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RESUMO

A Doenca de Alzheimer (DA) € uma doenca neurodegenerativa progressiva
caracterizada pela presenca de placas amiloides, emaranhados neurofibrilares,
inflamacéao, dano oxidativo, perda de sinapses e morte seletiva de neurénios. A
inibicdo da expressédo de BACE1 tem sido considerada um alvo terapéutico para a
prevencao e tratamento da doenca de Alzheimer. Este estudo avaliou a atividade
inibitéria do BACE1 do secretoma de bactérias isoladas de alimento larval de
abelhas sem ferrdo de espécies nativas brasileiras, Melipona quadrifasciata e
Tetragonisca angustula. Para tanto, foi realizada a triagem de secretomas nas
linhagens transgénicas de Drosophila melanogaster, seguida de andlises in silico.
Avaliamos a taxa de sobrevivéncia da mosca transgénica com fenétipo de olho
aspero, gerado pela superexpressao de ortélogos humanos APP e BACE1 no
sistema nervoso em desenvolvimento do olho. Modificagbes morfolégicas nos
olhos de D. melanogaster recém-eclodidos foram examinadas. Verificamos
reducao das alteragdes morfoldgicas no olho, apresentando olhos compostos com
superficie lisa, diferenca na fusdo das omatideos e presenca de grande numero
de cerdas, nos grupos tratados com os secretomas S9 e S27 quando comparados
aos grupos controle. Cortes histolégicos mostraram concordancia com esta
melhora, exibindo olhos compostos com morfologia regular e superficie
organizada. O modelo anti-DA de D. melanogaster foi tratado com varios
secretomas bacterianos por 15 dias apds a eclosdo. As moscas tratadas com o
secretoma S1 apresentaram melhora na taxa de escalada quando comparadas
aos grupos controle negativo e veiculo. Além disso, os grupos tratados com os
secretomas S1 e S27 mostraram um declinio nos niveis de beta-amiloide apés 15
dias de tratamento. A analise histolégica do cérebro revelou diminuicdo da
neurodegeneracdo nas moscas tratadas com S1 visualizada pela redugdo das
lesGes vacuolares, quando comparada aos grupos NC e veiculo. Realizamos a
analise protedbmica dos secretomas mais eficientes nos testes com D.
melanogaster. As analises in silico selecionou os peptideos mais potencialmente
bioativos para interagir com BACE1 e beta-amiloide, prevendo o docking
molecular entre eles. Nossa andlise encontrou quatro peptideos que interagem

com BACE1 e AP42, com potencial acdo na reducdo do processo

XV



neurodegenerativo. Esses peptideos potencialmente bioativos podem servir de
prototipo para novos farmacos para a prevencao ou tratamento da Doenca de
Alzheimer. O secretoma de bactérias isoladas do alimento larval de abelhas sem
ferrdao provou ser uma fonte potencial de moléculas terapéuticas direcionadas a

disturbios neurodegenerativos.

Palavras-chave: Doenca de Alzheimer; Drosophila melanogaster; AB42; BACE1;

alimento larval de abelhas sem ferrdo; peptideo bioativo; neurodegeneracao.
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ABSTRACT

Alzheimer's disease (AD) is a progressive neurodegenerative disorder
characterized by the presence of amyloid plaques, neurofibrillary tangles,
inflammation, oxidative damage, synapse loss, and selective neuron death.
Inhibition of BACE1 expression has been considered a therapeutic target for the
prevention and treatment of Alzheimer's disease. This study evaluated BACE1
inhibitory activity of secretome of bacteria isolated from stingless bees’ larval food
of native Brazilian species, Melipona quadrifasciata and Tetragonisca angustula.
For this purpose, the screening of secretomes in the Drosophila melanogaster
transgenic strains, followed by in silico analysis. We assessed the survival rate of
transgenic fly with rough eye phenotype, generated by overexpression of human
APP and BACE1 orthologs in the developing nervous system of the eye.
Morphological modifications in the eyes of newly hatched D. melanogaster were
examined. We verified reduction of morphological alterations in the eye,
presenting compound eyes with smooth surface, difference in the fusion of the
omatids and presence of a large number of bristles, in the groups treated with the
S9 and S27 secretomes when compared to the control groups. Histological
sections showed agreement with this improvement, exhibiting compound eyes with
regular morphology and organized surface. The anti-AD model of D. melanogaster
was treated with several bacterial secretomes for 15 days after hatching. The flies
treated with the S1 secretome showed an improvement in the climbing rate when
compared to the negative control and vehicle groups. Additionally, the groups
treated with the S1 and S27 secretomes showed a decline in beta-amyloid levels
after 15 days of treatment. The histology analysis of the brain revealed a decrease
in neurodegeneration in flies treated with S1 visualized through the reduction of
vacuolar lesions, when compared to the NC and vehicle groups. We carried out
the proteomic analysis of the most efficient secretomes in the tests with D.
melanogaster. The in silico analysis selected the most potentially bioactive
peptides to interact with BACE1 and beta-amyloid, predicting the docking between
them. Our analysis found four peptides that interact with BACE1 and B-amyloid
plaques, with potential action in reducing the neurodegenerative process. Thus,

our investigations resulted in the identification of potentially bioactive peptides that
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can serve as a prototype for new drugs for the prevention or treatment of
Alzheimer's Disease. The secretome of bacteria isolated of the larval food of
stingless bees proved to be a potential source of therapeutic molecules targeting

neurodegenerative disorders.

Keywords: Alzheimer's disease; Drosophila melanogaster; AB42; BACET;

stingless bees’ larval food; bioactive peptide; neurodegeneration
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APRESENTACAO

A Doenca de Alzheimer (DA) é uma doencga neurodegenerativa progressiva
caracterizada pela presenca de placas amiloides, emaranhados neurofibrilares,
inflamacéao, dano oxidativo, perda de sinapses e morte seletiva de neurdnios. A
inibicdo da expressao de BACE1 tem sido considerada um alvo terapéutico para
sua prevengdo e tratamento. Muitos compostos como, homodimeros de
organofosfato, losartan e N-propargilpiperidinas com naftaleno-2-carboxamida ou
naftaleno-2-sulfonamida, que tém atividade inibitéria da colinesterase ou BACE1,
foram estudados nos ultimos anos para o tratamento da DA, porém nenhum deles
foi eficiente para essa aplicagdo. Isso reforca a necessidade de desenvolver
novos estudos que busquem moléculas biologicamente ativas com potencial de
prevenir ou tratar a DA.

No Capitulo | dessa pesquisa, descrevemos a Doenca de Alzheimer, sua
fisiopatologia, as principais hipoteses etioldgicas, os tratamentos medicamentosos
existentes e os principais alvos terapéuticos. Explicamos o que sao peptideos
bioativos € mostramos o potencial de identifica-los no secretoma de bactérias
isoladas do alimento de larvas de abelhas brasileiras sem ferrdo. Ressaltamos o
uso da Drosophila melanogaster como organismo modelo para doengas
neurodegenerativas e seu uso para triar moléculas biologicamente ativas com
potencial biotecnoldgico. Por fim, destacamos o uso da proteémica e gendmica
como ferramentas tecnoldgicas para o desenvolvimento de terapias para doencas
humanas.

No Capitulo Il, apresentamos dois artigos cientificos, ja no formato de
envio a publicacdo, que avaliam os efeitos neuroprotetores de diferentes
secretomas de bactérias isoladas do alimento de larvas de abelhas brasileiras
sem ferrdo, das espécies Melipona quadrifasciata e Tetragonisca angustula.
Diferentes linhagens transgénicas de D. melanogaster foram utilizadas, bem como
analises protedmica, in silico e gendmica. Nossas investigagcées resultaram na
identificacao de peptideos potencialmente bioativos que podem servir de prototipo
para novos farmacos para prevencao ou tratamento da Doenca de Alzheimer.



Capitulo 1

Fundamentacao Teoérica




1 DOENCA DE ALZHEIMER

1.1 Epidemiologia e fisiopatologia

A Doenga de Alzheimer (DA) € a forma mais comum de deméncia e a
quinta causa de morte em idosos (ALZHEIMER ASSOCIATION, 2018). E
caracterizada como um disturbio neurodegenerativo cerebral progressivo, que
resulta em perda de meméria e fungbes cognitivas, frequentemente,
acompanhado por distarbios comportamentais (QUERFURTH et al.,, 2010). O
primeiro estagio clinico € geralmente a perda da memoria recente. Com o avango
nos estagios da doenga ha grande prejuizo das fung¢des cognitivas como,
dificuldades na fala, disturbios de atencao, incapacidade de fazer calculos, perda
das habilidades espaciais e da capacidade de usar objetos (LINDEBOOM, et al.,
2004). Esses sintomas sdo acompanhados por disturbios comportamentais, como
irritabilidade, agressividade, alucinagdes, hiperatividade (RASKIND, 1995). Os
sintomas depressivos estao presentes em cerca de 50% dos pacientes. Além
disso, € comum que as pessoas com DA apresentem apatia, lentidao da marcha
ou discurso, dificuldade de concentracdo, perda de peso, insbnia e agitacao
(EASTWOOD et al., 1996).

A idade é o maior fator de risco associado a DA, afetando cerca de 6% da
populacdo mundial com mais de 65 anos. Estima-se que existam mais de 35
milhdes de pessoas com DA no mundo e essa incidéncia tende a aumentar com o
aumento da expectativa de vida da populacdo (REITZ et al., 2011; 2014). Este
numero praticamente dobrara a cada 20 anos, chegando a 74,7 milhdes em 2030
e a 152 milhdes em 2050, segundo relatérios da Associacdo Internacional de
Alzheimer (ALZHEIMER’S DISEASE INTERNATIONAL, 2015; 2019). Estima-se
gue a cada 3,2 segundos, um novo caso de deméncia € detectado no mundo e a
previsdo € de que em 2050, havera um novo caso a cada 1 segundo
(ALZHEIMER’S DISEASE INTERNATIONAL, 2015; 2019).

No Brasil, aproximadamente 12% dos idosos com 60 anos ou mais
apresentam algum tipo de deméncia. Dessas, 40-60% séao DA, equivalendo a dois
milhdes de brasileiros (BOFF et al., 2011). A maioria dos estudos confirma que as

mulheres sdo mais propensas a desenvolver DA, principalmente as de idade mais



avancada (NITRINI et al., 2004). Além disso, a reducado da capacidade funcional
resultara em 6bito desses pacientes, cerca de 10 anos apos o inicio dos sintomas
(HASSAN KHAN, 2009).

Embora a doenca seja multifatorial e complexa, os pacientes apresentam
em comum uma perda macica de neurdnios colinérgicos, deposicao de
emaranhados neurofibrilares (Figura 1A) em decorréncia da hiperfosforilacdo da
proteina associada ao microtubulo (tau) e deposi¢ao/agregacao do peptideo beta-
amiloide (AB) (Figura 1B) dentro do parénquima cerebral (HUANG et al., 2012).

Figura 1. Caracteristicas da doenca de Alzheimer. A. Corte histolégico de coértex
cerebral humano de paciente afetado pela doenga de Alzheimer, corado com anticorpo
especiffico para p-amiloide (AB). Uma das caracteristicas classicas da histopatologia da
doenga de Alzheimer € a aparecimento de lesdes extracelulares conhecidas como placas
senis ou amildides, que sdo compostos pelo peptideo AB. B. Corte histol6gico de cortex
cerebral humano de paciente afetado pela doenca de Alzheimer, corado com um
anticorpo especifico para fosforilagdo da proteina tau. A segunda marca histopatoldgica
da doenga de Alzheimer é a presenca de lesGes intraneuronais conhecidas como
emaranhados neurofibrilares (indicados pela seta), que sao compostos de filamentos
anormais associados a hiperfosforilacdo da proteina associada a microtdbulos (tau).
Fonte: AGUZZI & O’'CONNOR (2010). Reproduzido com permissao da Springer Nature.

Numero da Licenca de Uso: 5080230234044.

A histopatologia da DA é caracterizada por perda singptica e morte de
neurdnios nas regides responsaveis pela cognicao, incluindo o cértex cerebral, o

hipocampo, o cortex entorrinal e o estriado ventral (Figura 2) (AGUZZI et al.,






como suficiente para produzir deficiéncias na memoria (BARTUS et al., 1999).
Cérebros de pacientes com DA mostraram degeneracdo dos neurdnios
colinérgicos e atividade reduzida de colina acetiltransferase e a acetilcolinesterase
no cortex cerebral (AULD et al., 2002).

FORMAS HERDADAS FORMASNAO
DOMINANTES DE DA DOMINANTES DE DA
MutacGes missense nos genes APP Falha dos mecanismos de
ou presenilina 1 ou 2 depuracdo de Ap
Aumento da producdo relativa de Aumento gradual dos niveis de
AB42 ao longo da vida AB42 no cérebro

v \

Acumulo e oligomerizacdo de AB42 no cértex limbico e de associacio

v

Efeitos sutis dos oligdmeros AP nas sinapses

Y

Deposicdo gradual de oligdbmeros AB42 como placas difusas

v

Ativacdo microglial e astrocitica e respostas inflamatorias

Y

Homeostase ionica neuronal alterada, lesdo oxidativa, atividades
alteradas de quinases/fosfatases

\

Figura 3. Sequéncia dos principais eventos patogénicos que levam a Doenca de
Alzheimer proposto pela hipotese da cascata amildide. Fonte: RODRIGUES, T. S. (A
autora)



1.2 Hipotese amiloide

As placas B-amiléides associadas a AD foram purificadas pela primeira vez
na década de 1980 e, apds sua analise, verificou-se que se tratava de agregados
multiméricos do polipeptideo AR (GLENNER et al., 1984; MASTERS et al.,
1985). O cDNA de AB mostrou que ele era derivado de uma proteina precursora
maior, a Proteina Precursora de Amiloide (APP) (TANZI et al.,, 1987). 0
isolamento e sequenciamento dessa proteina de 695 aminoacidos confirmou que
a clivagem do seu dominio transmembranar tinha como produto o peptideo AB
(KANG et al., 1987).

A APP sofre processamento pos-traducao, envolvendo varias secretases e
proteases diferentes, através de duas vias principais (Figura 4). Na via nao
amiloidogénica, a APP é sequencialmente clivada pelas enzimas a-secretase e y-
secretase. A primeira cliva APP no 17° aminoacido, gerando um grande dominio
extracelular (sAPP-a) e um fragmento C-terminal de 83 aminoacidos associado a
membrana (C83). APP C83 é entao clivado pela y-secretase gerando o peptideo
P3 e o dominio intracelular de APP (AICD), sendo ambos rapidamente
degradados. Na via amiloidogénica, a APP é processada principalmente por (-
secretase liberando sAPP-B e gerando um fragmento C terminal associado a
membrana de 99 aminoacidos (C99). A y-secretase ainda cliva C99, liberando
AICD e o peptideo AR amiloidogénico, que se agrega formando placas amiloides
no cérebro (SARAH et al., 2007).
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Figura 4. Processamento da proteina APP. Na via ndo amiloidogénica, a APP é
sequencialmente clivada pelas enzimas a-secretase e y-secretase. A primeira cliva APP
no 172 aminoacido, gerando um grande dominio extracelular (sSAPP-a) e um fragmento C-
terminal de 83 aminoacidos associado a membrana (CTF83). APP C83 é entao clivado
pela y-secretase gerando o peptideo P3 e o dominio intracelular de APP (AICD), sendo
ambos rapidamente degradados. Na via amiloidogénica, a APP ¢é processada
principalmente por B-secretase liberando sAPP-B e gerando um fragmento C terminal
associado a membrana de 99 aminoacidos (CTF99). A y-secretase ainda cliva CTF99,
liberando AICD e o peptideo AB amiloidogénico, que se agrega formando placas
amiléides no cérebro. Fonte: RODRIGUES, T. S. (A autora).

A B-secretase, enzima de clivagem do sitio 1 (BACE1) foi identificada e
caracterizada pela primeira vez em 1999 (SINHA et al., 1999; VASSAR et al.,
1999; YAN et al., 1999; LIN et al.; 2000). BACE1 é uma proteina transmembrana
tipo | de 501 aminoacidos, predominantemente expressa em membranas
perinucleares pds-Golgi, estruturas vesiculares do citoplasma e superficie celular
(EHEHALT et al., 2002).



Desde que os estudos moleculares da DA comegaram, pesquisadores se
concentraram na compreensao dos diversos e complexos mecanismos dessa
patologia. A partir disso, a hipétese amiloide (AB) (BEYREUTHER & MASTERS,
1991; HARDY & ALLSOP, 1991; SELKOE, 1991; HARDY & HIGGINS, 1992)
tornou-se 0 modelo dominante da patogénese da DA e estd orientando o
desenvolvimento de tratamentos potenciais. Importantes descobertas tém
reafirmado a influéncia da agregacao amiloide no desenvolvimento de DA, tais

como:

e Estudos de neuropatologia da DA na sindrome de Down mostrou que o
acumulo inicial de depdsitos AB precede a ativagdo microglial e astrocitica,
a formacao de emaranhado e a neurodegeneracdo (MANN et al., 1992;
LEMERE et al., 1996a; 1996b);

e A delecao do gene codificador de BACE1 impede a geracdo do peptideo
AB e elimina completamente os danos relacionados as placas beta-
amiloides em camundongos transgénicos que expressam mutagdo na APP
ortéloga humana (FARZAN et al., 2000; CAl et al., 2001; LUO et. al, 2001;
ROBERDS et al., 2001; OHNO et al., 2004; LAIRD et al., 2005);

e O nivel de expressao e a atividade de BACE1 estao elevados em pacientes
com DA (HOLSINGER et al., 2002; YANG et al., 2003);

e A superproducdo do peptideo AB leva a neurotoxicidade, formagcdo de
emaranhados neuronais, dano sinaptico e, eventualmente, perda de
neurdnios nas regides cerebrais patologicamente afetadas pela DA
(SELKOE, 1998; SHANKAR & WALSH, 2009);

e Entre os varios peptideos AR gerados pelas clivagens de multiplos locais
de secretases, 0 AB42 (peptideo AB de 42 aminoacidos) provou ser o mais
hidrofébico e amiloidogénico (BURDICK et al., 1992);

e A maioria das mutacodes relacionadas a DA familiar hereditaria aumenta a
geracao de peptideos AB ou a proporcao de AR42/AB4 (BORCHELT et al.,
1996; SCHEUNER et al., 1996);






sao destacados como verdes, hidrofébicos; ciano, polar; vermelho, acido e azul, basico.
As ligacOes intramoleculares da cadeia lateral sdo evidenciados por setas roxas e 0s
intermoleculares por setas azuis. Fonte: XIAO et al (2015). Reproduzido com permissao
da Springer Nature. Numero da Licenga de Uso: 5080221276326.

Diante de tais descobertas, esse trabalho se concentrard nos mecanismos da
Hipétese Amiloide, na tentativa de identificar peptideos que possam atuar na via
amiloidogénica de processamento de APP e servirem de prot6tipo para novos farmacos

de acao terapéutica para prevenir ou tratar a DA.

1.3 BACE1 como alvo terapéutico

Devido as fortes evidéncias que confirmam a hipdtese amiloide como
sendo a principal etiologia ligada ao desenvolvimento da DA, diversos estudos
tém se concentrado no desenvolvimento de terapias para reducao de AR, tendo
como foco a inibicado de BACE1 (YAN & VASSAR, 2014).

A Figura 6 mostra a estrutura 3D de BACE1, evidenciando seu sitio ativo
formado pela diade catalitica conservada Asp32 e Asp 228. Na por¢ao N-terminal
da molécula (residuos 67-75) ha uma aba que é perpendicular ao sitio ativo,
cobrindo-o parcialmente, sendo a regidao mais flexivel da B-secretase. Mudancas
nessa aba parecem controlar o acesso ao sitio-alvo, posicionando corretamente o

substrato para que ocorra a catalise (XU et al., 2011).
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Figura 6. Representacao em fita da estrutura tridimensional da BACE1. Os I6bulos
dos terminais N e C sao coloridos em ciano e amarelo, respectivamente. Os residuos da
diade Asp, Asp32 e Asp228, sdo apresentados como bastdes. Os residuos 67-78 séao
coloridos em vermelho e a aba é mostrada em sua conformacao "aberta". Fonte: XU et al
(2012). Reproduzido com permissao da International Union of Crystallography (IUCr
Journal), DOI: 10.1107/S0907444911047251.

Pesquisas utilizando camundongos transgénicos com superexpressao de
APP humana mostraram que a delecdo genética de BACE1 elimina a producgéo
de AB e, consequentemente, reduz as alteragdes cognitivas e comportamentais
relacionadas a DA (DOMINGUEZ et al., 2005; OHNO et al., 2007;
MCCONLOGUE et al., 2007). Além disso, a identificacdo de uma rara mutacao
humana no sitio de clivagem de APP por BACE1 resultou em diminuicdo de 40%
da producao de AB em ensaios in vitro, redugcédo de cinco a sete vezes no risco de
desenvolver DA e melhoria da funcao cognitiva em idosos sem DA (JONSSON et
al., 2012; BENILOVA et al., 2014; MALONEY et al., 2014). A delecao de B-
secretase em camundongos parece nao gerar efeitos evidentes nesses animais,
sugerindo que os inibidores de BACE1 podem n&o apresentar efeitos colaterais
graves para o organismo (LUO et al., 2001). A inibicdo da atividade de BACE1
pode impedir a producao de AB42, prevenir o desenvolvimento dessa patologia no
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cérebro e resgatar déficits de memdria em camundongos (OHNO et al., 2004;
2007; LAIRD et al., 2005; MCCONLOGUE et al., 2007).

Apesar dessas descobertas ja terem completado décadas, o0s
pesquisadores ainda buscam, sem muito sucesso, inibidores de BACE1 que
sejam permedaveis as células, biodisponiveis por via oral e ativos no sistema
nervoso central. Além da busca por peptideos bioativos que possam interagir com
BACE1 inibindo sua atividade, essas moléculas devem conseguir penetrar
facilmente na barreira hematoencefalica. A busca frustrada por tais moléculas sé
confirmam o fato das pesquisas com essa finalidade serem extremamente

necessarias, além de desafiadoras (LUO et al., 2001).

1.4 Tratamentos medicamentosos para doenca de Alzheimer

Os tratamentos medicamentosos existentes para pacientes com DA
compreendem trés inibidores de colinesterase (rivastigmina, donepezil e
galantamina) e um que afeta o sistema glutamatérgico (memantina) (CUMMINGS
et al., 2014; GODYN et al., 2016). Nenhum desses farmacos, porém, representa
cura para a DA. Esses tratamentos ndo impedem a progressao da deméncia, mas
desaceleram, temporariamente, a perda da fungdo cognitiva ao diminuir a
atividade da colinesterase, resultando em niveis mais elevados de acetilcolina e
melhoria da funcao cerebral (CUMMINGS et al., 2014; GODYN et al., 2016).

Mais de duzentos compostos alcancaram a Fase Il de ensaio clinico desde
2003, mas nenhum novo medicamento foi aprovado para o tratamento da DA
(CUMMINGS et al., 2014; GODYN et al., 2016). A maioria dos ensaios clinicos
que apresentou resultados positivos na Fase Il, ndo teve sucesso na Fase lll,
devido principalmente a falta de eficacia terapéutica ou existéncia de efeitos
adversos graves (CUMMINGS et al., 2014).

Em 2011, houve um avancgo significativo no desenvolvimento de inibidores
de BACE1. May e colaboradores (2011) identificaram um inibidor de BACE1
moderamente potente chamado LY2811376, que produziu mudancgas
farmacodinamicas robustas em modelos animais e voluntarios saudaveis. Apesar

dos testes clinicos desta molécula terem sido interrompidos devido ao surgimento
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de efeitos adversos, seus dados forneceram suporte para o uso de pequenas
moléculas bioativas para tratar a DA (MAY et al., 2011).

Outros testes com potenciais inibidores de BACE1 também falharam nas
fases dos ensaios clinicos. O inibidor de BACE1, oralmente ativo, Bl 1181181,
falhou na Fase | devido a baixa biodisponibilidade oral e baixa penentracao da
barreira hematoencefalica. Os inibidores RG7129 (Fase I), LY2811376 (Fase |) e
LY2886721 (Fase Il) falharam nos ensaios devido a toxicidade hepatica que
provocaram (LILLY, 2013; KENNEDY et al., 2016).

Em abril de 2012, a Merck divulgou na Academia Americana de Neurologia,
os resultados da Fase | de uma molécula inibidora de BACE1 chamada
Verubecestate (MK-8931) (KENNEDY et al.,, 2016). MK-8931 foi inicialmente
testada em 88 voluntarios saudaveis na Fase | do ensaio clinico, que foi realizada
de forma randomizada, duplo-cega e controlada por placebo. Posteriormente,
conduziram outro ensaio de Fase | em 32 pacientes com DA a fim de verificar a
seguranca, tolerabilidade, farmacocinética, e farmacodinamica da molécula MK-
8931 (NCT01496170). Os resultados de MK-8931 na fase | encorajaram a
realizacdo das Fases | e Il dos ensaios clinicos, que foram iniciados no final de
2012. Em fevereiro de 2017, a Merck interrompeu o teste de Fase Il de
Verubecestate, em pacientes com DA leve e moderada, devido a falta de eficacia
(KENNEDY et al., 2016).

Estudos de Fase | randomizados, duplo-cego e controlados por placebo em
jovens saudaveis e idosos estabeleceram a seguranca de um novo inibidor de
BACE1 chamado AZD3293 que foi desenvolvido pela AstraZeneca (EKETJALL et
al., 2016). Foi relatado que administracdo de AZD3293 reduziu os niveis de
peptideos AB no liquido cefalorraquidiano. Em setembro de 2014, a AstraZeneca
e a Elli Lilly langaram as Fases Il e lll, para testar a AZD3293 em pacientes com
comprometimento cognitivo leve e DA leve (EKETJALL et al., 2016).

Até o momento, ainda ndo ha terapia eficaz disponivel para curar ou inibir
significativamente a progressdo dos sintomas da DA. A busca por moléculas
potencialmente bioativas que possam inibir BACE1 é, ainda, uma das principais
abordagens terapéuticas para prevenir ou tratar a doenca de Alzheimer. No
desenvolvimento  desse  trabalho, buscamos peptideos de acao

antineurodegenerativa que possam interagir com os alvos terapéuticos BACE1 e
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B-amiloide, apresentando bioatividade potencial para tratar a Doenca de
Alzheimer.

2 PEPTIDEOS BIOATIVOS

2.1 Definicao

Peptideos bioativos sado definidos como sequéncias de residuos de
aminoacidos de uma proteina capazes de exercer algum efeito bioldégico nas
funcbes do corpo. Alguns desses peptideos podem impactar positivamente na
saude humana (KITTS & WEILER, 2003), regulando funcbes corporais
importantes por meio de suas inumeras atividades, incluindo funcdes anti-
hipertensivas, antimicrobianas, antitrombdticas, imunomoduladoras, opioides,
antioxidantes (CHAKRABARTI et al., 2014; SANCHEZ & VAZQUEZ, 2017).

Embora a estrutura e a relacao funcional dos peptideos bioativos nao
estejam bem estabelecidas, a maioria deles compartilha algumas propriedades
comuns. Por exemplo, a maioria desses peptideos contém de 2 a 20 aminoacidos
e, geralmente, sédo ricos em aminodacidos hidrofébicos (KITTS & WEILER, 2003;
MOLLER et al., 2008).

2.2 Obtencao de peptideos bioativos

Nos ultimos anos, houve aumento das pesquisas que buscam sequéncias
de peptideos bioativos que possam reduzir ou prevenir o risco de doencas
cronicas e fornecer protecdo imunolégica (KORHONEN et al., 2006). Esses
peptideos podem ser produzidos por hidrélise enzimatica (usando enzimas
proteoliticas de plantas ou microrganismos), hidrélise com enzimas digestivas
(digestao gastrointestinal simulada) ou por fermentacéo.

Alguns estudos utilizaram, também, uma combinagdo desses métodos para
produzir peptideos com atividade biologica (KORHONEN et al., 2006). Esses
peptideos bioativos podem ser sintetizados quimicamente, visto que sua
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guantidade encontrada na natureza € baixa e ha interesse comercial crescente e
constante em produzi-los (PEREZ ESPITIA et al., 2012).
No método de hidrélise enzimatica, a proteina de interesse é submetida a

tratamento enzimatico em pH e temperatura especificas. Exemplos:

o El-Fattah et al.(2017): peptideos bioativos com atividades inibidoras da
ECA foram produzidos a partir da hidrélise do leite usando protease de

Aspergillus oryzae.

O método de fermentacao envolve o uso de culturas de microrganismos,
como leveduras, fungos ou bactérias para hidrolisar as proteinas de interesse e
gerar peptideos mais curtos. O grau de hidrélise depende do tempo de
fermentacdo, da cepa microbiana e da fonte de proteina. Exemplos:

e Gobbetti et al. (2000): peptideos inibidores da enzima de conversdo da
angiotensina (ACE) foram gerados a partir da hidrélise do leite, usando as
cepas Lactobacillus lactis e Lactobacillus delbrueckii;

e Ahn et al. (2009) mostraram que a atividade inibitéria de ACE por
peptideos derivados de proteina de soro de leite fermentados
com Lactobacillus brevis era mais forte do que aqueles fermentados
com L. lactis, L. plantarum e L. acidophilus.

e Sanjukta et al. (2015) demonstraram que proteinas de soja fermentadas
por Bacillus subtilis MTCC5480 produziram maior grau de hidrélise em
comparacao com B. subtilis MTCC1747.

Varios estudos usaram a técnica de digestao gastrointestinal simulada,
in vitro, para produzir peptideos bioativos a partir de proteinas presentes em
alimentos. Nesse método, os pesquisadores tentaram identificar a atividade dos
peptideos que podem ser produzidos em nosso corpo apds o consumo de um
determinado alimento ou proteina alimentar (MORA et al., 2017; ASPRI et al.,
2018).

A absorcado do trato gastrointestinal € essencial para que um peptideo
bioativo exerca sua acdo biolégica. Acreditava-se que todos os peptideos e
proteinas eram digeridos até seus aminoacidos constituintes e apenas esses
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angustula (género Tetragonisca), popularmente conhecida como Jatai. Fonte:<
https://www.criarabelhas.com.br/>.

As abelhas sem ferrdo sao insetos eussociais que compdem um grupo
complexo e diversificado, com grande numero de espécies e varios padrdes
comportamentais (KEER et al., 2001; MICHENER, 2007). Elas formam col6nias
perenes, instalando-se em cavidades pré-existentes, tais como troncos de arvores
ou ninhos abandonados por outros animais (KERR et al., 1996; 2001) onde
armazenam alimento e mantem sua prole protegida (MICHENER, 2013). Elas
constroem continuamente células de cria, formando favos horizontais ou cachos
(KERR et al, 1996).

O aprovisionamento das células de cria (Figura 8) é massal, com material
semi liquido, que consiste de pdlen, secrecado glandular e néctar ou mel, sobre o
qgual o ovo é posicionado verticalmente, pela rainha. Apos a oviposicao, a célula é,
imediatamente, fechada pelas operarias e aberta apenas para eclosao do imago
(MICHENER, 1974; ROUBIK, 1989).

O pdélen e o néctar fornecem carboidratos e proteinas para a dieta das
abelhas adultas e alimentam as larvas (MICHENER, 1974; ROUBIK, 1989). O
pbélen é armazenado em potes de cera e, em seguida, as operarias regurgitam
uma substancia glandular que auxiliara na fermentacdo dele para consumo
(KERR et al., 1996). O néctar é desidratado por ventilagdo pelas operarias

receptoras, sendo em seguida, armazenado em potes de cera.
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Figura 9. Colmeia de abelha sem ferrao. Células de cria em colmeia de abelhas sem
ferrdao Manguadari contendo alimento larval e o ovo posto pela abelha-rainha. Fonte:
SILVA et at (2014).

O pdlen, um dos constituintes do alimento larval, € fermentado pela
secrecao glandular das abelhas, sendo uma d&tima fonte de microrganismos
presentes no intestino das abelhas. Estudos mostram que, dos microrganismos
encontrados no pédlen, cerca de 30% sao bactérias gram-positivas (Bacillus,
Bacteridium, Streptococcus e Clostridium spp) e 70% bactérias gram-negativas
(Achromobacter,  Citrobacter,  Enterobacter,  Erwinia, = Escherichia  coli,
Flavobacterium, Klebsiella, Proteus e Pseudomonas) (GILLIAM et al., 1987; 1990;
EL-LEITHY & EL-SIBAEL, 1992).

Nosso estudo sera o primeiro a avaliar o secretoma de bactérias isoladas
do alimento de larvas de abelhas brasileiras sem ferrdo, tais como Melipona
quadrifasciata e Tetragonisca angustula, em busca de peptideos bioativos que
possam servir como protétipo para novos farmacos para tratamento ou prevengao
da DA. Para verificar a acao antineurodegenerativa dos secretomas bacterianos,
utilizaremos linhagens transgénicas do organismo modelo Drosophila

melanogaster.
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4 DROSOPHILA MELANOGASTER

4.1 Caracteristicas gerais

Drosophila melanogaster é um inseto holometabolo, pequeno (2-3
milimetros), encontrado em frutas em decomposi¢cdao, sendo por isso conhecida,
popularmente, como mosca da fruta (LYNCH et al., 2012).

A D. melanogaster possui ciclo de vida rapido (Figura 10). O
desenvolvimento embrionario, ap6s a fertilizacado e formacédo do zigoto, ocorre
dentro da membrana do ovo, que eclode em larva. O periodo larval se divide em
trés estagios. No terceiro e ultimo estagio (3° instar — L3), a larva pode alcangar o
comprimento de 4,5 milimetros, desenvolvendo-se para o préximo estagio, de
pupa. A 25°C, o ciclo de vida se completa em cerca de 10-12 dias, quando a pupa
eclode em adulto. As moscas produzem grande numero de descendentes em um
unico cruzamento, além de serem de facil manutencéo e baixo custo (GRAF et al.,
1996; JENNINGS, 2011).
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mostrado) que é tomado como um indicador da virgindade da fémea, mesmo que machos
férteis estejam presentes. Fonte: CHILDRESS & HALDER (2008), com modificagdes.

4.2 Drosophila melanogaster como organismo modelo

A D. melanogaster vem sendo utilizada nas ciéncias biolégicas para o
desenvolvimento de estudos cientificos e foi um dos primeiros organismos a ter
seu genoma sequenciado. Apdés a conclusdo do sequenciamento do genoma
humano, a homologia observada entre os dois genomas reforgou o papel dessa
mosca como organismo modelo para o entendimento da biologia humana, bem
como dos mecanismos de certas doengas (ADAMS et al., 2000).

Estima-se que, aproximadamente 75% dos genes relacionados a doenga
em humanos possuem ortélogos funcionais em D. melanogaster. A homologia
entre a sequéncia desses genes é de cerca de 40% de identidade, sendo de 80%
— 90% em dominios funcionais conservados (ADAMS et al., 2000). Estudos na
mosca da fruta alteraram substancialmente as estimativas da relagdo evolutiva

entre organismos vertebrados e invertebrados (Figura 13).

circulation
excretion
skeleton
muscles

nervous
system

body circulation excretion
digestive tract organisation skeleton muscles

nervous system A. Prokop

Figure 13. Homologia entre sistema humano e Drosophila melanogaster. Para quase
todos os 6rgdos dos humanos existe uma correspondéncia nas moscas, € 0S genes
comuns regulam seu desenvolvimento, organizacao e funcdo. Fonte: <

https://droso4schools.wordpress.com/organs/>.
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Nos ultimos 50 anos, o estudo genético em D. melanogaster foi aplicado
com sucesso para decifrar 0s principais mecanismos subjacentes a inumeros
processos, incluindo desenvolvimento (LAWRENCE, 1992), sinalizacao
(CADIGAN & PEIFER, 2009), ciclo celular (LEE & ORR-WEAVER, 2003),
desenvolvimento, fungdo e comportamento do sistema nervoso (WEINER, 2000;
BELLEN et al., 2010) e, até mesmo, aspectos moleculares de doengas humanas
(BIER, 2005).

A semelhanca dos aspectos da biologia celular entre Drosophila e
humanos varia da expressao génica a sinaptogénese, conectividade neural,
sinalizacdo e morte celular (SANG & JACKSON, 2005). D. melanogaster
apresenta um sistema nervoso complexo, com capacidade de desenvolver
comportamentos como aprendizagem e memoéria, 0 que é atraente para estudos
de disfungdes neuronais e doencas neurodegenerativas (CHAN & BONINI, 2000).

Varias linhagens dessa mosca tém sido usadas para estudar doencas
neurodegenerativas, ja que seu sistema nervoso inclui olhos, 6rgaos olfativos,
gustativos, érgaos auditivos, cordao nervoso ventral (analogo a medula espinhal),
neurdnios sensoriais periféricos para nocicepcao e cérebro (HIRTH, 2010).
Atualmente, existem testes validados para avaliar a neurodegeneracdao em
Drosophila, como a avaliagdo da vacuolizacdo do cérebro central, através de
coloragdo histolégica e medidas de desempenho locomotor, pelo teste de
escalada (MCGURK, 2015; GEVEDON et al., 2019).

A utilizacdo da mosca-da-fruta reduz significativamente os custos para
estudos que visam o entendimento de mecanismos moleculares e fisiolégicos nos
mamiferos, auxiliando na identificacdo de novos alvos para terapia e triagem de
moléculas biologicamente ativas com potencial farmacolégico (REITER et al.,
2001; LLOYD & TAYLOR, 2010).

4.3 Sistema GAL4/UAS

Centros de estoque de D. melanogaster como o Bloomington (Estados
Unidos), mantém disponivel o acesso aos transgénicos. As linhagens sao
mantidas e classificadas conforme sua aplicacdo e construgdo génica (COOK et
al., 2010).
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As linhagens drivers sao construidas para o direcionamento da expressao
de um gene de interesse a um tecido especifico. As linhagens GMR-GAL4 e elav-
GAL4 possuem a expressao de GAL4 controlada por promotores génicos como o
repérter multiplo ocular (Glass multiple reporter) para o olho (LI et al., 2012) e
elav, para o cérebro, respectivamente.

Nas linhagens responders, a transcricao do gene alvo estd sob o comando
de uma sequéncia de ativacdo antecedente (UAS) dependente de GAL4 (COOK
et al., 2010) como a linhagem UAS-BACE1, APP, para o genes ligados a Doenga
de Alzheimer.

GAL4 é um fator de transcricdo identificado na levedura Saccharomyces
cerevisiae (ELLIOT & BRAND, 2008; ROOTE & PROKOP, 2013). Essa proteina é
composta por 881 aminoacidos e a sua inducao por galactose ativa genes como
GAL10 e GALA1, situados posteriormente as sequéncias de ativacdo antecedentes
(UAS) ou acentuadores (enhancer) (DUFFY, 2002; CARROLL, 2008). GAL4
possui pelo menos dois dominios, um para ligagdo ao DNA e outro para ativagéo
da transcricdo. Os acentuadores (UAS) eucaridticos podem agir a grandes
distancias dos promotores dos genes, para modular a transcricdo (CARROLL,
2008).

UAS e GAL4 n&o existem naturalmente em Drosophila (ELLIOT & BRAND,
2008; ROOTE & PROKOP, 2013). Estudos demonstraram que a expressao de
GAL4 é capaz de induzir a transcricdo de um gene repérter sob o controle de
UAS, em D. melanogaster (DUFFY, 2002).

A utilizacao do sistema GAL4/UAS em Drosophila, para estudo de
expressdao génica, comecou em 1993. A ativacdo do sistema acontece pelo
cruzamento entre linhagens expressando GAL4 (drivers) com linhagens contendo
o elemento UAS (responder). Como resultado do cruzamento, a progénie
expressa o0 gene ligado ao UAS sob um padrdo de expressao dirigido por GAL4
(ELLIOT & BRAND, 2008; ROOTE & PROKOP, 2013). Os genes de interesse
podem ser repérteres, diferentes isoformas de outras espécies ou RNAs de
interferéncia. De modo geral, o sistema GAL4/UAS possibilita o estudo da
expressao génica mediante andlise temporal e espacial, sendo considerada uma

das técnicas mais eficientes para analise de fungdes génicas (DUFFY, 2002).
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Nesse estudo o sistema GAL4/UAS foi utilizado para a construcao de duas

linhagens para o estudo da DA:

1. GMR-GAL4 > UAS-BACE1, APP: Machos portando o responder UAS
(UAS-BACE1, APP) foram cruzados com fémeas expressando o driver
GAL4 (GMR-GAL4). Parte da progénie (F1) resultante do cruzamento
apresenta superexpressdo de BACE1 e APP direcionado para o olho da
mosca (Figura 14A). As moscas dessa linhagem apresentam o fenétipo

de olho rugoso, como mostra a Figura 15.

2. elav-GAL4 > UAS-BACE1, APP: Machos portando o responder UAS
(UAS-BACE1, APP) foram cruzados com fémeas expressando o driver
GAL4 (elav-GAL4). Parte da progénie (F1) resultante do cruzamento
apresenta superexpressao de BACE1 e APP direcionado para o cérebro
da mosca (Figura 14B). As moscas dessa linhagem apresentam o

fenétipo de Alzheimer tardio.

A Fémea: Linhagem driver Macho: Linhagem responder
| R GAM II,| GALS
—l GMR [ GAL4 }— —[ UAS [ _BACE H UAS [ APP ]— - 3 '-ll
l Fendtipo
’ ‘,,»" olho rugoso
(ens ) Ceaa )™
B Fémea: Linhagem driver Macho: Linhagem responder
[ ~ GAM '| GAL4
—{ elav I GAL4 }— —[ UAS I BACE ]—[ UAS 1 APP }—= ] ‘i; |
l Fenctipo
’ ,,-"' Alzheimer
() @™

Figura 14. Utilizacao do sistema GAL4/UAS em Drosophila melanogaster, para
obtencao das linhagens utilizadas em nosso estudo. A. Obtengao da linhagem GMR-
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GAL4 > UAS, BACE1, APP. B. Obtengao da linhagem elav-GAL4 > UAS, BACE1, APP.
Fonte: RODRIGUES, T. S. (A autora).

Stereomicroscope 5x MEV 300x MEYV 550x MEV 1230x
F gt g =

Figura 15. Padrao fenotipico de olhos enrugados e normais em Drosophila
melanogaster. A1, B1, C1 e D1. Individuo da linhagem transgénica GMR-GAL4 > UAS-
BACE1, UAS-APP, com olho rugoso. A2, B2, C2 e D2. Individuo da linhagem selvagem

Canton S, apresentando olho normal. Imagens A1 e A2 capturadas por

estereomicroscopio em aumento de 4x. Imagens B1-B2, C1-C2, D1-D2, capturadas por
microscépio eletrénico de varredura nos aumentos 300x, 550x e 1230x, respectivamente.

4.4 Sistema nervoso de Drosophila melanogaster

O sistema nervoso da mosca e do homem é subdividido em segmentos
que compreendem nervos motores, que conduzem as informacdes do sistema
nervoso central para os musculos e glandulas e nervos sensoriais, que
conduzem informacdes dos Orgdos sensoriais para o sistema nervoso central
(SNC) (Figuras 16 e 17) (PROKOP, 2015). Ambos 0s organismos apresentam:

e Corpos celulares dos neur6nios que constituem o0s nervos sensoriais
localizados fora do SNC: em humanos, principalmente nos géanglios da raiz
dorsal e nas moscas, nos 6rgaos sensoriais na superficie do corpo.

o Orgdos sensoriais para visdo, olfato, paladar, audicdo, equilibrio,
informag@o mecanica, temperatura, estimulos nocivos;

e Subdivisdo do SNC em cérebro e medula ventral/espinal;

e Comportamentos coordenados pelo SNC;
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e (Cérebros altamente especializados e subdivididos em centros funcionais

(visao, olfato, coordenacédo motora, aprendizagem, etc.).

_______
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A. Prokop

Figura 16. Sistema nervoso do homem e Drosophila melanogaster. Organizagcao do
sistema nervoso em cérebro na cabega, medula ventral / espinhal no tronco e nervos

segmentares. Fonte: < https://droso4schools.wordpress.com/organs/>.

fly brain (horizontal view)

[ learning ] smell
human brain Ij vision l:l movement
(lateral view)

A. Prokop

Figura 17. Cérebro humano e de Drosophila melanogaster. Organizacdo do cérebro
humano e de Drosophila melanogaster, esquematizando a analogia entre as estruturas

dos dois organismos (em cores). Fonte: Fonte: <
https://droso4schools.wordpress.com/organs/>.
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4.5 Sistema digestivo de Drosophila melanogaster

Drosophila e humanos possuem trato gastrointestinal organizado de forma
semelhante (Figura 18). Nas moscas, esse sistema é dividido em estbmago e
intestino anterior, médio e posterior. Drosophila também possui glandulas
acessoérias que se assemelham aquelas encontradas em humanos. Podemos
destacar as glandulas salivares, que produzem saliva para a pré-digestao do
alimento; o corpo gorduroso, que desempenha funcdo semelhante ao figado
humano, sendo encontrado em todo o abdémen da mosca e um grupo de células
localizadas no cérebro da mosca que desempenha funcdo similar ao pancreas
humano (THOMPSON et al., 1992).

salivary
duct

crop

E salivary gland Mallghian
E esophagus tubule
[ stomach (crop)
[] insulin-producing cells

B small intestine (midgut)

[ large intestine & rectum (hindgut)
[ liver (fat body)

rectum

A. Prokop

Figura 18. Comparacao entre o sistema gastrointestinal da Drosophila
melanogaster e do homem. As cores indicam estruturas homoélogas e funcionalmente
relacionadas do canal alimentar. Fonte: < https://droso4schools.wordpress.com/organs/>.

Em mamiferos, apds a ingestao, o alimento passa pelo eséfago e depois
estbmago, onde o alimento se acumula. Apds esta etapa, o alimento passa para o
intestino delgado, ocorrendo a absorgdo de nutrientes e para o intestino grosso
onde ha absorcao de nutrientes, agua e eletrélitos. Por fim, atinge o reto e o anus,
onde ocorre a excrecdo (THOMPSON et al., 1992).
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Em Drosophila, o alimento passa pelo intestino anterior onde é
armazenado e move-se para o intestino meédio, para inicio da absorcdo de
nutrientes (EDGECOMB et al., 1994). Posteriormente, o alimento passa pelo
intestino grosso e reto, para absorcao de nutrientes, agua e eletrélitos e atinge o
anus, para excrecao (DEMEREC, 1950).

5 TECNOLOGIAS “OMICAS”

5.1 Espectrometria de massa para analise proteica

A espectrometria de massa (MS) consiste no estudo de ions na fase
gasosa, caracterizando-os por sua razdo massa carga (m/z) (HOFFMAN &
STROOBANT, 2007). Essa técnica apresenta um amplo espectro de aplicacdes
envolvendo identificagdo e/ou quantificacdo de compostos e elucidacdo de
propriedades quimicas e estruturais de moléculas, em diversas areas do
conhecimento, destacando-se sua utilizacdo nas é&reas biotecnoldgicas e
biomédicas.

O uso de espectrometria de massa na area de biologia, mais
especificamente em proted6mica (AEBERSOLD & MANN, 2016) foi impulsionado,
no final da década de 80, pelo advento das técnicas de ionizagdo ‘suave’
denominadas ESI (lonizacdo por Eletrospray) (FENN et al., 1989) e MALDI
(Dessorgdao a Laser Assistida por Matriz) (KARAS & HILLENKAMP, 1988)
possibilitando a ionizacdo de macromoléculas como, peptideos, proteinas e
acidos nucleicos, sem fragmentacao durante esse processo ou necessidade de
derivatizacao (AEBERSOLD & GOODLETT, 2001; GRIFFITHS, 2008).

O interesse na aplicacdo de espectrometria de massa para caracterizagao
de proteinas e o0 desenvolvimento dessa técnica de ionizagdo promoveu a
evolucao dos analisadores de massas sendo que, a partir da década de 90, se
tornaram disponiveis comercialmente, instrumentos com capacidade de
experimentos de espectrometria de massa sequencial (MSn), bem como
instrumentos contendo plataformas com diversas geometrias, combinando
diferentes analisadores como tempo de voo - tempo de voo (TOF-TOF),
quadrupolo - tempo de voo (Q-TOF) (MORRIS et al., 1996), ressonancia
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ciclotrbnica de ions com transformada de Fourier (FTICR) (KINTER, 2005;
ALTELAAR et al., 2012), armadilha de ions - orbitrap (LTQ-Orbitrap) (HU et al.,
2005) e quadrupolo - orbitrap (Q-Orbitrap) (MICHALSKI et al, 2011).

Paralelamente, o acoplamento de técnicas de separacao permitiu a analise
de misturas complexas, como os peptideos resultantes da digestao enzimatica de
amostras bioldgicas (Figura 19) (AEBERSOLD & GOODLETT, 2001). Além disso,
o desenvolvimento de ferramentas de bioinformatica para buscas em bancos de
dados possibilitou a andlise de estudos prote6micos (WASHBURN et al, 2001),
promovendo aumento significativo da aplicabilidade da técnica. Dessa forma, o
emprego de MS para a analise de proteinas tornou-se rotineiro, especialmente no
caso de sequenciamento e identificacdo de proteinas (AEBERSOLD &
GOODLETT, 2001; GRIFFITHS, 2008), determinacdao da massa molecular de
proteinas e complexos proteicos intactos (SHARON & ROBINSON, 2007),
identificacao e localizacao de modificacdes pds-traducionais (CRAVATT et al.,
2007) e quantificacao absoluta e relativa de proteinas (KELLIE et al., 2010;
MOHR et al., 2017).
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Figura 19. Esquema das abordagens Bottom Up e Top Down para a identificacao
de proteinas. Na abordagem Bottom Up (A) a digestdo enzimatica é utilizada para
clivar proteinas intactas em peptideos. Os peptideos sdo analisados por espectrometria
de massa em tandem. A identificagdo pode ocorrer através da identificacao
de peptideos in silicoa umbanco de dados de proteinaspor um algoritmo de
pesquisa. Na abordagem Top Down (B), proteinas intactas sdo analisadas diretamente
no espectrobmetro de massa, sem digestdo enzimatica. O precursor resultante e as
massas do fragmento sdo entdo combinados com as sequéncias candidatas de
um banco de dados de proteinas. Fonte: KELIE et al (2010).

Essa abrangente aplicagdo de espectrometria de massa para a
caracterizacao de proteinas € consequéncia de vantagens intrinsecas da técnica,
dentre elas a alta sensibilidade, rapidez, versatilidade, facilidade de operagao e
aplicabilidade universal, uma vez que ndo ha limite conhecido de tamanho da

proteina e complexidade do sistema a ser estudado, assim como ndo €
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necessario um elevado grau de pureza das amostras (HOFFMANN &
STROOBANT, 2007; GIANI et al., 2019).

5.2 Sequenciamento de DNA de Nova Geracao (NGS)

Um genoma € a informagdo genética completa de um organismo ou
célula. Os acidos nucléicos de fita simples ou dupla armazenam essas
informacées em wuma sequéncia linear ou circular. Os sequenciadores
automaticos podem gerar sequéncias, conhecidas como leituras (reads),
compreendidas em intervalos definidos de comprimentos, geralmente mais curtos
do que o tamanho dos genomas investigados. A sequéncia completa do genoma
deve ser deduzida da sobreposicao desses fragmentos mais curtos, um processo
definido como montagem do genoma de novo. Historicamente, principalmente
devido as restricbes de tempo e custo, apenas um individuo por espécie foi
abordado e sua sequéncia geralmente representa o genoma de 'referéncia’ para a
espécie (HEATHER & CHAIN, 2016).

Os genomas de referéncia orientam o ressequenciamento na mesma
espécie, atuando como um modelo para mapeamento de leitura. Eles podem ser
anotados para entender a fungcdo do gene ou usados para projetar experimentos
de manipulacdo de genes. Sequéncias de diferentes espécies podem ser
alinhadas e comparadas para estudar a evolugdo molecular (HEATHER & CHAIN,
2016).

O alto custo por base e baixo rendimento das plataformas de
sequenciamento de eletroforese capilar (CE) levou ao desenvolvimento das
chamadas tecnologias de sequenciamento de nova geracdo (NGS) que
forneceram um rendimento muito maior a um custo substancialmente mais baixo
(HEAD et al., 2014). Do ponto de vista técnico, a nova geragéo de abordagens de
sequenciamento resultou de uma combinagdo de avangos na microfabricacéo,
imagens de alta resolucéo e poder computacional (HEAD et al., 2014).

Todas as abordagens NGS dependem de uma preparacdo de 'biblioteca’
usando DNA nativo ou amplificado. Em um protocolo classico, apdés a
fragmentacdo do DNA e selecdo do tamanho do fragmento, os adaptadores sédo

ligados as extremidades de cada fragmento, seguido, geralmente, por uma etapa
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de amplificacdo do DNA. A biblioteca resultante é carregada em uma célula de
fluxo e sequenciada em reagdes de sequenciagdo paralela macica (FORDE &
O'TOOLE, 2013). Cada reagao envolve, geralmente, a incorporagdo gradativa,
mediada por polimerase, de desoxinucleotideos marcados com fluorescéncia em
uma cadeia de DNA alongada, imobilizada em uma superficie.

Em 2004, antes da introducao das tecnologias NGS, 192 sequéncias de
genoma bacteriano foram totalmente concluidas e publicadas (FORDE &
O'TOOLE, 2013). Até marco de 2021, aproximadamente 420.000 sequéncias de
genoma bacteriano foram concluidas, publicadas e depositadas em bancos de
dados online (Figura 20).

® Proteobacteria

® Firmicutis

B Actinobacteria
Other

Figura 20. Genomas bacterianos publicados. Distribuicdo filogenética de projetos de
sequenciamento de genoma bacteriano concluidos até marco de 2021. Dados
consultados em: <https://www.ncbi.nlm.nih.gov/>. Fonte: RODRIGUES, T.S. (A autora).
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6 OBJETIVOS

6.1 Objetivo geral

O objetivo desse trabalho foi analisar o secretoma de bactérias isoladas do alimento
larval de abelhas sem ferrdo brasileiras, das espécies Melipona quadrifasciata e
Tetragonisca angustula, em Drosophila melanogaster modelo para Doenca de Alzheimer.

6.20bjetivos especificos

Apos tratar larvas (L1) da linhagem transgénica GMR,GAL4;UAS-BACE1,UAS-
APP (modelo olho rugoso) e adultos da linhagem transgénica elav-GAL4; UAS-
BACE1,UAS-APP (modelo de Alzheimer) de D. melanogaster, com 0s secretomas
bacterianos:

e Verificar a toxicidade dos secretomas bacterianos em linhagens transgénicas de
Drosophila melanogaster, através de teste de sobrevivéncia e andlise da taxa de
ecloséo;

e Avaliar o fenétipo de olho rugoso de moscas da linhagem GMR-GAL4; UAS-
BACE1, UAS-APP, por estereomicroscopio, microscopia eletrénica de varredura e
seccoes histolégicas;

e Avaliar a taxa de escalada de moscas da linhagem transgénica elav-GAL4; UAS-
BACE1, UAS-APP;

e Quantificar os niveis de B-amiloide dos cérebros de moscas da linhagem
transgénica elav-GAL4; UAS-BACE1, UAS-APP;

e Realizar analise histol6gica do cérebro de moscas da linhagem transgénica elav-
GAL4; UAS-BACE1, UAS-APP;

e Realizar a andlise proteémica dos secretomas bacterianos que apresentaram
melhor efeito antineurodegenerativo nos testes com D. melanogaster.

e Realizar analises in silico dos peptideos encontrados na analise proteémica, a fim
de prever a bioatividade potencial, bem como o docking molecular entre suas
sequéncias e os alvos terapéuticos BACE1 e 3-amiloide.

e |dentificar peptideos que sirvam de protétipo para novos farmacos que possam
prevenir ou tratar a Doenga de Alzheimer.
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Abstract

Alzheimer's disease is a progressive neurodegenerative disorder characterized by the
presence of amyloid plaques, neurofibrillary tangles, inflammation, oxidative damage,
synapse loss, and selective neuron death. Inhibition of BACE1 expression has been
considered a therapeutic target for the prevention and treatment of Alzheimer's disease.
This study evaluated BACEI inhibitory activity of bacterial secretome, isolated from
stingless bees’ larval food of native Brazilian species, Melipona quadrifasciata and
Tetragonisca angustula using Drosophila melanogaster as model organism. We assessed
the survival rate of transgenic fly with rough eye phenotype, generated by overexpression
of human APP and BACEI orthologs in the developing nervous system of the eye.
Morphological modifications in the eyes of newly hatched D. melanogaster were examined
by stereomicroscopy, scanning electron microscopy and histology. We carried out the
proteomic analysis of the most efficient secretomes searching for bioactive peptides with
inhibitory action on BACEl and p-amyloid plaques. We verified reduction of
morphological alterations in the eye, presenting compound eyes with smooth surface,
difference in the fusion of the omatids and presence of a large number of bristles when
compared to the control groups. Histological sections showed agreement with this
improvement, exhibiting compound eyes with regular morphology and organized surface.
The proteomic analysis of the secretomes with the best performance in the tests indicated,
through in silico analysis, the presence of peptides that interact with BACE1 and B-amyloid
plaques, potentially modifying the action of these proteins and decreasing the
neurodegenerative process. Our analysis found two peptides that interact with BACE1 and
B-amyloid plaques, respectively, with potential action in reducing the neurodegenerative
process of Alzheimer's disease. We herein conclude that the bacterial secretome of the
larval food of stingless bees proved to be a potential source of therapeutic molecules

targeting neurodegenerative disorders, such as Alzheimer's disease.

Keywords: Alzheimer’s disease; Drosophila melanogaster; stingless bees’ larval food;

secretome; neurodegeneration; B-amyloid
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1. Introduction

Alzheimer's disease (AD) is the most common cause of presenile and senile
dementia in developed and developing countries [1, 2]. The incidence of AD increases
exponentially with age, and the number of affected people is increasing as a result of
population aging. Worldwide prevalence is estimated at 135 million sick people by 2050
[3]. AD is a progressive neurodegenerative disease affecting the central nervous system,
characterized by progressive loss of neurons in the hippocampus and cerebral cortex, thus
compromising information processing and storage. Clinically, AD patients experience
short-term memory, word search and language difficulties resulting in memory loss and
slow progression of cognitive impairment [4-6]. The main histopathological features of AD
are the neurofibrillary tangles, formed by hyperphosphorylated Tau protein filaments and -
amyloid (AP) deposits generating extracellular senile plaques, derived from sequential
proteolytic processing of amyloid precursor protein (APP) [7-9].

Accumulation of amyloid plaques occurs due to inadequate cleavage of APP in the
brain [10, 11]. Normally, APP is cleaved in both its extracellular and intracellular domains
by the a- and y-secretase enzymes, resulting in a 40-amino acid polypeptide, characterizing
the non-amyloidogenic pathway and causing age-dependent learning deficits, but without
neurodegeneration. When APP is cleaved by B-secretase (BACEl) and y-secretase
enzymes, a 42-amino acid polypeptide is generated (AP4z). The two extra amino acids in
this peptide increase the hydrophobicity, promoting their aggregation and formation of
amyloid plaques. These plaques are responsible for disrupting normal cell processes in the
brain through oxidative stress, resulting in loss of synaptic activity and death of neurons
[12-15].

Since AP protein is derived from APP and cleaved by two membrane-bound
enzymes, -secretase and y-secretase complex, the modulation of these enzymes to inhibit
AP production has been an important focus in the development of therapies for AD. Some
compounds have been evaluated as BACE] inhibitors, but none had succeeded in the early

stages of clinical trials due to lack of efficacy or undesirable side effects [16-20]. Hence,
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further studies are needed in the search of new molecules with pharmacological potential to
prevent and treat AD.

Honey, propolis and fermented pollen obtained from stingless bees have
immunomodulatory, antioxidant, anti-inflammatory, analgesic, sedative, expectorant and
hyposensitizing effects [21-25]. Interestingly, since larval food is a mixture of fermented
pollen, honey and mandibular secretion, it is possible that various microorganisms present
in it secrete biologically active molecules that may be beneficial to human health.

Thus, the aim of this study was to evaluate neuroprotective effects of different
bacterial secretomes, isolated from stingless bees’ larval food (Brazilian native) Melipona
quadrifasciata and Tetragonisca angustula. These effects were evaluated on survival rate
of transgenic Drosophila melanogaster with rough eye phenotype, generated by
overexpressing human APP and BACEI] orthologs in the developing nervous system of the
eye. Morphological changes in compound eyes of newly hatched transgenic flies were also
examined by optical microscopy, scanning electron microscopy (SEM) and histological
sections. We carried out the proteomic analysis of bacterial secretomes in order to assess
the bioactive peptides with the potential to reduce the neurodegenerative process. Finally,
we performed in silico analyzes to predict three-dimensional conformations of the peptides

and their interaction with the target sites (BACE1 and B-amyloid plaques).

2. Results

2.1 Bacteria isolated from stingless bees’ larval food

The colonies of the bacteria were numerically represented as 7, 9, 12, 14, 20, 27, 45
and 54. Table 1 lists the bee species whose larval food was collected, isolated colonies and
culture medium for isolation. The secretomes of these microorganisms were collected for
food supplementation of GMR-GAL4 > UAS-BACEI, UAS-APP transgenic flies, amyloid-
induced neurodegeneration model fly, and named as S7, S9, S12, S14, S20, S27, S45 and

S54, according to their respective microorganism.
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2.2 Bacterial secretomes do not affect the survival and hatching rates of the

Drosophila melanogaster rough eye phenotype

The larvae of amyloid-induced neurodegeneration model fly treated with different
bacterial secretomes were examined in their metamorphosis process. Thirty flies were
evaluated in each treatment group. The group treated with water, negative control (NC),
showed transformation rates of 86.6% of larvae into pupae and 70% of pupae into adults
(Figure 1A). Treatments with secretomes did not significantly change the survival rate of
flies during their metamorphosis when compared to the negative control. There was no
significant difference in hatching rates in the groups treated with bacterial secretomes, in

comparison to the negative control (Figure 1B).

2.3 Effects of bacterial secretomes isolated from stingless bees’ larval food on amyloid-

induced neurodegeneration model flies

To evaluate the bacterial secretome isolated from stingless bees’ larval food in the
amyloid-induced neurodegeneration model fly, morphological changes in the eyes were
assessed. Wild-type Canton-S strain, used as a control, showed normal, well-organized and
smooth external ocular surface under stereomicroscope and scanning electron microscopy
(Figures 2-Al, B1, C1 and D1).

External phenotypic changes were observed in all groups of GMR-GAL4 > UAS-
BACEI, UAS-APP flies photographed in stereomicroscope (5x magnification). Distinction
between treatment effects using different bacterial secretomes was only possible after
observation by SEM. In this analysis, amyloid-induced neurodegeneration model transgenic
flies treated with water showed altered ocular morphology, uneven surface and edges,
rough appearance and fusion and/or absence of omatids (Figures 2-A2, B2, C2 and D2).
Transgenic flies treated with S7 (Figures 2-A3, B3, C3 and D3), S12 (Figures 2-AS, BS, C5
and D5), S14 (Figures 2-A6, B6, C6 and D6), S20 (Figures 2-A8, B7, C7 and D7), S45

(Figures 2-A9, B9, C9 and D9) and S54 (Figures 2-A10, B10, C10 and D10) secretomes
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showed improvement in eye morphology, but only in some regions of the ocular edges,
keeping the rough appearance on the ocular surface and with a small or nonexistent number
of bristles on the omatids. Transgenic flies treated with S9 (Figures 2-A4, B4, C4 and D4)
and S27 (Figures 2-A8, B8, C8 and D8) secretomes showed less ocular morphological
defects, presenting compound eyes with smooth surface, recovery of omatids in the central
area and in the edges, differences in the size of omatids, without fusion between them and
with presence of large number of bristles, characterizing putative anti-neurodegenerative

effect.

2.4 Protective effect of bacterial secretomes of stingless bees’ larval food in the
histology of the fly’s eye

Eye sections of the wild-type Canton S strain and w''’®

mutant strain (used as
control strains), as well as amyloid-induced neurodegeneration model flies treated with
different bacterial secretomes of stingless bees’ larval food or water (NC) were examined to
verify the effects on the histology of the eye. For this analysis, we selected bacterial
secretomes that showed the best effects when evaluated by light microscopy and SEM: S9,
S27 and S54. For comparison, we included ocular sections of the bacterial secretome S14,
which did not improve the phenotype of rough eye. Histological results demonstrated a
high level of organization on the ocular surface and complete photoreceptor integrity in

Canton S (Figure 3A) and wll®

(Figure 3B) control strains.

The GMR-GAL4 > UAS-BACEI, UAS-APP treated with water (NC) had an
irregular ocular surface and photoreceptor neurodegeneration (Figure 3C). GMR-GAL4 >
UAS-BACEI, UAS-APP transgenic flies treated with S9 (Figure 3D) and S27 (Figure 3E)
supernatants showed ocular morphology with an organized and regular surface, despite the
incomplete development of the omatid structure when compared to the Canton S and

w1118 strains. There was no complete reduction of the photoreceptor degeneration. Eye

section analysis of GMR-GAL4 > UAS-BACE] flies treated with S14 supernatant (Figure
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3F), which showed no recovery of rough phenotype in stereomicroscope and SEM,

exhibited an irregular ocular surface compared to those treated with the other supernatants.

2.5 Proteomic analysis of bacterial secretomes

The two best bacterial secretomes that recovered the rough eye phenotype,
identified as S9 and S27, were analyzed by mass spectrometry. Twenty-eight peptides
unique to the S9 secretome (Table S1, Figure S1), 16 unique to the S27 secretome (Table
S2) and 58 peptides common to both secretomes were identified, the latter derived from 55

different proteins (Table 2).

2.6 Molecular Docking

The bioactivity prediction of the 58 peptides identified simultaneously in the S9 and
S27 secretomes was calculated using the Peptide Ranker software. Of these, only the 4
sequences with at least 9 amino acids and a classification of at least 0.05 were considered in
our analysis. The best 3D model for each of them was selected for molecular docking with
B-secretase (BACE) and B-Amyloid (Table 3). Figure 4 shows the 3D images of the

interaction of these peptides with their respective target site.

2.7 Toxicity and solubility predictions for potential peptides

After analysis using the ToxinPred software, the AEGAVPMTCPRGK peptide,
selected for docking with BACEI, showed no toxicity and appeared to be highly soluble in
water. The findings revealed a molecular weight of 1316.73g/mol, isoelectric point of 8.57
and a net charge of 0.9 at pH 7. The peptide TPPITYFLK, selected for docking with B-
amyloid, showed no toxicity and appeared to have low water solubility. Its molecular
weight was 1079.43g/mol, with isoelectric point of 8.94 and a net charge of 1.0 at pH 7
(Table 4).
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3. Discussion

Alzheimer's disease is a progressive neurodegenerative disorder characterized by
the presence of amyloid plaques, neurofibrillary tangles, inflammation, oxidative damage,
synapse loss, and selective neuron death [26-30]. Remarkably, inhibition of BACEI
expression has been considered a therapeutic target for its prevention and treatment [31,
32].

Studies have selected peptides and heterocyclic compounds as potential inhibitors of
BACEI, which failed in the final stages of clinical tests/trial because they did not perform
well as AD treatment drugs. Thus, the search for new biologically active molecules that
treat AD has aroused the interest of several researchers and pharmaceutical companies [33-
35].

The stingless Brazilian bees’ larval food is composed of a mixture of fermented
pollen, honey and mandibular secretion of nurse bees. The brood cells in which this food is
found are moist, dark, nutritionally rich microenvironments with acidic pH and temperature
around 30°C, favoring the growth of a wide range of microorganisms. This microbiota and
its secretome vary according to bee species and local flora. Knowledge about this
biodiversity of microorganisms and their secretomes is still scarce, especially regarding
their function.

In stingless bee colonies, bacteria of the genera Bacillus and Streptomyces have
been identified and appear to play important role in secreting enzymes that ferment and
convert pollen constituents and secrete antibiotics, respectively [36-42]. Researchers have
isolated Bacillus from pollen pots and larval food from Melipona quadrifasciata and found
that these microorganisms are capable of secreting lipids, carbohydrates and protein
cleavage enzymes [38, 43]. Beneficial effects of honey and propolis on human health have
been identified [21-25], but there are no studies investigating the effects of bacterial
secretomes isolated from stingless bees’ larval food. Clearly, the present study is relevant,
being the first to search for new molecules of biotechnological potential to prevent or treat

neurological diseases using the bacterial secretomes of native Brazilian stingless bees.
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For more than a century, D. melanogaster has been used as model organism in Life
Sciences for development of scientific studies and was one of the first species to have its
genome sequenced [44]. Upon completion of human genome sequencing, the homology
observed between both genomes reinforced the role of this fly as a model organism for
understanding human biology, as well as the mechanisms of certain diseases.

Approximately 75% of human disease-related genes are estimated to have
functional orthologs in D. melanogaster. The homology between the sequences of these
genes has about 40% identity, 80% - 90% in conserved functional domains [45]. Fruit fly
studies have substantially altered estimates of the evolutionary relationship between
vertebrate and invertebrate organisms. Over the past 50 years, the genetic study on D.
melanogaster has been successfully applied to decipher the major mechanisms underlying
many processes, including development [46], signaling [47], cell cycle [48], system
development, function and behavior [49] and molecular aspects of human diseases [50].

The use of D. melanogaster as a model for the study of diseases is consolidated due
to the high degree of biological conservation between the fruit fly and human genomes, the
availability of manipulation techniques and the advantage of the short life cycle of flies
[51]. Additionally, the use of D. melanogaster significantly reduces costs for studies aimed
at understanding molecular and physiological mechanisms applicable to mammals, thereby
being of help to identify new targets for therapy [52, 53] and to promote screening for
treatment molecules.

The similarity of cell biology aspects between Drosophila and humans ranges from
gene expression to synaptogenesis, neural connectivity, signaling, and cell death [54]. D.
melanogaster presents a complex nervous system, being attractive for studying neuronal
dysfunction and neurodegenerative diseases, with the ability to develop behaviors such as
learning and memory [55].

The possibility of overexpressing proteins involved in the neurodegenerative
process, mimicking human diseases, increases the potential of this model in the study of
these pathologies [54]. The GAL4/UAS system was used for overexpression of interest

genes in a specific fly tissue. In the GAL4 system, the enhancer directs the expression of the
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transcriptional yeast activator GAL4 in specific cells and tissues and GAL4 directs the
transcription of the GAL4-UAS target genes in an identical pattern [56-57].

The analysis of secretomes of microorganisms isolated from larval food of stingless
bees (Brazilian native) through treatment of disease model organisms may culminate in the
isolation of molecules with pharmacological potential to treat neurodegenerative disorders.
These pathologies have a high incidence in the world population, and alternative
approaches to their treatment become relevant.

In this work, we isolated 2 bacteria of stingless bees’ larval food from the species
Tetragonisca angustula and 6 from the species Melipona quadrifasciata. The supernatants
of these bacteria were collected and used to supplement food of the GMR-GAL >UAS-
BACEI, UAS-APP transgenic flies, which overexpress the human APP and BACEI
orthologous genes in the eye, generating the rough eye phenotype and characterizing an
amyloid-induced neurodegeneration model fly.

We reported that the treatment with the secretomes of stingless bees’ larval food did
not alter the survival rate of the flies nor did it affect the hatching rate of pupae in adults.
These data showed that the treatment with the secretomes was not toxic to the flies and did
not interfere with their metamorphosis process. These are the first evidences of the
beneficial action of secretomes in the transgenic lineage of D. melanogaster.

The analysis of the phenotype of the rough eye of the model fly with amyloid-
induced neurodegeneration revealed considerable antineurodegenerative effects in
individuals treated with S9 and S27 secretomes, based on the optical microscopy, SEM and
histological sections observations. The results obtained showed that both secretomes acted
on the D. melanogaster transgenic lineage, modifying the rough eye phenotype and
recovering the structure of the omatids. These findings indicate the presence of biologically
active molecules in the content of the samples, which are responsible for the
neuroprotective effect.

When we recall the amyloidogenic pathway involved in the Alzheimer's process, we
hypothesized three possible sites of action for these bioactive peptides, namely: 1)

Interaction between the peptide and BACE1 (B-secretase), preventing this enzyme from
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erroneously cleaving the APP protein; 2) Interaction between the peptide and APP or AB42,
making these proteins unavailable for erroneous cleavage of BACEL; and 3) Interaction
between the peptide and B-amyloid plaques, so that, despite the existence of plaques, they
are neutralized by binding to the peptide, avoiding its toxicity and deposition in the nervous
system. The use of in silico methods based on bioinformatics has been shown to be efficient
in predicting sequences of peptides with biological action for the prevention and treatment
of diseases [58]. For this reason, we carried out the docking analysis of the potentially more
bioactive peptides against BACE1, APP and amyloid plaques.

The sequences of the bioactive peptides are inactive when inside the protein that
originated them and can be obtained, among other ways, by hydrolysis of these proteins
using digestive enzymes. The studied bacterial secretomes were prepared with enzymatic
action of trypsin, before their proteomic analysis [59]. Interestingly, this enzyme is also
present in the digestive system of D. melanogaster, and we performed a simulated
gastrointestinal digestion, mimicking the process in the fly and obtaining bioactive peptides
from the bacterial proteins in the secretomes [60].

The prediction of peptide toxicity was in agreement with the beneficial effects
observed 1n our tests, since none of them were toxic. We found that the
AEGAVPMTCPRGK peptide exhibited good water solubility. Water solubility has a great
influence on the degree of in vivo absorption of bioactive peptides, and water-soluble
peptide sequences generally have high biological availability [61]. Although the prediction
of water solubility of the TPPITYFLK peptide is low, this does not prevent its potential
bioactivity. Future analyzes can be done by generating mutants of this sequence in order to
improve its degree of solubility, optimizing its absorption in the gastrointestinal tract or its
use for injection in organisms.

In order to assess the interaction between the potentially bioactive peptides and the
BACE] and beta-amyloid target sites, molecular docking procedures were performed. As
shown in 3D images, although the peptide does not interact with the BACEI active site
(conserved catalytic dyad formed by Asp32 and Asp 228), there was interaction with

Thr72, Pro70, Tyr71 and Val69 residues in the enzyme flap region. This hook loop located
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in the N-terminal portion of the molecule (residues 67-75) is perpendicular to the active
BACEI! site, partially covering it, being the most flexible region of B-secretase [62, 63].
Changes in the flap, through the binding of a peptide, for example, seem to control the
access to the target site, correctly positioning the substrate for the catalysis to occur [64].
Thereby, the docking of the AEGAVPMTCPRGK peptide could modify the conformation
of the flap, blocking the access of APP to the target site of BACE1. This would inhibit the
action of this enzyme, preventing the erroneous cleavage of APP and the appearance of
beta-amyloid plaques. Thus, a positive interaction would be maintained between the
peptide and BACE].

Hong and colleagues (2000) observed crystalline structures of complexes formed
between BACE] and peptides that brought up the flap into a closed conformation, moving
closer to the Asp dyad [65, 66]. The structures of this study are similar to that of the peptide
sequence AEGAVPMTCPRGK, containing residues of Ala and Glu, being yet another
indication of the potential binding of this highly bioactive peptide with BACEI,
culminating in its inhibition, and preventing the neurodegenerative process triggered by the
amyloid pathway.

The non-amyloidogenic pathway of APP protein cleavage is characterized by its
sequential cleavage by the enzymes a and y-secretase, generating a peptide of 40 amino
acids. The APP amyloidogenic pathway, involved in the AD neurodegenerative process,
consists of the cleavage of this same protein by a and B-secretase, generating the 42-amino
acid A peptide [67]. Despite the small difference in the number of amino acids, AB42 is
more toxic and has a high aggregating power, although AB40 is more abundant in plasma
[68, 69, 70, 71]. Xiao et al. (2015) [72] identified a single B triple motif in the structure of
AB42, formed by three B leaves that cover the residues 12-18 (B1), 24-33 (B2) and 36-40
(B3) . This tertiary fold is highly different from that observed in AB40 and seems to give
AP42 the format responsible for its cytotoxicity and aggregation, resulting in the formation
of B-amyloid plaques found in patients with neurodegenerative diseases.

When predicting the docking between TPPITYFLK and B-amyloid plaques, the 3D

image generated from this interaction showed that the connection between the peptide and
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the amyloid plaque was efficient and altered its conformation, causing the opening of one
of its domains. Based on those reported above, we believe that the conformational change
in the plaque, caused by the binding to the potentially active peptide TPPITYFLK, undoes
its triple motif . The change in this tertiary fold could neutralize B-amyloid plaques,
reducing its cytotoxicity and preventing its neuronal accumulation. We hypothesize that the
TPPITYFLK peptide could play an active role in preventing Alzheimer's disease.

Thus, our study was able to predict the docking of two peptides with potential
bioactivity with BACE1 (AEGAVPMTCPRGK) and B-amyloid (TPPITYFLK), valuable
sites for the search of therapies for the prevention and treatment of AD. In fact, the
connection between them was efficient and brings good prospects for their clinical use.

We concluded that the bacterial secretomes of the larval food of Brazilian stingless
bees proved to be a potential source of therapeutic molecules targeting neurodegenerative
diseases. Furthermore, our group has explored the biotechnological potential of
microorganisms isolated from the larval food of native Brazilian stingless bees, evaluating
their antimicrobial and antitumor effects, as well as their therapeutic use in other

pathological processes.

4. Material and Methods

4.1 Biological material

Were tested eight bacterial secretomes (S7, S9, S12, S14, S20, S27, S45 and S54)
obtained from bacteria in the microorganism bank Collection of isolated stingless bee
microorganisms LABGEN UFU (COMIALG) of Laboratory of Genetics - Federal
University of Uberlandia.

The secretomes analyzed in this study were obtained from bacteria isolated from the
Brazilian stingless bee hives Melipona quadrifasciata and Tetragonisca angustula, located
at the UFU Meliponary (S 180 55 '/ W 450 17') of the Biotechnology Institute of the

Federal University of Uberlandia, Uberlandia, Minas Gerais , Brazil.
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4.2 Obtaining bacterial secretome

To obtain the supernatant of each bacteria isolated from larval food, 50 mL of Luria
Bertani (LB) medium was prepared and autoclaved, followed by inoculation of 10 uL of
bacteria. The medium was incubated in a bacteriological incubator at 37°C for 48 hours
under 200 rpm agitation. Medium was transferred to a sterile 15 mL tube and centrifuged at
1000g. The supernatant was filtered through a sterile 0.22 pm syringe filter. The

supernatants/secretomes were frozen in -20°C freezer until its use in flies’ treatment.

4.3 Fly stock and Genetics

The strains under study were kept in stock at the Genetics Laboratory of the
Institute of Biotechnology (IBTEC) of the Federal University of Uberlandia (UFU) in
flasks containing ¥ of Bloomington culture medium (1500 mL of water, 27g of yeast, 15¢g
soybean meal; 109.5g corn meal; 9g agar; 115.5g glucose syrup; acid and Nipagin solution)
in BOD incubator (Biochemical Oxygen Demand, SOLAB) at 25°C, 70% relative humidity
and 12:12 hours light-dark cycle.

GMR-GAL4 (stock number 1104), UAS-BACEI, UAS-APP (29877), w'''® (3605)
and Canton S (9514) strains were purchased from Bloomington Stock Center at the
University of Indiana. The GAL4/UAS system was used for overexpression of human APP
and BACEI orthologs in the fly eyes [56-57]. In our study, GMR-GAL4 (driver strain)
directs the expression of the human APP and BACEI orthologs (UAS-BACE]I, responder
strain) to fly compound eyes. From crossing GMR-GAL4 females and UAS-BACEI males,
we obtained the overexpression of the human APP and BACEI orthologs in the fly eyes,
generating the rough eye phenotype in D. melanogaster, an amyloid-induced

neurodegeneration model fly.
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4.4 Experimental groups

Eight bacterial secretomes isolated from the stingless bees’ larval food, 6 isolated
from Melipona quadrifasciata and 2 from Tetragonisca angustula, were tested in GMR-
GAL4 > UAS-BACEI, UAS-APP transgenic flies of D. melanogaster. Morphological and
structural changes in the compound eyes of newly hatched adult flies after supplementation
with the secretomes were evaluated. Eggs from the progeny of GMR-GAL4 > UAS-BACEI,
UAS-APP were collected in oviposition flasks containing agar-based culture medium (4%)
and sucrose-supplemented yeast. The collected eggs were placed in transparent polystyrene
vials (94 x 25 mm) containing Yoki® mashed potato medium (1g) supplemented with
supernatant (2.5 mL), ensuring that flies were fed with the secretomes since the first larval
stage. Negative control was composed of larvae treated with mashed potato medium

prepared with water.

4.5 Survival test and hatching rate of flies

For the survival test and hatching rate of flies, thirty third instar larvae were treated,
through food supplementation with each secretome. For the survival test, the number of
larvae that became pupae and the number of pupae that hatched in adults were recorded.
The hatching rate of the flies was calculated by adopting the number of pupae as 100% in
relation to the number of hatched adults. Treated flies and negative control (NC, water)

were handled under the same conditions.

4.6 Stereomicroscopy and scanning electron microscopy of flies’ eyes

From the egg stage, GMR-GAL4 > UAS-BACEI, UAS-APP flies were kept in
polystyrene vials containing mashed potato medium (lg Yoki® mashed potato)
supplemented with 2.5 mL bacterial supernatant isolated from stingless bees’ larval food

(secretome). The control group received 1g of Yoki® Mashed Potato with 2.5 mL of water
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or LB medium. The newly hatched adult flies were anesthetized with ethyl ether and placed
in a Petri dish at room temperature. The morphology of compound eyes was observed and
photographed at 5x magnification using a stereomicroscope (Nikon SMZ745) equipped
with a 2.3 megapixel DFK 23UX236 (Sony) camera.

For SEM, newly hatched adult flies were collected, anesthetized with ethyl ether
and kept in 70% ethanol. For analysis, the flies were dried at room temperature and
metallized with gold. The outer surface morphology of the compound eye was visualized

using the scanning electron microscope (Zeiss EVO MA10) operated at 5 kV.

4.7 Histological analysis

For histological analysis, newly hatched adult flies were collected, anesthetized with
ethyl ether and fixed in Carnoy solution (6: 3: 1, 99% ethanol, chloroform and glacial acetic
acid) for 24 hours and processed in 70% ethyl alcohol (2x), 80% ethyl alcohol (2x), 90%
ethyl alcohol (2x), absolute ethyl alcohol (2x), xylol (2x), 60% liquid paraffin (2x) for 15
minutes in each repetition. The flies’ heads were aligned in an apparatus [73] and
embedded in paraffin. The blocks were sectioned at 3 um thick using a semi-automatic
microtome (SLEE CUT5062). The sections were dehydrated, stained with hematoxylin and
eosin and mounted. The images were captured under light microscope (Leica) at 40x

magnification, through a coupled image capture system (LAS EZ software).

4.8 Proteomic analysis

For the proteomic analysis, the proteins were reduced with 100 mM dithiothreitol
(DTT), alkylated with 0.5 M iodoacetamide and digested with trypsin (0.01 pg/uL). The
desalination step was performed with ZipTips C18 (Millipore, Billerica, MA, United
States).

The proteomic analysis was performed on the Liquid Chromatography-Electrospray

Ionization — Quadrupole - Time of Flight-Mass Spectrometry (6520B LC-ESI-Q-TOF-MS)
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from Agilent. The chromatographic parameters were AdvanceBio Peptide Mapping column
(Agilent) with 2.1 mm internal diameter, 10 cm of length and 2.7 um particles. The mobile
phase was composed by water (A) and acetonitrile (B), both acidified with formic acid
(0.1% vv), with the gradient: 2% B (0 min), 2% B (10 min), 15% B (40 min), 50% B (150
min), 70% B (200 min), 98% B (220 min), 98% B (300 min), 100% B (301 min) and 100%
B (400 min), in a flow of 400 uL/min. The ionization parameters were nebulizer pressure of
45 psi, drying gas at 8L / min at a temperature of 325 °C and 4KV energy was applied to
the capillary.

The analysis of the raw data was performed in the Spectrum Mill software (Agilent)
using the Swiss-Prot database (337654 results in November 2020). Carbamidomethylation
was set as fixed modification. Maximum missed cleavages were selected in two for trypsin.
The search parameters were as follows: precursor mass error and the fragments: 20 ppm;

product mass tolerance: 50 ppm; and maximum ambiguous precursor charge: 3.

4.9 Screening of bioactive peptides

The proteins were digested with trypsin in proteomic protocols, which can mimic
the digestive process in D. melanogaster gut and create bioactive peptides from bacterial
proteins. Only peptides present in both samples (S9 and S27) were used for bioactivity

prediction using the Peptide Ranker (http://distilldeep.ucd.ie/PeptideRanker/) tool. The

peptides with rank above 0.5 were considered as potential bioactivity.

4.10 Peptides tertiary structure prediction

The 3D structures of peptides were created using PEP-FOLD 2.0

(https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal. py#forms::PEP-FOLD).  Analysis
of the global energy and the contribution of the atomic contact energy (ACE) were carried

to determinate the best 3D models of each peptide.
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4.11 Molecular Docking

The PDB file from BACE (3TPJ) and 42-Residue Beta Amyloid Fibril (2MXU)

were retrieved from Protein Data Bank (https://www.rcsb.org/). The online docking was

performed by using Path Docking (https://bioinfo3d.cs.tau.ac.il/PatchDock/) and refined by

Fire Doock (http://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) with the best sequence chosen

for docking with BACE] and for docking with 42-B-amyloid Fibril Residue.
To estimate the possible targets of the selected peptides, we use the website Swiss

Target Prediction (http://www.swisstargetprediction.ch/).

4.12 Toxicity and solubility predictions for potential peptides

The Toxin Pred tool (http://crdd.osdd.net/raghava/toxinpred/) was utilized to predict

the toxicity of potential peptides based on their important physicochemical properties. The

peptide property calculator Innovagen (http://www.innovagen.com/proteomicstools) was

used to calculate the solubility of peptides. The results were calculated based on the

isoelectric point and the peptide length.

4.13 Statistic analysis

Statistical comparisons regarding survival rates and hatching rates of flies were

performed using the Chi-square test for reasons of independent samples.
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Abbreviations

AD Alzheimer's disease

APP amyloid precursor protein
BACEI1 [-secretase enzyme

AB4 B-amyloid protein

MRS Agar Man Rogosa Sharpe

TSA Agar Tryptic Soy Agar

BHI Agar Brain Heart Infusion

LB Luria Bertani

D. melanogaster
mL

Drosophila melanogaster
milliliter

um micrometer

°C degrees Celsius
rpm rotations per minute
uL microliter
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IBTEC Institute of Biotechnology

UFU Federal University of Uberlandia

BOD Biochemical Oxygen Demand

NC negative control

SEM scanning electron microscopy
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FAPEMIG Fundagdo de Amparo a Pesquisa do Estado de Minas Gerais
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Table legends:

Table 1. Bacteria isolated from stingless bees’ larval food.

Table 2. List of peptides identified in both secretomes (S9 and S27) and the respective proteins that are

derived from.

Table 3. Characteristics of the best 3D models of peptides with potentially bioactive properties.

Table 4. Characteristics of the best 3D models of peptides considered to be potentially bioactive for

molecular docking.

Table S1. List of peptides identified exclusively in the S9 secretome and the respective proteins that are
derived from.

Table S2. List of peptides identified exclusively in the S27 secretome and the respective proteins that are

derived from.

Figure legends

Figure 1. Effect of bacterial secretome isolated from stingless bees’ larval food on survival and
hatching rates of adult flies in amyloid-induced neurodegeneration model fly. A. Survival rates of
amyloid-induced neurodegeneration model fly (GMR-GAL4 > UAS-BACE1, UAS-APP) treated with
different bacterial secretomes isolated from stingless bees’ larval food of the species Melipona
quadrifasciata and Tetragonisca angustula. Transgenic flies from the third larvae stage (n = 30,
considered as 100%) were maintained in polystyrene vials containing mashed potato medium
supplemented with bacterial secretome (experimental group) or water (control group). The number of
pupae and adults was recorded in order to evaluate the effect of treatment on fly metamorphosis. B.
Hatching rates of GMR-GAL4 > UAS-BACE1, UAS-APP flies. The number of pupae was considered as
100% in relation to the number of hatched adults. NC = negative control (water). Treatment supplemented
with 2.5 mL of each secretome or water and 1g of mashed potato. * Statistically significant difference (P

<0.05) according to the Chi-square test for independent sample ratios.

Figure 2. Effect of bacterial secretomes isolated from stingless bees’ larval food on the rough eye
phenotype on amyloid-induced neurodegeneration model fly. (A1-A10) Optical microscopy (5x
magnification): (NC) transgenic flies treated with water, (A3-A10) GMR-GAL4 > UAS-BACEI, UAS-
APP transgenic flies treated with secretomes. Scanning Electron Micrograph (300x, 550x, and 1230x

magnifications): the images show in details the ocular structure with organized omatids and regular sizes.
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NC presented deformed eyes with altered ocular morphology, rough surface and irregular edges and
fusions and/or absence of omatids. Transgenic flies treated with S7, S12, S14, S20, S45 and S54
secretomes showed slight improvement in the morphology of the eye, but retained the rough appearance
on the ocular surface and exhibited reduced or no bristles in the omatids. Transgenic flies treated with S9
and S27 secretomes had their ocular morphological defects considerably suppressed, presenting eyes with
smooth surface, slight differences in the size of omatids (without fusion between them) and presence of a
large number of bristles, characterizing the positive effect of these secretomes in the amyloid-induced

neurodegeneration model fly.

Figure 3. Effect of bacterial secretomes isolated from stingless bees’ larval food on the histology of
the eye of amyloid-induced neurodegeneration model fly. (A) Control: Canton S wild flies and (B)

1118
Control: w

mutant flies, both presenting normal eyes. (C) Negative control: GMR-GAL4 > UAS-
BACEI, UAS-APP treated with water, with irregular ocular surface. GMR-GAL4 > UAS-BACEI, UAS-
APP transgenic flies treated with S9 (D) and S27 (E) secretomes, which showed the best effect on eye
phenotype when analyzed by stereomicroscope and electron microscopy. (F) GMR-GAL 4 > UAS-
BACEI, UAS-APP flies treated with S14 secretome, which showed no recovery of rough phenotype by

stereomicroscope and SEM analyzes. The histological sections were examined in 40x magnification.

Figure 4. Three-dimensional analysis of the AEGAVPMTCPRGK and TPPITYFLK peptides and
their interaction with the BACE1 and B-amyloid target sites. A. 3D Image of the interaction between
the peptide AEGAVPMTCPRGK with the active sites of BACEL. B. Zoom of the image A, showing 3D
molecular interactions of the peptide AEGAVPMTCPRGK with the active sites of BACEI. C. 3D Image
(Cartoon type) of the interaction between TPPITYFLK and B-amyloid plaque. D. 3D Image (Surface
type) of the interaction between TPPITYFLK and B-amyloid plaque.

Figure S1. Venn diagram representing the proteins identified in the S9 (blue circle) and S27 (yellow

circle) secretomes, according to the peptides found.
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Tables:

Table 1.
Stingless bee larval food

Bacteria Culture medium Specie

(colony)
7 MacConkey Melipona quadrifasciata
9 MRS Melipona quadrifasciata
12 TSA Melipona quadrifasciata
14 TSA Tetragonisca angustula
20 BHI Melipona quadrifasciata
27 Oatmeal Melipona quadrifasciata
45 Nutrient Tetragonisca angustula
54 Nutrient Melipona quadrifasciata

Bee species whose larval food was collected, isolated colonies and culture medium for isolation.
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Table 2. List of peptides identified in both secretomas (S9 and S27) and the respective proteins that are derived.

S9 - 827 Function Organism Sequence Spectr{lm Database Accession
Intensity
) . . (K)VETLLSYQK(D); 7.74e+005
. s i . )i ATCC 1 DSM
UPF0421 protein SSP0904 Multi-pass membrane protein; integral component of membrane Staphylococcus S"‘Z’(’)”21;’;’;’1‘\,"51;;?57?]’1’/’;’?%07"259(25’/";’_2 , CC 13305/DS (K)VETLLSYQK(D); 3.96e4005 Q49YT4
(K)VETLLSYQK(D) 2.28e+005
RNA-2 thi 6)-dimethylally] . Catalyzes the methylthiolation of N6-(dimethylallyl)adenosine (i¢A), leading
RNA-2-methylt 0'?;3];:5':‘“ ylallyladenosine to the formation of 2-methylthio-N6-(dimethylallyl)adenosine (ms,igA) at Protochlamydia amoebophila (strain UWE2S5) (K)ELMEAIR(D) 6.19¢+005 Q6MAB7
Y position 37 in tRNAs that read codons beginning with uridine.
(K)SKTGVFTGAFAK(H); 9.58e+005
. . Acholeplasma laidlawii (strain PG-8A); Saccharopolyspora erythraea (strain ATCC  (R)IVVPASAGQDEVK(A); 1.20e+004
- ;. A9NETS; A4FR54
Leucine--tRNA ligase X 11635/ DSM 40517 / JCM 4748 / NBRC 13426 / NCIMB 8594 / NRRL 2338) (K)SKTGVFTGAFAK(H;) 3.34e+005 ONETS; 3
(K)YSKTGVFTGAFAK(H) 2.21e+005
The UvrABC repair system catalyzes the recognition and processing of DNA
lesions. UvrA is an ATPase and a DNA-binding protein. A damage (K)NLTYKVWR(G); 1.23e+006
UvrABC system protein A recognition complex composed of 2 UvrA and 2 UvrB subunits scans DNA Chlamydia pneumoniae (Chlamydophila pneumoniae) (R)TVFENTIEAK(A); 6.07e+005 Q97985
for abnormalities. When the presence of a lesion has been verified by UvrB, (K)NLTYKVWR(G) 2.36e+005
the UvrA molecules dissociate (By similarity)
Catalyzes the conversion of 1-hydroxy-2-methyl-2-(E)-butenyl 4-
4-hyd 3-methylbut-2 | diphosphate reduct diphosphate (HMBPP) into a mixture of isopentenyl diphosphate (IPP) and  Acidothermus cellulolyticus (strain ATCC 43068 / 11B); Bacillus halodurans (strain  (K)ALELYGPPVYVRK(Q); 2.82e+005 AOLW20
-hydroxy-J-methylbut-2-enyl diphosphate recuctase dimethylallyl diphosphate (DMAPP). Acts in the terminal step of the ATCC BAA-125/DSM 18197 / FERM 7344/ JCM 9153 / C-125) (R)QEAVAEQAR(E) 1.67e+006
DOXP/MEP pathway for isoprenoid precursor biosynthesis.
Plays a role in peptidoglycan recycling by cleaving the terminal beta-1,4- Neisseria meningitidis serogroup C / serotype 2a (strain ATCC 700532 / DSM
linked N-acetylglucosamine (GlcNAc) from tide-linked tidoglycan 15464 / FAM18); Nei. i ingitidi. C (strain 053442); Nei. i ALKSD9; AIMI1Z4;
Beta-hexosa . 'dase 1 (& ’JC. y g Ul(,()»a 1ne C. C 0 pep 1de-It e peHl 0% Y al y ! elsseria meningiri .lS .vefr)grm{p - ..S‘ .ram ), elsseria (R)LTEEEK(Q) 9()26+()()4 B4RQ67, QSFA94,
fragments, giving rise to free GlcNAc, anhydro-N-acetylmuramic acid and ~ gonorrhoeae (strain NCCP11945); Neisseria meningitidis serogroup A / serotype QOIVT3; QOKOQ4
anhydro-N-acetylmuramic acid-linked peptides. 4A (strain DSM 15465 / 72491); Neisseria meningitidis serogroup B (strain MC58) ’
Part of the Sec protein translocase complex. Interacts with the SecYEG
preprotein conducting channel. Has a central role in coupling the hydrolysis
Protein translocase subunit SecA of ATP to the transfer of proteins into and across the cell membrane, serving Aquifex aeolicus (strain VF5) (R)LTEEEK(Q) 9.02e+004 067718
as an ATP-driven molecular motor driving the stepwise translocation of
polypeptide chains across the membrane.
4-hydroxy-3 ylbut-2-en-1-yl diphosphate synthase Converts 2C-methyl-D-erythritol 2,4-cyclodiphosphate (ME-2,4cPP) into 1- . .
T ! s 3! .
(flavodoxin) hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate. Treponema denticola (strain ATCC 35405 / CIP 103919 / DSM 14222) (R)LTEEEK(Q) 9.02e+004 Q73N90
- . Tetrapolymerization of the monopyrrole PBG into the hydroxymethylbilane Sulfurimonas denitrificans (strain ATCC 33889 / DSM 1251) (Thiomicrospira
Porphobilinogen deaminase pre-uroporphyrinogen in several discrete steps. denitrificans (strain ATCC 33889 / DSM 1251)) RIETTIER(S) 6.19¢+005 Q30890
Catal the ATP-d dent phosphorylation of L-h ine to L- 1.71e+005
Homoserine kinase atalyzes e ependent phosprory’ation of L-homoserine (o Bacillus cereus (strain ATCC 10987 / NRS 248) (K)EERIEL(-) e Q48QX8
homoserine phosphate. 1.01e+005
. . . . . . . . . . 1.71e+005
UPF0298 protein YdgE Citoplasmatic protein, homoserine quinase Lactococcus lactis subsp. lactis (strain IL1403) (Streptococcus lactis) (K)EERIEL(-) 1.0164005 Q739T5; Q9CI9
Protein RnfH X Pseudomonas fluorescens (strain Pf0-1) (K)VIADPDAR(R) 7.11e+005 Q3KIAS
50S ribosomal protein L29 Ribonucleoprotein, Ribosomal protein Trichodesmium erythraeum (strain IMS101) (- MPFPK(I) 2.56e+005 Q110B5
Uncharacterized protein YjaZ X Bacillus subtilis (strain 168) (R)LEFGSKSGLAFQDK(M) 1.37e+005 031596
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4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

Exodeoxyribonuclease 7 large subunit

Transcriptional regulator ZurR

Trigger factor

508 ribosomal protein L11

Shikimate dehydrogenase (NADP(+))

DNA-directed RNA polymerase subunit beta'

Thiazole synthase

Probable cadmium-transporting ATPase

Tryptophan synthase alpha chain

5'-nucleotidase SurE

Phenylalanine--tRNA ligase beta subunit

50S ribosomal protein L3

Maltodextrin transport system permease protein
MdxG

Oxalate decarboxylase OxdD

Recombination protein RecR

Catalyzes the NADPH-dependent reduction of L-glutamate 5-phosphate into

L-glutamate 5-semialdehyde and phosphate. The product spontaneously Neisseria meningitidis serogroup B (strain MC58) (R)IEAGLPPIR(F)
undergoes cyclization to form 1-pyrroline-5-carboxylate.
Catalyzes the phosphorylation of the position 2 hydroxy group of 4- . . y (R)AALAYLARSSRVGQR(
2 g )5 3
diphosphocytidyl-2C-methyl-D-erythritol. Desulfotalea psychrophila (strain LSv54 / DSM 12343) G
Bidirectionally degrades single-stranded DNA into large acid-insoluble
oligonucleotides, which are then degraded further into small acid-soluble
oligonucleotides. 2) Bidirectionally degrades single-stranded DNA into Lactobacillus reuteri (strain DSM 20016); Lactobacillus reuteri (strain JCM 1112) (R)LTAASPLHR(V)
large acid-insoluble oligonucleotides, which are then degraded further into
small acid-soluble oligonucleotides.
P 1 ired for the zinc-specifi f th zZuURMA
robably required for the zinc-specific repression of the operon zu Listeria monocytogenes serovar 1/2a (strain ATCC BAA-679 / EGD-e) (R)KNKYLTAK(D)
implicated in zinc uptake.
Involved in protein export. Acts as a chaperone by maintaining the newly
synthesized protein in an open conformation. Functions as a peptidyl-prolyl ~ Nitrosococcus oceani (strain ATCC 19707 / BCRC 17464 / NCIMB 11848 / C-107) (K)VISVTAPR(L)
cis-trans isomerase
Forms part of the ribosomal stalk which lluelps the ribosome interact with Rhodospirillum centenum (strain ATCC 51521 / SW) (K)TPPITYFLK(K)
GTP-bound translation factors.
Involved in the biosynthesis of the chorismate, which leads to the
biosynthesis of aromatic amino acids. Catalyzes the reversible NADPH Pelagibacter ubique (strain HTCC1062) (K)NAKKYGGITK(N)
linked reduction of 3-dehydroshikimate (DHSA) to yield shikimate (SA).
DNA-dependent RNA polymerase catalyzes the transcription of DNA into  Sorangium cellulosum (strain So ce56) (Polyangium cellulosum (strain So ce56); (R)GYVNTIKSAK(K);
RNA using the four ribonucleoside triphosphates as substrates. Ehrlichia ruminantium (strain Gardel) (R)LYVNDGQLVKITEK(I)
Catalyzes the rearrangement of 1-deoxy-D-xylulose 5-phosphate (DXP) to
prot%uce the thiazole Phosphale moie.ly of lhiflminej. Sulfuvr is pfnvided by the Psychrobacter cryohalolentis (strain ATCC BAA-1226 / DSM 17306 / VKM B-2378 (R)ELLGGHNLVK(L)
thiocarboxylate moiety of the carrier protein ThiS. In vitro, sulfur can be /K5)
provided by H,S.
Couples the hydrolysis of ATP with the export of cadmium. Listeria monocytogenes serovar 1/2a (strain ATCC BAA-679 / EGD-e) (K)LPFIVNLSRK(T)
The alpha subunit is responsible for the aldol cl f indolegl 1
@ &pha Subunit s responsible for the a'co’ cleavage of INColeglycero Thermotoga maritima (strain ATCC 43589 / MSBS / DSM 3109 / JCM 10099) (R)IMEENPK(D)
phosphate to indole and glyceraldehyde 3-phosphate.
Nucleotidase that shows phosphatase activit leoside 5'-
ucleotidase that shows phosphatase activity on flucleosice Marinobacter hydrocarbonoclasticus (strain ATCC 700491 / DSM 11845 /VTS) ~ (RYAEGAVPMTCPRGK(Q)
monophosphates.
X Dehalococcoides mccartyi (strain CBDBI ) (R)TSLRPSLYASLAANR(R)

One of the primary rRNA binding proteins, it binds directly near the 3'-end

of the 23S rRNA, where it nucleates assembly of the 50S subunit. Rhodobacter sphaeroides (strain ATCC 17023 /2.4.1/NCIB 8253 / DSM 158) (R)VSAAQRGHFAK(A)
Part of the ABC transporter complex involved in maltodextrin import.
Probably responsible for the translocation of the substrate across the Bacillus subtilis (strain 168) (K)NFVSGLTAGGTK(G)
membrane (Probable).
Converts oxalate to formate and CO,. Bacillus subtilis (strain 168) (K)LDHGGWSR(E)

May play a role in DNA repair. It seems to be involved in an RecBC-
independent recombinational process of DNA repair. It may act with RecF
and RecO.

Anaplasma marginale (strain St. Maries) (R)AALSSRYVIT(-)

8.55e+005

7.74e+005

1.63e+006

1.66e+006

6.98e+005

4.21e+006

1.74e+006

2.48e+005
2.97e+005

9.67e+005

5.73e+004

7.27e+004

4.11e+004

8.87e+004
3.59¢+005
3.80e+005

2.54e+005

2.36e+005

8.59e+004

1.51e+005

Q9JZG3

Q6AJL6

A5VKR6; B2G849

POA3E6

Q3IAJ7

B6IRP2

Q4FNS5

A9GRB4; Q5SHC04

QIQE71; Q4FV6l

P58414

P50908

A1TZ53

Q37zZD2

Q3J582

006991

034767

Q5PB75


http://www.uniprot.org/uniprot/Q9JZG3
http://www.uniprot.org/uniprot/Q6AJL6
http://www.uniprot.org/uniprot/A5VKR6
http://www.uniprot.org/uniprot/Q3JAJ7
http://www.uniprot.org/uniprot/B6IRP2
http://www.uniprot.org/uniprot/Q4FNS5
http://www.uniprot.org/uniprot/A9GRB4
http://www.uniprot.org/uniprot/Q1QE71
http://www.uniprot.org/uniprot/P58414
http://www.uniprot.org/uniprot/P50908
http://www.uniprot.org/uniprot/A1TZ53
http://www.uniprot.org/uniprot/Q3ZZD2
http://www.uniprot.org/uniprot/Q3J5S2
http://www.uniprot.org/uniprot/O06991
http://www.uniprot.org/uniprot/O34767
http://www.uniprot.org/uniprot/Q5PB75

3-methyl-2-oxobutanoate hydroxymethyltransferase

Monomeric sarcosine oxidase

508 ribosomal protein L4

Transcription antitermination protein NusB

Diaminopimelate epimerase

ECF RNA polymerase sigma-E factor

Phosphoglucomutase

Methylthioribose-1-phosphate isomerase

Bifunctional enzyme IspD/IspF

DNA polymerase III PolC-type

Serine hydroxymethyltransferase

Biphenyl dioxygenase subunit alpha

Catalyzes the reversible reaction in which hydroxymethyl group from 5,10-
methylenetetrahydrofolate is transferred onto alpha-ketoisovalerate to form
ketopantoate.

Catalyzes the oxidative demethylation of sarcosine.

One of the primary rRNA binding proteins, this protein initially binds near
the 5'-end of the 23S rRNA. It is important during the early stages of 50S
assembly. It makes multiple contacts with different domains of the 23S
rRNA in the assembled 50S subunit and ribosome.

Involved in transcription antitermination. Required for transcription of
ribosomal RNA (rRNA) genes. Binds specifically to the boxA antiterminator
sequence of the ribosomal RNA (rrn) operons.

Catalyzes the stereoinversion of LL-2,6-diaminoheptanedioate (L,L-DAP) to
meso-diaminoheptanedioate (meso-DAP), a precursor of L-lysine and an
essential component of the bacterial peptidoglycan.

Sigma factors are initiation factors that promote the attachment of RNA
polymerase (RNAP) to specific initiation sites and are then released.
Extracytoplasmic function (ECF) sigma-E controls the envelope stress
response, responding to periplasmic protein stress, increased levels of
periplasmic lipopolysaccharide (LPS) as well as heat shock and oxidative
stress; it controls protein processing in the extracytoplasmic compartment
(By similarity).

Catalyzes the interconversion between glucose-6-phosphate and alpha-
glucose-1-phosphate. This is the first step in the biosynthesis of diglucosyl-
diacylglycerol (Glc2-DAG), i.e. the predominant glycolipid found in
B.subtilis membrane, which is also used as a membrane anchor for
lipoteichoic acid (LTA). Has a role in the biosynthesis of all phosphate-
containing envelope polymers, since glucose-1-phosphate is the precursor of
UDP-glucose, which serves as a glucosyl donor not only for the biosynthesis
of LTA but also for wall teichoic acids (WTAs). Is required for biofilm
formation. This is likely due to another role of UDP-glucose, which might
also act as a metabolic signal regulating biofilm formation or may be
involved in some unknown biosynthetic pathway essential for biofilm
formation, e.g. the synthesis of an exopolysaccharide.

Catalyzes the interconversion of methylthioribose-1-phosphate (MTR-1-P)
into methylthioribulose-1-phosphate (MTRu-1-P)

Bifunctional enzyme that catalyzes the formation of 4-diphosphocytidyl-2-C-
methyl-D-erythritol from CTP and 2-C-methyl-D-erythritol 4-phosphate
(MEP) (IspD), and catalyzes the conversion of 4-diphosphocytidyl-2-C-

methyl-D-erythritol 2-phosphate (CDP-ME2P) to 2-C-methyl-D-erythritol

2.,4-cyclodiphosphate (ME-CPP) with a corresponding release of cytidine 5-

monophosphate (CMP) (IspF).

Required for replicative DNA synthesis. This DNA polymerase also exhibits
3'to 5' exonuclease activity

Catalyzes the reversible interconversion of serine and glycine with
tetrahydrofolate (THF) serving as the one-carbon carrier. This reaction serves
as the major source of one-carbon groups required for the biosynthesis of
purines, thymidylate, methionine, and other important biomolecules. Also
exhibits THF-independent aldolase activity toward beta-hydroxyamino
acids, producing glycine and aldehydes, via a retro-aldol mechanism.

Bacillus velezensis (strain DSM 23117 / BGSC 10A6 / FZB42) (Bacillus
amyloliquefaciens subsp. plantarum)

Streptomyces sp. (strain KB210-8SY)

Nocardia farcinica (strain IFM 10152)

Arcobacter butzleri (strain RM4018)

Xanthomonas axonopodis pv. citri (strain 306)

Haemophilus influenzae (strain ATCC 51907 / DSM 11121 / KW20/ Rd)

Bacillus subtilis (strain 168)

Exiguobacterium sibiricum (strain DSM 17290 / CIP 109462 / JCM 13490/ 255-

15)

Wolbachia sp. subsp. Brugia malayi (strain TRS)

Lactobacillus paracasei (strain ATCC 334/ BCRC 17002 / CIP 107868 / KCTC

3260/ NRRL B-441)

Natranaerobius thermophilus (strain ATCC BAA-1301 / DSM 18059 / JW/NM-WN-

LF); Geobacter uraniireducens (strain Rf4) (Geobacter uraniumreducens)

Pseudomonas furukawaii; Pseudomonas sp. (strain KKS102)

(R)VFPEEK(H)

(R)LTAPAARGVQP(-)

(K)FLVVVGREDVTAWK(S)

(R)LASDGAPK(F)

(R)FIIDSPATAHAVER(L)

(R)IAVNTAKNYLTAQGR(R
)

(R)KASAGFAAYISK(Q)

(K)ALELYQTDAK(T)

(R)VDTKLLSPVYGGKSR(Q
)

(K)LDTLAKQYK(V)

(R)ELAKEHKPK(M);
(R)ELAKEHKPK(M);
(R)LTLEHKPK(M)

(K)KEGDCGFDK(A)

9.02e+004

1.23e+005

4.15e+005

2.78e+005

1.34e+005

8.87e+004

3.87e+005

6.75e+005

8.02e+004

6.44e+005

5.43e+006
2.77e+005
2.43e+005

1.16e+005

ATZ574

P40854

Q5Z1W2

ABEVW4

Q8PPQI

P44790

P18159

B1YIY4

Q5GSM7

Q038MO

B2A3H6; ASGF66

Q52028; Q52438


http://www.uniprot.org/uniprot/A7Z5Z4
http://www.uniprot.org/uniprot/P40854
http://www.uniprot.org/uniprot/Q5Z1W2
http://www.uniprot.org/uniprot/A8EVW4
http://www.uniprot.org/uniprot/Q8PPQ1
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Phosphoglycerate kinase

Glycine--tRNA ligase beta subunit

D-alanine--D-alanine ligase

Outer-membrane lipoprotein LolB

Probable GTP-binding protein EngB

Valine--tRNA ligase

50S ribosomal protein L5

30S ribosomal protein S18

Methionine--tRNA ligase

Isoleucine--tRNA ligase

This protein is involved in step 2 of the subpathway that synthesizes pyruvate
from D-glyceraldehyde 3-phosphate. This subpathway is part of the pathway
glycolysis, which is itself part of Carbohydrate degradation.

Cell wall formation.

Plays a critical role in the incorporation of lipoproteins in the outer
membrane after they are released by the LolA protein.

Necessary for normal cell division and for the maintenance of normal
septation.

Catalyzes the attachment of valine to tRNA(Val). As ValRS can
inadvertently accommodate and process structurally similar amino acids such
as threonine, to avoid such errors, it has a 'posttransfer' editing activity that
hydrolyzes mischarged Thr-tRNA(Val) in a tRNA-dependent manner.

This is 1 of the proteins that binds and probably mediates the attachment of
the 5S RNA into the large ribosomal subunit, where it forms part of the
central protuberance. In the 70S ribosome it contacts protein S13 of the 30S
subunit (bridge B1b), connecting the 2 subunits; this bridge is implicated in
subunit movement. Contacts the P site tRNA; the 5S rRNA and some of its
associated proteins might help stabilize positioning of ribosome-bound
tRNAs.

Binds as a heterodimer with protein S6 to the central domain of the 16S
rRNA, where it helps stabilize the platform of the 30S subunit.

Is required not only for elongation of protein synthesis but also for the
initiation of all mRNA translation through initiator tRNA(fMet)
aminoacylation.

Catalyzes the attachment of isoleucine to tRNA(Ile). As IleRS can
inadvertently accommodate and process structurally similar amino acids such
as valine, to avoid such errors it has two additional distinct tRNA(Ile)-
dependent editing activities. One activity is designated as 'pretransfer’
editing and involves the hydrolysis of activated Val-AMP. The other activity
is designated 'posttransfer’ editing and involves deacylation of mischarged
Val-tRNA(Ile).

Borrelia burgdorferi (strain ZS7) (K)KNSKYSLKPVANR(L)
Ruegeria sp. (strain TM1040) (Silicibacter sp.), Bacillus halodurans (strain ATCC (K)TGRIEKFITVANR(E);
BAA-125/DSM 18197 / FERM 7344 /JCM 9153 / C-125) (R)VLYEAYVQTK(D)
Streptococcus pneumoniae serotype 19F (strain G54); Streptococcus pneumoniae
(strain ATCC 700669 / Spain 23F-1);
Streptococcus pneumoniae (strain JJA); Streptococcus pneumoniae (strain
Taiwanl9F-14); (R)VLVEQGVNAR(E)
Streptococcus pneumoniae serotype 4 (strain ATCC BAA-334 / TIGR4);
Synechococcus sp. (strain CC9605); Streptococcus pneumoniae (strain ATCC BAA-
255/R6)
Shewanella sediminis (strain HAW-EB3) (K)VYQDKDAQR(L)
Thermotoga neapolitana (strain ATCC 49049 / DSM 4359 / NS-E); Thermotoga (R)SNVGKSSLLNALFNR(K
maritima (strain ATCC 43589/ MSBS / DSM 3109 / JCM 10099) )
ilus (strain CNRZ 1066); Str Cus ilus
Streptococcus thermophilus (strain C. ); Streptococcus thermophilus (K)NVLIHGLIRDEQGR(K)

(strain ATCC BAA-250/LMG 18311)

Pseudomonas putida (strain ATCC 700007 / DSM 6899 / BCRC 17059 / F1);
Pseudomonas putida (strain GB-1); Pseudomonas aeruginosa (strain LESB58);
Pseudomonas fluorescens (strain SBW25); Pseudomonas aeruginosa (strain UCBPP-
PA14); Pseudomonas entomophila (strain L48); Pseudomonas savastanoi pv.
phaseolicola (strain 1448A / Race 6) (Pseudomonas syringae pv. phaseolicola
(strain 1448A / Race 6)); Pseudomonas fluorescens (strain ATCC BAA-477 / NRRL
B-23932 / Pf-5); Pseudomonas syringae pv. syringae (strain B728a); Pseudomonas
syringae pv. tomato (strain ATCC BAA-871/ DC3000); Pseudomonas aeruginosa
(strain ATCC 15692 / DSM 22644 / CIP 104116 / JCM 14847 / LMG 12228/ 1C/
PRS 101/ PAOI)

(R)AFKFPFRN(-)

Gramella forsetii (strain KT0803) (R)YLTPLNIETTKAKK(Y)

Enterobacter sp. (strain 638);

Salmonella arizonae (strain ATCC BAA-731 / CDC346-86 / RSK2980); Salmonella
heidelberg (strain SL476); Salmonella schwarzengrund (strain CVM19633);
Salmonella paratyphi A (strain AKU_12601); Salmonella agona (strain SL483);
Salmonella dublin (strain CT_02021853); Salmonella enteritidis PT4 (strain
P125109);

Salmonella gallinarum (strain 287/91 / NCTC 13346); Salmonella paratyphi C
(strain RKS4594); Salmonella choleraesuis (strain SC-B67);
Salmonella paratyphi A (strain ATCC 9150 / SARB42);

Salmonella typhi; Salmonella typhimurium (strain LT2 / SGSC1412 / ATCC
700720)

(R)QTVMVANLAPR(K)

Cupriavidus taiwanensis (strain DSM 17343 / BCRC 17206 / CIP 107171 / LMG
19424 / R1) (Ralstonia taiwanensis (strain LMG 19424)); Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) (Ralstonia
eutropha); Cupriavidus metallidurans (strain ATCC 43123 / DSM 2839 / NBRC
102507 / CH34) (Ralstonia metalliduran)

(K)VLKDMIIKAR(G)

2.99e+005

2.55e+005;
4.79e+005

2.38e+005

2.69e+005

2.70e+004

6.35e+004

1.13e+005

8.87e+004
3.57e+005

3.10e+005

9.25e+004

B7J0Z2

QIGE74; QIKD48

BSE721; B8ZM66;

CICFP2; C1CSTS;

POCB57; Q3ALBS:
Q8DNVS5

A8FYZ2

BY9K8CO; Q9X1H7

Q5MI111; Q5M5JI8

ASVXQ9; BOKK79;
B7V656; C3K2W4;
QU2T68; QIIFV4;
Q48D48; Q4K545;
Q4ZMQ6; Q889V9:;
QYHWE7

AOMODS8

A4WCF6; A9MKVO;
B4T9X0; BATNLY;
BSBES1; BSEXZS;
BSFMXI1; BSROET;
B5RBZS5; COQOY1;

Q57MI5; Q5PI43;
QB8Z5C3; Q8ZNN4

B3R6ES; QOK7A0
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Translation factor necessary for the incorporation of selenocysteine into
Selenocysteine-specific elongation factor proteins. It probably replaces EF-Tu for the insertion of selenocysteine Escherichia coli (strain K12)
directed by the UGA codon. SelB binds GTP and GDP.

Phosphorolytic 3'-5' exoribonuclease that plays an important role in tRNA 3'-
end maturation. Removes nucleotide residues following the 3'-CCA terminus
of tRNASs; can also add nucleotides to the ends of RNA molecules by using
nucleoside diphosphates as substrates, but this may not be physiologically
important. Probably plays a role in initiation of 16S rRNA degradation
(leading to ribosome degradation) during starvation.

Ribonuclease PH Synechococcus sp. (strain WH8102)

(R)SQGVLTQDPIR(Q)

4.79e+005

P14081

Q7UII1



http://www.uniprot.org/uniprot/Q7U9I1

Table 3.

Docking (Kcal/mol)
Peptide Rank B-secretase (BACE) B-Amyloid
Global energy ACE Global energy ACE
AEGAVPMTCPRGK 0.64 -42.88 -10.66 -59.66 -14.98
TPPITYFLK 0.64 -13.15 -0.92 -63.10 -20.30
SNVGKSSLLNALFNR 0.57 -19.48 -1.65 -70.89 -13.62
IEAGLPPIR 0.53 -26.55 -0.51 -54.04 -14.37

Table 4.

. . . Net charge - Molecular weight
Peptide Sequence Toxicity at pH 7 pl Water Solubility (g/mol)
AEGAVPMTCPRGK Non-Toxic 0.9 8.57 High 1316.73
TPPITYFLK Non-Toxic 1.00 8.94 Low 1079.43

* pl = isoelectric point.



Table S1. List of peptides identified exclusively in the S9 secretome and the respective proteins that are derived.

S9 Function Organism Peptide Spectrum I Datab A
30S ribosomal protein S21 Structural constituent of ribosome. Nitratiruptor sp. (strain SB155-2) (K)QVDRNLIVTEARAR(R) 2.36e+004 A6Q194
Presumably involved in the processing and regular turnover of
Probable cytosol aminopeptidase intracellular proteins. Catalyzes the removal of unsubstituted N- Rhizobium leguminosarum bv. trifolii (strain WSM2304) (K)AGGTAAAR(I) 1.45e+005 B5ZWY7

Putative cytochrome P450 135A1

Argininosuccinate synthase

Lipid-A-disaccharide synthase 2

Lipoyl synthase

30S ribosomal protein S17

‘UPF0346 protein Iwel876

UPF 0346 protein LMHCC_0699

UPF0346 protein Lm4b_01873

UPF 0346 protein LMOf2365_1885

UPF0346 protein Imo1857

UPF0346 protein 1in1971

Tryptophanase

terminal amino acids from various peptides.

Condensation of UDP-2,3-diacylglucosamine and 2,3-
diacylglucosamine-1-phosphate to form lipid A disaccharide, a
precursor of lipid A, a phosphorylated glycolipid that anchors the
lipopolysaccharide to the outer membrane of the cell.

Catalyzes the radical-mediated insertion of two sulfur atoms into the C-

6 and C-8 positions of the octanoyl moiety bound to the lipoyl
domains of lipoate-dependent enzymes, thereby converting the
octanoylated domains into lipoylated derivatives.

One of the primary rRNA binding proteins, it binds specifically to the

5"end of 16S ribosomal RNA.

Mycobacterium tuberculosis (strain CDC 1551 / Oshkosh);
Mycobacterium tuberculosis (strain ATCC 25618/ H37Rv)

Rhodopseudomonas palustris (strain TIE-1); Rhodopseudomonas
palustris (strain ATCC BAA-98 / CGA009)

Legionella pneumophila (strain Lens)

Pseudoalteromonas atlantica (strain T6c / ATCC BAA-1087)

Pelobacter carbinolicus (strain DSM 2380/ NBRC 103641/
GraBdl)

Listeria welshimeri serovar 6b (strain ATCC 35897 / DSM 20650 /
CIP 8149 /NCTC 11857 / SLCC 5334/ V8)

Listeria monocytogenes serotype 4a (strain HCC23)

Listeria monocytogenes serotype 4b (strain CLIP80459)

Listeria monocytogenes serotype 4b (strain F2365)

Listeria monocytogenes serovar 1/2a (strain ATCC BAA-679 / EGD-
e)

Listeria innocua serovar 6a (strain ATCC BAA-680/ CLIP 11262)

Aeromonas hydrophila subsp. hydrophila (strain ATCC 7966 / DSM
30187 /JCM 1027 / KCTC 2358 / NCIMB 9240); Yersinia
enterocolitica serotype O:8 / biotype 1B (strain NCTC 13174/
8081); Desulfovibrio vulgaris subsp. vulgaris (strain DP4);
Aeromonas salmonicida (strain A449); Citrobacter koseri (strain
ATCC BAA-895/ CDC 4225-83 / SGSC4696); Shewanella sediminis
(strain HAW-EB3); Klebsiella aerogenes (Enterobacter aerogenes);
Desulfovibrio vulgaris (strain Hildenborough / ATCC 29579 / DSM
644 / NCIMB 8303); Photorhabdus laumondii subsp. laumondii
(strain DSM 15139/ CIP 105565 / TT01);
Chromobacterium violaceum (strain ATCC 12472 / DSM 30191 /
JCM 1249/ NBRC 12614 /NCIMB 9131 / NCTC 9757); Vibrio
parahaemolyticus serotype O3:K6 (strain RIMD 2210633)

(R)LGGLGDSDPP(-);
(R)LGGLGDSDPP(-)

(R)INGMKLGRLLYQGR(W)

(R)YSHLKIQIIQGNAR(E)

(K)SGLMMGMGENK(E);
(K)SGLMMGMGENK(E)

(KYMDKTVVVKVDQMVK(H);
(K)MDKTVVVKVDQMVK(H)

(R)DHSFPK(Q)

(R)DHSFPK(Q)

(R)DHSFPK(Q)

(R)DHSFPK(Q)

(R)DHSFPK(Q)

(R)DHSFPK(Q)

(R)IPEPFR(I)

6.55e+004; 7.09e+004

4.21e+005

2.36e+004

4.61e+005; 7.75e+005

3.35e+005; 2.02e+005

3.29e+005

3.29e+005

3.29e+005

3.29e+005

3.29e+005

3.29e+005

1.11e+006

POWPNO; POWPN1

B3QYD3; Q6NCS7

Q5WSK6

QI5VL3

Q3A6N8

A0ATW2

B8DDP5

C1KWF6

Q71YF9

Q8Y643

Q92AF1

AOKJP3; AIJJH3;
AIVC86; A4SNAT;
ASAKE2; A8G097;
Q59342; Q729Z3;
Q7N8CY; Q7INYVY;

Q87JQ6


https://www.ebi.ac.uk/QuickGO/term/GO:0003735
http://www.uniprot.org/uniprot/A6Q194
http://www.uniprot.org/uniprot/B5ZWY7
http://www.uniprot.org/uniprot/P9WPN0
http://www.uniprot.org/uniprot/B3Q9D3
http://www.uniprot.org/uniprot/Q5WSK6
http://www.uniprot.org/uniprot/Q15VL3
http://www.uniprot.org/uniprot/Q3A6N8
http://www.uniprot.org/uniprot/A0AJW2
http://www.uniprot.org/uniprot/B8DDP5
http://www.uniprot.org/uniprot/C1KWF6
http://www.uniprot.org/uniprot/Q71YF9
http://www.uniprot.org/uniprot/Q8Y643
http://www.uniprot.org/uniprot/Q92AF1
http://www.uniprot.org/uniprot/A0KJP3
http://www.uniprot.org/uniprot/A0KJP3
http://www.uniprot.org/uniprot/A0KJP3
http://www.uniprot.org/uniprot/A0KJP3
http://www.uniprot.org/uniprot/A0KJP3
http://www.uniprot.org/uniprot/A0KJP3

Transposase InsG for insertion sequence element IS4

Proline-rich antimicrobial peptide 2

23S rRNA (uracil(1939)-C(5))-methyltransferase RImD

UPF0306 protein CKO_04548

Dihydrofolate synthase/folylpolyglutamate synthase

Mediunv/long-chain-fatty-acid--[acyl-carrier-protein] ligase
MbtM

Elongation factor G

Ribose import ATP-binding protein RbsA

Involved in the transposition of the insertion sequence IS4. Escherichia coli (strain K12) (R)IPEPFR(I)

Antimicrobial protein. Has antibacterial activity against the Gram-
positive bacterium M.luteus (MIC=8.6 uM). Lacks antibacterial
activity against the Gram-positive bacteria B.circulans,
L.monocytogenes, S.aureus, and S.lutea, and the Gram-negative
bacteria E.coli D31, E.coli ATCC 25922, and S.typhimurium. Lacks
antifungal activity against S.cerevisiae, P.pastoris, Z.marxianus,
C.albicans, C.fructus, C.wickerhamii, A.niger, F.oxysporum, and
T.harizianum.

Galleria mellonella (Greater wax moth) (R)IPEPFR(I)

Shewanella sp. (strain W3-18-1); Shewanella baltica (strain OS155 /

Catalyzes the formation of 5-methyl-uridine at position 1939 ATCC BAA-1091); Shewanella putrefaciens (strain CN-32 / ATCC (K)ANNLDK(L)
(m5U1939) in 23S rRNA. BAA-453); Shewanella baltica (strain OS185); Shewanella baltica
(strain OS195); Shewanella baltica (strain 0S223)
Citrobacter koseri (strain ATCC BAA-895 / CDC 4225-83 /

X SGSC4696) (R)MLPAPVWEIR(L)

Functions in two distinct reactions of the de novo folate biosynthetic
pathway. Catalyzes the addition of a glutamate residue to

dihydropteroate (7,8-dihydropteroate or H2Pte) to form dihydrofolate Bacillus subrilis (strain 168) (R)AFHVAGTNGK(G)

(7,8-dihydrofolate monoglutamate or H2Pte-Glu). Also catalyzes
successive additions of L-glutamate to tetrahydrofolate, leading to
folylpolyglutamate derivatives.

Activates lipidic moieties required for mycobactin biosynthesis
(PubMed:23935107). Converts medium- to long-chain aliphatic fatty
acids into acyl adenylate, which is further transferred on to the
phosphopantetheine arm of the carrier protein MbtL
(PubMed:23935107). Shows a strong preference for palmitic acid

(C16) and cannot use short-chain fatty acids (PubMed:23935107). Mycolicibacterium smegmatis (strain ATCC 700084 / mc(2)155) (R)VASECGVVPADVVFLAPGSLPR

Proceeds via a Bi Uni Uni Bi ping-pong mechanism. During the first (Mycobacterium smegmatis) TSSGK(L)
half-reaction (adenylation), fatty acid binds first to the free enzyme,
followed by ATP and the release of pyrophosphate to form the
adenylate intermediate. During the second half-reaction (ligation), holo
MbtL binds to the enzyme followed by the release of products AMP
and acylated MbtL (PubMed:23935107).

Catalyzes the GTP-dependent ribosomal translocation step during
translation elongation. During this step, the ribosome changes from the
pre-translocational (PRE) to the post-translocational (POST) state as ~ Wolbachia pipientis subsp. Culex pipiens (strain wPip); Wolbachia
the newly formed A-site-bound peptidyl-tRNA and P-site-bound sp. subsp. D yphila simulans (strain wRi); Wolbachia pipientis (K)MLEPIMK(V)
deacylated tRNA move to the P and E sites, respectively. Catalyzes the wMel
coordinated movement of the two tRNA molecules, the mRNA and
conformational changes in the ribosome.

Part of the ABC transporter complex RbsABC involved in ribose Lactococcus lactis subsp. lactis (strain IL1403) (Streptococcus

import. Responsible for energy coupling to the transport system. lactis) (KMVGRSITDYYPPK(N)

1.11e+006

1.11e+006

1.36e+005

8.51e+004

1.44e+006

1.99e+005

1.06e+006

2.58e+005

P03835

P85212

AIRHE4; A3D7BS5;
A4Y952; AGWR3T7;
A9KYII; BBESSI

ASAQ39

Q05865

AOQUAI

B3CLA3; COR543;
Q73IX7

QYCF44


http://www.uniprot.org/uniprot/P03835
http://www.uniprot.org/uniprot/P85212
http://www.uniprot.org/uniprot/A8AQ39
http://www.uniprot.org/uniprot/Q05865
http://www.uniprot.org/uniprot/A0QUA1
http://www.uniprot.org/uniprot/B3CLA3
http://www.uniprot.org/uniprot/B3CLA3
http://www.uniprot.org/uniprot/Q9CF44

Outer membrane transporter CdiB-2

C4-dicarboxylate transport protein

MAP_3777

Putative S

methyltransferase

Uncharacterized protein BB_0038

Uncharacterized HTH-type transcriptional regulator FruR

Alanine racemase

Protoheme IX farnesyltransferase

PTS system arbutin-, cellobiose-, and salicin-specific EIIBC
component

ATP synthase subunit b 1

Threonine--tRNA ligase

ATP-dependent helicase/nuclease subunit A

Potential outer membrane protein component of a toxin-immunity
protein module, which functions as a cellular contact-dependent
growth inhibition (CDI) system. CDI modules allow bacteria to
communicate with and inhibit the growth of closely related
neighboring bacteria in a contact-dependent fashion. This protein may
be required for secretion and assembly of the CdiA toxin protein.

Responsible for the transport of dicarboxylates such as succinate,
fumarate, and malate from the periplasm across the membrane.

Exhibits S-adenosyl-L-methionine-dependent methyltransferase
activity.

DNA binding.

Catalyzes the interconversion of L-alanine and D-alanine. May also act
on other amino acids.

Converts heme B (protoheme IX) to heme O by substitution of the
vinyl group on carbon 2 of heme B porphyrin ring with a hydroxyethyl
farnesyl side group.

The phosphoenolpyruvate-dependent sugar phosphotransferase system
(sugar PTS), a major carbohydrate active -transport system, catalyzes
the phosphorylation of incoming sugar substrates concomitantly with

their translocation across the cell membrane. This system is involved in

arbutin, cellobiose, and salicin transport.

F|F, ATP synthase produces ATP from ADP in the presence of a
proton or sodium gradient. F-type ATPases consist of two structural
domains, F; containing the extramembraneous catalytic core and
F,, containing the membrane proton channel, linked together by a
central stalk and a peripheral stalk. During catalysis, ATP synthesis in
the catalytic domain of F, is coupled via a rotary mechanism of the
central stalk subunits to proton translocation.

Catalyzes the attachment of threonine to tRNA(Thr) in a two-step
reaction: L-threonine is first activated by ATP to form Thr-AMP and
then transferred to the acceptor end of tRNA(Thr). Also edits
incorrectly charged L-seryl-tRNA(Thr).

The heterodimer acts as both an ATP-dependent DNA helicase and an
ATP-dependent, dual-direction single-stranded exonuclease.
Recognizes the chi site generating a DNA molecule suitable for the
initiation of homologous recombination. The AddA nuclease domain is
required for chi fragment generation; this subunit has the helicase and
3'-> 5' nuclease activities.

Burkholderia pseudomallei (strain 1026b)

Escherichia coli O157:H7 (strain EC4115/ EHEC)

Moycolicibacterium paratuberculosis (strain ATCC BAA-968 / K-10)

(Mycobacterium paratuberculosis)

Borrelia burgdorferi (strain ATCC 35210/ B31/ CIP 102532 / DSM

4680)

Bacillus subtilis (strain 168)

Streptococcus pyogenes serotype M4; Streptococcus pyogenes
serotype M6 (strain ATCC BAA-946 / MGAS10394); Streptococcus

pyogenes serotype M18 (strain MGAS8232)

Bradyrhizobium sp. (strain ORS 278)

Escherichia coli (strain KI12)

Methylococcus capsulatus (strain ATCC 33009 / NCIMB 11132/

Bath)

Clostridium acetobutylicum (strain ATCC 824 / DSM 792 / JCM

1419/ LMG 5710/ VKM B-1787)

Moorella thermoacetica (strain ATCC 39073 / JCM 9320)

(K)GLSQAILARGYITTR(V)

(K)KLDDALNNRAPDGK(T)

(R)YFDNYFAR(T)

(R)IDNPNSNVLEVNK(M)

(K)HAY VLADPSK(F)

(K)QEWPDLKGLK(V)

(R)DRIPSLRANR(K)

(R)VFTPTIIQTIAETGK(E)

(K)EAAKIEGERILANAR(S)

(K)VPYMIVIGDKEIK(E)

(R)AGYPENPAAATPAVEVYLQEGK
8%

1.77e+005

2.50e+005

3.14e+005

3.80e+004

1.38e+005

2.61e+005

6.46e+005

1.67e+005

2.36e+004

3.31e+005

2.57e+005

PODMI8

B5SYVHS

Q73TEI

051067

031713

Q1J545; Q5XAA4;
Q8NZK4

A4Z2D2

P24241

Q60CR8

Q97GK4

Q2RL77


http://www.uniprot.org/uniprot/P0DMJ8
http://www.uniprot.org/uniprot/B5YVH5
http://www.uniprot.org/uniprot/Q73TE1
http://www.uniprot.org/uniprot/O51067
http://www.uniprot.org/uniprot/O31713
http://www.uniprot.org/uniprot/Q1J545
http://www.uniprot.org/uniprot/Q1J545
http://www.uniprot.org/uniprot/A4Z2D2
http://www.uniprot.org/uniprot/P24241
http://www.uniprot.org/uniprot/Q60CR8
http://www.uniprot.org/uniprot/Q97GK4
http://www.uniprot.org/uniprot/Q2RL77

UvrABC system protein C

Uracil phosphoribosyltransferase

Chaperone protein dnaK1

The UvrABC repair system catalyzes the recognition and processing of
DNA lesions. UvrC both incises the 5'and 3' sides of the lesion. The N-
terminal half is responsible for the 3 incision and the C-terminal half
is responsible for the 5' incision.

Pseudomonas putida (strain ATCC 700007 / DSM 6899 / BCRC
17059/ F1); Pseudomonas putida (strain W619); Pseudomonas
putida (strain ATCC 47054 / DSM 6125 / NCIMB 11950 / KT2440)

Catalyzes the conversion of uracil and 5-phospho-alpha-D-ribose 1-  Mesoplasma florum (strain ATCC 33453 / NBRC 100688 / NCTC
diphosphate (PRPP) to UMP and diphosphate. 11704 / L1) (Acholeplasma florum)

Acts as a chaperone. Thermosynechococcus elongatus (strain BP-1)

(K)ARRVSSLEDVAGVGPK(R)

(K)HPLIIDKLSR (M)

(K)HPLIIDKLSR (M)

4.01e+004

1.27e+005

1.61e+005

ASW1B2; B1IBS5;
Q88FJ7

Q6F210

Q8DKR6



http://www.uniprot.org/uniprot/A5W1B2
http://www.uniprot.org/uniprot/A5W1B2
http://www.uniprot.org/uniprot/Q6F210
http://www.uniprot.org/uniprot/Q8DKR6

Table S2. List of peptides identified exclusively in the S27 secretome and the respective proteins that are derived.

S27

Function Organism

Sequence

Spectrum Intensity

Database Accession

tRNA 5-methylaminomethyl-2-thiouridine biosynthesis
bifunctional protein MnmC

Aspartate 1-decarboxylase

o

heine adenylyltr

Ribose 1,5-bisphosphate phosphokinase PhnN

tRNA-specific 2-thiouridylase MnmA

Histidinol-phosphate aminotransferase

Translation initiation factor IF-3

tRNA-cytidine(32) 2-sulfurtransferase 1

tRNA-cytidine(32) 2-sulfurtransferase

tRNA-cytidine(32) 2-sulfurtransferase 2

Macrodomain Ter protein

Catalyzes the last two steps in the biosynthesis of 5-methylaminomethyl-2-
thiouridine (mnm;s,U) at the wobble position (U34) in tRNA. Catalyzes

the FAD-dependent demodification of cmnmss,U34 to nmgs,U34, Salmonella choleraesuis (strain SC-B67); Salmonella paratyphi A (strain

ATCC 9150 / SARB42
followed by the transfer of a methyl group from S-adenosyl-L-methionine )

to nmss,U34, to form mnmss,U34.

i . Campylobacter curvus (strain 525.92); Wolinella succinogenes (strain
Catalyzes the pyruvoyl-dependent decarboxylation of aspartate to produce A7cc 29543 / DSM 1740 / LMG 7466 / NCTC 11488 / FDC 602W) (Vibrio
beta-alanine. succinogenes)

Reversibly transfers an adenylyl group from ATP to 4'- Streptococcus agalactiae serotype la (strain ATCC 27591/ A909 / CDC
phosphopantetheine, yielding dephospho-CoA (dPCoA) and S§8700); Streptococcus agalactiae serotype V (strain ATCC BAA-611 /2603
pyrophosphate. V/R)

Catalyzes the phosphorylation of ribose 1,5-bisphosphate to 5-phospho-D- S o .

ribosyl alpha-1-diphosphate (PRPP). Thiobacillus denitrificans (strain ATCC 25259)

Helicobacter pylori (strain Shi470); Helicobacter pylori (strain HPAG1);

Helicobacter pylori (strain J99 / ATCC 700824) (Campylobacter pylori
J99)

Catalyzes the 2-thiolation of uridine at the wobble position (U34) of tRNA,
leading to the formation of s,U34.

Listeria welshimeri serovar 6b (strain ATCC 35897 / DSM 20650 / CIP
8149 /NCTC 11857 / SLCC 5334/ V8)

IF-3 binds to the 30S ribosomal subunit and shifts the equilibrum between
708 ribosomes and their 50S and 30S subunits in favor of the free
subunits, thus enhancing the availability of 30S subunits on which protein
synthesis initiation begins.

Rickettsia felis (strain ATCC VR-1525 / URRWXCal2) (Rickettsia azadi);
Rickettsia conorii (strain ATCC VR-613 / Malish 7)

Francisella tularensis subsp. novicida (strain U112); Francisella tularensis
subsp. tularensis (strain WY96-3418); Francisella tularensis subsp.
tularensis (strain FSC 198); Francisella tularensis subsp. tularensis (strain
SCHU S$4/ Schu 4)

Catalyzes the ATP-dependent 2-thiolation of cytidine in position 32 of
tRNA, to form 2-thiocytidine (s,C32). The sulfur atoms are provided by
the cysteine/cysteine desulfurase (IscS) system.

Psychrobacter sp. (strain PRwf-1); Francisella tularensis subsp.
mediasiatica (strain FSC147); Psychrobacter cryohalolentis (strain ATCC
BAA-1226 / DSM 17306 / VKM B-2378 / K5);

Francisella tularensis subsp. mediasiatica (strain FSC147); Dechloromonas
aromatica (strain RCB); Psychrobacter arcticus (strain DSM 17307 / VKM
B-2377/273-4)

Catalyzes the ATP-dependent 2-thiolation of cytidine in position 32 of
tRNA, to form 2-thiocytidine (s,C32). The sulfur atoms are provided by
the cysteine/cysteine desulfurase (IscS) system;

Catalyzes the ATP-dependent 2-thiolation of cytidine in position 32 of F Fra;lu-z;‘[ella ; t.?larfnm: Sub;]" hu}l:{[rctlf'a (S,m(”:l ﬂxpﬁgégggg?;sc
{RNA. to form 2-thiocytidi C32). The sulfur at ovided b rancisella philomiragia subsp. philomiragia (strain
© 0“: lo_cy; ne FSZ d ) " .e U Iursa oms a.ré providec by 153 / O#319-036); Francisella tularensis subsp. holarctica (strain OSU18);
the cysteine/cysteine desulfurase (IscS) system; Francisella tularensis subsp. holarctica (strain LVS)

Required for spatial organization of the terminus region of the
chromosome (Ter macrodomain) during the cell cycle. Prevents early
segregation of duplicated Ter macrodomains during cell division. Binds
specifically to matS, which is a 13 bp signature motif repeated within the
Ter macrodomain.

Vibrio atlanticus (strain LGP32) (Vibrio splendidus (strain Mel32))

(K)TSAAPAPVYPGLFVLGAL

GSR(G)

(K)VEILDVNNGER(F)

(K)MLEEAIR(Q)

(R)ETEDQISR(R)

(K)NKSLTKDFK(N)

(K)NVITRTFSK(T)

(-)MPEPK(I)

(K)LLSDDK(R)

(K)LLSDDK(R)

(K)LLSDDK(R)

(K)LLSDDK(R)

1.89e+005

5.10e+004

7.59e+004

5.55e+004

7.59e+005

1.03e+005

2.56e+005

8.36e+004

8.36e+004

8.36e+004

8.36e+004

QS57LX5; QSPCW7

ATHOY2; 034246

Q3K2R6; QSE1A6

Q3SGK8

B2UV99; QICRS3;
Q9ZIQ0

AOAK37

Q4ULG2; Q92HK6

AOQO6E3; A4IXYT;
QI4HGY; Q5NG17

ASWG99; B2SGI4;
B3PID5; Q1QCP2;
Q477W2; Q4FTN3

ATNCT6; BOU092;
QOBLX1; Q2A3F9

B7VNL8


http://www.uniprot.org/uniprot/Q57LX5
http://www.uniprot.org/uniprot/Q3K2R6
http://www.uniprot.org/uniprot/Q3SGK8
http://www.uniprot.org/uniprot/B2UV99
http://www.uniprot.org/uniprot/B2UV99
http://www.uniprot.org/uniprot/A0AK37
http://www.uniprot.org/uniprot/Q4ULG2
http://www.uniprot.org/uniprot/A0Q6E3
http://www.uniprot.org/uniprot/A0Q6E3
http://www.uniprot.org/uniprot/A5WG99
http://www.uniprot.org/uniprot/A5WG99
http://www.uniprot.org/uniprot/A5WG99
http://www.uniprot.org/uniprot/B7VNL8

ATPase subunit of a proteasome-like degradation complex; this subunit has
chaperone activity. The binding of ATP and its subsequent hydrolysis by
ATP-dependent protease ATPase subunit HsIU HslU are essential for unfolding of protein substrates subsequently Rickettsia bellii (strain RML369-C) (K)LLSDDK(R)
hydrolyzed by HsIV. HslU recognizes the N-terminal part of its protein
substrates and unfolds these before they are guided to HsIV for hydrolysis.

Chaperone protein DnaK Acts as a chaperone. Blochmannia floridanus (K)LLSDDK(R)
UPF0246 protein Spy49_1742 X Streptococcus pyogenes serotype M49 (strain NZ131) (K)EMMIPK(E)
UPF0246 protein MGAS10270_Spy1856 X Streptococcus pyogenes serotype M2 (strain MGAS10270) (K)EMMIPK(E)
UPF0246 protein M28_Spy1772 X Streptococcus pyogenes serotype M28 (strain MGAS6180) (K)EMMIPK(E)

One of two assembly initiator proteins, it binds directly to the 5-end of the  Pseudothermotoga lettingae (strain ATCC BAA-301 / DSM 14385 / NBRC

508 ribosomal protein .24 23S rRNA, where it nucleates assembly of the 50S subunit. 107922 / TMO) (Thermotoga lettingae) (R)FLDDGAKVRFCK(K)
ATP-dependent specificity component of the Clp protease. It directs the e . . . - : . o
ATP-dependent Clp p ATP-bindi it ClpX protease to specific substrates. Can perform chaperone functions in the Mycolicibacterium gitvum (mfzm PYR-GCK) (Mycobacterium gilvum (R)GLGFGAEVHSK(A)
absence of ClpP (strain PYR-GCK))

Mycobacterium bovis (strain ATCC BAA-935 / AF2122/97); Mycobacterium
tuberculosis (strain CDC 1551 / Oshkosh); Mycobacterium tuberculosis (R)TRSPLSQLRAAYEK(A)
(strain ATCC 25618 / H37Rv)

Catalyzes the NADPH-dependent reduction of N-acetyl-5-glutamyl

" 1
N-acety ; phosphate to yield N-acetyl-L-glutamate 5-semialdehyde.

. . Xanthobacter autotrophicus (strain ATCC BAA-1158 / Py2);
Cytidylate kinase X Methylobacterium sp. (strain 4-46) (OMVIAIDGPAASGK(G)

Marinobacter hydrocarbonoclasticus (strain ATCC 700491 / DSM 11845/ (K)INEAKGQVEQAINA(R ) ;

Phenylalanine--tRNA ligase alpha subunit * VTS8); Mycobacterium leprae (strain TN) (R)ELPVYVISIGRAFR(T)

Catalyzes a mechanistically unusual reaction, the ATP-dependent insertion
ATP-dependent dethiobiotin synthetase BioD of CO2 between the N7 and N8 nitrogen atoms of 7,8-diaminopelargonic Xylella fastidiosa (strain M12)
acid (DAPA, also called 7,8-diammoniononanoate) to form a ureido ring.

(K)TFVSCILLHMLRGRGQR(A
)

8.36e+004

8.36e+004

1.12e+006

1.12e+006

1.12e+006

6.34e+004

1.41e+004

8.87e+004

2.41e+005

1.68e+005; 7.46e+005

1.38e+005

QIRIB7

Q7VQLA

B5XI73

QIIEI8

Q48QX8

A8F4S2

A4T2N8

P63563; POWPZS; POWPZ9

ATIEB7; BOUCS3

A1U2BY; Q9CC17

BOU3W7



http://www.uniprot.org/uniprot/Q1RIB7
http://www.uniprot.org/uniprot/Q7VQL4
http://www.uniprot.org/uniprot/B5XIZ3
http://www.uniprot.org/uniprot/Q1JEI8
http://www.uniprot.org/uniprot/Q48QX8
http://www.uniprot.org/uniprot/A8F4S2
http://www.uniprot.org/uniprot/A4T2N8
http://www.uniprot.org/uniprot/P63563
http://www.uniprot.org/uniprot/A7IEB7
http://www.uniprot.org/uniprot/A1U2B9
http://www.uniprot.org/uniprot/B0U3W7
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Abstract

Alzheimer disease is a progressive neurodegenerative disorder that affects the central
nervous system, characterized by progressive loss of neurons in the hippocampus and
cerebral cortex, thus compromising information processing and storage. The inhibition of
amyloid precursor protein cleavage enzyme (BACEI1) associated with Alzheimer's disease
has been the main target for the development of drugs that can treat or prevent this disease.
The objective of our investigation was to identify anti-AD peptides in bacterial secretomes
from larval food of native Brazilian stingless bees Melipona quadrifasciata. For this purpose,
the screening of secretomes in the Drosophila melanogaster strain model AD-like was
performed, followed by in silico analysis. The anti-AD model of D. melanogaster was treated
with several bacterial secretomes for 15 days after hatching. The flies treated with the S1
secretome showed an improvement in the climbing rate when compared to the negative
control and vehicle groups. Additionally, the groups treated with the S1 and S27 secretomes
showed a decline in beta-amyloid levels after 15 days of treatment. The histology analysis of
the brain revealed a decrease in neurodegeneration in flies treated with S1 visualized through
the reduction of vacuolar lesions, when compared to the NC and vehicle groups. After these
tests, the S1 secretome was considered the one with the best action, and its content was
assessed by proteomic analysis and whole-genome sequencing. The in silico analysis
selected the most potentially bioactive peptides to interact with BACEI and beta-amyloid.
Finally, 3D images of the interaction of the peptides with their respective targets were
generated, predicting the docking between them. The HLINLFFDSGTIK and
PLLTAGFFSK peptides were able to interact with BACE1 and B-amyloid, respectively, and

exhibited a potential effect for the prevention and treatment of Alzheimer Disease.

Keywords: Alzheimer’s disease; Drosophila melanogaster; stingless bees’ larval food;

bioactive peptide; f-amyloid; BACE1
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1 Introduction

Neurodegenerative diseases are a heterogeneous group of disorders that usually strike in
mid-life, causing progressive loss of motor and cognitive function [1]. Current estimates
indicate that by 2030, there will be 74.7 million people with dementia, and the cost of caring
for these individuals could reach US$2 trillion [2].

Dementia is a progressive degenerative process that affects memory, locomotion,
thinking and behavior. With the rise in life expectancy, diseases such as Alzheimer's disease
(AD) have become increasingly common, characterizing a worldwide public health problem
[3]. Its number is about 20 million cases, that is, almost 4% of the world population and these
data tend to increase with time [4, 5]. The World Bank and the World Health Organization
declare that neurological disorders are one of the greatest burdens on public health [6].

AD has several etiologies and is pathologically characterized by the presence of
B-amyloid plaques and neurofibrillary tangles in the brain [7]. The accumulation of amyloid
plaques occurs due to inadequate cleavage of f-amyloid precursor protein (APP) in the brain
[8-10]. Normally, APP is cleaved both in its extracellular domain and in its intracellular
domain by a and y-secretase enzymes, respectively, generating a polypeptide of 40 amino
acids. This non-amyloidogenic pathway causes learning defects, without neurodegeneration.
When an APP is cleaved by B-secretase (BACE1) and y-secretase enzymes, a 42-amino acid
polypeptide is generated (AP42). The two extra amino acids in this peptide increase
hydrophobicity, thus promoting its aggregation and generation of amyloid plaques. These
plaques cause disruption of normal cellular processes in the brain through oxidative stress,
loss of synaptic activity and death of neurons [11-14].

Although AB42 is less abundant, it is more prone to form A oligomers, and is viewed as
a highly toxic component [15-20]. Other pathological factors, including inflammatory
response, ion homeostasis disruption, oxidative stress, and decreased levels of
neurotransmitters have also been identified and are considered to be sequential events of A3
aggregation. These factors will contribute to AD synaptic dysfunction and pathogenesis

[21-24].
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As many researchers support the amyloid hypothesis, attempts to prevent or treat AD are
actively turned toward to reducing A levels to improve or reverse the synaptic failures
presented by patients. Thus, the inhibition of B-site amyloid precursor protein cleavage
enzyme 1 (BACEI) remains a potential pathway for the treatment of this disease [25, 26].

A range of compounds, such as organophosphorus homodimers, losartan and
N-propargylpiperidines with naphthalene-2-carboxamide or naphthalene-2-sulfonamide that
have cholinesterase or BACE 1 inhibitory activity have been studied in recent years.
However, none of them were very efficient for the treatment of AD [27-29]. These data
reinforce the need of new studies looking for biologically active molecules with the potential
to prevent or treat AD.

Honey, propolis and fermented pollen obtained from Brazilian stingless bees have
immunomodulatory, antioxidant, anti-inflammatory, analgesic and sedative effects [30-34].
The larval food is a mixture of fermented pollen, honey and mandibular secretion and it is
possible that the microorganisms present in it secrete biologically active compounds that can
be beneficial for human health and that exhibit anti-AD effects.

Drosophila melanogaster, popularly known as the fruit fly, is a model organism used in
several studies to evaluate neurological and neurodegenerative diseases, not only gaining an
understanding of the biological pathways impaired in the disease, but also as basis for
intervention in mammalian systems [35].

The use of this model organism for the study of diseases offers various advantages for
elucidating the molecular and cellular mechanisms underlying human diseases [36, 37].
Short shelf life, large number of offspring, easy maintenance, well-marked anatomical and
cellular characteristics, presence of several orthologous genes involved in human diseases
and a wide variety of transgenic strains are characteristics that justify the use of the fruit fly in
the studies [38, 39, 40]. Comparisons between the fly and human genomes indicate a high
degree of conservation in fundamental biological pathways [41]. Importantly, it is estimated
that 75% of the genes involved in human diseases have a functional ortholog in D.

melanogaster [42].
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Thus, the objective of this work was to identify anti-AD peptides in bacterial secretomes
from larval food of Brazilian stingless bees Melipona quadrifasciata. We performed the
screening of bacterial secretomes in D. melanogaster AD-like model and the results were
evaluated by climbing test, beta-amyloid quantification and histological analysis of the fly's
brain.

In order to identify the microorganism that produced the secretome with the best anti-AD
effect in the tests with D. melanogaster AD-like model, we carried out the new generation
sequencing (NGS). Proteomic analysis was performed to identify the peptides present in the
secretome and to guide the search for the sequences with bioactive potential to act on the
BACEI! targets and B-amyloid plaques and reduce the neurodegenerative process. The
selection of the most bioactive peptides was made by in silico analysis. We performed in
silico analysis to predict three-dimensional conformations of the peptides and their

interaction with the target sites (BACE1 and B-amyloid plaques).

2. Results

2.1 Bacteria isolated from stingless bees’ larval food

The colonies of the bacteria were numerically represented as 1, 9, 27 and 54. Table 1
depicts bacterial colonies and culture media for isolation. The secretomes of these
microorganisms  were collected and wused for food supplementation of
elav-GAL4>UAS-BACEI, UAS-APP transgenic flies, amyloid-induced neurodegeneration
model.

The bacterial colonies were named as 1, 9, 27, 54 and their respective secretomes as S1,

S9, S27 and S54.
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2.2 Bacterial secretomes affect the fly climbing ability of the D. melanogaster AD-like

phenotype

The Rapid Iterative Negative Geotaxis (RING) assay was used as a measurement for
motor reflex decline related to neurodegeneration, observed as the fly climbing ability.
Untreated AD-like model flies had their motor reflex tested and compared to a control
genotype (elav-GALA4) 15 days post-eclosion and presented a reduction in climbing capacity
(Figure 1A, P <0.05), when compared to elav-GALA4 flies.

Fifteen (15) days after treatment, the flies treated with the S1 secretome increased the
greater climbing capacity (P < 0.01) when compared to the untreated group (NC) (Figure

1B). There was also a significative difference between the vehicle and S1 groups (P < 0.05).

2.3 S1 and S27 secretomes reduce beta-amyloid levels in the brain of AD-like flies

The AD-like flies with 15 days of hatching that did not receive treatment showed high
rates of beta-amyloid (Figure 2). The groups treated with the S1 and S27 secretomes showed
a significative reduction of beta-amyloid (P < 0.05), when compared to the untreated group

(NC) (Figure 2).

2.4 S1 secretome reduces neurodegeneration in the AD-like fly brain, after 15 days of

treatment

In order to verify the action of secretomes in reducing neurodegeneration, we performed
a histopathological analysis of the brain of AD-like flies treated for 15 days after hatching
(Figure 3). The occurrence of neurodegeneration is manifested by the appearance of vacuolar
lesions in the central region of the brain. The flies treated with S1 (Fig. E) showed
histological characteristics similar to the elav-GAL4 control group (Fig. A, B), free of
vacuoles. In the histological sections of the NC, vehicle and treated groups with S9, S27 and

S54 (Fig. C-G, respectively), we visualize the brain with numerous vacuolar lesions.
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2.5. Whole-genome sequencing of Bacteria 1

After DNA sequencing, the raw reads were filtered to remove adaptor sequences,
contamination and low-quality reads. The clean data generated 9,996,950 reads with
1,499,542,500 bases. After genome assembly, it was discovered that the DNA from bacterial
1 belongs to two different bacterial species, Proteus mirabilis and Enterococcus faecalis.
Their genomes were previously sequenced, and were used for resequencing genome
assembly. The genomes of new strains isolated from M. quadrifasciata stingless bee were

named as IsAbel.Pmir and IsAbel.Efae and same features annotated are shown in Table 2.

2.5 Proteomic analysis of bacterial secretomes

The bacterial secretome S1 showed the best results in tests performed with the AD-like
fly and, therefore, was analyzed by mass spectrometry. The proteomic analysis was guided
by the annotation of the genomes. Thirty-six peptides were identified, being 20 of them
derived from proteins produced by both Enterococcus faecalis and Proteus mirabilis; 13
protein derivatives produced exclusively by Proteus mirabilis; and 3 protein derivatives

produced exclusively by Enterococcus faecalis (Table 3) (Figure S1).

2.6 Molecular Docking

The bioactivity prediction of the 36 peptides present in the S1 secretome was calculated
using the Peptide Ranker software. Of these, only 4 sequences with at least 9 amino acids and
a classification of at least 0.04 were considered in our analysis. The best 3D model for each of
them was selected for docking with B-secretase (BACE) and B-amyloid (Table 4). Figure 4
shows the 3D images of the interaction of these peptides with their respective target site.
After submitting the two peptides to Swiss Target Prediction, both presented BACEI1 as a

target.
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2.7 In silico predictions of toxicity and solubility for potential peptides

After analysis in the software, the HLINLFFDSGTIK peptide, selected for docking with
BACEI, showed no toxicity and presented low water solubility. Its molecular weight was
1080.43 g/mol, with an isoelectric point of 9.11 and a net charge of 1.00 at pH 7. The peptide
PLLTAGFFSK, selected for docking with B-amyloid, showed no toxicity and presented low
water solubility. Its molecular weight was 1504.95 g/mol, with an isoelectric point of 7.09

and a net charge of 0.10 at pH 7 (Table 5).

2.8 New bacterial strains (IsAbel.Pmir and IsAbel.Efae) with biotechnological potential

The whole-genome sequencing and proteomic analysis showed that the peptide
HLINLFFDSGTIK is part of the protein MobC from E. faecalis and is encoded by one gene
localized in plasmid. The PLLTAGFFSK is part of the protein NADH-ubiquinone reductase
encoded by the nuo operon in the P. mirabilis 1sAbel.Pmir genome (Figure 5). Remarkably,
the knowledge of genomic structure and function is important for genomic manipulation and

to improve the overexpression of proteins of biotechnological interest.

3 Discussion

Several strains of D. melanogaster have been used to study neurodegenerative diseases.
This is possible due to the complexity of their nervous system, including eyes, olfactory
organs, taste organs, auditory organs, ventral nerve cord (analogous to the spinal cord),
peripheral sensory neurons for nociception and brain [43]. Furthermore, the development of
the GALA4/UAS system allowed the creation of transgenic lines with overexpression of genes
for specific tissues of the fly, adapting it to target of study [44]. Currently, there are
well-validated tests to assess neurodegeneration in Drosophila, such as the assessment of
central brain vacuolization using histological staining and locomotor performance

measurements using the climbing test [45, 46].
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In our study, elav-GALA4 (driver strain) directs the expression of the human APP and
BACEI] orthologs (UAS-BACE]1, UAS-APP, responder strain) to the brain of the fly. From
crossing elav-GAL4 females and UAS-BACEI, UAS-APP males, we obtained the
overexpression of the human APP and BACE] orthologs in the brain, generating the
Alzheimer disease phenotype (AD-like) in D. melanogaster, an amyloid-induced
neurodegeneration model fly.

In the last few decades, various studies have developed BACEI inhibitors that are
bioavailable by the oral route and able to permeate cells and penetrate into the brain, being
approved for clinical tests. [47-49]. Verubecestate (MK-8931), for example, was the first low
molecular weight BACEI1 inhibitor with oral availability and blood-brain barrier
permeability [50]. Despite its anti-AD potential, trial participants reported adverse effects, in
addition to worsening of cognitive symptoms [51]. Moreover, several BACEI inhibitors,
such as LY2886721, impaired the liver function of patients [52]. These data support the need
to identify new molecules to prevent or treat AD.

Products derived from stingless bees are promising sources of biologically active
compounds [53]. It is estimated that in Brazil there are about 400 species of stingless bees
[54, 55].

Studies have already identified several potentially therapeutic effects of bee products
(honey, propolis, pollen), highlighting the effects on wound healing, diabetes, eye diseases,
hypertension, cancer and microbial infections [56-59]. The honey produced by stingless bees
has antioxidant, anti-inflammatory, antimicrobial, anti-cancer and anti-obesity effects
[60-68]. Another product of beneficial effect to human health is propolis, owing to the
antioxidant, anti-inflammatory, antimicrobial and healing properties. Still, studies on
stingless bees are scarce.

Another promising source of biologically active peptides is the larval food of bees, a
mixture of glandular secretion of the bee, honey and pollen. In stingless bees, the workers
build and fill the brood cells with the food on which the larva will feed. This food is deposited

just before the egg is laid. As soon as the queen lays an egg per brood cell, the cell is closed
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by the workers. The brood cells are dark, hot and humid environments, ideal conditions for
the growth of microorganisms.

Some studies have already isolated and identified bacteria present in honey and propolis
from stingless bees, being Bacillus the predominant genus, showing antimicrobial effects
against Gram-positive and Gram-negative bacteria [69, 70]. Despite this, there are no studies
evaluating the microorganisms in the larval food of stingless bees in search of peptides with
beneficial effects on human health. Thus, identifying these microorganisms and the content
of their secretomes is the key to find new molecules with bioactive potential to prevent or
treat AD.

The S1 secretome assessed in this work showed efficient anti-AD performance in the tests
performed in D. melanogaster AD-like model. The S1 secretome improved the fly's climbing
ability, reducing the decline of the motor reflex related to neurodegeneration, when
compared to the untreated fly and treated with vehicle. The hypothesis is that the
improvement could be related to a reduction in the levels of beta-amyloid in the treated
group. This reduction was seen in the amyloid quantification test by Thioflavin T. The
histological analysis of the fly's brain showed a decrease in the signs of neurodegeneration in
the group treated with S1, with a reduction in vacuolar lesions and an aspect similar to normal
brain (elav-GAL4). These results led to the selection of the S1 secretome to continue the
search. In order to identify the microorganisms responsible for the production of the S1
secretome, their respective bacterial sample was analyzed by new generation DNA
sequencing. Two microorganisms were found in the sample: Enterococcus faecalis and
Proteus mirabilis. These data guided the proteomic analysis, performed to identify which
peptides would be present in the S1 secretome.

The sequences of the bioactive peptides are inactive when inside the protein that
originated them and can be obtained, among other ways, by the hydrolysis of these proteins
by means of digestive enzymes (trypsin in this case). As the treatment of AD-like flies was
carried out through feeding (medium of mashed potatoes and secretome), the proteins present
in the secretome underwent enzymatic action during digestion and only then did the

generated peptides act on their target sites. For this reason, before the analysis of the S1
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secretome by mass spectrometry, it was prepared through enzymatic digestion steps with
trypsin. As this enzyme is also present in the digestive system of D. melanogaster, we
performed a simulated gastrointestinal digestion, mimicking this process in the fly and
obtaining bioactive peptides from the bacterial proteins present in the secretomes [71].

Of the 36 peptides identified in the S1 secretome through peptide-protein analysis, 2
were selected by bioinformatics tools as the most potentially bioactive molecules to interact
with the target sites under study. The peptide HLINLFFDSGTIK has its origin in a protein
secreted by the bacterium Enterococcus faecalis and its potential target is the enzyme
BACEI. Previous study conducted in Malaysia with a stingless bee also identified the
presence of Enterococcus faecalis, however in bee bread of the stingless bee Heterotrigona
itama [72]. The peptide PLLTAGFFSK is the result of the enzymatic action of a protein
secreted by the bacterium Proteus mirabilis and has a potential target for beta-amyloid.

The Swiss Target Prediction allows estimating the most likely macromolecular targets
for a small molecule, considered to be bioactive. The forecast is based on a combination of
2D and 3D similarity with a library of 370,000 known assets in more than 3,000 proteins
from three different species [73]. After submitting the two peptides to this prediction, both
presented BACEI] as target.

The toxicity of the peptides selected as potentially bioactive molecules confirmed the
effects observed in the tests performed. The results revealed that none of them were toxic.
Water solubility has a great influence on the degree of in vivo absorption of bioactive
peptides, and water-soluble peptide sequences generally have high biological availability
[74]. Although the prediction of water solubility of the HLINLFFDSGTIK and
PLLTAGFFEFSK peptides is low, this does not invalidate their bioactive potential. The
generation of mutants of these sequences to improve the degree of solubility, optimizing the
absorption in the gastrointestinal tract, must be done. The molecular docking of the peptides
with BACEI and beta-amyloid was carried out in order to verify if and how the predicted
anti-AD effect occurs.

The BACEl enzyme has three domains: an N-terminal extracellular domain, a

transmembrane domain and a cytosolic C-terminal domain. Its extracellular domain has the
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correct orientation for APP cleavage. Between the N- and C-terminal regions, there is a gap
with the conserved catalytic Asp dyad (Asp32 and Asp228), being the active site of action for
this enzyme [75]. Next to this region, there is a loop that, depending on the conformation, can
obstruct access to the active site [76].

The 3D images of the docking between HLINLFFDSGTIK and BACE1 showed that,
despite the interaction between these molecules, the peptide does not interact directly with
the active site, not even with the loop. However, it is possible to notice that the peptide is
located exactly in the gap between the N- and C-terminal regions, just above the active
BACETI site. Thus, the peptide could block access to the active site, preventing the enzyme
from cleaving its substrate. Therefore, we believe that the interaction of the
HLINLFFDSGTIK peptide with BACEI can inhibit the action of this enzyme, preventing
the cleavage of APP and the production of Af.

Studies show that APP cleavage by BACE1 generates AP proteins of various sizes.
Although AB40 is the most abundant protein in plasma, AB42 is the most toxic and has a high
aggregating power [77, 78]. According to the researchers, the toxicity of AB42 is justified by
its molecular conformation that comprises a single triple motif f in its structure, formed by
three P leaves that cover the residues 12-18 (B1), 24-33 (B2) and 36-40 (B3). This tertiary fold
would be responsible for its cytotoxicity and aggregation, resulting in the formation of
B-amyloid plaques in patients with AD [79, 80].

When analyzing the 3D images of the docking between PLLTAGFFSK and the
B-amyloid plaque, we noticed that there is a positive interaction between them. Docking
altered the conformation of the plaque, causing an opening in its structure and, consequently,
altering its triple motif B. Thus, it is possible that the bioactive anti-AD potential of the
PLLTAGFFSK peptide occurs through the conformational change of AB42, neutralizing its
cytotoxicity and aggregation and avoiding the damage caused by its accumulation and
deposition in neurons.

Our investigation validates the biotechnological potential of secretomes isolated from
larval food of native Brazilian stingless bees as a source of bioactive peptides with

therapeutic potential to treat human diseases. Our analyses were able to identify and predict
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the docking of two peptides with potential bioactivity to interact with BACEI
(HLINLFFDSGTIK) and B-amyloid (PLLTAGFESK), sites that have been extensively

explored for the development of new therapies for AD.

4. Material and Methods

4.1 Biological material

Four bacterial secretomes (S1, S9, S27 and S54) obtained from bacteria in the
microorganism bank Collection of isolated stingless bee microorganisms LABGEN UFU
(COMIALG) of Laboratory of Genetics - Federal University of Uberlandia were tested.

All of the secretomes analyzed in this study were obtained from bacteria isolated from
the stingless bee hive Melipona quadrifasciata, located at the UFU Meliponary (S 180 55 '/
W 450 17") of the Institute of Biotechnology of the Federal University of Uberlandia,

Uberlandia, Minas Gerais, Brazil.

4.2 Obtaining bacterial secretome

To obtain the supernatant of each bacteria isolated from larval food, S0 mL of Luria
Bertani (LB) medium was prepared and autoclaved, followed by inoculation of 10 pL of
bacteria. The medium was incubated in a bacteriological incubator at 37°C for 48 hours
under 200 rpm agitation. Medium was transferred to a sterile 15 mL tube and centrifuged at
1000g. The supernatant was filtered through a sterile 0.22 um syringe filter. The

supernatants/secretomes were frozen in -80°C freezer until their use in flies’ treatment.

4.3 Flies stock and Genetics

The strains under study were kept in stock in flasks containing ¥4 of Bloomington culture

medium (1500 mL of water, 27g of yeast, 15g soybean meal; 109.5g corn meal; 9g agar;
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115.5g glucose syrup; acid and Nipagin solution) in BOD incubator (Biochemical Oxygen
Demand, SOLAB) at 25°C, 70% relative humidity and 12:12 hours light-dark cycle.
P{GawB }elavC155,P{UAS-mCDS8::GFP.L}LL4,P{hsFLP}1,w* (named as elav-GAILA,
stock number BL#5146); P(UASBACE,UAS-APP1.L) (named as UAS-BACEI, UAS-APP;
BL#29877) and wlll® (BL#3605) strains were obtained from Bloomington Stock Center of

the University of Indiana.

4.4 Obtaining Alzheimer's model flies

The GAL4/UAS system was used for overexpression of human APP and BACEI1
orthologs in the fly brain. The elav-GAL4 (driver strain) directs the expression of the human
APP and BACEI1 orthologs (UAS-BACEI, UAS-APP, responder strain) to the fly brain. From
crossing elav-GAL4 females and UAS-BACEI, UAS-APP males, we obtained the
overexpression of the human APP and BACEI orthologs in the fly brain, producing the
Alzheimer disease phenotype (AD-like) in D. melanogaster, an amyloid-induced
neurodegeneration model fly.

For such, the parental strains were previously expanded and placed in glass flasks
containing standard Bloomington culture medium. The expansion crosses of each strain were
maintained for 10 days. On the 7th day, adults of the elav-GAL4 strain were discarded for the
collection of virgin females, later crossed with males of the UAS-BACE, UAS-APP strain.

After the crossing, the pupal stage of the F1 generation was awaited. Only 50% of these
descendants had the genotype of interest (AD-like), being selected through the elongated
shape of the pupae. The other individuals were discarded while still in the pupal stage,
presenting the flattened phenotype due to the presence of the tubby balancer in their
genotype. The remaining pupae, genotype w *, elav-GAL-4; UAS-BACE, UAS-APP / +,

gave rise to the AD-like adult flies that were analyzed.
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4.5 Experimental groups

Four bacterial secretomes, named as S1, S9, S27 and S54, isolated from the Melipona
quadrifasciata stingless bees larval food were tested in elav-GAL4 > UAS-BACE]I,
UAS-APP transgenic flies of D. melanogaster. Behavior and morphology/structural changes
in the brain of adult flies after supplementation with the secretomes (without dilutions) were

evaluated. The water-treated group was the negative control (NC).

4.6 Behavioral assessment

The RING test (Rapid Iterative Negative Geotaxis), originally described by Gargano et
al (2005) [81], consists of assessing the locomotor performance of Drosophila melanogaster
using the climbing ability. This evaluation explores the natural characteristic of these flies to
climb upwards, after sufficient mechanical stimulus to take them to the bottom of the
container in which they are. The RING test indicates if there is a reduction in locomotor
activity associated with age or factors such as neurodegeneration [81].

Adult flies subjected to treatments with bacterial secretomes, as well as controls, had
their climb evaluated at 10 and 15 days of life. For the test, transparent tubes of 9.5 cm in
height and 2.3 cm in diameter were placed in a rack-type apparatus with a capacity of 12
tubes. For each replicate, about 20 flies from each treatment / control group were transferred
to the tubes and, after being positioned in the rack, were kept for 30 minutes at rest in a quiet
environment at room temperature. During the setting, the racket was positioned 40 cm away
from a light source (fluorescent lamp, white color - specifications: 18W, 220V, 6500K and
122mA). No anesthetic was used to allocate the flies in the tubes. Only elav-GALA4 >
UAS-BACEI1, UAS-APP male flies were analyzed in this test.

After acclimatization, the rack containing the tubes with flies was subjected to three
consecutive strokes on sponges positioned on the surface of the experimental bench and
replaced on it, starting the time counting. The tests were recorded through filming. The

number of flies that arrived / exceeded the 5 cm line delimited in the rack was counted, after
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4 seconds of the third hit. Three biological replicates and three technical replicates were
performed, with an interval of 1 minute between the tests.

All procedures were filmed with a 13 megapixel camera and the initial analyses of the
RING test were performed using the Quicktime® program, with a standardization of 4 full
seconds corresponding to 120 frames of video reading. The counting of the frames was

started at the moment the racket returned to the surface of the bench after the strikes.

4.7 Amyloid quantification by Thioflavin T

For quantification of B-amyloid in AD-like flies, we used the amyloid quantification
protocol by Thioflavin T according to Westfall et al (2019) [82], with adaptations. The trial
was carried out in biological triplicate, in the control /treatment groups.

For protein extraction, twenty fly heads were macerated in 200uL of protein extraction
buffer (50mM Tris-HCI buffer pH 8.0 containing ImM EDTA and 1% Triton X-100),
together with protease inhibitors (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail
diluted in 10ml of the cold buffer) in a 2 mL tube, followed by centrifugation at 10,000 rpm
for 2 min, to separate the debris. The supernatant was transferred to a new microtube and
placed on ice for quantification of B-amyloid by Thioflavin T and total proteins by Bradford.

For the quantification of amyloid by Thioflavin T, a stock solution (5X) was prepared by
dissolving 8 mg of Thioflavin T in 10 mL of PBS pH 7.0. The 1:5 working solution was
prepared from the stock solution (diluted in PBS 1X). Finally, 198 pL of the working solution
and 2 pL of the homogenate (supernatant of the extracted protein) were added in a 96-well
plate, incubated for 20 minutes while shaking 260 rpm for quantification.

The fluorescence reading was performed at an excitation/emission wavelength of
450/482 nm. For data analysis, the value of the blank (Thioflavin T) was subtracted and the
amyloid levels were normalized with total proteins measured by Bradford. After this stage,

the quantification was normalized by the fluorescence found in the control group

(elav-GALA4).
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4.8 Histological analysis

For histological analysis, 10 adult flies of the elav-GAL4 > UAS-BACEI1, UAS-APP
strain of 15 days old were collected from each control/treatment group, anesthetized with
ethyl ether and fixed in Carnoy solution (6: 3: 1, 99% ethanol, chloroform and glacial acetic
acid) for 24 hours and processed in 70% ethyl alcohol (2x), 80% ethyl alcohol (2x), 90%
ethyl alcohol (2x), absolute ethyl alcohol (2x), xylol (2x), 60% liquid paraffin (2x) for 15
minutes in each repetition. The flies’ heads were aligned in an apparatus [58] and embedded
in paraffin. The blocks were sectioned at 3 um thickness using a semi-automatic microtome
(SLEE CUT5062). The sections were dehydrated, stained with hematoxylin and eosin and

mounted.

4.9 Proteomic analysis

For proteomic analysis, 10 mL of each supernatant was filtered through a 0.22 um
syringe filter and lyophilized. We used 1 mL of ultrapure water to resuspend and we
performed the total protein quantification in a BioDrop® Nano Spectrophotometer (reading
at 280 nm). The proteins were reduced with 100 mM dithiothreitol (DTT), alkylated with 0.5
M iodoacetamide and digested with trypsin (0.01 pg/uL). The desalination step was
performed with ZipTips C18 (Millipore, Billerica, MA, United States).

The proteomic analysis was performed on the Liquid Chromatography-Electrospray
Ionization — Quadrupole - Time of Flight-Mass Spectrometry (6520B LC-ESI-Q-TOF-MS)
from Agilent. The chromatographic parameters were AdvanceBio Peptide Mapping column
(Agilent) with 2.1 mm internal diameter, 10 cm of length and 2.7 um particles. The mobile
phase was composed by water (A) and acetonitrile (B), both acidified with formic acid (0.1%
vv), with the gradient: 2% B (0 min), 2% B (10 min), 15% B (40 min), 50% B (150 min),
70% B (200 min), 98% B (220 min), 98% B (300 min), 100% B (301 min) and 100% B (400

min), in a flow of 400 uL/min. The ionization parameters were nebulizer pressure of 45 psi,
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drying gas at 8. / min at a temperature of 325 °C, and 4KV energy was applied to the
capillary.

The analysis of the raw data was performed in the Spectrum Mill software (Agilent)
using the Uniprot (40,428 results for Proteus mirabilis and 187,915 results for Enterococcus
faecalis in March 2021). Carbamidomethylation was set as fixed modification. Maximum
missed cleavages were selected in two for trypsin. The precursor mass error and the
fragments were set at 20 ppm, product mass tolerance at 50 ppm and maximum ambiguous

precursor charge at 3.

4.10 Screening of bioactive peptides

The proteins were digested with trypsin in proteomic protocols, which mimic the
digestive process in D. melanogaster gut and create bioactive peptides from bacterial
proteins. The peptides present in S1 secretome were used for bioactivity prediction using the

Peptide Ranker (http://distilldeep.ucd.ie/PeptideRanker/) tool. The peptides with rank above

0.4 were considered as potential bioactive compounds.

4.11 Tertiary structure prediction of peptides

The 3D structures of peptides were created using PEP-FOLD 2.0

(https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD). Analysis of

the global energy and the contribution of the atomic contact energy (ACE) were carried out to

determinate the best 3D models of each peptide.

4.12 Molecular Docking

The PDB file from BACE (3TPJ) and 42-Residue Beta Amyloid Fibril (2MXU) were

retrieved from Protein Data Bank (https://www.rcsb.org/). The online docking was

performed by using PathDocking (https://bioinfo3d.cs.tau.ac.il/PatchDock/) and refined by
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FireDoock (http://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) with the best sequence chosen

for docking with BACE1 and for docking with 42-B-amyloid Fibril Residue.
To estimate the possible targets of the selected peptides, we used the Swiss Target

Prediction (http://www.swisstareetprediction.ch/) website.

4.13 Toxicity and solubility predictions for potential peptides

The ToxinPred (http://crdd.osdd.net/raghava/toxinpred/) tool was utilized to predict the

toxicity of potential peptides based on their important physicochemical properties. The

peptide property calculator Innovagen (http://www.innovagen.com/proteomicstools) was

used to calculate the solubility of peptides. The results were calculated based on the

isoelectric point and the peptide length.

4.14 Whole-genome sequencing and genome assembly

The DNA from bacteria S1 was extracted and used to do a DNA library of 150 bp
paired-end. The library was sequenced by using DNBseq technology in Beijing Genome
Institute (BGI) Facility. The raw data with adapter sequences or low-quality sequences were
filtered with a series of data processing to remove contamination and to obtain valid data by

SOAPnuke software developed by BGI. The bacterial genomes were assembled using

SPAdes assembler.

4.15 Statistical analysis

The results of behavioral test performed only with males were evaluated using t-test
with significance set at P < 0.05. For the analysis of the B-amyloid quantification, D'Agostino
& Pearson test was applied to check for normality, followed by Kruskal-Wallis test with a

post-hoc Dunn's multiple comparisons test with significance set at P < 0.05.
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Table legends:

Table 1. Culture media used to isolate the bacteria from the larval food of the stingless bee Melipona

quadrifasciata.

Table 2. Features annotated of the genome of the new strains of Proteus mirabilis and Enterococcus

faecalis isolated from the larval food of the stingless bee Melipona quadrifasciata.

Table 3. List of peptides identified in the S1 secretome and the respective proteins that are possibly

derived.

Table 4. Characteristics of the best 3D models of peptides considered to be potentially bioactive

molecules.

Table 5. Characteristics of the best 3D models of potentially bioactive peptides.

Figure legends:

Figure 1. Effect of bacterial secretomes on the fly climbing ability of AD-like flies. A. AD-like flies
showed a lower climbing capacity than the control genotype 15 days after hatching. B. AD-like flies
treated with S1, S9, S27 and S54. S1 secretomes showed increased climbing capacity when compared to
untreated flies and to vehicle (culture medium LB). Data are presented as the mean + S.E.M. Statistical

significance is indicated as * for P < 0.05 and ** for P < 0.01 according to t-test. NC = Negative Control.

Figure 2. Amyloid quantification by thioflavin T, normalized according to fluorescence, in the brain
of flies treated and not treated with bacterial secretomes. Data are presented as the mean + S.E.M.
Statistical significance is indicated as * for P < 0.05 according to Kruskal-Wallis t-test, with Dunn’s

multiple comparisons post-test. NC = Negative Control.

Figure 3. Histology of the brain of AD-like model fly treated and not treated with bacterial
secretomes. Representative 3-um paraffin sections at approximately midbrain of flies 15-days after
hatching. A. Control: untreated elav-Gal (40x magnification), indicating the areas of the brain where the
images were captured for analysis. B. Untreated elav-Gal, 100x. AD-like flies treated with: C. Water,
negative control, 100x; D. Vehicle, 100x; E. S1,100x; F. S9, 100x; G. S27, 100x; H. S54, 100x.
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Figure 4. Three-dimensional analysis of the HLINLFFDSGTIK and PLLTAGFFSK peptides and
their interaction with BACE1 and p-amyloid target sites. A. 3D Image of the interaction between
HLINLFFDSGTIK with BACE1l. B. Zoom of the image A, showing 3D molecular interactions of
HLINLFFDSGTIK with BACEL. C. 3D Image (Cartoon type) of the interaction between PLLTAGFFSK
and B-amyloid plaque. D. 3D Image (Surface type) of the interaction between PLLTAGFFSK and B-
amyloid plaque.

Figure 5. Genomic organization of the nuo operon in the P. mirabilis IsAbel.Pmir genome visualized in

Artemis program.

Figure S1. Venn diagram representing the proteins identified in the S1 secretome, secreted for

Enterococcus feacalis (blue circle) and Proteus mirabilis (yellow circle), according to the peptides found.
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Tables:

Table 1.

Stingless bee larval food

Bacteria (colony)

Culture medium used for isolation

1
9
27
54

ISP-2
MRS
Oatmeal

Nutrient

Table 2.
Proteus mirabilis Enterococcus faecalis
Features Annotated Reference . Reference
NC_010554.1 IsAbel.Pmir NC_004668.1 IsAbel.Efae
Genome size 4,063,606 4,063,606 3,218,031 2,734,422

CDS 3,682 3,789 3,244 2,581

tRNA 83 83 67 33

GC percentage 38.9 40.2 37.4 37.5
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Table 3. List of peptides identified in secretome S1 and the respective proteins that are derived.

Protein Organism Sequence Slﬂ‘e:;::: Database Accession
ABC transporter permease Enterococcus faecalis, Proteus mirabilis MEMIPK 3.54e+006 AOA3N3Z273
MobC domain-containing protein Enterococcus faecalis, Proteus mirabilis LTEEEK 7.10e+004 R3JUE4
Methionine import ATP-binding protein MetN Enterococcus faecalis, Proteus mirabilis ENILTFSKK 5.43e+006 C7D2D7
D-2-hydroxyacid dehydrogenase Enterococcus faecalis, Proteus mirabilis GGIVDTDALIAALAQGR 4.91e+004 AOA4U3NN88
DNA-binding protein Enterococcus faecalis, Proteus mirabilis GTKIGGQWR 2.24e+005 AO0A431H3R4
Sugar ABC transporter substrate-binding protein Enterococcus faecalis, Proteus mirabilis EGAQMDFGTAK 8.62e+005 AOA3N3Z427
Aldehyde-alcohol dehydrogenase Enterococcus faecalis, Proteus mirabilis HAMFPK 3.29e+005 AO0A059MZI4
Replication-associated protein RepA Enterococcus faecalis, Proteus mirabilis GSEITLHNWVENK 1.59e+005 AOAOM2ANR2
Uncharacterized protein Enterococcus faecalis, Proteus mirabilis IDMYTER 6.55e+004 A0A249XUN9
Holliday junction resolvase RecU Enterococcus faecalis, Proteus mirabilis ESAIEFGNRGMR 1.49e+005 16TD06
Glycosyltransferase, group 2 family protein Enterococcus faecalis, Proteus mirabilis ITLTKFDK 3.13e+006 AOA05S9MWM 1
Uncharacterized protein Enterococcus faecalis, Proteus mirabilis ISPQGAVRITDAQGN 8.02e+004 S4G069
Uncharacterized protein Enterococcus faecalis, Proteus mirabilis MFPPK 2.56e+005 AOAG6ISICCS
DUF4393 domain-containing protein Enterococcus faecalis, Proteus mirabilis RKSFPLPVDK 2.12e+005 AO0A614Y203
Uncharacterized protein Enterococcus faecalis, Proteus mirabilis DINQKAHTGTNKNK 9.62e+004 AOA4U4EBD7
Uncharacterized protein Enterococcus faecalis, Proteus mirabilis AIESFIQSEK 6.75e+005 S4CMY2
Mannitol dehydrogenase family protein Enterococcus faecalis, Proteus mirabilis EVEIPHFDRASLR 9.62e+004 AOA3N3Z5E8
ABC transporter substrate-binding protein Enterococcus faecalis, Proteus mirabilis VAPVEKNGDK 2.53e+005 AOAG6ISIBAO
Sigma-54 interaction domain protein Enterococcus faecalis, Proteus mirabilis NIYIRYEALK 5.94e+004 S4CFA9
DNA-binding protein Enterococcus faecalis, Proteus mirabilis QLDINTNTLR 1.18e+005 AO0A0J71IQ7
Restriction endonuclease subunit S Enterococcus faecalis LDQSITLYK 7.74e+005 AOAG6L717P6
YopX domain-containing protein Enterococcus faecalis MNKMIPK 1.06e+006 EOHAS84
MobC Enterococcus faecalis HLINLFFDSGTIK 1.33e+006 Q8GFD8
GTP 3',8-cyclase Proteus mirabilis NLPDFLHWIK; QFHAITGQDK 52273121(())(();43‘ AOA1Z1SX52



Uncharacterized protein

RNA-splicing ligase

Uncharacterized protein

Acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha

IncFII family plasmid replication initiator RepA

NADH:ubiquinone reductase (H(+)-translocating) (Fragment)

Tyrosine recombinase XerD

DNA topoisomerase 4 subunit B

Isocitrate dehydrogenase kinase/phosphatase

3-isopropylmalate dehydrogenase

Outer membrane beta-barrel protein

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

Proteus mirabilis

IYTSGGSDK

KEVTLESFK

MFPNKPK

LMELAER

FDFAIHVAHARSR

PLLTAGFFSK

VLHQQHHPR

ETTLDPNTR

DKFAPQKTITAER

RFSLNITTK

ADEELINDK

7.25e+004

2.48e+005

1.01e+006

1.06e+006

1.65e+005

7.74e+005

6.26e+005

8.79e+003

1.33e+006

5.00e+006

8.79¢+003

AOASJ6TTM9

AOA7G5CG86

AOA3GS8F187

AOA2A5Q6B3

AOATD6ADS9

AOA6N4LVT9

AOA1Z1SSS8

AOAI1Z1SSP8

A0A2J9L743

AOA1Z1SSM8

AOA6L6MOII3



http://www.uniprot.org/uniprot/A0A2A5Q6B3

Table 4.

Docking (Kcal/mol)
Peptide Rank p-secretase (BACE) p-amyloid
Global ACE Global ACE
energy energy
NLPDFLHWIK 0.85 -42.18 -3.16 -70.15 -17.61
ESAIEFGNRGMR 0.63 -25.14 -1.71 -53.93 -11.24
PLLTAGFFSK 0.48 -28.13 -7.94 -97.41 -25.63
FDFAIHVAHARSR 0.47 -27.65 -6.84 -74.86 -16.98
EGAQMDFGTAK 0.42 -35.50 -7.79 -49.63 -11.58
HLINLFFDSGTIK 0.42 -42.47 -9.02 -67.13 -12.52
* ACE = contribution of the atomic contact energy.
Table 5:
. . . Net charge Water Molecular
Peptide Sequence Toxicity i bH 7 solubility  weight (g/mol)
PLLTAGFFSK Non-Toxic 1.00 9.11 Low 1080.43
HLINLFFDSGTIK Non-Toxic 0.10 7.09 Low 1504.95

* pl = isoelectric point.
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Figure 3.

Figure 4.
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Figure 5.
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Enterococcus Proteus
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