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RESUMO

Os testes soroldgicos para o diagnostico da infeccdo por Toxoplasma gondii t€m
limitagdes para diferenciar a infeccdo aguda da infecgdo cronica, o que € importante para
determinar o manejo clinico e o tratamento de mulheres gravidas e individuos
imunocomprometidos com toxoplasmose. No presente estudo, foram realizadas analises in
silico para caracterizar epitopos imunogénicos das proteinas SAG1, SAG2A, GRA1, GRA2,
GRA3, GRAS5, GRA6, GRA7, MAGI, BSR4 ¢ CCp5A, as quais podem emergir como novas
alternativas para melhorar o diagnostico da toxoplasmose. Uma vez que as sequéncias proteicas
foram recuperadas do banco de dados Toxodb, diferentes parametros foram calculados,
incluindo caracteristicas fisico-quimicas, valores de acessibilidade e antigenicidade.
Alinhamento de sequéncias multiplas, modelagem de estrutura 3D, refinamento e validacao
também foram realizados entre todos os 11 peptideos. Considerando os resultados obtidos da
combinagdo de todos os parametros analisados, pode-se concluir que os peptideos das proteinas
SAG1, GRA3 ¢ BSR4 foram considerados os mais promissores, por serem estaveis,
hidrofilicos, com valores significativos de antigenicidade e acessibilidade na superficie da
proteina. Portanto, a aplicacdo destes peptideos pode ser caracterizada como boas alternativas

para a padronizacao de novos ensaios de imunodiagndstico para toxoplasmose.

Palavras-chaves: Toxoplasma gondii, toxoplasmose, analise in silico, peptideos, epitopos

imunodominantes, imunodiagndstico.



ABSTRACT

Serological tests for the diagnosis of Toxoplasma gondii infection have limitations in
differentiating acute from chronic infection, which is important in determining the clinical
management and treatment of pregnant women and immunocompromised individuals with
toxoplasmosis. Here, an in silico analysis was performed to characterize immunogenic epitopes
of SAG1, SAG2A, GRA1, GRA2, GRA3, GRAS, GRA6, GRA7, MAGI, BSR4, and CCp5A
proteins that may emerge as alternatives to improve the diagnosis of toxoplasmosis. Once the
protein sequences were retrieved from the Toxodb database, different parameters were
calculated including physicochemical characteristics, accessibility values, and antigenicity.
Multiple sequence alignment, 3D structure modeling, refinement, and validation were also
performed among all 11 peptides. Considering the results from the combination of all
parameters analyzed, it can be concluded that the peptides of SAG1, GRA3, and BSR4 proteins
were found to be stable, hydrophilic, with significant antigenicity values, and accessibility on
the protein surface. Thus, the use of these peptides may suggest alternative measures for the

design and standardization of new immunodiagnostic assays for toxoplasmosis.

Keywords: Toxoplasma gondii, toxoplasmosis, in silico analysis, peptides, immunodominant

epitopes, immunodiagnostic.
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1. INTRODUCAO

1.1. A toxoplasmose

A toxoplasmose ¢ uma zoonose amplamente disseminada a nivel mundial, causada pelo
parasito intracelular obrigatorio Toxoplasma gondii (MACEDO et al., 2013; TENTER;
HECKEROTH; WEISS, 2000). Com mais de 40 milhdes de pessoas infectadas nos Estados
Unidos, a CDC (Center for Disease Control and Prevention) classificou a toxoplasmose como
uma das infecgdes parasitarias negligenciadas que requerem de um controle sanitario ativo
(BEN-HARARI; CONNOLLY, 2019).

Como resultado, a importancia de 7. gondii na saude publica, seguranca alimentar e na
economia (com a criagdo de animais) tem sido bem estudada (SUN et al., 2013). Estima-se que
aproximadamente um ter¢o da populagdo mundial estd cronicamente infectada, e que a
prevaléncia da doenga varia amplamente dependendo da regido geografica, sendo reportado
entre 10-30% em regides de América do Norte, Asia e Europa e entre 60-80% em algumas
regides da América Latina e paises tropicais da Africa, onde a alta prevaléncia ¢ bem
reconhecida (DA SILVA etal., 2021; ROBERT-GANGNEUX; DARDE, 2012). Como se pode
ver, a infec¢dao ¢ comumente relatada em paises com climas quentes e altitudes mais baixas que
paises em com climas frios e 4&reas montanhosas (MCAULEY, 2014). Certamente, as variagdes
na prevaléncia da toxoplasmose indicam que a doenga depende de diversos fatores e ¢ resultado
das praticas culturais, fatores antropogénicos, condigdes socioeconOmicas ¢ ambientais da
populacdo (MOLAN et al., 2019).

Em relacdo a criagdo de animais, a toxoplasmose € responsavel por grandes perdas
econdmicas, levando a morte embriondria precoce, aborto, morte fetal e neonatal na maioria
dos animais destinados ao consumo humano, causando grandes prejuizos nesta industria

(DUBEY, 2009).

1.2. Agente etioldgico e estagios infecciosos

Inicialmente, Toxoplasma gondii foi descrito em 1908 por Charles Nicolle e Louis
Manceaux, enquanto realizavam investigacdes com Leishmania nos tecidos do roedor
Ctenodactylus gundi. Neste mesmo ano no Brasil, Alfonso Spendore identificou 0 mesmo
parasito em coelhos de laboratorios. O parasito foi designado Toxoplasma gondii baseando em

sua morfologia caracteristica de meia-lua (do grego toxo, que quer dizer forma de arco, € plasma

13



que significa vida) e no nome do hospedeiro no qual foi encontrado inicialmente (DUBEY,
2008).

Devido a suas caracteristicas morfologicas e relagdo filogenética, o protozoario ¢
taxonomicamente classificado dentro filo Apicomplexa, classe Coccidea, subclasse Coccidiana,
ordem Eimeriida, subordem Eimeriorina, familia Sarcocystidae, subfamilia Toxoplasmatinae,
género Toxoplasma, onde podem se encontrar outros parasitos apicomplexos de importancia
médica como Plasmodium spp., causador da malaria e Cryptosporidium spp., causador de
diarreia (BLACK; BOOTHROYD, 2000; ROBERT-GANGNEUX; DARDE, 2012). Embora
T. gondii tenha uma ampla distribui¢do mundial, e possivelmente a maior gama de hospedeiros
do que qualquer parasita, existe apenas uma espécie no género Toxoplasma. Devido a sua ampla
diversidade genética, as cepas desse protozodrio t€ém sido agrupadas em gendtipos, € isto tem
sido correlacionado com a gravidade da infe¢do. Sendo considerado o gendtipo I de mais
viruléncia, e os genétipos II e III menos virulentos (ATTIAS et al., 2020; KANKOVA; FLEGR;
CALDA, 2015; SIBLEY; BOOTHROYD, 1992).

T. gondii apresenta trés estagios infecciosos bem caracterizados: taquizoitos, bradizoitos
e esporozoitos (DAHER et al., 2021). Os quais apresentam diferentes propriedades replicativas,
metabdlicas, antigénicas e de transmissdo (SKARIAH; MCINTYRE; MORDUE, 2010;
TENTER; HECKEROTH; WEISS, 2000). Esses estagios infecciosos compartilham uma
morfologia comum alargada com formato de meia-lua, de aproximadamente 5 pm de
comprimento e 2 um de largura, com um extremo apical onde se encontram estruturas como o
conoide que garante a invasao celular, e varias organelas secretorias como micronemas, roptrias
e granulos densos. Um complexo de membranas externas e internas delimitam e mantém a
integridade estrutural do parasito (ATTIAS et al., 2020; ROBERT-GANGNEUX; DARDE,
2012).

Os taquizoitos tem alta taxa de disseminacdo e replica¢do, sendo capazes de invadir
praticamente todos os tipos de células nucleadas nos animais vertebrados, onde se multiplicam
dentro de um vacuolo parasitoforo (Figura 1A). Devido a isto, sdo responsaveis pela infec¢cao
aguda que provoca enormes danos aos tecidos (DAHER et al., 2021; ROBERT-GANGNEUX;
DARDE, 2012).

ApoOs uma potente resposta imune, os taquizoitos se diferenciam na forma intracelular
bradizoitos que formam cistos teciduais (Figura 1B). Os cistos, sdo mais ou menos esferoides
e variam de 10 a 100 um dependendo da quantidade de parasitos no interior. Esse estagio

apresentam um metabolismo latente que permite a sobrevivéncia dentro do hospedeiro a longo
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prazo, caracterizando a infec¢do cronica (FERGUSON, 2004; ROBERT-GANGNEUX;
DARDE, 2012).

Os esporozoitos estao presentes no interior dos oocistos de uns 12 um. ApoOs o processo
de esporulacdo, os oocistos apresentam dois esporocistos, cada um com quatro esporozoitos
(Figura 1C e 1D). Estas formas originam-se exclusivamente a partir da reprodu¢do sexuada
dentro de seus hospedeiros definitivos, os quais liberam os oocistos ao ambiente (ATTIAS et
al., 2020). A robusta parede do oocisto protege o parasito dos danos mecanicos € quimicos no

ambiente, permitindo com que o parasito sobreviva por longos periodos de tempo (MAI et al.,

2009).

® . AR 5uM
& .
. . ¥ r
10 uM 10 uM . ' ;

| ‘ @&

Figura 1. Estagios infecciosos do Toxoplasma gondii. (A) Taquizoitos em uma amostra de lavagem
broncoalveolar corada com Giemsa. (B) Cisto no cérebro de um camundongo infectado. (C) Oocisto ndo
esporulado e (D) Oocisto esporulado (D). Fonte: Imagem adaptada de Robert-Gangneux e Dardé (2012).

1.3. Ciclo de vida e vias de transmissao

T. gondii apresenta um ciclo de complexo, facultativamente heteroxénico que abrange
inimeros de hospedeiros intermedidrios como mamiferos e aves homeotérmicos, e hospedeiros
definitivos membros da familia Felidae, sendo seu principal representante o gato doméstico
(Figura 2) (INNES et al., 2009; TENTER; HECKEROTH; WEISS, 2000). A caracteristica
importante no sucesso da infeccdo por 7. gondii ¢ sua habilidade em infectar e replicar em
qualquer animal de sangue quente, através de um ciclo de vida que exibe tanto a reprodugdo
sexuada, exclusiva dos hospedeiros definitivos, como a reproducio assexuada que acontece nos
hospedeiros intermediarios (CRAWFORD et al., 2010; DUBEY, 2008).

Inicialmente, o processo de infec¢ao dos hospedeiros definitivos, comega quando esses
ingerem animais que contenham cistos teciduais, embora também possam se contaminar pela
ingestdo de oocistos excretados por outro felino. A partir da ingestdo, os cistos liberam
bradizoitos que experimentam um nimero limitado de divisdes assexuais se transformando em

merozoitos (esquizogonia) nas células epiteliais intestinais. Em seguida, a reproducdo sexual
15



permite a formagao de gametas masculinos e femininos (gametogonia), que ap6s a fertilizagao
originam oocistos ndo esporulados ou imaturos que sao liberados a luz intestinal dos felinos.
ApoOs um periodo no ambiente externo, a esporulagao nos oocistos permite que estes sejam
infecciosos para uma ampla gama de hospedeiros intermediarios (DUBEY, 1998). Os felinos
podem eliminar grandes quantidades de oocistos por uns 7 a 15 dias, superando os 100 000 por
gramas de fezes (MCAULEY, 2014).

Uma vez que os oocistos ou cistos teciduais sdo ingeridos por hospedeiros
intermediarios, os esporozoitos ou bradizoitos, respectivamente, sdo liberados no intestino
devido a agdo das enzimas proteoliticas ¢ o pH baixo (ATTIAS et al., 2020). Ambos se
diferenciam rapidamente em taquizoitos, capazes de invadir e atravessar o epitélio intestinal.
Posteriormente, 7. gondii invade qualquer célula nucleada e comeca a se reproduzir de maneira
assexuada dentro dela. Esta replicacdo intracelular acontece sucessivamente até que a
quantidade do parasito alcanca entre 64 ¢ 128, de forma que o vacuolo parasitoforo e a célula
hospedeira sdo destruidos. Os taquizoitos s3o liberados ao fluxo sanguineo, disseminando-se
por todos os tecidos do corpo e iniciando a infec¢do aguda (COSTA; VILARINO, 2018; DIAZ
et al., 2010; MUNIZ HERNANDEZ; MONDRAGON, 2009). Como resultado da resposta
imune, os taquizoitos se diferenciam em bradizoitos e ap6s de 7-10 dias da infecgdo os cistos
tissulares aparecem, podendo permanecer durante toda a vida do hospedeiro,
predominantemente no musculo cardiaco, esquelético e tecido nervoso (ROBERT-
GANGNEUX; DARDE, 2012). Em casos em que ocorre uma deficiéncia da resposta imune,
os bradizoitos podem se diferenciar novamente em taquizoitos, produzindo reativacdo da
doenga, o qual ¢ causa importante de morbilidade e mortalidade em pacientes
imunocomprometidos (ALVAREZ et al., 2021).

A alimentagdo constitui a principal via de transmissdo para os humanos. Assim, a
infeccdo através da ingestdo de dgua, frutas e verduras contaminados com oocistos esporulados
apos da prévia eliminagdo pelos gatos; consumo de carne crua ou malcozida, contaminada com
as formas bradizoitos presentes nos cistos teciduais tem um papel relevante nos surtos de
toxoplasmose clinica em humanos (ATTIAS et al.,, 2020; DUBEY, 2021; ROBERT-
GANGNEUX; DARDE, 2012). Priticas culinirias em alguns paises, como Francia,
representam um fator de risco importante para a toxoplasmose, onde mais do 50% das mulheres
j& tem sido infectadas, devido a preferéncia de carne pouca cozida (ROBINSON et al., 2021).

A infec¢do congénita também € possivel, por meio da transmissao vertical de taquizoitos

da mae ao feto em desenvolvimento (BLADER et al., 2015). A toxoplasmose congénita
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representa uma carga importante para a doenca em humanos, sendo a suas manifestagoes
clinicas as que direcionaram os primeiros estudos sobre a biologia do parasito, fisiopatologia e
epidemiologia (ROBERT-GANGNEUX; DARDE, 2012). A frequéncia da transmisso
vertical e as complicagdes variam com a idade gestacional onde a doenca ¢ adquirida, nesse
sentido, o controle imunoldgico durante a gestacdo poderia representar um fator relevante na
apari¢cdo da doenga e suas complicagdes (PFAFF et al., 2007).

Outras formas possiveis de transmissdao incluem transfusdes sanguineas quando o
doador tem adquirido a infec¢do recentemente, transplantes de 6rgdos que contem cistos
teciduais ou taquizoitos, bem como acidentes de laboratorio através da manipulagao de agulhas
contaminadas por profissionais da saude (BOJAR; SZYMANSKA, 2010; HERWALDT,
2001).

Hospedeiros
intermedidrios,

Transfusdes sanguineas
Transplantes de drgdos

(3 FN
Gmeen
©

—
=
= = Cistos teciduais presentes no

. iduais hospedeiro intermedidrio sdo
Cistos leciduals no ) ingeridos pelo hospedeiro
tecido muscular e Cisto definitivo
NErvoso tecidual
6) -
“»

Transmissdo vertical de
taquizoitos da mae ao feto em’
desenvolvimento

A }
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Qocisto
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Figura 2. Ciclo biolégico do Toxoplasma gondii. O parasito apresenta um ciclo de complexo, facultativamente
heteroxénico que abrange inimero de hospedeiros intermediarios, ¢ hospedeiros definitivos membros da familia
Felidae. Fonte: Imagem adaptada do CDC (Centers for Disease Control and Prevention)
(https://www.cdc.gov/dpdx/toxoplasmosis/index.html).

1.3. Manifestacoes clinicas
As complicacdes da toxoplasmose, estdo principalmente determinadas pelo estado
imunolégico do hospedeiro (DA SILVA et al., 2021). Geralmente, a infeccdo aguda pode ser

assintomatica em individuos imunocompetentes ou causar sintomas clinicos inespecificos,
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similares a uma gripe. Do ponto de vista médico, o reconhecimento da infeccdo € relevante em
mulheres gestantes, onde o risco de transmissdo do parasito ao feto e as complicacdes
associadas sdo elevadas. A incidéncia da toxoplasmose congénita varia de acordo com o
trimestre durante o qual a infec¢do materna foi adquirida. A taxa de transmissao € de quase 25%
no primeiro trimestre, 54% no segundo trimestre ¢ 65% no terceiro trimestre em mulheres nao
tratadas (MCAULEY, 2014). Assim mesmo, a idade gestacional ¢ um fator determinante na
gravidade da toxoplasmose congénita, sendo observado que quando a infec¢do ¢ adquirida
durante o primeiro trimestre pode causar abortos espontaneos, morte fetal, malformacdes
neonatais, dano ocular e neuroldgico, como hidrocefalia, calcificagdes intracanais, convulsoes,
coriorretinite (usualmente bilateral) e cegueira nos recém-nascidos (FATOOHI et al., 2002;
SINGH, 2016). Durante o segundo e terceiro trimestre, o parasito pode causar uma doenca
subclinica que produz alteracdes oculares como coriorretinite, estrabismo, cegueira, retardo no
crescimento e dificuldades de aprendizagem que podem se manifestar até meses ou anos apos
do nascimento (MCAULEY, 2014; WEISS; DUBEY, 2009). Em geral, o prognostico dos
pacientes com toxoplasmose congénita ¢ desfavoravel, sendo que mais de 10% falece, e
daqueles que sobrevivem 80% apresenta alteracdes oculares e mais do 80% retardo mental
(MCAULEY, 2014). Desde que a toxoplasmose congénita resulta de uma infec¢do antes ou
durante da gestagao, € crucial estimar o tempo aproximado da infec¢do para o acompanhamento
clinico e controle adequado da gravidez, no intento de mitigar a gravidade da doenga
(DRAPALA et al., 2014).

A detecc¢do do parasito também ¢é importante em individuos imunossuprimidos como
pacientes com HIV, doenga autoimune, cancer, transplantados ou pacientes realizando terapia
imunossupressora, onde a reativagdo da doenga e propagagdo sist€émica do parasito pode
provocar problemas severos de saude. Em pacientes com HIV, a encefalites toxoplasmica ¢ a
complicacdo do sistema nervoso central mais frequente, havendo sido reportado uma
prevaléncia de até 40% nestes pacientes (LUFT; REMINGTON, 1992). Geralmente, as
manifestagdes da doenca incluem encefalites, meningoencefalites, lesiones tumorais, ataques
epilépticos, danos importantes ao sistema nervoso, assim como conjuntivites, miocardites e
pneumonia, os quais dependendo de diversos fatores podem inclusive levar & morte dos
pacientes (AMBROISE-THOMAS, 2001; LUFT; REMINGTON, 1992).

Atualmente algumas investigacdes sugerem, associacdes entre a infecgdo por 7. gondii

e alteragdes neuroldgicas e psiquidtricas, como esquizofrenia, doenga de Alzheimer,
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comportamento ansioso/depressivo e inclusive pensamentos de suicidio, sendo necessario ainda

mais estudos para avalizar essas associacdes (MCAULEY, 2014).

1.4. Relacao parasito-hospedeiro: invasio da célula do hospedeiro

A invasao € um evento crucial na sobrevivéncia e persisténcia da infec¢ao por 7. gondii.
Este evento envolve a secreg¢do de trés organelas principais: micronemas, roptrias ¢ granulos
densos; os quais sdo liberados por meio do complexo apical do parasito durante o processo de
invasdo celular e sdo os responsaveis de manter a relagdao parasito-hospedeiro (LUO et al.,
2019). Outro grupo importante de proteinas sdo os antigenos de superficie, os quais tem um
papel relevante no processo inicial de reconhecimento e invasao celular, como na evasao e
manipulacdo da resposta imune do hospedeiro (LEKUTIS et al., 2001).

O processo de invasao ¢ iniciado pelo reconhecimento da célula hospedeira a partir dos
antigenos de superficie do 7. gondii. Estas proteinas denominadas SRS (sequéncias
relacionadas SAG1) estdo expressas na membrana do parasito ancoradas através do glicosil-
fosfatidil-inositol (GPI) (JUNG; LEE; GRIGG, 2004). Em seguida, o parasito se une a
membrana da célula do hospedeiro, a partir da secrecdo de adesinas por parte das micronemas
(MIC). A MIC2, interage com os receptores da célula hospedeira permitindo a reorientacao e
adesao inicial do parasito através do seu extremo apical. A invasdo celular é possivel, através
de um processo complexo denominado jun¢cdo de movimento, que permite uma associacao
intima entre a superficie da célula a ser invadida e o parasito, prévio a internalizacdo deste
dentro de um vacuolo parasitoforo (CARRUTHERS; BOOTHROYD, 2007). Esse processo
complexo ¢ possivel pela distribui¢do de um antigeno de membrana apical (AMAI1) na
superficie do 7. gondii, também secretados pelas micronemas, assim como as proteinas das
organelas roptrias (ROP) que sdo inseridas na membrana plasmatica da célula hospedeira
(DUBREMETZ, 2007).

Ap0s a invasdo, para a formagao do vacuolo parasitoforo (VP) € requerida a secregao
de proteinas das ROP assim como proteinas de granulos densos (GRA). Durante esse processo
o citoesqueleto do parasito sofre modificagdes que favorecem a entrada na célula. As ROP
participam na formag¢do da membrana do VP donde o 7. gondii sobrevivera e multiplicara, além
disso, induzem mudancas bioquimicas no citosol da célula evitando a fusdo de lisossomas ou
qualquer outra vesicula que consiga alterar o VP. As GRA formam uma rede complexa de tubos
de membrana e estruturas filamentosas que permitem a troca de nutrientes entre o parasito € a

célula hospedeira. Finalmente, o VP fornece protecdo ao parasito enquanto esse se multiplica
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sucessivamente por endiodiogenia, até atingir a quantidade de 64 a 128 parasitos. Neste
momento, se produz a ruptura da membrana da célula hospedeira e a liberacdo dos taquizoitos
no espago extracelular, os quais podem infectar outras células iniciando novamente o ciclo

(ATTIAS et al., 2020; BLACK; BOOTHROYD, 2000).

1.5. Resposta imune

Uma vez que o parasito ¢ ingerido e infecta as células do hospedeiro, células da
imunidade inata sdo atraidas pela liberag¢do local de citocinas, como TNF-a, IL-6 e IL-12 pelas
células infectadas (SASAIL; YAMAMOTO, 2019). As primeiras células a responder sdo
neutrofilos, células dendriticas, monocitos e macrofagos. Incialmente os neutrofilos contribuem
diminuindo a carga parasitaria ao fagocitar os parasitos livres (BLISS et al., 2001). A IL-12
produzidas pelas células dendriticas e os macrofagos durante a resposta imunitiria inata
estimula a proliferagdo de células NK, e eventualmente células T CD4 " e células T
CDS8 " citotoxicas ap0Os a apresentacdo de antigenos parasitarios pelo MHC, o que resulta numa
producdo massiva de IFN-y. A producao de IFN-y durante a resposta imune inata e adaptativa
permite controlar a infeccdo parasitaria. Os sinais gerados pelo IFN-y, ativam o fator de
transcri¢ao nuclear STAT1, que controla expressdo de diversos genes, permitin que monocitos
e macrofagos aumentem a sua atividade fagocitica e a producao de espécies reativas de oxigénio
(ROS) e oxido nitrico (NO), que finalmente contribuem com a eliminacdo de parasitos

(HUNTER; SIBLEY, 2012).

1.6. Tratamento

Geralmente, o tratamento tradicional para a toxoplasmose adquirida e congénita esta
limitado ao uso de fidrmacos antimicrobianos. O regime de tratamento convencional
compreende a combinacdo sinérgica de trés farmacos: pirimetamina, sulfadiazina e acido
folinico. A pirimetamina é um inibidor da enzima dihidrofolato redutase (DHFR), por isto atua
como um agonista do acido folico, bloqueando a sintese de 4cidos nucleicos e a multiplicagao
do parasito. O mecanismo de a¢do deste medicamento, ¢ reforcado quando ¢ administrado em
combina¢do com sulfonamidas, como a sulfadiazina, que também ¢ capaz de bloquear a via
metabolica dos folatos de 7. gondii, ao inibir competitivamente a enzima dihidropteroato
sintetase (DHPS). Para reduzir os efeitos colaterais, como potencial teratogénico e supressao
da medula 6ssea, essas drogas sdo administradas com o 4cido folinico (leucovorina) (DA

SILVA et al., 2021). Desafortunadamente esses medicamentos apenas sdo efetivos contra
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taquizoitos responsaveis pela infeccdo aguda, e ndo tem nenhum efeito sobre o estagio latente
da doenca (DAHER et al., 2021). Devido aos efeitos prejudiciais e as limitagcdes associadas ao
tratamento atualmente disponivel novas estratégias de imunizagdo estdo sendo pesquisadas,
porém ainda nao existe uma vacina disponivel para a administracado em humanos (BARROS et

al., 2021).

1.7. Diagnéstico

O diagnéstico da infecgdo por 7. gondii através de métodos sensiveis e especificos ¢ um
passo fundamental no tratamento e manejo dos pacientes com suspeita de toxoplasmose.
Existem numerosas técnicas classicamente utilizadas para o diagnostico desta doenga, como o
teste de Sabin-Fieldman, inmunofluorescencia indireita (IFI), ensaio imunoabsorvente ligado a
enzimas (ELISA), visualiza¢do direta do parasito, deteccdo histologica do parasito e/ou
antigenos especificos, isolamento e cultivo do parasito no modelo animal ou através da cultura
celular, e amplificagdo do DNA especifico de 7. gondii por PCR (MURAT et al., 2013;
POMARES; MONTOYA, 2016; VILLARD et al., 2016). Apesar desta grande variedade de
testes, os testes serologicos adaptados para a deteccdo de anticorpos especificos IgA, IgM e
IgG, contra antigenos do parasito, sdo os mais utilizados.

Enquanto os humanos podem ser infectados por qualquer um dos trés estadios infeciosos
(esporozoitos, bradizoitos e taquizoitos), a maioria dos testes comerciais disponiveis utilizam
antigenos nativos derivados dos taquizoitos de 7. gondii. Apesar da alta sensibilidade e
especificidade destes antigenos, apresentam desvantagens relacionadas aos altos custos em sua
obtencdo, procedimentos trabalhosos, e variagdes na qualidade devido aos diferentes métodos
de preparacdo, que finalmente ocasionam resultados ambiguos e evitam assim um diagndstico
preciso (SUDAN; JAISWAL; SHANKER, 2013; TOMASZ FERRA et al., 2019). Além disso,
estudos demonstram que estas preparagdes antigénicas ndo apresentam a capacidade de
diferenciar as fases clinicas da infec¢@o (aguda e cronica) (MURAT et al., 2013; ROIKO et al.,
2018).

Devido as dificuldades associadas ao uso de antigenos nativos de 7. gondii, novas
ferramentas de diagnostico estdo sendo investigadas. Neste sentido, os antigenos recombinantes
de T. gondii tém sido sugeridos por poderem oferecer importantes vantagens como: melhor
conhecimento da composicdo do antigeno, maior facilidade de otimizar a expressdo e
padronizagdo da quantidade das proteinas o qual aumenta a reprodutibilidade dos resultados, e

possibilidade de ser utilizados de maneira individual ou em conjunto como marcadores seletivos
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das fases da infec¢do, o que ¢ relevante desde o ponto de vista clinico (LUO et al., 2019;
SANTANA et al., 2012; TOMASZ FERRA et al., 2019). Apesar dos resultados promissores
com estes antigenos recombinantes, nenhum tem demonstrado as propriedades necessarias para
substituir os antigenos nativos de taquizoitos nos métodos soroldgicos, o que indica a
necessidade de mais estudos para a identificagdo de um antigeno que possa ser utilizado com

fins clinicos (BEGHETTO et al., 2006).

1.8. Analise in silico

Na busca de melhorar o diagndstico da toxoplasmose, tem-se sugerido o uso de
diferentes sequéncias de antigenos de 7. gondii, determinadas a partir de métodos
imunoinformaticos. Essas regioes antigénicas, conhecidas como epitopos de células B, podem
ser divididos em dois tipos: continuos ou lineares, ¢ descontinuos ou conformacionais. Os
epitopos lineares estdo formados por residuos de aminoacidos que se dispdem de forma
continua, enquanto que os epitopos conformacionais estao constituidos por aminoacidos que se
acham separados na sequéncia da estrutura primaria que se juntam no espaco pelo dobramento
da estrutura. Se tem reconhecido a ampla utilidade de ferramentas de bioinformatica na predi¢ao
da estrutura, caracteristicas e funcao bioldgica das proteinas, bem como no analise de epitopos
lineares de células B, que podem ser utilizados no desenho de vacinas e testes de
imunodiagnostico (DAl et al., 2012; L. DUDEK et al., 2010; LIU et al., 2010).

O uso de epitopos de células B se tem convertido numa alternativa interessante por
serem determinantes antigénicos com diversas vantagens como um conhecimento preciso do
antigeno, producdo em grande escala com menor custo e tempo e facilidade da padronizagao
de métodos de diagndstico usando inclusive mais de um epitopo identificado (LIU et al., 2010).
Assim, peptideos multiepitopos tem surgido como uma ferramenta promissora no diagndstico
da toxoplasmose em humanos ao utilizar antigenos caracteristicos das fases aguda e cronica
(DAl et al., 2013).

Segundo a literatura, as moléculas de 7. gondii mais imunogénicas e promissorias para
o desenvolvimento de vacinas e imunoensaios incluem proteinas de granulos densos (GRA),
antigenos de superficie (SAQG), roptrias e micronemas (MIC), sendo expressas em diferentes
fases da infeccao (COUPER et al., 2003; MAKSIMOV et al., 2012; REZAEI et al., 2019;
YBANEZ; NISHIKAWA, 2022).

Neste sentido o uso de ferramentas in silico na identificagdo precisa de epitopos

antigénicos expressados nos estadios diferentes de 7. gondii, poderiam representar a melhor
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estratégia no desenvolvimento de ensaios sorologicos eficazes para detectar anticorpos anti- 7.
gondii (COSTA; DURE, 2016; JAVADI MAMAGHANI et al., 2019).

A sensibilidade e especificidade dos métodos de diagndstico dependem dos antigenos
utilizados. As investigagdes tem demostrado que o uso peptideos sintéticos melhoram
significativamente o desempenho dos testes soroldgicos disponiveis, portanto, neste trabalho
foi realizado uma analise bioinformatico de peptideos derivados de proteinas imunodominantes
de T. gondii, com o objetivo de caracterizar e selecionar as regides mais antigénicas com
potencial diagnostico da infecgao em futuros imunoensaios, bem como na determinagao da fase
clinica e vias de infecgdo, que contribuiam finalmente com o desenvolvimento de medidas para

controlar e manejar os pacientes afetados.
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2. JUSTIFICATIVA

A toxoplasmose ¢ um importante problema de saude publica que afeta um tergo da
populacdo humana. A maioria das vezes, a infeccdo aguda ¢ assintomatica em individuos
imunocompetentes podendo evoluir para uma fase cronica sem que seja percebida pelo paciente
ou profissionais de saude. Em casos de auséncia de uma potente resposta imunitaria em
individuos imunocomprometidos, € nos casos de toxoplasmose congénita, as consequéncias
associadas a esta infeccdo podem ser graves, inclusive levando a morte. Geralmente, o
diagnostico da infecgdo por 7. gondii ¢ feito através de testes sorologicos que detectam os
anticorpos especificos IgA, IgM e IgG; e utilizam antigenos nativos derivados de taquizoitos
de T. gondii. Estas técnicas oferecem suficiente sensibilidade e precisdo para detectar a presenga
ou auséncia do parasito, porém o problema surge em diferenciar a infec¢do aguda da infec¢ao
crOnica, que resulta importante em gestantes e individuos imunocomprometidos. Além disso,
as técnicas disponiveis ndo sdo capazes de diferenciar as vias de infec¢@o, que podem ocorrer
de forma horizontal pela ingestao de oocistos ou cistos teciduais; o que evita a implementacao
de medidas preventivas para controlar a infec¢@o, e garantir uma melhor qualidade de vida as
pessoas afetadas. Por conseguinte, nesta investigacdo se avaliou, através de ferramentas in
silico, o potencial de peptideos derivados das proteinas SAG1, SAG2A, GRA1, GRA2, GRA3,
GRAS, GRA6, GRA7, MAGI1, BSR4 e CCp5A como possiveis ferramentas para melhorar o
diagnéstico da infeccdo por 7. gondii, e oferecer alternativas que apresentem maior
sensibilidade e especificidade em futuros imunoensaios para identificar a fonte de infec¢ao bem

como a diferenciagdo soroldgica das fases da toxoplasmose.
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3. OBJETIVOS

3.1.  Objetivo geral

Determinar por meio de um analise in silico o potencial dos peptideos SAG1, SAG2A,
GRA1, GRA2, GRA3, GRAS5, GRA6, GRA7, MAGI, BSR4 ¢ CCp5A como possiveis

ferramentas para o diagnostico da toxoplasmose humana

3.2.  Objetivos especificos

e Identificar epitopos lineares de células B a partir das proteinas SAG1, SAG2A, GRAL,
GRA2, GRA3, GRAS, GRA6, GRA7, MAGI, BSR4 e CCp5A de T. gondii;

e Determinar as propriedades fisico-quimicas dos epitopos preditos a partir das proteinas
SAGI1, SAG2A, GRA1, GRA2, GRA3, GRAS, GRA6, GRA7, MAG1, BSR4 e CCp5A
de T. gondii,

e Analisar a acessibilidade e antigenicidade dos epitopos preditos a partir das proteinas
SAGI1, SAG2A, GRAI, GRA2, GRA3, GRAS, GRA6, GRA7, MAGI1, BSR4 e CCp5SA
de T. gondii,

e Construir e validar modelos 3D das proteinas SAG1, SAG2A, GRA1, GRA2, GRA3,
GRAS, GRA6, GRA7,MAG1, BSR4 e CCp5SA de T. gondii, e seus respectivos epitopos

lineares.
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Abstract

Serological tests for the diagnosis of Toxoplasma gondii infection have limitations in
differentiating acute from chronic infection, which is important in determining the clinical
management and treatment of pregnant women and immunocompromised individuals with
toxoplasmosis. Here, an in silico analysis was performed to characterize immunogenic epitopes
of SAGI, SAG2A, GRAI1, GRA2, GRA3, GRAS, GRA6, GRA7, MAGI, BSR4, and CCp5SA
proteins that may emerge as alternatives to improve the diagnosis of toxoplasmosis. Once the
protein sequences were retrieved from the Toxodb database, different parameters were
calculated including physicochemical characteristics, accessibility values, and antigenicity.
Multiple sequence alignment, 3D structure modeling, refinement, and validation were also
performed among all 11 peptides. Considering the results from the combination of all
parameters analyzed, it can be concluded that the peptides of SAG1, GRA3, and BSR4 proteins
were found to be stable, hydrophilic, with significant antigenicity values, and accessibility on
the protein surface. Thus, the use of these peptides may suggest alternative measures for the

design and standardization of new immunodiagnostic assays for toxoplasmosis.

Keywords: Toxoplasma gondii, toxoplasmosis, immunodiagnosis, in silico, peptide

predictions, immunodominant epitopes.
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Introduction

Toxoplasmosis is a widely spread zoonosis worldwide, caused by the obligate
intracellular parasite Toxoplasma gondii, a protozoan with the ability to infect a large number
of warm-blooded animal species, including humans [1,2]. With approximately one-third of the
world's population chronically infected by different genotypes, and a prevalence that varies
extensively depending on the geographic region, toxoplasmosis is one of the neglected parasitic
infections requiring active health control [3-6]. In this regard, the development of effective
diagnostic methods, as well as vaccines, is necessary to avoid the consequences of
toxoplasmosis on the global public health, and economy [7].

Usually, infection is asymptomatic in immunocompetent individuals, sometimes
causing nonspecific clinical signs [8]. From the medical point of view, the recognition of the
infection is relevant in pregnant women, where the risk of transmission of the parasite to the
fetus is high, and the associated consequences can compromise the life of the fetus and infected
mothers. The detection of the parasite is also important in immunosuppressed individuals, such
as HIV, cancer, and transplant patients, where the reactivation of the disease can cause severe
health problems, which depending on various factors can even lead to death of these patients
[9,10].

The diagnosis of 7. gondii infection through sensitive and specific methods is a
fundamental step in treating and managing patients with suspected toxoplasmosis. 7. gondii is
capable of inducing a potent immune response generating persistent antibody titers, thus, the
diagnosis of toxoplasmosis carried out by serological tests, with emphasis for the detection of
specific IgA, IgM, and IgG antibodies, against antigens of the parasite is useful [11,12]. While
humans can be infected by any of the three infectious stages (sporozoites, bradyzoites, and
tachyzoites), most commercial tests use native antigens derived from 7. gondii tachyzoites.
Despite of their high sensitivity and specificity, it has been shown that the use of these antigens
has limitations associated with different production and purification methods, laborious
procedures, and difficulties in standardizing which finally cause ambiguous results, avoiding
the accurate diagnosis and effective therapeutic and preventive procedures [11,13]. Moreover,
it has been described in the literature that these antigenic preparations lack the ability to
differentiate the clinical phases of infection (acute and chronic) [14,15].

Due to the currently difficulties associated with the use of native 7. gondii antigens, new

diagnostic tools are being investigated. Recombinant antigens, chimeric antigens, and peptides
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derived from T. gondii proteins have been suggested by various studies, not only to improve
the diagnosis of 7. gondii infection but also to improve the ways to discriminate the different
stages of toxoplasmosis [11,12,16-18]. The use of bioinformatics tools, for the characterization
of these new antigenic peptides capable of selectively stimulating the B-cell response, has a
relevant role to make possible to understand the antigenic structure of pathogens and to design
new diagnostic methods and vaccine applications for several diseases [19].

The life cycle of T. gondii is complex and the expression of its proteins changes during
different stages of development, some of which have been recognized to activate the immune
system generating antibody titers that remain throughout the life of the host [20,21]. The surface
antigens SAG1 and SAG2A of T. gondii are highly immunogenic proteins that are expressed
primarily on tachyzoites [22,23]. SAG1 has been used in several serodiagnosis studies that have
suggested the usefulness of this antigen in detecting IgG antibodies in chronically infected
individuals [24,25]. SAG2A has been considered a potential marker for the diagnosis of acute
toxoplasmosis in humans [26].

Dense granule proteins (GRA) play an important role in the process of host cell invasion.
They have been shown good antigenicity expressed, and being expressed by both tachyzoites
and bradyzoites they have been recognized as both acute and chronic phase markers [7,27-29].
The GRA 1, 2, 3, 5, 6, 7 antigens have demonstrated utility in the detection of antibodies to T.
gondii with high sensitivity in acute and chronic phases of toxoplasmosis [27,30-33].

The surface antigen BSR4 and matrix antigen 1 (MAGI1) are bradyzoite-specific
proteins involved in human B and T cell responses [34,35]. In an ELISA assay, BSR4 protein
demonstrated specific immunoreactivity in sera from patients in the chronic phase and MAGI
detected antibodies in the acute stage more frequently than in the chronic stage of toxoplasmosis
[34,36]. CCp5SA is a polypeptide specifically expressed by 7. gondii sporozoites and is
considered a good molecular marker to differentiate infectious stages [18]. Thus, the
identification of B cell epitopes from 7. gondii immunodominant proteins could be a
determining factor in the diagnosis of 7. gondii infection and differentiation of clinical stages,
from the appropriate selection of epitopes of antigens expressed in different stages of the
parasite [37].

In the present study, an in silico analysis was performed to characterize B-cell epitopes
from the sequence of immunodominant proteins using different bioinformatics tools, aiming to
provide new alternatives to improve the diagnosis of 7. gondii infection. Our results suggested

that peptides derived from SAGI1, GRA3, and BSR4 proteins presented potential to be
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considered in the design of new serological methods for the diagnosis of toxoplasmosis.

Materials and methods

1. Prediction and analysis of linear B-cell epitopes

To analyze the presence of linear B cell epitopes in 7. gondii immunodominant antigens,
complete sequences of the proteins SAG1, SAG2A, GRA1, GRA2, GRA3, GRAS5, GRAG,
GRA7, MAGI, BSR4, and CCp5A were obtained from the ToxoDB database
(https://toxodb.org/toxo/). The sequences of each protein were thoroughly analyzed using
bioinformatics tools for immunological epitope prediction, available online in the IEDB
software (epitope database and analysis resource - https://www.iedb.org/). The prediction of
linear epitopes was made based on data obtained from the Bepipred version 2.0 linear epitope
prediction method (BepiPred-2.0: Sequential B-Cell Epitope Predictor), using as reference
scores equal to or greater than 0.5. Using the Random Forest Regression algorithm, the
BepiPred 2.0 server is able to predict linear B-cell epitopes from the 3D structure of the protein.
Bepipred 2.0 represents a method with improved predictive power compared to other methods
available online, which predicts that residues with values above the threshold (predetermined

value 0.5) are part of a B-cell epitope [38].

2. Sequence alignment and estimation of phylogenetic trees
The multiple sequence alignment of the immunodominant proteins of 7. gondii, was
done on the MUSCLE website (https://www.ebi.ac.uk/Tools/msa/muscle/). The obtained
information was used to analyze and evaluate the homology and conservation of the chosen
peptides among 7. gondii strains, as well as for the estimation of phylogenetic trees, using the

Jalview software (https://www.jalview.org/) [39].

3. Prediction of physicochemical properties, accessibility, and antigenicity
To estimate the physicochemical properties of the selected epitopes, the web tool
ProtParam (ExPASy) was used (https://web.expasy.org/protparam/), which calculated the main
parameters of the sequences such as molecular weight (MW), theoretical isoelectric point (pl),
aliphatic index, instability index and average hydropathicity (GRAVY). From this analysis, it
was possible to characterize the peptides.

The solvent accessibility of the selected peptides was determined using the Emini
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method [40] available on the IEDB website. The Emini method calculates the probability of
amino acids being exposed on the surface of a given protein when the peptides' score is greater
than the set threshold value (greater than or equal to 1).

The antigenicity of peptides was analyzed using the web tool VaxiJen v2.0
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). The prediction of antigens
through the VaxiJen v2.0 website is based solely on the physicochemical characteristics of the
proteins of a given organism (parasites, bacteria, fungi, viruses) and the transformation of the
sequences into uniform vectors of the main amino acid properties using the automatic cross-

covariance (ACC) system [41].

4. 3D modeling of the proteins

The construction of the three-dimensional structure of SAG1, SAG2A, GRA1, GRA2,
GRA3, GRAS, GRA6, GRA7, MAG1, BSR4, and CCpS5A proteins was done in the -TASSER
software (https://zhanggroup.org/I-TASSER/). The I-TASSER tool predicts the 3D structure of
proteins by identifying structural templates from Protein Data Bank (PDB) and iterative
simulations of fragment structural assembly with high accuracy [42]. The reliability of the
generated models is estimated according to the C-score, which is generally in the range of -5 to
2, with higher or positive values indicating a model of high reliability. The server produces
PDB extension files that enabled analysis of the generated structures in Discovery Studio and

PYMOL.

5. 3D modeling of the peptides
Using the Pep Fold website (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-
FOLDY/) the 11 predicted peptides were modeled. For 3D modeling of peptides of up to 52
amino acid residues, Pep Fold uses the structural alphabet (SA) concept derived from the hidden
Markov model and ensembles the predicted fragments using an algorithm and modified version

of the coarse-grained force field (OPEP) [43].

6. Refinement and validation of the 3D modeling of proteins and peptides
The best 3D models obtained from the - TASSER and Pep Fold servers were subjected
to  structural refinement, where necessary, on the Modrefiner website
(https://zhanggroup.org/ModRefiner/). Modrefiner uses an algorithm to structurally refine

proteins with high resolution. Whether it is from the C-alpha trace, main-chain model or atomic
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model Modrefiner allows to significantly improve the physical quality of the structures [44].
Next, the quality of the refining and the 3D structure was checked by analyzing the
Ramachandran diagram obtained in the PROCHECK program, a tool available on the PDB
SUM website (http://www.ebi.ac.uk/thornton-srv/databases/cgi-
bin/pdbsum/GetPage.pl?pdbcode=index.html). With the Ramachandran diagram, it is possible
to detect phi-psi torsion angles for all amino acid residues in a structure, allowing analysis of
which residues lie outside the energetically favorable regions and thus verifying the

conformational or stereochemical stability of the protein [45].

7. 3D structure alignment of proteins and peptides
Once modeled and validated, the 3D structures of the proteins and their respective
predicted peptides were aligned using PYMOL software (https://pymol.org/2/). PYMOL is a
tool that allowed visualization of the 3D models as well as analysis of the arrangement of the

peptides calculating the RMSD and their accessibility on the protein surface.

Results

1. B-cell epitope prediction design
Using as reference scores equal to or greater than 0.5 in each prediction, as suggested in
the Bepipred 2.0 method, it was possible to identify a total of 11 linear B-cell epitopes from the
T. gondii immunodominant proteins SAG1, SAG2A, GRA1, GRA2, GRA3, GRAS, GRAG6,
GRA7, MAG1, BSR4, and CCp5A, with amino acid sequences between 12 and 21 residues,
arranged in the least polymorphic regions of the proteins and with the best scores, as shown in
Figure 1. The numbers of predicted epitopes, their length, size, as well as the protein to which

they belong, are shown in Table 1.

2. Homology and phylogenetic relationship
To verify that the predicted peptides were conserved among the 7. gondii strains of
interest, multiplex sequence alignment was performed. The results of alignment and
phylogenetic tree construction are shown in Figure 2.
According to the alignment, it was possible to observe that the predicted peptides for
SAGI1, GRA1, GRA2, GRA3, GRA6, and CCp5A showed a high degree of conservation and
identity in the different 7. gondii strains, such as types I, II, and III of epidemiological
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importance. The BSR4 peptide was totally conserved only in 5 strains for which the protein has
been described, among them the RH and ME49 strains (Figure 2J).

Regarding the SAG2A peptide, it was possible to observe that most residues were highly
conserved, with good alignment quality and consensus among amino acids, however, it is
known that the SAG2A protein is highly polymorphic. Only the addition of glycine (G) residue
was present in strains ME49, MAS, ARI, and PRC2, with a consensus of 31%. It was not present
in type I and type III strains. The substitution of the amino acid alanine (A), for threonine (T)
at position 128, was observed in 7. gondii strain VAND (Figure 2B).

For GRAS, most residues were conserved, a conservative substitution of histidine (H)
by an asparagine (N) was observed at position 71 in the 7. gondii MAS strain (Figure 2F).
After analyzing the GRA7 peptide, some amino acid substitutions were observed, and the
predicted peptide did not show a high degree of conservation between different strains (Figure
2H). Also, the sequence alignment of MAGI resulted in a high percentage of identity and
similarity, but the strains ME49, GARI, PRC2 showed a non-conservative substitution of the
amino acid arginine (R) by glutamine (Q) at position 111 (Figure 2I). In this regard, it would
be interesting to consider whether differences between amino acid residues could affect the

recognition of infection by other 7. gondii strains.

3. General characteristics of peptides: physicochemical properties, accessibility, and
antigenicity

The physicochemical parameters calculated using Expasy's ProtParam tool are shown
in Table 2. The server results showed that all peptides had a molecular weight above 1000 kDa.
For most peptides, the isoelectric point values were less than 7 and were considered to be acidic.
The isoelectric point indicates the pH at which a protein has zero net charges. At this pH there
is a decrease in repulsive interactions and, therefore, the interaction between the molecules is
improved, thus even the proteins are more stable [46]. In this case, the predicted peptides would
be more stable at acidic pH, except for peptides GRAS, GRA6, and BSR4 which would be more
stable at basic pH.

Defined as the relative volume occupied by aliphatic side chains (alanine, valine,
isoleucine, and leucine), the aliphatic index provides an estimate of the thermal stability of a
protein. The aliphatic index of the peptides ranged from 16.67 to 60.00, with the higher the
aliphatic index the peptides may be more stable over a wide temperature range. The predicted

peptides showed an acceptable aliphatic index, with the GRAS peptide having the highest index,
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and were thus considered to be thermostable [47].

The instability index estimates the stability of the protein in a test tube. A protein with
an instability index lower than 40 is considered stable, while a value higher than 40 predicts
that the protein may be unstable [48]. SAGI, GRA3, GRAS5, and BSR4 peptides were more
stable when compared to GRA2, SAG2A, MAG1, GRA1, GRA7, GRA6, and CCp5A peptides.

Regarding the hydropathicity index (GRAVY), the calculated values for the peptides
were between -1.713 and -0.281. Negative values indicate better interaction with water, greater
solubility, that is, more hydrophilic peptides, while positive GRAVY values indicate, in turn,
greater hydrophobicity [49].

Using the Emini method, the solvent accessibility of epitopes was evaluated [40]. It was
observed that when the amino acid residues had a score equal to or greater than the 1.0
threshold, the probability of this peptide being found on the protein surface increased (Figure
3). In this sense, peptides from SAG1, GRA2, GRA3, GRA6, MAG1, and BSR4 were found in
more accessible regions within the protein structures. Whereas SAG2A, GRA1, GRAS, and
CCpS5A peptides were less exposed with only a few solvent-accessible residues making it
difficult for them to interact with water molecules.

Using the VaxiJen 2.0 server, the antigenic potential of each predicted linear B-cell
epitope was analyzed. The results showed that the epitopes had antigenicity values ranging
from 0.3953 to 1.4757, being considered antigenic epitopes those that demonstrated values
above the threshold of 0.5. All selected peptides were considered as probable antigens, except
for the GRA6 peptide that showed the lowest score according to the server. Table 3

demonstrates the antigenicity values for each epitope.

4. 3D Modeling of Proteins and Peptides

The three-dimensional structures of 10 7. gondii proteins were not yet available in PDB
format. Therefore, the 3D structures for the proteins SAG2A, GRA1, GRA2, GRA3, GRAS,
GRA6, GRA7, MAGI, BSR4, and CCpSA were modeled using the homology modeling
program, [-TASSER. The 3D structure for SAG1 was not modeled because it was available in
PDB format.

As a measure of confidence, each predicted model has a C-score, which is calculated
from multiplex LOMETS subprocess alienations and is generally in the value of -5 and 2, with
higher values relating to a higher confidence model [42]. The 3D models generated by I-
TASSER showed a C-score of -3.83 to -1.05. The graphical representation of the 3D models of
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T. gondii proteins, obtained by the I-TASSER website are shown in Figure 4.

The total of 11 linear B-cell epitopes predicted, were modeled using the Pep fold server.
From the amino acid sequence, the site predicts a consistent peptide structure on a large scale,
providing a total of 5 models for each of the epitopes, the best of which were selected. The

generated 3D models are shown in Figure S.

5. Refinement and validation of the 3D structures

The best-ranked 3D models of proteins and peptides by the I-TASSER and Pep fold servers,
respectively, were subjected to high-resolution structural refinement at the atomic level using
the Modrefiner server. In terms of stereochemical quality, the predicted models were analyzed
after structural refinement using the Ramachandran plot. Ramachandran plots are presented in
Figures 6 and 7, showing the phi-psi torsion angles for all residues in the 3D structure of
proteins and peptides respectively. The different regions in the graph are shown in different
colors, with the darker areas in red representing the most favorable regions of phi-psi values
and where it is expected to have at least 90% of the residues.

Analysis of the Ramachandran plot shows that more than 90% of the residues from each of
the proteins are in the allowed zones of the diagram. However, some residues from proteins
SAG2A, GRA2, GRA3, GRAS, GRA6, GRA7, MAGI, and CCp5A are in the forbidden zones
of the graph, indicating that these amino acids are energetically forced into these zones (Table
4).

For all peptides, residues were arranged in both the most favorable and allowed regions of
the diagram. These parameters suggest that the 3D structure of the peptides is adequate, stable,
and of good stereochemical quality (Table 5).

6. PYMOL Alignment

To compare the predicted structures and visualize the arrangement of peptides in the
proteins, a structural alignment was performed. Initially, the PYMOL server performs the
sequence alignment and then the structure alignment, calculating the RMSD. The RMSD
informs the average deviation between the corresponding atoms of two proteins, and the smaller
the RMSD is, the more similar and optimized the structures will be [50]. The alignment of
proteins GRAS and GRA6 and their respective peptides resulted in RMSD values smaller than
3 A, 1.236, and 1.502 A respectively, indicating that these structures are highly homologous
when compared with proteins SAG1, SAG2A, GRA1, GRA2, GRA3, GRA7, MAGI, BSR4,
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and CCp5A that presented higher RMSD values, however, acceptable for being smaller than
10 A. Figure 8 shows the graphical representation of the structural alignment made in the
PYMOL program. It can be seen that the peptides showed differences in structural
conformation. The secondary structure analysis suggested that peptides from SAGI1, SAG2A,
GRA2, presented a more distended disposition forming random coils, while peptides GRA1,
GRA3, GRAS, GRA6, GRA7, MAGI, BSR4, and CCp5A adopted folding conformations

forming a-helix and in the case of CCp5SA forming B-hairpin in their respective proteins.

Discussion

The sensitivity and specificity of immunodiagnostic assays for toxoplasmosis depend
on the antigens used [37]. New alternative immunoassays have been proposed in the literature
to replace the use of native 7. gondii antigens, aiming to solve the limitations related to
production cost and standardization of those antigenic preparations and making possible to
obtain significant improvements in the detection of phase of infection by this parasite [11].

Advances in methodologies to identify epitopes by combining computational methods
and mathematical algorithms using an extensive biological database have contributed to the
development of bioinformatics. This novel tool makes it possible to analyze the structure of
antibodies, B cells and T cells, evaluate intermolecular interactions, characterize and model
immunogenic epitopes, design new vaccines and diagnostic methods [51]. Synthetic peptides
predicted using bioinformatics tools offer distinct advantages such as shorter production time
and cost, when compared to lysed 7. gondii antigens, accurate knowledge of antigen
composition with a high degree of purity, and ease of method standardization [16,52]. Using a
set of bioinformatics web servers, it was assessed a group of 11 peptides from the antigenic
components of 7. gondii, as follow: SAG1, SAG2A, GRA1, GRA2, GRA3, GRAS, GRAG,
GRA7, MAGI, BSR4, and CCp5A, which are expressed in the different infectious stages of
the parasite, as sporozoites, tachyzoites, and bradyzoites, as previously characterized
[7,18,22,23,27-29,35].

When the whole data were analyzed and compared, peptides predicted from SAGI,
GRA3, and BSR4 proteins in particular showed superior physicochemical, accessibility, and
antigenic properties. The theoretical isoelectric point for these peptides was 5.83, 3.71, and
8.41, respectively, indicating that the stability and solubility of these peptides hold between

acidic and basic pH [46]. The calculated isoelectric point will be useful for determining the
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solutions and buffer system needed to establish conditions for standardization and development
of new designed immunoassays. In terms of aliphatic index and instability index values, the
peptides were stable and moderately thermotolerant, with high hydrophilicity due to negative
GRAVY values, which is one of the important characteristics of antigenic epitopes that allow
understanding the protein folding, predicting the secondary structure, and interaction sites
[7,53].

The peptides from the SAGI1, GRA3, and BSR4 proteins presented significant
antigenicity values of 1.1163, 1.2841 1.4757 respectively according to the Vaxijen 2.0 server
[41]. In addition, the multiple sequence alignment demonstrated that the peptides selected from
SAGI1, GRA3, and BSR4 proteins showed a high degree of conservation and identity in
different 7. gondii strains, such as the epidemiologically important types I, II, and III strains
[54]. Approximately 30% of the human population is infected by various widely distributed
genotypes of 7. gondii, with clonal lineages type I, II and III being the most important [6]. In
addition to the classical clonal lineages, further genetic diversity of Toxoplasma associated with
other divergent lineages called atypical strains has been described [54]. The classical clonal
lineages represent a large majority of isolates in North America and Europe, with the type II
lineage being the most predominant in these continents and the rest of the world. In South
America, T. gondii strains show great genetic variability, with unique polymorphisms [54]. The
identification of significantly antigenic epitopes that are also conserved among the different
strains of 7. gondii could aid the diagnosis of toxoplasmosis by increasing case detection
independently of the infecting strain.

The prediction of the 3D models and the validation of the structure by Ramachandran
plot analysis revealed that these peptides had more than 90% of their residues in energetically
favorable regions of the diagram. This means that the quality of the modeling has been
satisfactory from a stereochemical point of view compared to the initial model [45]. Thus, most
of the amino acid residues for these peptides were found exposed on the surface of the proteins,
adopting distinct structural conformations, which facilitates their interaction with molecules of
the immune system. Secondary structures are of great importance for the epitopes, the a-helices
and B-turns have high energy hydrogen bonds that maintain the structural conformation of the
protein and therefore strengthen interactions with antibodies [55].

Numerous bioinformatics tools have been useful in the identification of immunogenic
epitopes of various 7. gondii antigens that may have better potential to ensure an accurate

diagnosis [56]. SAG1 is known to be one of the most immunogenic 7. gondii antigens and is
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considered a promising molecule for the development of diagnostic methods and vaccines by
eliciting a strong immunodominant response [57]. In this sense, the reactivity of SAG1-derived
epitopes have been tested with different clinical forms of toxoplasmosis in some studies
suggesting potential for detecting infected individuals [58]. GRA3 has been used in association
with the most immunoreactive regions of other 7. gondii proteins demonstrating a relevant
performance in serodiagnosis [27].

BSR4  protein has demonstrated immunogenicity and protein-specific
immunoreactivity in sera from patients in the chronic phase in ELISA assay, however, the
diagnostic utility of peptides derived from this protein for the serodiagnosis of toxoplasmosis
has not been described, so it would be interesting to further investigate its potential for detecting
T. gondii infection [34].

The characterization and use of new immunodominant epitopes from these proteins
would allow us to formulate strategies to improve the diagnosis of 7. gondii infection. Studies
suggest the use of chimeric antigens for ELISA, based on multiplex antigenic epitopes
expressed at different stages of the parasite, which should be recognized by antibodies against
individual antigens and increase the sensitivity and specificity of diagnostic tests for
toxoplasmosis. [59]. Using an in silico approach, Beghetto et al. (2006) [27] designed a multi-
epitope with sequences of 6 immunodominant 7. gondii proteins, among which SAG1 and
GRA3 were present. The study suggested significant diagnostic performance of the chimeric
antigen in detecting acquired infection in adults and in infants born to mothers with a primary
T. gondii infection. Holec-Ggsior et al (2012) [60] using peptides of MIC1, MAGI1 and SAGI
bound in a chimera obtained significant results when compared to the multi-epitope with just
MIC1 and MAGI sequences, suggesting the immunogenicity of SAG1. The use of individual
recombinant or chimeric formulations has shown potential to differentiate 7. gondii infected
individuals from uninfected individuals, as well as the stage of infection [11,12,61,62].

The use of chimerical antigens in the diagnosis of infections offers a high density of
immunoreactive epitopes of various antigens that increase the chances of detection of antibodies
in serum samples and, therefore, improve the performance of the immunoassay [63]. The in
silico analysis performed here, therefore, suggests that the peptides from SAG1, GRA3, and
BSR4 protein could be used individually or together in new immunodiagnostic assays and to

validate their potential in detecting specific anti-7. gondii antibodies.
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Conclusion

The current limitations of the antigens used in the immunodiagnosis of 7. gondii
infection suggest the necessity to develop new antigenic preparations, aiming to increase the
accuracy of toxoplasmosis, particularly to characterize the phase of infection. Bioinformatic
methods allow the identification of immunodominant regions of a particular antigen in less time
and cost. Through in silico analysis, it was selected 3 out of 11 peptides from the parasite,
SAGI1, BSR4, and GRA3. These selected components were found to be stable, hydrophilic,
protein surface accessible, and antigenic role, suggesting their potential use in future

immunodiagnostic assays as a single or multiepitope epitopes to validate their performance.
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FIGURE 1. Linear epitope prediction from 7. gondii immunodominant proteins using Bepipred
version 2.0 prediction method available on the IEDB website (https://www.iedb.org/). The
figure demonstrates the peptides delimited by the dashed lines that showed the best scores (>=
0.5) on the following T. gondii proteins: (A) SAG1, (B) SAG2A, (C) GRAI, (D) GRA2, (E)
GRA3, (F) GRAS, (G) GRA6, (H) GRA7, (I) MAGI, (J) BSR4, (K) CCpS5SA.

52



TGVEG 233460/1-336
TGAR|_233460¢1-336 v
TGMESY_233460/1-336 GV
TGPRCZ_233460/1-336
TGMAS_233460/1-336
TGRUB_233460/1-336 G
TGCOUG_233460/1-336 B
TGRHBE_(O7T450/1-338
TGVAND_233460/1-336 G
TGCAST 233460/9-336
TGBRI 23346G/1-338
TGFOU 233460/1-336
TGGT1_ 233466/1-338
TGPE9_ 233460/1-336
TGDOM2_233460/1-336 GV
SAGY1-19 ;

TGVAND_271050/1-186
TGME®S_2710501-197 |
TGARI_271050/4-187
TGPRCZ_271050/1-187
TGRHE88_0BO3T/1-186
TGPBY_27105(1-18e
TGOOM?Z_271050/1-1B6
TGCAST_271050/1-196
TGBRY_271060/1-186
TGVEG_271050/1-186
TGFOU_271050/1-186
TGRLB_27105¥1-186
TGGT1_271050/1-186 [E
TGCOUG_271050/1-188
TGMAS_271050¢1-187
SAG24A/1-20

TGARI_270250/1-199 g
TGME49_270250/1-190
TGPRCZ_27025Q/1-190
TGVEG_27025¢/1-150
TGBRI_270250/1-190
TGRUB 270280/1-190
TGABI_2702501-190
TGFOQU_270250/1-190
TGGT1_270250/1-190
TGRABE_081130K1-190
TGOOM2_270250/1-190 A
TGCOUG_270250/1-190 #
TGMAS_270250/1-150 §
TGVAND _270250/1-190
TGCAST_27025(0/1-190
GRAV1-16

TGRUB_227620/1-185
TGVAND_227620/1-185
TGVEG _227620/1-185
TGMEA9_ 227620/1-185
TGCOUG_ 227620/1-185
TGARL 22762071185
TGPRC2_227620/1-185
TGMAS_227620/1-185
TGRHEB_047040/1-165
76PB9_227620/1-185
TGGTI_227620/1-185
TGCAST_227620/1-185
TGFOU_227620/1-185
TGBRS_227620¢1-185
TGDOM2_227620/1-195
GRA2/1-16

53

(1l

s

£

P

toma I7a00
T sy
e v
Tt
Tar T
TRaT!_rasen
Worm e
ToRcA Ty

3 RO T

1

TaWES_133300
TAAR_23a08

TEMEAD_T3304

am I

| axer

T

TeRWRR _oSoIT)
TorE_1 100
TEDAUT 3T
TOOASE_TT 080
TaRRe_27 1060
TBUEG_371050

TeFou_37 108

TBET1_37 105

“—153— Tokann 37 wee
ToAUR_IT1080

Ty i TeAR 171380

| TOF A2 280

TRUEAS_ITwes

=2
0.3 TRERRI_27 06T
Hoa nae TOMAD_ 2T
B BAGTA
|‘ ] 19E0Us 208
THle_TTis
tating_trise
iw o
Tedw_ITIme
s
Piins_reeeny
+|wm,mn-
tocasr st
ne
..
Tasoun_Trem
P TN
T i reuEm e
3 |  S——
o
|+ R
Tene_sztem
n&d i TEAND T
T =T
o trrers
TaCOuG_ T8N
Faam e
LFad [ TepRiI_sIresg
L l [T
hoe | Fraiiaa
L-.'.?_ Tore
TR T
el s
TRTU ST
" Taaes_moem




TGVAND_227280/1-222 |
TGRUB_227280/1-222
TGVEG_227280/1-22
TGMAS_227280/1-222
TGGT1_227280/1-222
TGRHBE_046790/1-222
TGCAST_227280/1-222 |
TGOOM2_227280/1-222 |
TGBRY_227:80/1-222
TGFOU_227280/1-222
TGME 49_227260/1-220
TGFRC2_227280/1-220 |
TGP89_227280/1-222
TGCOUG_227280/1-220
TGAR|_227280/1-220
GRA¥1-15

Iy

F

TGAIAS_286450/1-119
TGPB9_286450/1-120
TGRUB_286450/1-120
TGDOM2_286450/1-120
TGVEG_286450/1-120
TGRHBB_025740/1-120
TGFOU_286450/1-120
TGBRS_286450/1-120
TGVAND_ 286450/1-120
TGGT1_286450/1-120
TGCAST_286450/1-120
TGME 49_286450/1-120
TGAR!_28645071-120
TGPRC2_286450/1-120
TGCOUG_393760/1-119
GRAS/1-13

G

TGME49_275490/1-224
TGPRC2_275440/1-224
TGDOM2_275440/1-224
TGVEG_275440/1-230
TGAR 276440/1-226
TGRUB_275440/1-230
TGCAST_275440/1-223
TGVAND_275440/1-230
TGMAS_ 275440/1-229
TGPBY_275440/1-225
TGGT1_275440/1-223
TGRHB8_038710/1-201
TGCOUG_275440/1-231
TGBRY_ 275440/1-230
TGFOU_ 276440/1-230
GRA&/1-18

H recast 20331001-238
TGBRY._ 203310/1-236
TGMAS_ 203310/1-236
TGPBS_203310/1-236
TGVEG_203310/1-236
GRAT/1-20
TGFOU_203310/1-236
TGRHB8_035710/1-236
TGGT1_203310/1-236 ¥
TGDOM2_203310/1-236 VRE|
TGARL_203310/4-236 LP
TGVAND_203310/1-236 LP
TGRUB_20331(0/1-236 LF
TGME49_203310/1-236 L
TGPRC2_203310/1-235 LF
TGCOUG 203310/1-236 LPEL

FEEEEEEREEEEEE

IIIIIIIIIIIIIIIE

54

n_»oc!l _2ITme
TOPNED 237280

Tiki_3ree

r.m. Tecous e

. | Tovanb sxrme
1 TOAVS_IITI80

TOVES_ TG
P 1" THuAS_Z2TIN0

9 Worm_szrmee
fee_simwe
oM Sanres
TowasT_mraee

TedOMI_IITING

LE) romm_riries

Tos0u_zITe

Tetous_mrreo

U Tarun_iTiem

Tarou
Toseme 027w
(1] 18T e
_ Tegna_smomg
S —— L
[T Jgam_mnm
= tousy mmw
157 f Tares_smEriz
TeVES_30040
TN
A e
5] j Tedmm e

— I ronum_somw
Tevim_ =1
-
Lprece mam
TeiTes e



I - N N _ TGRHIE_DE 1140
TGMES9_270240/1-452 G L] 3
TGPRC2_270240/1-452 B
TGAR|_270240/1-452
MAGH/1-17
TGRUB_270240/1-452 [
TGRHEE_081140/1-452 &
TGFOU_270240/1-452
TGVAND 270240/1-452
TGGT1_270240/1-452 B
TGDOM2_270240/1-452 [
TGMAS_270240/1-452 €
TGCAST_270240/1-4952 €
TGCOUG_270240/1-452 B
TGVEG_270240/1-452 &
TGBRY_270240/1-452
TGPB9_27024V1-452

TGFOU_2T0040
TavaND_ 279230
TOGTI 270240
TEDOM2_2T0240
TOMAS 270340
804 rogusT ar0140
TOOOUe 270040

15““_2‘@“

o
a.:0 TOPRC2_2T0040
030 . TOAR|_270340
MAGY

ks ToRUD_27T0240

o014 TOVES 270240

FRGERS_TT0I0
Tores_270340

TaARL 320180

I TGPRC2_320180/1-398
TGME49_320180/1-398
TGGT1_320180/1-398
TGRHBB_006930/1-398
TGARI_320180/1-398
BSR4/1-12

THRACE_330180

TOMEAY_ X0 180

bat TOSTI_20180

TONNEN_00890

Krean_zsa-twr-sss
TGRUB_258400/1-996
TGME49_258400/1-996
TGARI_258400/1-998
TGMAS_258400/1-996
TGCAST._258400/1-996
TGDOM2_258400/1-996
TGVAND_258400/1-996
TGBRY_258400/1-996 M.
TGRHBA_071670/1-995 I
TGFOU_258400/1-996
TGCOUG_258400/1-99
TGPBY_258400/1-996
TGVEG._258400/1-996
TGPRC2_258400/1-998
CCPBA/1-21

027

TOFRCZ 296400

CCPSA

TGETI_288400
ToRUD_2%8400
TGMAS 258400
TGLAST_256400
TODOME 258400
TOVAND_258400
TGRRS_358400
TGRHES_OT 070

F——aq TOFOU_268400

T6PRE_250400

kL TOMESD_258400
TAR_ 208200
D08 TOCOUS_ 258400
TEVED 288400

FIGURE 2. Phylogenetic analysis of predicted epitopes from 7. gondii immunodominant
proteins. The figure shows the multiple sequence alignment for each predicted epitope and the
respective phylogenetic trees designed in Jalview software. The alignment of protein sequences
in up to 15 strains of toxoplasma gondii is shown, with the exception of BSR4 where the
alignment was performed only in 5 strains for which information on this protein was available
on the Toxobd website. The different colors in the alignment refer to the polarity of the amino
acids in the sequences of the peptides of: (A) SAGI, (B) SAG2A, (C) GRAL, (D) GRA2, (E)
GRA3, (F) GRAS, (G) GRAG6, (H) GRA7, (I) MAG1, (J) BSR4, (K) CCp5A.
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FIGURE 3. Solvent accessibility of the predicted epitopes determined by Emini's method. The
image shows the amino acid residues delimited by the dashed lines that had a score equal or
greater than 1.0, indicating the probability of this peptide being found on the surface of the
respective 7. gondii proteins: (A) SAGI1, (B) SAG2A, (C) GRAL, (D) GRA2, (E) GRA3, (F)
GRAS, (G) GRA®6, (H) GRA7, (I) MAGI, (J) BSR4, (K) CCp5SA.
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FIGURE 4. Toxoplasma gondii 3D proteins modeling by I-TASSER server
(https://zhanggroup.org/I-TASSER/). The figure shows the 3D structures (green) that presented
the best C-score for each 7. gondii protein, with the exception of the SAG1 protein whose 3D
structure was taken from PDB for this work. The 3D models are shown in the following order
(A) SAGI, (B) SAG2A/ C-score -1.45, (C) GRA1/ C-score -2. 33, (D) GRA2/ C-score -3.83,
(E) GRA3/ C-score -2.51, (F) GRAS/ C-score -3.77, (G) GRA6/ C-score -2.61, (H) GRA7/ C-
score -3.43, (I) MAG1/ C-score -2.56, (J) BSR4/ C-score -1.05, (K) CCp5SA/ C-score -2.08.
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FIGURE 5. 3D peptides modelling by Pep fold (https:/bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLDY/). The peptides from different proteins of 7. gondii are shown in
blue: (A) SAGI, (B) SAG2A, (C) GRAL, (D) GRA2, (E) GRA3, (F) GRAS, (G) GRA®6, (H)
GRA7, (I) MAG1, (J) BSR4, (K) CCpS5A.
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FIGURE 6. Ramachandran plot analysis obtained in the PROCHECK program
(http://www.ebi.ac.uk/thornton-srv/databases/cgi-
bin/pdbsum/GetPage.pl?pdbcode=index.html) to wvalidated stereoquimical stability of the
modelled proteins 3D structure. O plot shows that in favored region, allowed region, generously
allowed region and outlier region residues were present for each 7. gondii proteins: (A) SAGI,
(B) SAG2A, (C) GRALI, (D) GRA2, (E) GRA3, (F) GRAS, (G) GRA®6, (H) GRA7, (I) MAGI,
(J) BSR4, (K) CCp5A.
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GRALI, (D) GRA2, (E) GRA3, (F) GRAS, (G) GRAG6, (H) GRA7, (I) MAGI, (J) BSR4, (K)
CCp3A.
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FIGURE 8. Structural representation of the alignment of the 3D structures of proteins and
peptides obtained through PYMOL. The colors were used to indicate the 3D structure of the 7.
gondii proteins (green), the peptide region (red) and the 3D structures of the aligned peptides
(blue) by PYMOL with (A) SAGI1, (B) SAG2A, (C) GRAI, (D) GRA2, (E) GRA3, (F) GRAS,
(G) GRAG6, (H) GRA7, (I) MAGI, (J) BSR4, (K) CCp5A proteins.
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TABLE 1. Peptides predicted from immunodominant Toxoplasma gondii proteins using
Bepipred version 2.0 prediction method.

Protein Peptide Peptide sequences Length Position
identification
SAGI Pepl GVKVPQDNNQYCSGTTLTG 19 219 - 237
SAG2A Pep2 EAGAPAGRNNDGGSSAPTPK 20 127 - 146
GRA1 Pep3 AAEGGDNQSSAVSDR 15 24 - 38
GRA2 Pep4 NVESDRSTTTTQAPDS 16 143 - 158
GRA3 Pep5 DAESDKVDNQAEGGE 15 96 -110
GRAS Pep6 FERGRAAVTGHPV 13 61-73
GRAG6 Pep7 QGTRRRYSSVQEPQAKVP 18 126 - 143
GRA7 Pep8 VPELTEEQQRGDEPLTTGQN 20 161 - 180
MAGI Pep9 CEEQQEQGDTTLSDHDF 17 108 - 124
BSR4 Pepl0 TSAARGTESGKT 12 195 - 206
CCpSA Pepll NAYADCSASSEESDVYGCAAG 21 556 - 576

TABLE 2. Physicochemical properties of the selected peptides, calculated using Expasy's
ProtParam tool.

Peptide Molecular ~ Theoretic ~ Aliphatic Instability = GRAVY

weight pl Index index
(kDa)
SAGI 1982.15 5.83 51.05 17.03 -0.721
SAG2A 1853.92 6.17 20.00 56.12 -1.195
GRAI 1463.44 4.03 39.33 49.64 -1.040
GRA2 1708.71 4.03 24.38 58.81 -1.425
GRA3 1563.51 3.71 32.67 -0.99 9 -1.713
GRAS 1396.57 9.61 60.00 2.24 -0.308
GRAG6 2087.33 10.90 37.78 112.97 -1.578
GRA7 2241.35 3.91 53.50 74.159 -1.515
MAGI1 1981.98 3.71 22.94 60.63 -1.659
BSR4 1165.23 8.41 16.67 20.04 -1.067
CCp5SA 2070.10 3.43 37.62 52.16 -0.281

Abbreviations: pl=isoelectric point, GRAVY=Grand Average of Hydropathy.
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TABLE 3. Predicted linear B-cell epitopes and their antigenicity value obtained from the
VaxiJen 2.0 server

Peptide VaxiJen 2.0
Antigenicity value
SAGI 1.1163
SAG2A 1.2736
GRA1 1.2842
GRA2 1.0249
GRA3 1.2841
GRAS 0.7496
GRAG6 0.3953
GRA7 0.5835
MAGI1 1.2375
BSR4 1.4757
CCp5SA 1.3231

Antigenicity value: => 0.5 probable ANTIGEN, <0.5 probable NOT ANTIGEN.

TABLE 4. Ramachandran plot analysis of protein modelled structures.

Regions
Proteins Most favored Additional allowed Generously allowed Disallowed
SAGI 87.6% 12.4% 0.0% 0.0%
SAG2A 76.5% 18.8% 2.7% 2.7%
GRALI 98.8% 1.2% 0.0% 0.0%
GRA2 76.1% 16.1% 3.2% 4.5%
GRA3 90.0% 7.4% 0.5% 2.1%
GRAS 79.0% 13.3% 4.8% 2.9%
GRA6 91.5% 5.7% 1.1% 1.7%
GRA7 84.9% 11.7% 0.5% 2.9%
MAGI 84.2% 13.6% 0.0% 2.3%
BSR4 79.6% 16.7% 2.5% 1.1%
CCp5SA 64.2% 28.7% 4.1% 2.9%
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TABLE 5. Ramachandran plot analysis of peptide modelled structures.

Regions
Peptide =~ Most favored Additional allowed Generously allowed  Disallowed
SAGI1 46.7% 53.3% 0.0% 0.0%
SAG2A 81.8% 18.2% 0.0% 0.0%
GRAI 72.7% 27.3% 0.0% 0.0%
GRA2 84.6% 15.4% 0.0% 0.0%
GRA3 90.9% 9.1% 0.0% 0.0%
GRAS 75.0% 25.0% 0.0% 0.0%
GRAG6 85.7% 14.3% 0.0% 0.0%
GRA7 92.9% 7.1% 0.0% 0.0%
MAGI1 57.1% 42.9% 0.0% 0.0%
BSR4 87.5% 12.5% 0.0% 0.0%
CCp5A 66.7% 33.3% 0.0% 0.0%
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