Tris-HcL 1,5M (pH 8,8)
SDS 10%
Bis-Acrilamida
TEMED
APS 10%
Agua MilliQ
Tris-HCI 0,5M (pH 6,8)
SDS 10%
Bis-Acrilamida
TEMED
APS 10%

Gel 12%

Gel 4%

10% (v/v)
0,05% (v/v)
2,3% (miv)

0,125% (v/v)
0,2% (m/v)
159
94 g
59
1,496 mL
1,25 mL
50 pL
2mL
4 uL
100 pL
1,525 mL
0,675 mL
25 L

0,33 mL

5uL
50 pL

Western Blot

As amostras semipurificadas de proteina Pr1J1°? recombinante foram
separadas por SDS-PAGE e transferidas por método semi-seco para membrana

de fluoreto de polivinildieno, posteriormente bloqueada com solucéo de leite. Foi

® Voltagem variando de 100 V (10 min) a 150 V (1h30min), até a corrida completa das amostras.
%2 Amostras de Pr1J2 n&o foram analisadas por auséncia de indugéo de expressao génica ()
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executada sondagem indireta com anticorpos primarios para hexa-histidina e
anticorpos secundarios conjugados a peroxidase. Foi realizada deteccédo de
quimioluminescéncia utilizando substrato de Western Blot Pierce ECL (Thermo

Scientific), conforme instru¢des do fabricante.
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Resultados e Discussao

Vetores de Expressao

Apds sequenciamento dos insertos pr1J1 e pr1J2 nos vetores pET23d(+)
(Anexos 19 e 20), verifica-se a integridade da CDS de pr1J1, sem introns
conforme anotagdo do genoma. Ja para pr1J2, é possivel observar a presenca do
intron 1%, consenso do sequenciamento direto e reverso, e a potencial presenga
do intron 3%, apontado pelo sequenciamento reverso e em parte pelo
sequenciamento direto. Considerando a origem de mRNA/cDNA dos insertos, &
possivel que se trate de uma isoforma de splicing induzida pelas condigdes
originais de cultivo. Alternativamente, pode se tratar de forma canénica do mRNA
de pr1J2 que nao pdde ser inteiramente identificada no processo de anotagao. As
diferencas identificadas entre as CDSs montam a 129 pb, traduzidas para 43 aa,
e podem explicar a variancia conformacional observada nas simulagdes do
Capitulo 2. Mais experimentos sdo necessarios para confirmar ou refutar essas

hipoteses.

Expressao Heteréloga
Pr1J1

Das colbnias potencialmente transformadas com pET23d(+)-pr1J1, quatro
foram selecionadas subjetivamente para expressdo heterdloga. Corridas de
SDS-PAGE sugerem indugao bem-sucedida em E. coli BL21(DE3)pLysS (Figura
10, linha superior), evidenciada pelo aumento expressivo na espessura das
bandas do controle positivo (proteina Krp1, de aproximadamente 43 kDa;
(REUWSAAT et al., 2018)) conforme aumento do tempo de experimento. Quanto

as colbnias transformantes (Figura 10, linhas central e inferior), € possivel

% Localizado entre os pares de bases 490 e 550 do locus MANI_005006
% Entre 1000 e 1070 pb de MANI_05006
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identificar o mesmo padréo em 2, 3 e 4, ausente em 1. Variagbes na densidade de

bandas nas canaletas € provavelmente decorrente da manipulagdo das amostras.

Oh 1h 2h 3h M Oh 1h 2h 3h M
- !' e ,....T._ ———
— = I Em e |- viDa B SR S - .- 7kDa
ol Ml | . B
; = 3 . - .-GGkDa E === W - G6kDa
o EE = 0 o |-25k0a &‘,.. - 45kDa
- W |-30kDa — - = W sk
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Figura 10: Inducao de expressao de Pr1J1. Apresentam-se géis de SDS-PAGE para
controles positivo e negativo (linha superior), colénias transformantes 1, 2, 3 e 4 (linhas
intermediaria e inferior) em coletas no inicio do processo de indugao de expressao (0Oh)
e 1h, 2h e 3h apds indugdo. M: marcador de peso molecular.
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Para confirmagcdo da expressdo da proteina Pr1J1 recombinante,
utilizaram-se as coletas de Oh e 2h das colbnias 2, 3 e 4 para avaliagdo via
Western Blot (Figura 11). O padrdo de migragdo das proteinas apresentou-se
consistente com as corridas anteriores (Figura 10). Observa-se na revelagao final
(Figura 11, canto inferior direito) um sinal fortemente demarcado no controle
positivo, em aproximadamente 43 kDa, indicando a presenga da proteina Krp1
recombinante contendo cauda de histidina. Em contraste, € possivel visualizar
duas bandas sutis entre os marcadores de peso molecular 30 e 45 kDa,
consistentes com o peptideo Pr1J1 maduro (30,31 kDa; marcador D) e o
pro-peptideo Pr1J1 (39,94 kDa; marcador (2). Contudo, a baixa intensidade das
bandas e a discrepancia quase ausente entre Oh e 2h sugere que devem se tratar
de ligacbes inespecificas do anticorpo anti-cauda de histidina. Dessa maneira,
nao é possivel afirmar que a expressao da Pr1J1 recombinante foi bem-sucedida.
Para confirmar ou refutar essa conclusao preliminar ainda é necessario analisar o

precipitado das amostras de maneira similar.

Pr1J2

De forma analoga a realizada para Pr1J1, quatro colénias de bactérias
potencialmente contendo pET23d(+)-pr1J2 foram selecionadas para indugao da
expressdo génica (Figura 12). Pelas caracteristicas dos controles negativo
(auséncia de alteragédo ao longo do tempo) e positivo (aumento na espessura das
bandas em ~43 kDa, correspondendo a proteina Krp1), constata-se que o
processo de inducdo foi bem-sucedido. Contudo, ndo foi possivel expressar o
plasmideo recombinante pET23d(+)-pr1J2, visto que ndo ha alteragdes nos
padrées de bandas em SDS-PAGEs das quatro colénias selecionadas. E
necessario reavaliar o processo inteiramente, visto que a presenga de introns em
pr1J2 néo havia sido considerada de antemé&o e impactam diretamente as etapas

de amplificagdo do material genético.
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Figura 11: Western Blot de Pr1J1. Acima, apresenta-se esquema de composi¢do do
polipeptideo Pr1J1, contendo massas moleculares correspondentes a cada segmento
(pré-peptideo, pro-peptideo e peptideo maduro). Abaixo e a esquerda apresenta-se gel
espelho da corrida de SDS-PAGE com amostras selecionadas apods indugdo de
expressao. Abaixo e a esquerda apresenta-se a revelagao final em filme fotografico
apos tratamento com anticorpos marcados.
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Figura 12: Inducao de expressao de Pr1J2. Apresentam-se géis de SDS-PAGE para
controles positivo e negativo (linha superior), colénias transformantes 1, 2, 3 e 4 (linhas
intermediaria e inferior) em coletas no inicio do processo de inducéo de expresséao (0Oh)
e 1h, 2h e 3h apés inducédo. M: marcador de peso molecular.
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Consideracoes Finais

Avaliando todos os dados apresentados, ha suporte a tese de que a

pressdo seletiva nas proteases Pr1 pode ser quantificada e alteracoes

decorrentes desse processo causam efeitos conformacionais e funcionais

observaveis e detectaveis na estrutura proteica?

As analises filogenéticas e de pressao seletiva do Capitulo 1 sugerem que
existe pressao seletiva positiva atuando nos genes pr1, promovendo variagao nas
proteinas codificadas e com potencial efeito funcional. Adicionalmente, é possivel
identificar residuos associados a divergéncia funcional entre as duas
proteoformas, dando suporte a ndo-redundancia das proteinas. Existem indicios
em projegdes por homologia de que regides funcionalmente relevantes estao
sendo afetadas, requerendo experimentos mais detalhados para confirmagao.
Portanto, foi possivel quantificar estatisticamente a pressédo seletiva sobre os
genes da familia Pr1 de proteases em M. anisopliae e fungos relacionados.
Adicionalmente, observando os padrées de ramificagéo filogenética, ha evidéncia
para a existéncia de duas proteoformas associadas a Pr1J, indicada pela
prevaléncia do padrdo evolutivo observado para as espécies que as contém,
reforcando a prevaléncia de diversificagao nessa familia génica.

Em sequéncia, buscamos descrever in silico as diferencgas estruturais entre
as proteoformas Pr1J1 e Pr1J2. As modelagens estruturais e simulagdes do
Capitulo_2 apontam para diferengcas tedricas em termos de composi¢cao de
estrutura secundaria®® e variagdes conformacionais expressivas, incluindo na
manutencdo do sitio catalitico. Ressalta-se que a flutuagdo de coordenadas
mostrou-se mais prevalente na proteina Pr1J2, sugerindo conformacgdes
potencialmente instaveis. Em contraste, o comportamento de Pr1J1
apresentou-se compativel com a estrutura de referéncia (PDB 11C6). Entretanto, o
comportamento dindmico de residuos identificados como alvo de pressao seletiva

positiva no Capitulo 1 ainda requer avaliagdo mais detalhada, de modo a

% Padrdes de insergdes e delegbes apresentados na Figura 6
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evidenciar suas importancias na manutencédo de estrutura e/ou fungado. Logo, os
efeitos da pressdo seletiva sobre a estrutura de proteinas Pr1J permanecem
inconclusivos.

Ensaios enzimaticos comparativos entre as proteoformas Pr1J1 e Pr1J2
podem fornecer detalhes cinéticos que permitiriam diferenciar ambas no ambito
funcional. Os experimentos retratados no Capitulo 3 foram uma tentativa de
expressdo heteréloga dos genes pr1J1 e pr1J2 de M. anisopliae em vetor
bacteriano. Embora a constru¢cdo dos vetores plasmidiais tenha sido
aparentemente bem-sucedida, confirmada por sequenciamento, a efetiva
expressdo dos genes n&o foi possivel. Alguns fatores complicadores se
apresentaram, como a presenga de elementos intrénicos em pET23d(+)-pr1J2,
que exige avaliagdo detalhada de sua origem (candbnica ou induzida). Entretanto,
ainda é necessaria a avaliacdo da fracao insoluvel das aliquotas de indugao para
que se descarte completamente o sucesso do experimento. Até o momento, ainda
sdo inconclusivas as diferengas na atividade enzimatica das proteoformas Pr1J1 e
Pr1J2 de M. anisopliae.

Tendo em vista o carater parcial das atividades desenvolvidas nos
capitulos 2 e 3, alguns caminhos podem ser vislumbrados. Quanto as simulagdes
de estrutura e dinamica proteica, pretende-se avaliar o comportamento dos
residuos apontados no Capitulo 1 como fonte de variabilidade, bem como a
avaliacao dos beneficios de novas simulagbes de Pr1J2 incorporando regides
supostamente intrénicas observadas no Capitulo 3. Em relacdo a expressao
heteréloga, pretende-se reavaliar as condicbes experimentais para que a
transformacao e expressdo seja possivel, incluindo a substituicdo de linhagens
bacterianas ou troca de vetores plasmidiais. Ademais, a realizagdo de SDS-PAGE
com a fragao insoluvel das indugbes trara respostas quanto ao (in)sucesso do
procedimento. Uma vez confirmada a expressdao dos genes pr1J1 e pri1J2,
pretende-se purificar as proteinas por coluna de afinidade e, apds, realizar ensaio

enzimatico com substratos cromogénicos, tais como Succinil-Ala(x3)-p-nitroanilina
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e Succinil-Ala(x2)-Pro-Phe-p-nitroanilina, fornecendo informagbes comparativas
diretas quanto as funcdes das proteases Pr1J1 e Pr1J2.

A proposta dessa tese de doutorado € explorar de forma abrangente o
processo de diversificagdo em familias génicas de FAPs, desde caracteristicas
genético-evolutivas, passando pelos efeitos estruturais, dindmicos e mecanisticos
dessas variagdes, chegando a ensaios enzimaticos de atividade com proteinas
purificadas. Essa abordagem mista teodrico-pratica/computacional-experimental
apresenta-se sinergistica, com potencial descritivo de escala celular a molecular
maior que os experimentos isolados. As andlises evolutivas aqui apresentadas
acrescentam ao conhecimento sobre a evolugao de familias génicas associadas a
viruléncia de FAPs como M. anisopliae, bem como potenciais caminhos trilhados
ao longo do processo evolutivo. Em conjunto, as avaliagbes de estrutura e
atividade enzimatica, quando concluidas, podem fornecer perspectivas unicas
quanto a forma como evoluiram essas proteinas e como suas atividades vem se
alterando até o tempo presente. Por fim, espera-se que as humildes contribui¢des
desse autor sejam fonte de novas ideias e novos caminhos a serem construidos

em conjunto com a comunidade cientifica.

Caro leitor, cara leitora,

Um forte abraco.
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Anexos

Anexo 1: Script em linguagem Python utilizado para modelagem comparativa
com MODELLER, utilizando como exemplo a modelagem para Pr1J1 de

Metarhizium anisopliae.

# Homology modeling by the automodel class
import sys
from modeller import * # Load standard Modeller classes

from modeller.automodel import * # Load the automodel class

log.verbose () # request verbose output

env = environ() # create a new MODELLER environment to build this model in

# directories for input atom files

env.io.atom files directory = ['.']

a = automodel (env,

alnfile = 'lic6 jmanil.pir', # alignment filename
knowns = 'lice', # templates
sequence = 'Jmanil', # code of the target

assess_methods=(assess.DOPE) )

a.starting model= 1 # index of the first model
a.ending model = 10 # index of the last model

# (determines how many models to calculate)
# Thorough MD optimization:

a.md level = refine.slow

# Repeat the whole cycle 2 times and do not stop unless obj.func. > 1E6
a.repeat optimization = 2

a.max molpdf = le6

a.make () # do the actual homology modeling

# Get a list of all successfully built models from a.outputs

ok models = [x for x in a.outputs if x['failure'] is None]
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# Rank the models by DOPE score
key = 'DOPE score'
if sys.version info[:2] == (2,3):
# Python 2.3's sort doesn't have a 'key' argument
ok models.sort (lambda a,b: cmp(alkey], blkey]))
else:

ok models.sort (key=lambda a: alkey])

#Rank all models:
print (">> Model Rankings:")

for m in range(len(ok models)) :

[}

print (" %$i\t%s (DOPE score $%.3f)" % (m+1, 0k models[m]['name'],

ok models[m] [key]))
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Anexo 2: Arquivo de parametros para simulagdo NVT no software GROMACS.

define

; Run parameters
integrator

nsteps

dt

; Output control
nstxout

nstvout

nstenergy

nstlog

; Bond parameters
continuation
constraint algorithm
constraints

lincs iter

lincs order

; Nonbonded settings
cutoff-scheme

ns_ type

nstlist

Verlet

rcoulomb

nm)

rvdw

nm)

DispCorr

; Electrostatics
coulombtype
electrostatics
pme order

fourierspacing

-DPOSRES

md
50000
0.002

500
500
500
500

no
lincs

h-bonds

Verlet
grid
10

0.16

; Temperature coupling is on

tcoupl
tc-grps

more accurate
tau t

ref t

each group, in K

90

V-rescale

Protein Non-Protein ;

0.1
300

’

’

~e

’

0.1
300

position restrain the

leap-frog integrator
2 * 50000 = 100 ps
2 fs

protein

save coordinates every 1.0 ps

save velocities every
save energies every 1

update log file every

first dynamics run
holonomic constraints
bonds involving H are

accuracy of LINCS

1.0 ps
.0 ps
1.0 ps

constrained

also related to accuracy

Buffered neighbor searching

search neighboring grid cells

20 fs,

largely irrelevant with

short-range electrostatic cutoff

short-range van der Waals cutoff

account for cut-off vdW scheme

Particle Mesh Ewald for long-range

cubic interpolation

grid spacing for FFT

modified Berendsen thermostat

; time constant,

; reference temperature,

two coupling groups -

in ps

one for



; Pressure coupling is off
pcoupl = no

; Periodic boundary conditions

pbc = Xyz
; Velocity generation

gen vel = yes
distribution

gen_temp = 300
gen_seed = -1

’

’

’

Iz

’

no pressure coupling in NVT

3-D PBC

assign velocities from Maxwell

temperature for Maxwell distribution

generate a random seed
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Anexo 3: Arquivo de parametros para simulagdo NPT no software GROMACS.

define

; Run parameters
integrator

nsteps

dt

; Output control
nstxout

nstvout

nstenergy

nstlog

; Bond parameters
continuation
constraint algorithm
constraints

lincs iter

lincs order

; Nonbonded settings
cutoff-scheme

ns_ type

nstlist

scheme

rcoulomb

nm)

rvdw

nm)

DispCorr

; Electrostatics
coulombtype
electrostatics
pme order

fourierspacing

; Temperature coupling is

tcoupl
thermostat
tc-grps

more accurate

tau t
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-DPOSRES

md
50000
0.002

500
500
500
500

yes

lincs

h-bonds

Verlet
grid
10

EnerPres

PME

0.16

on

V-rescale

’

’

position restrain the protein

leap-frog integrator
2 * 50000 = 100 ps
2 fs

save coordinates every 1.0 ps
save velocities every 1.0 ps
save energies every 1.0 ps

update log file every 1.0 ps
Restarting after NVT

holonomic constraints

bonds involving H are constrained
accuracy of LINCS

also related to accuracy

Buffered neighbor searching

search neighboring grid cells

20 fs, largely irrelevant with Verlet
short-range electrostatic cutoff (in
short-range van der Waals cutoff (in
account for cut-off vdW scheme

Particle Mesh Ewald for long-range

cubic interpolation

grid spacing for FFT

; modified Berendsen

Protein Non-Protein ; two coupling groups -

; time constant, in ps



ref t

one for each group,

= 300 300

; Pressure coupling is on

pcoupl

NPT
pcoupltype
vectors
tau p
ref p

bar

compressibility

compressibility of water

refcoord scaling

= Parrinello-Rahman

; Periodic boundary conditions

pbc

; Velocity generation

gen_vel

’

reference temperature,

Pressure coupling on in

= isotropic ; uniform scaling of box
= 2.0 ; time constant, in ps

= 1.0 ; reference pressure, in
= 4.5e-5 ; isothermal

, bar”-1

= com

= Xyz ; 3-D PBC

= no ; Velocity generation is off
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Anexo 4: Arquivo de parametros para fase de produgdo por Dindmica
Molecular no software GROMACS.

; Run parameters

integrator = md ; leap-frog integrator

nsteps = 100000000 ; 2 * 100000000 = 200000000 fs (200
ns)

dt = 0.002 ; 2 fs

; Output control

nstxout =0 ; suppress bulky .trr file by
specifying

nstvout =0 ; 0 for output frequency of nstxout,
nstfout =0 ; nstvout, and nstfout

nstenergy = 5000 ; save energies every 10.0 ps
nstlog = 5000 ; update log file every 10.0 ps
nstxout-compressed = 5000 ; save compressed coordinates every
10.0 ps

compressed-x-grps = System ; save the whole system

; Bond parameters

continuation = yes ; Restarting after NPT

constraint algorithm = lincs ; holonomic constraints

constraints = h-bonds ; bonds involving H are constrained
lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy

; Neighborsearching

cutoff-scheme = Verlet ; Buffered neighbor searching

ns_type = grid ; search neighboring grid cells
nstlist = 10 ; 20 fs, largely irrelevant with Verlet
scheme

rcoulomb =1.0 ; short-range electrostatic cutoff (in
nm)

rvdw = 1.0 ; short-range van der Waals cutoff (in
nm)

; Electrostatics

coulombtype = PME ; Particle Mesh Ewald for long-range
electrostatics

pme order =4 ; cubic interpolation

fourierspacing = 0.16 ; grid spacing for FFT

; Temperature coupling is on
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tcoupl =
thermostat

tc-grps =
more accurate

tau t =
ref t =
one for each group, in K
; Pressure coupling is on
pcoupl =
NPT

pcoupltype =
vectors

tau p =
ref p =
bar

compressibility =

compressibility of water,

V-rescale ;

Protein Non-Protein ;

0.1 0.1 H

300 300 ;

Parrinello-Rahman ;

isotropic ;

4.5e-5 ;
bar"-1

; Periodic boundary conditions

pbc =

; Dispersion correction

DispCorr
; Velocity generation

gen vel =

modified Berendsen

two coupling groups -

time constant, in ps

reference temperature,

Pressure coupling on in

uniform scaling of box

time constant, in ps

reference pressure, in

isothermal

XyzZ ; 3-D PBC
EnerPres ; account for cut-off vdW scheme
no ; Velocity generation is off
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Anexo 5: Grafico de Ramachandran para o PDB 1IC6 (molde), conforme

analise do PDBSum/PROCHECK.

Ramachandran Plot
lic6

L

Psi (degrees)

| - | 1
2180 -135 90  -45 0 45 90 135 180
Phi (degrees)

Plot statistics

Residues in most favoured regions [ALB.L] 211 B9 B
Residues in additional allowed regions [a,b,1p] 24 10.2%
Residues in generously allowed regions [~a,~b,~1.~p] 0 0,
Residues in disallowed regions 0 (L
Mumber of non-glyeine and non-proline residucs 35 100,05
Mumber of end-residucs (cxcl. Gly and Pro) 2

Number of glycine residucs (shown as triangles) 13

Mumber of proline residues 9

Total number of residues 270

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
anid R-ﬁu."lnr [ 15h] grcun:u than 2[:!"-{'. L il |.||I:L|i1 f,' |'|I|'|L|¢1 Wﬂu]Ll hc ex rn‘:l."ln:n:l
1o have over 90% in the most favoured regions.
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Anexo 6: Grafico de Ramachandran para modelo de Pr1J1, conforme analise

Psi (degrees)

do PDBSum/PROCHECK.

Ramachandran Plot

v107
|

135"

I .nl‘{t_r.l_v N
. -b

L _I b
I I T ) 1 I I 1
-180  -135 -90 -45 0 45 90 135
Phi (degrees)
Plot statistics

Residues in most favoured regions [AJB.L] 218 B0.5%
Residoes in additional allowed regions [a,b,1,p] 20 B.3%
Residues in generously allowed regions [~a,~b,~1,-p] 1 0. &
Residues in disallowed regions 2 (5%
Number of non-glycine and non-proline residucs 241 100045
Number of end-residues (excl. Gly and Pro) 2

Mumber of glycine residues (shown as triangles) 31

Mumber of proline residues k3

Total number of residues 282

Based on an analysis of 118 strectures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
10 have over 90% in the most favoured reglons.
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Anexo 7: Grafico de Ramachandran para modelo de Pr1J2, conforme analise

do PDBSum/PROCHECK.

Ramachandran Plot

v108
|

180~ = | E‘Hii ._m‘
| R ~b i
[ ] . b
& —
135- |
90) - -
45
—
@
L s
)
0 0 -
=
urt .
o
a7
-45-
-4 THE 174
90 ,—l_l .
AS I; 31 ’—‘
~b e _P |
-135- | ‘ SER 173
N ‘ | .
[ |
L]
= | . I'. ‘ T i 1 [ I 1 -I
-180  -135 -90 -45 0 45 90 135 180
Phi (degrees)
Plot statistics
Residues in most favoured regions [AJB.L] 196 B2.4%
Residoes in additional allowed regions [a,b,1,p] a7 15.5%
Residues in generously allowed regions [~a,~b,~1,-p] 1 0. &
Residues in disallowed regions 4 1.7%
Number of non-glveine and non-proline residues kh 100,05
Number of end-residues (excl. Gly and Pro) 2
Mumber of glycine residues (shown as triangles) 30
Mumber of proline residues I8
Total number of residues 288

Based on an analysis of 118 strectures of resolution of at least 2.0 Angstroms

and R-factor no greater than 20%, a good quality model would be expected
10 have over 90% in the most favoured reglons.
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Anexo 8: Shell script para simulagdo por Dindmica Molecular usando
GROMACS. Apresenta-se somente o utilizado para 11C6, sendo que os
demais seguem o mesmo procedimento, apenas alterando caminhos e

variaveis.

GMXBIN="gmx'

OUTDIR='/home/andreisfc/Documents/5-molecular dynamics/prlj joint'

#passos iniciais para 1licé
ROOTNAME="'11ic6'
cd 1licé

#preparacao
SGMXBIN pdb2gmx -f S$ROOTNAME.ca.pdb -o $ROOTNAME.ca.gro -p $ROOTNAME.ca.top
-ignh -water tip3p -ff amber99sb-ildn

#definicao da caixa
SGMXBIN editconf -f SROOTNAME.ca.gro -o SROOTNAME.ca.box.gro -c -d 1.0 -bt

dodecahedron

#solvatacao
SGMXBIN solvate —-cp SROOTNAME.ca.box.gro -p SROOTNAME.ca.top -cs -0
SROOTNAME.ca.box.solv.gro

#neutralizacao do sistema
SGMXBIN grompp -f ions.mdp -c SROOTNAME.ca.box.solv.gro -p SROOTNAME.ca.top

-0 SROOTNAME.ca.ions.tpr

SGMXBIN genion -s $ROOTNAME.ca.ions.tpr -p SROOTNAME.ca.top -o

SROOTNAME.ca.ions.gro —-pname NA -nname CL -neutral

#minimizacao

SGMXBIN grompp -f minim.mdp -c $SROOTNAME.ca.ions.gro -p SROOTNAME.ca.top -o
SROOTNAME.ca.em. tpr

SGMXBIN mdrun -deffnm $SROOTNAME.ca.em -V

echo '10' | S$GMXBIN energy -f SROOTNAME.ca.em.edr -o
SROOTNAME.ca.em.potential.xvg
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#equilibracao h2o
SGMXBIN grompp -f nvt.mdp -c $ROOTNAME.ca.em.gro -r SROOTNAME.ca.em.gro -p
SROOTNAME.ca.top -o SROOTNAME.ca.nvt.tpr

# Fase de réplicas
REPNUM=1

## 1ic6 [repl]
ROOTNAME="'11ic6'

cd 1licé

mkdir repSREPNUM

cp npt.mdp md.mdp *.top *.itp repSREPNUM/

cp SROOTNAME.ca.nvt.tpr rep$SREPNUM/SROOTNAME.ca.nvt-rep$SREPNUM. tpr
cd repSREPNUM

#NVT
SGMXBIN mdrun -deffnm SROOTNAME.ca.nvt-repS$SREPNUM -v

SGMXBIN grompp -f npt.mdp -c SROOTNAME.ca.nvt-repS$SREPNUM.gro -r
SROOTNAME . ca.nvt-repSREPNUM.gro -t SROOTNAME.ca.nvt-repSREPNUM.cpt -p
SROOTNAME.ca.top -o SROOTNAME.ca.npt-rep$SREPNUM. tpr

SGMXBIN mdrun -deffnm $ROOTNAME.ca.npt-rep$SREPNUM -v

echo 18 | S$GMXBIN energy -f SROOTNAME.ca.npt-rep$REPNUM.edr -o
SROOTNAME. ca.npt-repSREPNUM. pressure.xvg

#fase de producao

SGMXBIN grompp -f md.mdp -c SROOTNAME.ca.npt-rep$SREPNUM.gro -t
SROOTNAME. ca.npt-repSREPNUM.cpt -p $ROOTNAME.ca.top -o
SROOTNAME. ca.md-rep$SREPNUM. tpr

SGMXBIN mdrun -deffnm SROOTNAME.ca.md-rep$SREPNUM -v

#4#

REPNUM=2

# 1lic6 [rep2]
ROOTNAME="'1ic6'
cd ../../1licé
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mkdir rep$REPNUM

cp npt.mdp md.mdp *.top *.itp rep$SREPNUM/

cp SROOTNAME.ca.nvt.tpr rep$SREPNUM/SROOTNAME.ca.nvt-repSREPNUM. tpr
cd repSREPNUM

#NVT
SGMXBIN mdrun -deffnm $ROOTNAME.ca.nvt-rep$SREPNUM -v

SGMXBIN grompp -f npt.mdp -c¢ $ROOTNAME.ca.nvt-rep$REPNUM.gro -r

SROOTNAME. ca.nvt-repSREPNUM.gro -t $ROOTNAME.ca.nvt-rep$REPNUM.cpt -p

SROOTNAME.ca.top -0 SROOTNAME.ca.npt-rep$SREPNUM. tpr

SGMXBIN mdrun -deffnm SROOTNAME.ca.npt-repS$SREPNUM -v

echo 18 | $GMXBIN energy —-f SROOTNAME.ca.npt-rep$SREPNUM.edr -o
SROOTNAME. ca.npt-repSREPNUM.pressure.xvg

#fase de producao

SGMXBIN grompp -f md.mdp -c $ROOTNAME.ca.npt-rep$SREPNUM.gro -t
SROOTNAME . ca.npt-repSREPNUM.cpt -p SROOTNAME.ca.top -o
SROOTNAME. ca.md-rep$SREPNUM. tpr

SGMXBIN mdrun -deffnm $ROOTNAME.ca.md-repSREPNUM -v

i
REPNUM=3

## 1ic6 [rep3]
ROOTNAME="1ic6"
cd ../../1lic6

mkdir repS$SREPNUM

cp npt.mdp md.mdp *.top *.itp repS$SREPNUM/

cp SROOTNAME.ca.nvt.tpr rep$SREPNUM/SROOTNAME.ca.nvt-repSREPNUM. tpr
cd repSREPNUM

#NVT
SGMXBIN mdrun -deffnm SROOTNAME.ca.nvt-repS$SREPNUM -v
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SGMXBIN grompp -f npt.mdp -c SROOTNAME.ca.nvt-rep$SREPNUM.gro -r
SROOTNAME. ca.nvt-repSREPNUM.gro -t $ROOTNAME.ca.nvt-rep$SREPNUM.cpt -p
SROOTNAME.ca.top -o SROOTNAME.ca.npt-repSREPNUM. tpr

SGMXBIN mdrun -deffnm S$SROOTNAME.ca.npt-rep$SREPNUM -v

echo 18 | S$GMXBIN energy -f SROOTNAME.ca.npt-rep$REPNUM.edr -o
SROOTNAME . ca.npt-repSREPNUM.pressure.xvg

#fase de producao
SGMXBIN grompp -f md.mdp -c SROOTNAME.ca.npt-rep$SREPNUM.gro -t
SROOTNAME . ca.npt-repSREPNUM.cpt -p SROOTNAME.ca.top -o

SROOTNAME. ca.md-rep$SREPNUM. tpr

SGMXBIN mdrun -deffnm SROOTNAME.ca.md-rep$SREPNUM -v
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Anexo 9: Shell script para centralizacdo das trajetérias calculadas utilizando o
script do Anexo 8. Apresenta-se somente o utilizado para 11C6, sendo que
os demais seguem o mesmo procedimento, apenas alterando caminhos e

variaveis.

# 1lice

echo 'g' | gmx mpi make ndx -f lic6/lic6.ca.em.gro -o lic6/lic6.ndx

echo 1 0 | gmx mpi trjconv -s lic6/lic6.ca.em.tpr -f lic6/lic6.ca.em.trr -o

lic6/lic6.ca.em.center.gro -pbc mol -center

echo 1 0 | gmx mpi trjconv -s lic6/lic6.ca.em.tpr -f
lic6/repl/lic6.ca.md-repl.xtc -o

lic6/repl/lic6.ca.md-repl.center-system.xtc -pbc mol -center

echo 1 0 | gmx mpi trjconv -s lic6/lic6.ca.em.tpr -f
lic6/rep2/lic6.ca.md-rep2.xtc -o

lic6/rep2/lic6.ca.md-rep2.center-system.xtc -pbc mol -center
echo 1 0 | gmx mpi trjconv -s lic6/lic6.ca.em.tpr -f

lic6/rep3/lic6.ca.md-rep3.xtc -o

lic6/rep3/lic6.ca.md-rep3.center-system.xtc -pbc mol -center
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Anexo 10: Shell script para calculo de RMSD e RMSF das trajetorias obtidas
executando o script do Anexo 9. Apresenta-se somente o utilizado para
11C6, sendo que os demais seguem 0 mesmo procedimento, apenas

alterando caminhos e variaveis.

#1ic6

root="1ice"

rep=1
echo 4 4 | gmx mpi rms -s $root/Sroot.ca.em.tpr -f
Sroot/rep$rep/Sroot.ca.md-repSrep.center-system.xtc -n $root/Sroot.ndx -o

Sroot/repSrep/Sroot.ca.md-repSrep.center-system. rmsd.xvg

echo 1 | gmx mpi rmsf -s $root/Sroot.ca.em.tpr -f
Sroot/repS$rep/Sroot.ca.md-repSrep.center-system.xtc -res -n S$root/S$root.ndx

-0 Sroot/repSrep/Sroot.ca.md-repSrep.center-system.rmsf.xvg

rep=2
echo 4 4 | gmx mpi rms -s $root/Sroot.ca.em.tpr -f
Sroot/repSrep/Sroot.ca.md-repSrep.center-system.xtc -n $root/Sroot.ndx -o

Sroot/repS$rep/Sroot.ca.md-reps$rep.center-system. rmsd.xvg

echo 1 | gmx mpi rmsf -s $root/Sroot.ca.em.tpr -f
Sroot/repSrep/Sroot.ca.md-repSrep.center-system.xtc -res -n S$root/$root.ndx

-0 Sroot/repSrep/S$Sroot.ca.md-repSrep.center-system.rmsf.xvg

rep=3
echo 4 4 | gmx mpi rms -s Sroot/$root.ca.em.tpr -f
Sroot/repSrep/Sroot.ca.md-repSrep.center-system.xtc -n $root/Sroot.ndx -o

Sroot/repS$rep/Sroot.ca.md-repSrep.center—-system. rmsd.xvg
echo 1 | gmx mpi rmsf -s $root/S$root.ca.em.tpr -f

Sroot/repSrep/Sroot.ca.md-repSrep.center-system.xtc -res -n S$root/S$root.ndx

-0 Sroot/repSrep/Sroot.ca.md-repSrep.center-system.rmsf.xvg
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Anexo 11: Script em linguagem Julia utilizado para calculo de média e
desvio-padrao amostral de RMSF e RMSF das simulagdes por Dinamica
Molecular em triplicata, com base nos calculos gerados utilizando
GROMACS.

### Calculates average values for GROMACS RMSD/RMSF files in standard
XMGrace

### format

## Input: n .xvg files

## Output: tab-separated values (STDOUT)

using ArgParse

using Statistics

## CLI argument processing

s = ArgParseSettings()

s.description = "Calculates average values for GROMACS RMSD/RMSF files in
standard XMGrace format"

s.add help = true

s.add version = true

s.version = "0.1"

s.commands_are required = true

@add arg table! s begin
"__input", "_i"
help = ".xvg file names"

required = true

nargs = '+'
"——Output" , H_OH
help = "output file name"

required = true
nargs = 1

end

parsed args = parse_args (s)

infiles = parsed args["input"]

outfile parsed _args["output"]

let

105



numcols = length(infiles)+1
counter = 2
fst = true
global data = []
for file in infiles
tmpl = readlines(file) # read contents of file to array
filter! (E->f[1]€['#','s"','Q"'], tmpl) # remove comments
if fst
global numrows = length (tmpl)
data = Array{Float64} (undef, numrows, numcols)
fst = false

end

for i in l:numrows
tmp = split(tmpl[i])
data[i,1] = parse(Float64, tmp[l])
data[i,counter] = parse(Float64, tmp[2])
end
counter = counter + 1
end

end

fh = open(outfile[1l], "w")
for 1 in 1l:numrows
print (fh,
"S(datali,1])\t$ (mean(datal[i,2:end]))\tS$(std(datal[i,2:end]))\n")
end

close (fh)

106



Anexo 12: Script em linguagem Julia utilizado para célculo da média e

desvio-padrao dos valores obtidos com o script do Anexo 8.

### Window-averages GROMACS RMSD/RMSF files created by avg-rms.jl

### format

## Input: .xvg file

## Output: tab-separated values (STDOUT)
using ArgParse

using Statistics

## CLI argument processing

s = ArgParseSettings()

s.description = "Window-averages GROMACS
avg-rms.j1l"

s.add help = true

s.add version = true

s.version = "0.1"

s.commands_are required = true

@add arg table! s begin

"-—-input", "-i"
help = ".tsv"
required = true
nargs = 1
"--output" , "-o"
help = "output file name"

required = true

nargs = 1
"--winsize" , "-w"
help = "window size"

arg type = Int
required = true
nargs = 1

end

parsed args = parse_args(s)

infile = parsed args["input"][1]

outfile = parsed args["output"]

RMSD/RMSF

files

created Dby
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winsize = parsed args["winsize"][1]

let

global data = []

tmpl = readlines(infile) # read contents of file to array
filter! (£->f[1]€¢['"#','s"','@"], tmpl) # remove comments
global numrows = length (tmpl)

println("Size of input = $(numrows)")

data = Array{Float64} (undef, numrows, 3)

for i in 1: (numrows-winsize)

tmp = split (tmpl([i])

datal[i,1l] = parse(Float64, tmp[l])
avgs = []
stds = []

for j in i:it+winsize
push! (avgs, parse(Float64, split(tmpl[j])[2]))
push! (stds, parse(Float64, split(tmpl[j])[3]))

end
datal[i, 2] = mean (avgs)
data[i, 3] = mean(stds)

end

let fh = open(outfile[1], "w")
for 1 in 1: (numrows-winsize)
print (fh, "S$(data[i,1])\tS$(datal[i,2])\tS$(datali,3])\n")
end

end

end flet
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Anexo 13: Script para constru¢do dos graficos de RMSD médio utilizando

Gnuplot.

set datafile commentschars "#@&"

set terminal svg enhanced size 1366,720

set output

'lic6_J1 J2-rmsdw500.svg'

set style fill noborder

set grid

### RMSD

set xtics 0,25,200 font ",18" nomirror

set xlabel

set format

"Time (ns)" font ",20"

y "%$.1f"

set ytics nomirror

set ylabel

"RMSD (Angstrom)" font ",20"

set title "Root Mean Square Deviation" font ",22"

plot "licé.
($1%0.001) :
'tu ($1*0

"Jmanil.ca

($1*0.001) :
.001):($2*10) title 'PrlJl' w lines,\

'Tu ($1%0

"Jmani2.ca

($1*0.001) :
.001) : ($2*10) title 'PrlJ2' w lines

u ($1%0

ca.md.center-system.rmsd.statistics.win500.xvg" u
(($2*10)+($3*10)) : (($2*10)-($3*10)) w filledcurves notitle,\
.001):($2*10) title 'lic6' w lines,\
.md.center-system.rmsd.statistics.win500.xvg" u

(($2*10)+($3*10)) = (($2*10)-($3*10)) w filledcurves notitle,\

.md.center-system.rmsd.statistics.win500.xvg" u

(($2*10)+($3*10)) = (($2*10)-($3*10)) w filledcurves notitle,\
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Anexo 14: Script para construgdo dos graficos de desvio-padrdo de RMSF

utilizando Gnuplot.

set datafile commentschars "#@&"

set terminal svg enhanced size 1366,720
set output 'lic6 Jl J2-rmsf.svg'

set style fill noborder

set grid

### RMSD

set xtics 0,25,300 font ",18" nomirror

set xlabel "Residue #" font ",20"

set format y "S.1f"

set ytics nomirror

set ylabel "RMSF Sample Standard Deviation (A)" font ",20"

set title "Root Mean Square Fluctuation by residue" font ",22"

plot "lic6.ca.md.center-system.rmsf.statistics.xvg" u
($1) : (($3*%10)) : (-($3*10)) w filledcurves title '1IC6',\
"Jmanil.ca.md.center-system.rmsf.statistics.xvg" u

($1): (($3*10)) : (-($3*10)) w filledcurves title 'PrlJl',\
"Jmani2.ca.md.center-system.rmsf.statistics.xvg" u

($1): (($3*%10)) : (-($3*10)) w filledcurves title 'PrlJ2'
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Anexo 15: Graficos de RMSD e RMSF da triplicada de simulacédo para 11C6, bem como script para construcéo utilizando

Gnuplot.
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set datafile commentschars "#@&"

set terminal svg enhanced size 1366,720

set output 'graphs/lic6 rmsd-f.svg'

set multiplot layout 2,3 rowsfirst

set grid

##4# RMSD

set yrange [0.0:1.5]
set xtics 0,25,200 font
set xlabel "Time (ns)"

set format y "S.1f"

",18" nomirror

font ",20"

set ytics 0,0.25,1.5 font ",18" nomirror

set ylabel "RMSD (Angstrom)" font ",20"

set title "1IC6 Replica
plot "lic6/repl/lic6.ca
set title "1IC6 Replica
set format y '' #Remove
unset ylabel

plot "lic6/rep2/lic6.ca
set title "1IC6 Replica

plot "lic6/rep3/lic6.ca

### RMSF

unset title

1" font ",22"

.md-repl.center-system.rmsd.xvg" u ($1*0.001) :($2*10)
2" font ",22"

tic labels

.md-rep2.center-system.rmsd.xvg" u ($1*0.001) :($2*10)
3" font ",22"
.md-rep3.center-system.rmsd.xvg" u ($1*0.001):($2*10)

set xtics 0,50 right font ",18" nomirror
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set xlabel "Residue" font ", 20"

set format y "S$.1f"

set yrange [0.0:5.0]

set ytics 0,0.5 font ",18" nomirror

set ylabel "RMSF (Angstrom)" font ",22"

#set title "1IC6 Replica 1" font ",22"

plot "lic6/repl/lic6.ca.md-repl.center-system.rmsf.xvg" u ($1):($2*10) w lines notitle
fset title "1IC6 Replica 2" font ",22"

set format y '' #Remove tic labels

unset ylabel

plot "lic6/rep2/lic6.ca.md-rep2.center-system.rmsf.xvg" u ($1):($2*10) w lines notitle
fset title "1IC6 Replica 3" font ",22"

plot "lic6/rep3/lic6.ca.md-rep3.center-system.rmsf.xvg" u ($1):($2*10) w lines notitle
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Anexo 16: Graficos de RMSD e RMSF da triplicada de simulacao para Pr1J1, bem como script para constru¢ao utilizando

Gnuplot.
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set datafile commentschars "#0@&"

set terminal svg enhanced size 1366, 720
set output 'graphs/jmanil rmsd-f.svg'
set multiplot layout 2,3 rowsfirst

set grid

### RMSD

set yrange [0.0:3.0]

set xtics 0,25,200 font ",18" nomirror

set xlabel "Time (ns)" font ",20"

set format y "%.1f"

set ytics 0,0.5,3.0 font ",18" nomirror

set ylabel "RMSD (Angstrom)" font ",20"

set title "PrlJl Replica 1" font ",22"

plot "jmanil/repl/Jmanil.ca.md-repl.center-system.rmsd.xvg" u
set title "PrlJl Replica 2" font ",22"

set format y '' #Remove tic labels

unset ylabel

plot "jmanil/rep2/Jmanil.ca.md-rep2.center-system.rmsd.xvg" u
set title "PrlJl Replica 3" font ",22"

plot "jmanil/rep3/Jmanil.ca.md-rep3.center-system.rmsd.xvg" u

### RMSF

unset title

($1*0.001) : ($2*10)

($1*%0.001) : ($2*10)

($1*0.001) : ($2*10)

w lines notitle

w lines notitle

w lines notitle
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set xtics 0,50 right font ",18" nomirror

set xlabel "Residue" font ",20"

set format y "%.1f"

set yrange [0.0:4.5]

set ytics 0,0.5 font ",18" nomirror

set ylabel "RMSF (Angstrom)" font ",22"

#set title "PrlJl Replica 1" font ",22"

plot "jmanil/repl/Jmanil.ca.md-repl.center-system.rmsf.xvg" u ($1)
#set title "Prl1lJl Replica 2" font ",22"

set format y '' #Remove tic labels

unset ylabel

plot "jmanil/rep2/Jmanil.ca.md-rep2.center-system.rmsf.xvg" u ($1)
#set title "PrlJl Replica 3" font ",22"

plot "jmanil/rep3/Jmanil.ca.md-rep3.center-system.rmsf.xvg" u ($1)
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Anexo 17: Graficos de RMSD e RMSF da triplicada de simulacao para Pr1J2, bem como script para constru¢ao utilizando

Gnuplot.
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set datafile commentschars "

#ag"

set terminal svg enhanced size 1366,720

set output 'graphs/jmani2 rmsd-f.svg'

set multiplot layout 2,3 rowsfirst

set grid

##4# RMSD

set yrange [0.0:8.0]

set xtics 0,25,200 font ",18
set xlabel "Time (ns)" font

set format y "S.1f"

set ytics 0,1,8.0 font ",18"
set ylabel "RMSD (Angstrom)"
set title "Prl1J2 Replica 1"

plot "jmani2/repl/Jmani2.ca.
set title "Pr1J2 Replica 2"

set format y '' #Remove tic

unset ylabel

plot "jmani2/rep2/Jmani2.ca.
set title "Pr1J2 Replica 3"

plot "jmani2/rep3/Jmani?.ca
### RMSF

unset title

set xtics 0,50 right font ",
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" nomirror

",20"

nomirror

font ",20"

font ",22"
md-repl.center-system.rmsd.xvg" u
font ",22"

labels

md-rep2.center-system.rmsd.xvg" u

font ",22"

.md-rep3.center-system.rmsd.xvg" u

18" nomirror

($1*0.001) : ($2*10)

($1*0.001) : ($2*10)

($1*%0.001) : ($2*10)

w lines notitle

w lines notitle

w lines notitle



set
set
set
set

set

xlabel "Residue" font ",20"
format y "%.1f"

yrange [0.0:14]

ytics 0,1 font ",18" nomirror

ylabel "RMSF (Angstrom)" font ",22"

#set title "PrlJ2 Replica 1" font ",22"

plot "jmani2/repl/Jmani?2.ca.md-repl.center-system.rmsf.xvg" u

#set title "PrlJ2 Replica 2" font ",22"

set

format y '' #Remove tic labels

unset ylabel

plot "jmani2/rep2/Jmani?.ca.md-rep2.center-system.rmsf.xvg" u

#set title "PrlJ2 Replica 3" font ",22"

plot "jmani2/rep3/Jmani?2.ca.md-rep3.center-system.rmsf.xvg" u

($1)

($1)

($1)

1 ($2*%10)

1 ($2*%10)

:($2*10)

w lines notitle

w lines notitle

w lines notitle
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Anexo 18: Relagéo de oligonucleotideos utilizados.

Par Nome Sequéncia (5'—3') Tm (°C)

1 Tubulina_Direto GTAACCAAATTG GTG CTG CT 60
Tubulina_Reverso CGA CGGAGAAAG TGG CCATC 60
2 CDS [TTTTTTTTTTITTTTTTITTTITTTITTTTTTT NN 60

: TTT AAG AAG GAG ATATAC CATGTTTTC GTT
; Pr1J1_Direto CAAAAC TC 60
Pr1J1 Reverso GTG GTG GTG GTG GTG GTG tAT GAT GCC GTT 60

- GTATGC

: TTT AAG AAG GAG ATATAC CAT GGC TATTCT

. Pr1J2_Direto CAA GGC CTT TAC 60

Pr1J2 Reverso GTG GTG GTG GTG GTG GTG CTGAAC CCCATT 50
- AAACGCAAGC
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Anexo 19: Sequenciamento do inserto do plasmideo pET23d(+)-pr1J1.

T T T A P T T T T T A T T T T T T e T T T T T T
————————————————————————————————————————————————— ATGTTTTCGTTCAAAACTCTTGCGTCGCTGCTGGTAGCAGCCCTTCCGCTT
68 i@ BIG 98 Tea

EI

I 1
20 38 50
10 a 3a 48
»

exonl

ATGTTTTCGTTCAAAACTCTTGCGTCGCTGCTGGTAGCAGCCCTTCCGCTT

aligned sequence prijl_seq_cds

CAKKSTCCTCWWGAAWTAATTTTGTTTAACTTTAAGAAGGAGATATACCATGTTTTCGTTCAAAACTCTTG---GTAAGCTGATAGCAGCCCTTCCGCTT

aligned sequence prijl_seq_forward

aligned sequence priljl_seq_reverse

T T e T T e T AT T T T T T T T T T T T T T T T T T I T T T T T T T
GGCAATGCCACGCCCCAAGCTGGCAGCGCTGCCAATCTGGTCCCGGACAGGTATATTGTTACCCTGAAAGACGGTATTAGCGCAAATGACTTCAACTTCC
160 170 180 199 200

156

T T
128 130 140 158
T
90 188 11a 124 138 148
»

110

T8 a8
exonl

68

%

template sequenee priji_seq
GGCAATGCCACGCCCCAAGCTGGCAGCGCTGCCAATCTGGTCCCGGACAGGTATATTGTTACCCTGAAAGACGGTATTAGCGCAAATGACTTCAACTTCC

aligned sequence priji_seq_cds
GGCAATGCCACG- -CCAAAGCGGGGGGGCTGCCAATCTGGTCCCGGACAGGTATATTGTTACCCTGAAAGACGGTATTAGCGCAAATGACTTCMATTTCC

aligned sequence priljl_seq_forward

aligned sequence prijl_seq_reverse

T T T T T T T A A T T
ACATGAACTGGGTTCGGGATGTTCAAGTGGCGAGAGCCGGCCATCGCCGGGGACTCAACTTCCGCGGTGTAGAGAAGACGTACGGTGTCGGAAACTTCAA
Zéﬁ 278 280 Z;E 300

250

T
218 220 238 240 250
T T
180 150 208 220 230 240
»

210

T
6@ 178
exonl

£

template sequence prijl_seqg
ACATGAACTGGGTTCGGGATGTTCAAGTGGCGAGAGCCGGCCATCGCCGGGGACTCAACTTCCGCGGTGTAGAGAAGACGTACGGTGTCGGAAACTTCAA

aligned sequence prijl_seq_cds
ACATGAACTGGGTTCGGGATGTTCAAGTGGCGAGAGCCGGCCATCGCCGGGGACTCAACTTCCGCGGTGTAGAGAAGACGTACGGTGTCGGAAACTTCAA

aligned sequence prijl_seq_forwar

aligned sequence prljl_seq_reverse

T T T T A T T T T T
CGCCTATGCTGGCCACTTTGACGAGCATACCCTGGAAGCTATCCGGAGAAACGCTGACGTAAGACCCTTCCAAATTTAGTAAAGGACGAGAATCTGGGGC
I I
368 37@ 380 398 4p0

|
31@ 320 33@ 340 350
T T
308 320 3 340 350

280 230

3e
intronl

T
260 79
exonl

>

template sequence prijl_seqg

CGCCTATGCTGGCCACTTTGACGAGCATACCCTGGAAGCTATCCGGAGAAACGCTGAC

aligned sequence prl1jl_seq_cds

CGCCTATGCTGGCCACTTTGACGAGCATACCCTGGAAGCTATCCGGAGAAACGCTGAC
ATAAGGYGTGCACM

aligned sequence pri1j1_seq_forward

aligned sequence prijl_seq_reverse
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GTCACAATCTGGGGGCTGACGTGAAGATGTTTCAAGGTTG------- AGAGCGTCGAGCAGCAGCAAGTGTATCATCTGCACGAACTGACCACCCAGAAG
410 420 a0 440 450 0 470 480 490 500

360 ITe 380 350 400 418 428 438 440

introni { exon? »%
template sequence prijl_seq

------------------------------------ GTTG==--==---AGAGCGTCGAGCAGCAGCAAGTGTATCATCTGCACGAACTGACCACCCAGAAG

------------------------------------ GTTG-------AGAGCGTCGAGCAGCAGCAAGTGTATCATCTGCACGAACTGACCACCCAGAAG

aligned sequence pr1jl_seg_forward

TYTTTGAGCAGAGCATTACCCTGAAAGCTWTCGGAGAACGCKACGTTRGAGCGTCGRGCMGCAGCAAGKGTATCATTC-TGCACAACKGMCACCCAGAAG

aligned sequence prijl_seq_reverse

GAATCTACTCACGGTCTTGCTACTATTTCCCATAGAGAACCCGGGTCAACCGAATATGTCTATGACAGTAGTGCCGGCGAGGGATCTACCGTGTATGTTC
510 520 530 540 550 560 578 580 590 600

T
458 460 479 480 430 se0 510 528 530 540
I exon2 S
template seguence prijl_seg

GAATCTACTCACGGTCTTGCTACTATTTCCCATAGAGAACCCGGGTCAACCGAATATGTCTATGACAGTAGTGCCGGCGAGGGATCTACCGTGTATGTTC

aligned sequence priji_seq_cds

GAATCTACTCACGGTCTTGCTACTATTTCCCATAGAGAACCCGGGTCAACCGAATATGTCTATGACAGTAGTGCCGGCGAGGGATCTACCGTGTATGTTC

aligned sequence pri1jl_seq_forward

GRATC-WCTCAC-GTCTTGCTACTATTTCCCATAGAGAACCCGGGTCAACCGAATATGTCTATGACAGTAGTGCCGGCGAGGGATCTACCGTGTATGTTC

aligned sequence prijl_segq_reverse

TCGACAGTGGCATTCAGGTGGATCATCCAGAATTCGAGGGCCGTGCTATTCGCGGGTATAATGCTGTCAAGGATGCCACAGACGAAGATGTGCAAGGACA

T T
(L) 620 630 640 650 668 78 680 630 700

T
558 560 570 580 598 6an 610 620 630 640

.,,
2

» exon2 »g
template sequence prl1jl_seg

TCGACAGTGGCATTCAGGTGGATCATCCAGAATTCGAGGGCCGTGCTATTCGCGGGTATAATGCTGTCAAGGATGCCACAGACGAAGATGTGCAAGGACA

aligned sequence prijl_seq_cds

TCGACAGTGGCATTCAGGTGGATCATCCAGAATTCGAGGGCCGTGCTATTCGCGGGTATAATGCTGTCAAGGATGCCACAGACKAAGATGTGCWAGGACA

aligned sequence prijl_seq_forward

TCGACAGTGGCATTCAGGTGGATCATCCAGAATTCGAGGGCCGTGCTATTCGCGGGTATAATGCTGTCAAGGATGCCACAGACGAAGATGTGCAAGGACA

aligned sequence pr1jl_seq_reverse

CGGCACTCACGTTGCTGGCATTGTTGGTAGCAAGACATACGGTGTTGCCAAGAAGACTAAGTTGGTAGATGTCAAGATGTTCCATGACGCAGGCAGCACC

T T
Tie i@ R 740 750 768 170 8o 79 B8ee

658 6o 670 ] B98 Jen e 728 EEL 740

I exonz2 »e
template sequence pri1jl_seq

CGGCACTCACGTTGCTGGCATTGTTGGTAGCAAGACATACGGTGTTGCCAAGAAGACTAAGTTGGTAGATGTCAAGATGTTCCATGACGCAGGCAGCACC

aligned sequence pri1jl_seg_cds

CGGCACTCACGTTGCTGGCATTGTTGGTAGCAAGACATACGGTGTTGCCAAGAAGACTAAGT TGGTAGATGTCAAGATGTTCCATGACGCAGGCAGCACC

aligned sequence prijl_seq_forward

CGGCACTCACGTTGCTGGCATTGTTGGTAGCAAGACATACGGTGTTGCCAAGAAGACTAAGTTGGTAGATGTCAAGATGTTCCATGACGCAGGCAGCACC

aligned sequence prijl_seq_reverse
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AATGAGATTATCCTGGACGGAATCGAGTGGACAATCAA-GGACATTACAGCTAAGCAGATTCAGAACCGGACCGTTGTCAACATGTCTTTTGGTAGGTGT
810 820 830 840 850 860 870 880 890 900

T T T
758 768 778 780 750 800 &ie 820 830 8ap

> exon 2 intron2
template sequence prijl_seq

AATGAGATTATCCTGGACGGAATCGAGTGGACAATCAA-GGACATTACAGCTAAGCAGATTCAGAACCGGACCGTTGTCAACATGTCTTTT=========

aligned sequence prijl_seq_cds

AATGAGATTATCCTGGACGGAATCGAGTGGACARTCMACGGACATTACAGCTAAKCAGATTCAGAACCSGACCGTTGTC-ACATGTCTTTTGGCG- -~~~

aligned sequence pr1jl_seg_forward

AATGAGATTATCCTGGACGGAATCGAGTGGACAATCAA-GGACATTACAGCTAAGCAGATTCAGAACCGGACCGTTGTCAACATGTCTTTT=====-=-~

aligned sequence prijl_seq_reverse

GACAGTTTGTCCGTCGTCGCCCGTCAAAGCTCGCATCACTGACGATATTCTTTCCCCCCCAACAGGLGGCGGAAACTCTACTGCCCTGAACAAGATAATA

T I
ae 920 938 940 950 968 a7e 980 999 1,000

T T
850 860 870 880 850 908 91e 920 938 940
intron2 ' exon3 »%
template seguence pri1jl_seg

———————————————————————————————————————————————————————————————— GGCGGCGGAAACTCTACTGCCCTGAACAAGATAATA
---------------------------------------------------------------------- CGGAACTCTACTGCCT--GACCAGATAAT=

---------------------------------------------------------------- GGCGGCGGAAACTCTACTGCCCTGAACAAGATAATA

aligned sequence prijl_seg_reverse

AAGACTGCGTACGACGCAGGTATTCTGTGCGTCATCTCGTCTGGGAACATGGGT GTCGATGCCTCAGACTGGTCTCCCGCCTCGTCCCCTGATGGCATCA

T T
1,818 1,020 1,030 1,840 1,058 1,060 1,870 1,080 1,098 1,180

T T
950 968 578 988 950 1,080 1,870 1,828 1,030 1,848
I exon3 %

template sequence prl1jl_seg

AAGACTGCGTACGACGCAGGTATTCTGTGCGTCATCTCGTCTGGGAACATGGGTGTCGATGCCTCAGACTGGTCTCCCGCCTCGTCCCCTGATGGCATCA

aligned sequence pri1jl_seq_cds

AAGACTGC=TACGACGCA-GTATTCTGTGCGTCATCTCGTCW=-GGAACATGGGTGTCGATGCCTCGACTKG==TCYCCGCCTACTYCCCTGAT =GCATCA

aligned sequence prijl_seq_forward

AAGACTGCGTACGACGCAGGTATTCTGTGCGTCATCTCGTCTGGGAACATGGGTGTCGATGCCTCAGACTGGTCTCCCGCCTCGTCCCCTGATGGCATCA

aligned sequence pr1jl_seq_reverse

e T T e e e T T e T e e e e LT LT L LT
CTGTTGGCGCCAT-TGATGCCAACTGGCGGCTATGGGA- - ~TCACTCCAACCACGGCCCCGTTGTTCACATCTTGGCTCCTGGCGTGGACGTCTTGTCCC

T T
1,118 1,128 1,130 1,140 1,158 1,160 1,178 1,180 1,198 1,200

1,850 1,868 1,070 1,080 1,090 1,100 1,11e 1,120 1,130
o exon3 »%
template sequence pri1jl_seq

CTGTTGGCGCCAT -TGATGCCAACTGGCGGCTATGGGA- - -TCACTCCAACCACGGCCCCGTTGTTCACATCTTGGCTCCTGGCGTGGACGTCTTGTCCC

aligned sequence pri1jl_seg cds

=TGTTGGCGCCATGCAGCCATAYTTGASYGCTATGKGEBAATCACT - - == = = == = == === = o oo o o o oo oo oo

aligned sequence prijl_seq_forward

CTGTTGGCGCCAT-TGATGCCAACTGGCGGCTATGGGA- - -TCACTCCAACCACGGCCCCGTTGTTCACATCTTGGCTCCTGGCGTGGACGTCTTGTCCC

aligned sequence prijl_seq_reverse
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T T T A T T T T T T T T T T T T T T T T
TCGCTCCTGGCAATGAGACTAAGACAGGGAGCGGAACTTCTCAGGCGGCTCCTCATGTTGCTGGGCTGGCCGCCTATCTGGCAGTTGCTAAAAACATCAA

T T
1,218 1,220 1,238 1,240 1,258 1,260 1,270 1,288 1,298 1,360

T
1,148 1,158 1,160 1,178 1,188 1,150 1,208 1,218 1,220 1,238
= exon3 £44

template sequence priji_seq

TCGCTCCTGGCAATGAGACTAAGACAGGGAGCGGAACTTCTCAGGCGGCTCCTCATGTTGCTGGGCTGGCCGCCTATCTGGCAGTTGCTAAAAACATCAA

aligned sequence priji_seq_cds

aligned sequence pri1jl1_seg_forward

TCGCTCCTGGCAATGAGACTAAGACAGGGAGCGGAACTTCTCAGGCGGCTCCTCATGTTGCTGGGCTGGCCGCCTATCTGGCAGTTGCTAAAAACATCAA

aligned sequence prijl_seg_reverse

O T T T e T T T T T LT
CACTGCAAAGGAGTTGAAGGCTAGCATTCTTTCTCTCGGAACCCGTGACAAGGCCACTGCTGTTAAGGACGGCACAGTCAACTTGGTTGCATACAACGGC

T T
1,318 1,320 1,330 1,340 1,350 1,360 1,370 1,380 1,398 1,400

T
1,240 1,250 1,260 1,270 1,280 1,290 1,300 1,310 1,320 1,330
exon3

template sequence pri1jl1_seg

CACTGCAAAGGAGTTGAAGGCTAGCATTCTTTCTCTCGGAACCCGTGACAAGGCCACTGCTGTTAAGGACGGCACAGTCAACTTGGTTGCATACAACGGC

aligned sequence prijl_seq cds

aligned sequence prijl_seq_forward

CACTGCAAAGGAGTTGAAGGCTAGCATTCTTTCTCTCGGAACCCGTGACAAGGCCACTGCTGTTAAGGACGGCACAGTCAACTTGGTTGCATACAACGGC

aligned sequence pri1jl_seq_reverse

T OO T A T T
ATCATATAA= == === == === = mm = oo

1,418 1,428 1,430 1,440

T
1,348 1,345

i» exond
template sequence pri1jl_seqg

ATCATATAA= == = == == === = mm o oo oo

aligned sequence pri1jl_seg cds

aligned sequence prijl_seq_forward

ATCATACACCACCACCACCACCASKGAGATTCCGGCWKGMWAAAAT

aligned sequence prijl_seq_reverse
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Anexo 20: Sequenciamento do inserto do plasmideo pET23d(+)-pr1J2.

O T O A T T T T T T T T T T T T T T
—————————————————————————————————————————————————————— ATGGCTATTCTCAAGGCCTTTACTACTGCTGTTATAGCCGCTCTCT
68 8 8o 98 IGBI

48 58
0 EL] 48
>

10
exonl

ATGGCTATTCTCAAGGCCTTTACTACTGCTGTTATAGCCGCTCTCT

aligned sequence prlj2_seq cds

TRRRAWWTYCCTTYAWWRAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGCTATTCTCAAGGCCTTTACTACTGCTGTTATAGCCGCTCTCT

aligned sequence pr1j2_seq for

aligned sequence prij2_seq rev

O T O T T T T T T T T T T T T T T T
CTTTGAGCGTTGCTGCTGCCCCTGCACAAGACAGTAACGGCCAGAAAGATAAATATATTGTCACCCTCAAGGGCGGCATTTCCTCTCGCGATGTCGAATC
160 170 180 190 200

|

T
120 130 148 158
160 110 120 130 148

e
T
5@ L] 70 kL
exonl

I

template sequence prij2_seq
CTTTGAGCGTTGCTGCTGCCCCTGCACAAGACAGTAACGGCCAGAAAGATAAATATATTGTCACCCTCAAGGGCGGCATTTCCTCTCGCGATGTCGAATC

aligned sequence prlj2_seq_cds
CTTTGAGCGTTGCTGCTGCCCCTGCACAAGACAGTAACGGCCAGAAAGATAAATATATTGTCACCCTCAAGGGCGGCATTTCCTCTCGCGATGTCGAATC

aligned sequence prij2_seq for

aligned sequence prlj2_seq rev

T T T T T T T T T T T T T T T T T T T T T T T T T T
CCATATGAACTGGGCCCGAGGCATCCATGATGCTAGCCTGGGTCGTCGCGCCTTAGATTTGCCGGGTATTGAAAAGAGGTATGACTTTGGTGACTTCCAC
260 278 280 290 300

T
219 228 230 240 250
T
158 168 178 188 198 200 218 220 230 248
exonl =

S

template sequence prlj2_seq
CCATATGAACTGGGCCCGAGGCATCCATGATGCTAGCCTGGGTCGTCGCGCCTTAGATTTGCCGGGTATTGAAAAGAGGTATGACTTTGGTGACTTCCAC

aligned seguence prij2_seq_cds
CCATATGAACTGGGCCCGAGGCATCCATGATGCTAGCCTGGGTCGTCGCGCCTTAGATTTGCCGGGTATTGAAAAGAGGTATGACTTTGGTGACTTCCAC

aligned sequence prij2_seq_for

aligned sequence prlj2_seq_rev

T T T T T T T T T T T T T T T T T T T
GCTTACTTGGGGTCATTTGATAAAGGGACT CTTGGGAAAATCATGGACAGCCCCGATGTAAGTCTATATCTAGCATTGGATAGTAATTATCTCTTACAAG
368 e 38e 350 400

I
318 328 330 340 350
260 270 2808 290 300 e 320 330 340
exonl %

258

S

template sequence prlj2_seq
GCTTACTTGGGGTCATTTGATAAAGGGACT CTTGGGAAAATCATGGACAGCCCCGATGTAAGTCTATATCTAGCATTGGATAGTAATTATCTCTTACAAG

aligned sequence prij2_seq_cds
GCTTACTTGGGGTCATTTGATAAAGGGACTCTTGGGAAAATCATGGACAGCCCCGAT

aligned sequence pri1j2_seq_for

aligned sequence prlj2_seq_rev
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AAATACTACTAAACGGATCTATTGATAGGTACTAGGCGTTGAGCCTGATGGAATAA-CAATGCCATTAGCGTTGACAACGCAGCAGAACCCTCCGTGGGC
410 420 430 a0 450 460 470 480 450 500

350 368 aTa &0 390 460 410 420 REL] 448

5 exonl 2z
template sequence prij2_seq

AAATACTACTAAACGGATCTATTGATAGGTACTAGGCGTTGAGCCTGATGGAATAA-CAATGCCATTAGCGTTGACAACGCAGCAGAACCCTCCGTGGGC

aligned sequence prijz_seq_cds

---------------------------- GTACTAGGCGTTGAGCCTGATGGAATAA-CAATGCCATTAGCGTTGACAACGCAGCAGAACCCTCCGTGGGC

aligned sequence prij2_seq_for

- - ATICTEAT GGEEC R e ek KTGWWGACCTTGAWTGAATAACCAATGCCWTTAGCG-TGGCAATGCAGCAGATCCYTCCGTGGGC

aligned sequence prlj2_seq_rewv

TCTAAGCGCCATGTCTAGCCGAACACCAGGCCCCCCCAGCCTTATCGGTACGACGATAGCGCTGGCCAAAATACCTTTGCA-TACGTACTAGATACGGGT
510 520 530 540 550 560 570 580 st 600

450 460 47e 480 438 see s1e 520 530 540

exonl A introni

template seguence prij2_seg

TCTAAGCGCCATGTCTAGCCGAACACCAGGCCCCCCCAGCCT = mmmmmmmmm mmmm s o mm s m o mmmmmo oo moscosomomc=oooes

aligned sequence pri1j2_seq cds

TCTAAGCGCCATGTCTAGCCGAACACCAGGCCCCCCCAGCCTTATCGGTACGACGATAGCGCTGGCCAAAATACCTTTGCA-TACGTACTAGATACGGGT

aligned sequence pri1j2_seq_for

YTTAGGCGCCATGTCTAGCCG-ACTCCAGGCCCCCCCCAGCTTATCGGTACGACGAWAGCGSTGGCCAAAATACCTTTGCAWTACGTACTAGAWWCGGGK

aligned sequence prlj2_seq_rev

GTCCACGATAAACATGTGGAATTCGGTGGCCGTGTTACCCCGGGCTGGAGTGCTTACGAAGAGGAC-TTCCCAGACAGGCCGCATGGTGATGTTACTGGC

T T
[al] 620 630 648 658 660 670 ] 698 700

el

exan2 ES

template sequence prij2_seq

=~TCCACGATAAACATGTGGAATTCGGTGGCCGTGTTACCCCGGGCTGGAGTGCTTACGAAGAGGAC-TTCCCAGACAGGCCGCATGGTGATGTTACTGGC

aligned sequence prl1j2_seq_cds

GTCCACGATAAACATGTGGAATTCGGTGGCCGTGTTACCCCGGGCTGGAGTGCTTACGAAGAGGAC-TTCCCAGACAGGCCGCATGGTGATGTTACTGGC

aligned sequence prij2_seq for

GTCCACGAT-AACATGTGGAATTCGGTGGCCGTGTTACCCCGGGCTGGAGTGCTTACGAAGAGGACTTTCCCAGACAGGCCGCATGKTGATGTTWCTGGC

aligned segquence prlj2_seg_rev

CACGGAACCATGGTTGCCGGTATTATCGCCTCCAATACCTACGGTGTCGCCAAGAAGGCAAATATCATTGCTGTCCAGACGGATCAGACAGTATCAGGAT

T T
Tie 720 730 T48 758 760 770 780 798 800

650 660 678 688 (1] Tae 710 720 730 740

._,,
A

exon2 EX:

template sequence prilj2_seg

CACGGAACCATGGTTGCCGGTATTATCGCCTCCAATACCTACGGTGTCGCCAAGAAGGCAAATATCATTGCTGTCCAGACGGATCAGACAGTATCAGGAT

aligned sequence prilj2_seq cds

CACGGAACCATGGTTGCCGGTATTATCGCCTCCAATACCTACGGTGTCGCCAAGAAGGCAAATATCATTGCTGTCCAGACGGATCAGACAGTATCAGGAT

aligned sequence prij2_seq_for

CACGGAACCATGGTTGCCGGTATTATCGCCTCCAATACCTACGGTGTCGCCAAGAAGGCAAATATCATTGCTGTCCAGACGGATCAGACAGTATCAGGAT

aligned sequence prij2_seq_rev
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TGCT-AGGCGGCATAGCGTGGGCCGTGCGGGATATCCAGAGT CAAGGCCGCGTCGGTCAGGCCGTTATTAATTACTCGGGAGGTACGTATGCGAGATGTT

T T
Eal] &20 830 248 a5a 860 &70 880 LEL] 460

T T
TaME 758 760 170 T80 798 800 Eal] 20 830 a4a

% exonZ > intron2
template sequence prij2_seq

TGCT-AGGCGGCATAGCGTGGGCCGTGCGGGATATCCAGAGT CAAGGCCGCGTCGGTCAGGCCGTTATTAATTACTCGGGAGGTACGTATGC-===--=~~

aligned sequence prijz_seq_cds

TGCT-AGGCGGCATAGCGTGGGCCGTGCGGGATATCCAGAGTCAAGGCCGCGTCGGTCAGGCCGTTATTAATTACTCGGG=====-=-===-===-----

aligned sequence prij2_seq_for

TGCTWGGGCGGCATAGCGTGGGCCGTGCGGGATATCCAGAGT CAAGGCCGCGTCGGTCAGGCCGTTATTAATTACTCGGG ===================

aligned sequence prlj2_seq_rew

TTGCACCTCTTGGAGTTTTTTGCATCCTAATTAGAAGTAGGGCTCCCCACTATTCCCGATTCTGCCGGATACAAGTATCAACCCGGAATTGCCATGGCCC

1 I
918 920 93e 948 950 960 arle RL] 998 1,800

T
a50 860 870 880 890 908 a91e 920 930 948

intron2 { exon3
template sequence prij2_seq

------------------------------------ GTAGGGCTCCCCACTATTCCCGATTCTGCCGGATACAAGTATCAACCCGGAATTGCCATGGCCC
-------------------------------------- AGGGCTCCCCACTATTCCCGATTCTGCCGGATACAAGTATCAACCCGGAATTGCCATGGCCC

-------------------------------------- AGGGCTCCCCACTATTCCCGATTCTGCCGGATACAAGTATCAACCCGGAATTGCCATGGCCC

aligned sequence pri1j2_seq_rev

AAAGTATGGATATTGCGTTTAACGAAGGG-ATTCTCTGCGTCATTGCTGCTGGCAACGACGGTAAAGT - -AGTTGAACAATCCACAACTCCTTATCAAGG

T T
1,810 1,028 1,838 1,040 1,050 1,860 1,878 1,088 1,090 1,180

950 260 970 280 990 1,008 1,018 1,820 1,830

exon3 A intron3
template sequence prilj2_seq

AAAGTATGGATATTGCGTTTAACGAAGGG-ATTCTCTGCGTCATTGCTGCTGGCA= === = == === == === ===oomoooooooooooooooooooooo

aligned seguence prlj2_seq cds

-~AAGTATGATTA-TGCGTTTAACGAAGGGAATTCTCTGCGTCATTGCTGCTGGCACGAACGGTWAAGCTAGTTTGAACAATYCCCMMAC-----------

aligned sequence prij2_seq for

AAAGTATGGATATTGCGTTTAACGAAGGG-ATTCTCTGCGTCATTGCTGCTGGCAACGACGGTAAAGT - -AGTTGAACAATCCACAACTCCTTATCAAGG

aligned sequence prij2_seq_rev

T T T T T T T T T T T T T T T T
CAACTCTACTACTGCTTTAGTGGTCGGCGGAATAAATCAACAATGGGATTTTATGCGCCTCTCCAACCACGGCCCCAGCGTCGATATTCTCGCTCCTGGT

T T
1,118 1,128 1,138 1,140 1,150 1,160 1,178 1,188 1,190 1,200

T T
1,048 1,850 1,860 1,878 1,088 1,098 1,100 1,118 1,120 1,130

intron3 | exond ES
template sequence prilj2_seg

---------------------------- GGAATAAATCAACAATGGGATTTTATGCGCCTCTCCAACCACGGCCCCAGCGTCGATATTCTCGCTCCTGGT

aligned sequence prij2_seq_for

CAACTCTACTACTGCTTTAGTGGTCGGCGGAATAAATCAACAATGGGATTTTATGCGCCTCTCCAACCACGGCCCCAGCGTCGATATTCTCGCTCCTGGT

aligned sequence prij2_seq_rev
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T T T T T T T T T T T T T T T T T T T
GAGAATGTTATCACGATTAGTAGAGACTCCGATACGGCCACGACAGTACAGACAGGTACTTCGCTCGCAGCTCCCCACGTTGCCGGGCTGGCGCTGTACC

T T
1,218 1,220 1,238 1,240 1,250 1,260 1,278 1,288 1,290 1,300

T T
1,148 1,150 1,160 1,178 1,188 1,198 1,200 1,218 1,220 1,230
3 exond w3

template seguence prij2_seg

GAGAATGTTATCACGATTAGTAGAGACTCCGATACGGCCACGACAGTACAGACAGGTACTTCGCTCGCAGCTCCCCACGTTGCCGGGCTGGCGCTGTACC

aligned sequence prij2_seq_cds

aligned sequence prij2_seq_for

GAGAATGTTATCACGATTAGTAGAGACTCCGATACGGCCACGACAGTACAGACAGGTACTTCGCTCGCAGCTCCCCACGTTGCCGGGCTGGCGCTGTACC

aligned sequence prlj2_seq_rev

T T T T T A A T A T
TAATCGCTGCCGAGAAAATCAAGACGCCCGTGGAGCTTAGGGCTAGGATCTTGGCTCTTGCTACCAAGGACAAAATTACCAACGTCCCGGCTAACACGGT

i T
1,310 1,320 1,330 1,340 1,350 1,360 1,370 1,380 1,39 1,460

T T
1,240 1,250 1,260 1,270 1,280 1,298 1,300 1,310 1,320 1,330
= exond 2%

template sequence prilj2_seqg

TAATCGCTGCCGAGAAAATCAAGACGCCCGTGGAGCTTAGGGCTAGGATCTTGGCTCTTGCTACCAAGGACAAAATTACCAACGTCCCGGCTAACACGGT

aligned sequence prlj2_seq_cds

aligned sequence prij2_seq_for

TAATCGCTGCCGAGAAAATCAAGACGCCCGTGGAGCTTAGGGCTAGGATCTTGGCTCTTGCTACCAAGGACAAAATTACCAACGTCCCGGCTAACACGGT

aligned sequence prij2_seq rev

OO O e T H O
TAACCTGCTTGCGTTTAATGGGGTTCAGTAG- - - == == === === == === -====--=

1,410 1,428 1,438 1,440 1,450

T
1,348 1,350 1,360 1,370
> exond

template sequence prilj2_seg

TAACCTGCTTGCGTTTAATGGGGTTCAGTAG- - - == === ===============---

aligned sequence prij2_seq cds

aligned sequence prij2_seq_for

TAACCTGCTTGCGTTTAAKGGGGT TCAGCACCACCACCACCACCCAMCCWACTTGGY

aligned sequence prij2_seq_rev
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