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RESUMO

A malaria € uma doenca tropical, causada por espécies do género Plasmodium
spp. O Plasmodium falciparum é a espécie mais virulenta, pois € a unica capaz de
produzir o quadro clinico mais grave da doenga: a malaria cerebral. De acordo
com as ultimas estimativas, cerca de 229 milhdes de pessoas sao acometidas
pela malaria, e, estudos que possam viabilizar a descoberta de novos alvos
terapéuticos se tornam altamente necessarios, haja vista aos crescentes casos
de resisténcia aos antimalaricos disponiveis. Neste sentido, a fim de poder
explorar melhor os parceiros de interagdo com a proteina KAHRP (do inglés, knob-
associated histidine rich protein), uma proteina relacionada a citoaderéncia ao
endotélio do hospedeiro humano facilitando a formacédo de “rosetas” em P.
falciparum, foi implementado o uso de CRISPR-Cas9 juntamente com a
abordagem de marcagao por proximidade mediada por ascorbato-peroxidase
modificada (APEX2), a fim de criar uma proteina quimérica da KAHRP fusionada
a APEX2 por knock-in, utilizando o sistema CRISPR-Cas9, com a finalidade de
promover a biotinilagdo de proteinas vizinhas parceiras. Para avaliar a
funcionalidade da proteina quimérica KAHRP-Flag-APEX2, ensaios de validagao
por Western-blot, estreptavidina-blot e imunofluorescéncia foram realizados. As
analises de protebmica e de bioinformatica revelaram que dentre as 208
proteinas do parasita biotiniladas vizinhas da KAHRP-Flag-APEX2, algumas
delas sao preditas por serem exportadas pelo translocon PTEX presente na
membrana do vacuolo parasitéforo, e, outras preditas por serem exportadas por
mecanismos nao classicos. Dentre as proteinas observadas, encontramos:
GBP130, PTP2, membros do grupo PHISTb, UIS2, Pf332, RESA, as proteinas
que compde o complexo RhopH/CLAG (RhopH1/CLAG3.1, RhopH2 e RhopH3)
e do complexo PTEX: PTEX88 e 150. Adicionalmente, seguindo o principio da
acuracia e proximidade proporcionada pelo uso da APEX2, construgdes similares
foram realizadas, a fim de enderegar a HA-APEX2 para algumas organelas de P.
falciparum. Pelo fato do parasita apresentar organelas especializadas, tais como
0 apicoplasto e as roptrias, o conhecimento do arsenal de proteinas presentes
nestas estruturas, podem fornecer evidéncias para que futuras estratégias para a
erradicagcdo da doencga, baseado no desenvolvimento de quimioterapicos e/ou
vacinas sejam realizadas. O uso da APEX2 tem se mostrado altamente eficiente
nesse quesito, pois permite uma descricao altamente precisa acerca das proteinas
presentes em uma organela de interesse, baseando-se na sua resolugao temporal
e espacial. Assim, construgcbes epissomais foram adicionalmente obtidas,
enderecando a HA-APEX2 para o apicoplasto (pCC1-SPxcp-HA-APEX2), a
mitocondria (pCC1-SP~r)-HA-APEX2) e as roptrias(pCC1-SPrar1)-HA-APEX2). O
controle citosolico também foi obtido (pCC1-HAito)-APEX2). Com a mudanga da
metodologia de transfecgdo com o uso da plataforma Amaxa Il Nucleofector Il AAD-
1001N (Lonza) e a determinagdo da ineficacia da droga anti-folato WR99210
proveniente da Sigma-Aldrich para selecionar os parasitas mutantes por [3H]
hipoxantina, a obtencédo dos parasitas transfectados foi possivel apds 3-4 semanas
de selecdo. Os ensaios de validagao da expressao e da marcacgao por biotinilagao
propiciada pela APEX2 por Western-blot e estreptavidina-blot dos respectivos
compartimentos estdo em andamento.

Palavras-chave: P. falciparum, KAHRP, CRISPR-Cas9, APEX2 e mapeamento
de organelas.

Suporte financeiro: CAPES-COFECUB, CNPq, FAPDF e FINEP.
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ABSTRACT

Malaria is a tropical disease caused by Plasmodium species. P. falciparum is the
most virulent specie from this genus, because is the only one capable to produce
the most life-threatening clinical state of the iliness: cerebral malaria. In agreement
with the last estimative, about 229 million people are diagnosed with malaria
worldwide, and studies that might shed light into novel therapeutic strategies turn-
out very required, especially when an increasing of the numbers of resistance
cases have been reported. Therefore, in order to explore neighboring interacting
proteins of KAHRP (knob-associated histidine rich protein), a widely known protein
involved with cytoadherence properties onto host endothelium facilitating rosetting
in P. falciparum, it was implemented the use of CRISPR-Cas9 system together
with proximity-tagging based on the use of ascorbate-peroxidase modified
(APEX2), in order to produce a chimeric protein of KAHRP fused to APEX2 by
knock-in, allowing biotinylation of neighboring proteins of KAHRP-Flag-APEX2. To
assess the activity of this chimeric protein, validation assays were performed, such
as Western-blot, streptavidin-blot and immunofluorescence. From our proteomic
and bioinformatic analyses, a total of 208 parasite-derived neighboring proteins of
KAHRP-Flag-APEX2 were identified. Some of them are predicted to be exported
through translocon PTEX at parasitophorous vacuole membrane, and others are
predicted to be exported through non-classical mechanisms. Among these
proteins, we have found in our subproteomic dataset: GBP130, PTP2, PHISTb
members, UIS2, Pf332, RESA, proteins from RhopH/CLAG complex
(RhopH1/CLAGS3.1, RhopH2 and RhopH3) and PTEX complex: PTEX88 and 150.
In addition, taking advantage of the accuracy and proximity labeling allowed by
APEX2 technology, similar vector constructions were made, in order to address
HA-APEX2 to some P. falciparum compartments. As some compartments of this
parasite are unique, such as apicoplast and rhoptries, the knowledge of the
proteomic arsenal from these organelles, might provide novel insights for the
disease eradication through rational drug design pipelines and/or vaccine
development. The use of APEX2 has been shown very insightful in this state-of-
the-art, because it allows an accurate description of the protein content of a given
compartment, merely based on temporal and spatial resolution of the technology.
Thus, episome-based constructions were additionally obtained addressing HA-
APEX2 to apicoplast (pCC1-SPnacr)-HA-APEX2), mitochondrion (pCC1-SPtr)-HA-
APEX2) and rhoptries (pCC1-SPrar1)-HA-APEX2). A cytosolic episome-based
expressing APEX2 was also obtained (pCC1-HAito)-APEX2). After changing our
transfection platform to Amaxa Il Nucleofector Il AAD-1001N (Lonza) and with
determination of the WR99210 inefficacy purchased from Sigma-Aldrich to select
mutant parasites through [®H] hypoxanthine, we were able to obtain the first transfected
parasites after 3-4 weeks under drug pressure. Validation assays regarding protein
expression and biotinylation proximity tagging into the compartments provided by
APEX2 through Western-blot and streptavidin-blot are under progress.

Key words: P. falciparum, KAHRP, CRISPR-Cas9, APEX2 and organelle
mapping.
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LISTA DE ABREVIATURAS

[3H]: tritiada

MCi: microcurie

Mg: micrograma

pL: microlitro

MM: micromolar

3’ UTR: do inglés, 3’ untranslated region

5" UTR: do inglés, 5’ untranslated region

AAV: do inglés, adeno-associated viral

ABCF1: do inglés, ABCF-family protein

ACP: do inglés, acyl-carrier protein

ACTs: do inglés, artemisin combination therapies

Aflll: enzima de restricao

AGC: do inglés, auto gain control

AL: artemether-lumefantrina

ALA: d-aminolevulanato

ALAD: d-aminolevulanato desidratase

ALAS: d6-aminolevulanato sintase

AMA-1: do inglés, apical membrane antigen

APEX2: ascorbato peroxidase modificada

APEX-RIP: metodologia baseada no uso da APEX2 que realiza o crosslink entre
ribonucleoproteinas-RNAs

AS-AQ: artesunato-amodiaquina

ATP: do inglés, adenosine triphosphate

ATQ: atovaquona

AVIDITY: do inglés, streptavidin binding capacity assay

B2AR: do inglés, beta-2 adrenergic receptor ou receptor beta-2 adrenérgico

BiolD: do inglés, proximity-dependent Biotin-IDentification

BioSITe: do inglés, biotinylation site identification technology

XViii



BirA*: biotina-ligase modificada de E. coli

BMAL1: do inglés, gene do brain and muscle ARNT-like 1

BP: do inglés, biotin-phenol

BSA: do inglés, bovine serum albumin

C70RF55: Complexo V da cadeia respiratéria, ATP-sintetase

CaClz: cloreto de calcio

CEP/UnB: Comité de Etica em pesquisa da Faculdade de Ciéncias da Saude da
Universidade de Brasilia

CMI: Complexo de Membrana Interno

COz2: dioxido de carbono

CPIII: coproporfirinogénio Ill

CPO: coproporfirinogénio oxidase

CQ: cloroquina

CRISPR: do inglés, clustered regularly interspaced short palindromic repeats

crRNAs: do inglés, CRISPR associated RNAs

CYC: cicloguanil

CYP6M2: um gene pertencente a familia das P450 mono-oxigenases

CYTb: subunidade b da citocromo

D.0O.s00nm: densidade Optica medida no comprimento de onda a 600 nanémetros

DAPI: do inglés, 4’ 6-diamidino-2-phenylindole dihydrochloride

DDT: diclodifeniltricloroetano

DHA-PPQ: diidroartemisinina-piperaquina

DHFR: diidrofolato redutase

DHPS: diidropteroato sintase

DiDBIT: do inglés, direct detection of biotin-containing tags

DiQ-BiolD: do inglés, dimerization-induced quantification BiolD

DNA: do inglés, deoxyribonucleic acid ou acido desoxirribonucleico

DSB: do inglés, double-strand break ou clivagem da dupla fita do DNA

DTT: do inglés, dithiothreitol

E-64: inibidor de protease (do inglés, trans-Epoxysuccinyl-L-leucylamido(4-
guanidino)butane, L-trans-3-Carboxyoxiran-2-carbonyl-L-leucylagmatine, N-(trans-
Epoxysuccinyl)-L-leucine 4-guanidinobutylamide)

EBA-175: do inglés, erythrocyte binding antigen-175

ECso: do inglés, half maximal effective concentration ou metade da concentragao

efetiva maxima
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EcoRIl: enzima de restricao

EDTA: do inglés, ethylenediamine tetraacetic acid

EGTA: do inglés, ethylene glycol-bis(B-aminoethyl ether)-N,N,N' N'-tetraacetic acid

EM: do inglés, electron microscopy ou microscopia eletrénica

EPIC: exported protein-interacting complex

ER: do inglés, endoplasmic reticulum

ERD2: do inglés, cis-Golgi / endoplasmatic reticulum retention-defective protein

EROs: espécies reativas de oxigénio

EVs: do inglés, exosome-like vesicles ou vesiculas exosoma-like

EXP3: do inglés, exported protein-3:

FASII: do inglés fatty acid synthase type Il ou via de biossintese de acidos graxos
do tipo Il

FASTKD1: Serina/treonina quinase-like ativado por Fas

FDR: do inglés, false discovery rate

FEPECS/SES-DF: Fundagédo de Ensino e Pesquisa em Ciéncias da Saude do
Distrito Federal

Flag-APEX2-NES: APEX2 marcado com o tag FLAG com peptideo de
enderegcamento nuclear

FRET: do inglés, Férster resonance energy transfer

G6PD: glicose-6-fosfato desidrogenase

GBP130: do inglés, glycophorin binding protein 130

gDNA: do inglés, genomic DNA ou DNA gendmico

GFP: do inglés, green fluorescente protein

GO: do inglés, gene ontology

GPCR: do inglés, G-protein-coupled receptors ou receptor acoplado a proteina G

gRNA: do inglés, guide RNA ou RNA-guia

GSTEZ2: um gene pertencente a familia das glutationa-S-transferases

H202: perdxido de hidrogénio

HAT: do inglés, histone acetyltransferase

HBC: do inglés, hepatites C virus

HbS: hemoglobina com trago falciforme

HBsAg: antigeno de superficie do virus hepatite B

HBV: do inglés, hepatites B virus

HCD: do inglés, high energy collision dissociation

HCI: acido cloridrico
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HDAC: do inglés, histone deacetylase

HDR: do inglés, homology-directed repair

HEPES: do inglés, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Hindlll: enzima de restricao

hiPSCs: do inglés, human induced pluripotent stem cells

HIV: do inglés, human immunodeficiency virus

HR1: do inglés, homology region 1

HR2: do inglés, homology region 2

HRP: do inglés, horseradish peroxidase

HSP40: do inglés, heat shock protein 40

HSP70: do inglés, heat shock protein 70

HSP70-x: do inglés, heat shock protein 70-x

IPTG: isopropil-3-D-1-tiogalactopiranosideo

iRBCs: do inglés, infected-red blood cells

IRS: do inglés, indoor residual spraying ou IRS ou pulverizagao residual interna

ISP3: do inglés, IMC Subcompartment Protein 3

ITN: do inglés insecticide-treated mosquito net ou mosquiteiro tratado com
inseticida

ITTs: infecgdes transmitidas por transfusao

J-dots: pequenas estruturas que transportam chaperonas

K2HPO4: fosfato de potassio dibasico

KAHRP: do inglés, knob-associated histidine rich protein

KAHRP-Flag-APEX2: proteina quimérica expressando KAHRP e APEX2

kb: do inglés, kilobase

KCI: cloreto de potassio

KH2POs4: fosfato de potassio monobasico

L: litro

IncRNASs: do inglés, long non-coding RNAs

log1o: escala logaritmica na base 10

M: molar

MAHRP1: do inglés, membrane-associated histidine rich protein 1

mCi/mmol: milicurie por milimolar

MCs: Maurer’s clefts

MEP/ DOXP: 2-C-metil-D-eritritol-4-fosfato/1-deoxi-D-xilulose-5-fosfato

MFQ: mefloquina
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mg: miligrama

MgCl2: cloreto de magnésio

mL: mililitro

mM: milimolar

MRNA: RNA mensageiro

mtDNA: DNA mitocondrial

MVP: membrana do vacuolo parasitéforo

N2: gas nitrogénio

N-Ac: N-acetilacdo

NaCl: cloreto de sodio

NADH: do inglés, nicotinamide adenine dinucleotide

NADPH: do inglés, nicotinamide adenine dinucleotide phosphate hydrogen

NaHCOs: bicarbonato de sédio

NCE: do inglés, normalized collision energy

Ncol: enzima de restrigcao

ND3: uma subunidade do Complexo | da cadeia respiratoria, NADH desidrogenase

N-DRC: do inglés, nexin-dynein regulatory complex

NDUFS6: Complexo | da cadeia respiratéria, NADH desidrogenase

NHEJ: do inglés, non-homologous end-joining

nM: nanomolar

NPPs: do inglés, new permeability pathways ou novas vias de permeabilidade

NTM5: do inglés, normal trabecular meshwork 5

O2: gas oxigénio

OMS: Organizacdo Mundial da Saude

ORF: do inglés, open reading frame

PAM: do inglés, protospacer adjacent motif

PBGD/UROGEN |lI: porfobilinogénio deaminase/uroporfinogénio Il sintase

PBO: piperonil-butéxido

PBS: do inglés, phosphate buffer saline

pCC1: vetor de expresséao utilizado neste estudo

pCC1-HAito)APEXZ2: construcio epissomal enderegando a APEX ao citosol

pCC1-SPncr-HA-APEX2: construgcdo epissomal enderecando a APEX ao
apicoplasto

pCC1-SPrar1)-HA-APEX2: construcao epissomal enderecando a APEX as roptrias
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pCC1-SPrRr)-HA-APEX2: construgdo epissomal enderegando a APEX a
mitocondria

PCR: do inglés, polymerase chain reaction

PD: piruvato-desidrogenase

pDC2: vetor de expressao para Cas9 e gRNA

PEMS: do inglés, parasitophorous-enclosed merozoite structures

PEP: do inglés, phosphoenolpyruvate ou fosfoenolpiruvato

PET: do inglés, position-emission computed tomography

PEXEL: do inglés, Protein EXport ELement

Pf332: P. falciparum antigen 332

PfATP4: do inglés, P. falciparum ATPase 4

pfert: do inglés, gene do chloroquine resistance transporter

PEMP1: do inglés, P. falciparum erythrocyte membrane protein 1

PfiTPT: do inglés, P. falciparum innermost triose phosphate translocator

PfKelch13: do inglés, kelch propeller domain ou K13-propeller

pfmdr1: do inglés, gene do multidrug resistance transporter 1

PfoTPT: do inglés, P. falciparum outermost triose phosphate translocator

pH: potencial hidrogeniénico

PHISTb: do inglés, Plasmodium helical interspaced subtelomeric family

PI1(3)P: fosfatidilinositol-3-fosfato

PMV: plasmepsina V

PNEPs: do inglés, PEXEL-negative exported proteins

pPK: plastidial pyruvate kinase ou piruvato-quinase plastidial

ppm: do inglés, parts per million

PPO: protoporfirinogénio oxidase

pPTs: do inglés, plastidic phosphate translocators)

PQ: primaquina

PSAC: do inglés, plasmodial surface anion channel

PTEX: do inglés, Plasmodium translocon of exported proteins

PTM: do inglés, post-translational modification

PTP1-6: do inglés, PFTEMP1-trafficking proteins 1-6

PV1 and 2: do inglés, parasitophorous vacuolar protein-1 and 2

PVM: do inglés, parasitophorous vacuole membrane

PYR: pirimetamina

R21/Matrix-M: Protétipo de uma vacina baseada na RTS,S
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RAP 1-3: do inglés, rhoptry-associated proteins 1-3

rAPEX2: APEX2 recombinante

RBCs: do inglés, red blood cells

RE: reticulo endoplasmatico

RESA: do inglés, ring-infected erythrocyte surface antigen

REX1-3: do inglés, ring-exported proteins 1-3

Rh: do inglés, reticulocyte-binding homologs

RhopH/CLAG: do inglés, high molecular weight rhoptry proteins ou cytoadherence
linked asexual proteins

RNA: do inglés, ribonucleic acid ou acido ribonucleico

RONSs 2, 4 e 5: do inglés, rhoptry neck proteins

ROPs: do inglés, rhoptry bulb proteins

rPSCs: do inglés, rat pluripotent stem cells

rRNA: RNA ribossomal

RTS,S: Protétipo de uma vacina baseada na proteina circumsporozoito

Sacl: enzima de restrigao

Sall: enzima de restrigao

SBD: do inglés, substrate binding domain

SBP1: do inglés, skeleton-binding protein 1

SDS: do inglés, sodium dodecyl sulfate

SDX: sulfadoxina

shRNAs: do inglés, short hairpin RNAs

SP: sulfadoxina/pirimetamina

TE: Tris-EDTA

TEAB: do inglés, triethylammonium bicarbonate buffer

TJ/MJ: do inglés, tight/moving junction

TLR9: do inglés toll-like receptors 9 ou receptores toll-like 9

TNF: do inglés, tumor necrosis factor ou fator de necrose tumoral

tracrRNA: do inglés, trans-activating crRNAs

tRNA: RNA transportador

TrxR: do inglés, thioredoxin reductase

TurbolD: metodologia baseada no uso da BirA* modificada de: BirA*-R118G para
BirA*-R118S

v/v: volume/volume
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VGSC: do inglés, voltage gated sodium channel ou canal de sédio controlado por
voltagem

VTS: do inglés, vacuolar transport signal

w/v: do inglés, weight/volume

WR99210: droga anti-folato para selecionar parasitas de P. falciparum

WT: do inglés, wild type

Xhol: enzima de restricao

yDHODH: do inglés, yeast dihydroorotate dehydrogenase
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LISTA DE FIGURAS

Figura 1. Distribuicao geografica dos paises acometidos pela malaria. As
estimativas sdo provenientes do acompanhamento do periodo de 2000-2019. Os
paises em vermelho sdao aqueles que apresentam maior incidéncia e prevaléncia de
malaria. Os paises em azul sdo aqueles que nao apresentaram nenhum caso, nas
estimativas dos ultimos 3 anos, enquanto que, os paises em verde sao aqueles que
foram diagnosticados como livres da malaria desde 2000. Os paises em branco s&o
aqueles que n&o sao endémicos da doenga. (Extraido de: World Health Organization
(2020). World Malaria REPOIT)...........ccccceueeeeeeeeeeeceee e pg. 32

Figura 2. Mecanismo de acao e resisténcia dos principais antimalaricos.
Frequentemente, as vias bioldgicas que sédo alvos para os antimalaricos atuais sao:
(i) detoxificagcdo do grupo heme no vacuolo digestivo; (ii) folato e biossintese de
pirimidinas no citosol; e, (iii) a cadeia transportadora de elétrons na mitocéndria. As 4-
aminoquinolinas, incluindo CQ e AQ, bem como PPQ possuem agdo no vacuolo
digestivo, ligando-se ao grupo heme reativo e interferindo na sua detoxificacéo através
da formagéo da hemozoina. O ion heme ferroso (Fe?*) liberado da degradagéo da
hemoglobina (Hb), pode clivar e ativar os derivados de ART (simbolo de estrela). As
mutac¢des nos transportadores PfCRT e PfMDR1 (circulos lilds) s&o determinantes
importantes relacionados com a resisténcia a 4-aminoquinolinas. As formas variantes
do marcador molecular kelch-13 (quadros vermelhos), conferem resisténcia a ART.
As mutagdes em duas enzimas-chave na via de biossintese do folato, diidropteroato
sintase (DHPS) e diidrofolato redutase (DHFR), conferem resisténcia aos antifolatos:
sulfadoxina (SDX), pirimetamina (PYR) e cicloguanil (CYC). ATQ inibe a cadeia
transportadora de elétrons mitocondrial, devido a uma mutacgao pontual na subunidade
b da citocromo (CYTb). (Extraido de: Blasco et al. (2017). Nat. Med., 23(8), pp. 917-

Figura 3. O ciclo biolégico de P. falciparum e P. vivax. (A) Durante o repasto
sanguineo, o vetor invertebrado do género Anopheles, transmite (B) os esporozoitos
na corrente sanguinea do hospedeiro vertebrado humano, onde o0 mesmo ira migrar
para os hepatdcitos, multiplicando-se em esquizontes hepaticos. Com a ruptura do
merossoma, (C) os merozoitos invadirdo as hemacias, seguindo para o ciclo
eritrocitario assexual, transitando das formas de anel, trofozoito e esquizonte.
Possivelmente, devido a parasitemia elevada e mecanismos de comunicacao celular,
alguns parasitas se diferenciam em gametécitos (D), que sdo posteriormente ingeridos
pelo vetor invertebrado em um novo repasto sanguineo (E), com a fecundagéo dos
gametécitos, e a formacado de novos esporozitos e migragdo para as glandulas
salivalres (F). (Extraido de: Cowman et al. (2016). Cell, 167(20), pp. 610-

Figura 4. Esquema do processamento das proteinas com a sequéncia consenso
PEXEL. Apds o processamento por proteases (PMV, peptidases do peptideo sinal e
N-acetil-transferases), as proteinas acetiladas sao marcadas para serem exportadas
para o citosol da célula hospedeira.............ooooriiiiiiiiiii e pg. 47

Figura 5. Mecanismo de exportagao de proteinas PEXEL e PNEPs. As proteinas
contendo o motivo PEXEL s&o liberadas a partir do reticulo endoplasmatico (ER), pela
plasmepsina V (PM5) e encaminhadas para uma via de secrecdo classica até o
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vacuolo parasitéforo (VP). Por outro lado, as proteinas contendo apenas o peptideo
sinal N-terminal ndo classico (ou PNEPs), se ligam na membrana do lumen do ER,
pelo dominio transmembrana (TM). Uma vez no VP, as proteinas contendo o motivo
PEXEL, sao exportadas pelo translocon PTEX presente na membrana do vacuolo
parasitéforo (MVP), podendo ser liberadas dentro das vesiculas organelares,
denominadas por Maurer’s Clefts, até a superficie da membrana da célula hospedeira,
ou ainda se associarem a outras cargas vesiculares, tais como os “J-dots”. (Extraido
de: Spillman et al, (2015). Annu. Rev. Biochem. 84, pp. 14.1-

Figura 6. Micrografia eletrénica de transmissao da interagéo célula-célula entre
as hemacias infectadas por P. falciparum (P) e o endotélio (En). (A) Uma hemacia
infectada com P. falciparum (P) com a presenga normal dos knobs (K*) esta aderindo
a superficie das células endoteliais (En). Barra de 1 um. (B) Detalhe da interface entre
a interface de K* e uma célula endotelial mostrando as faixas de conex&o entre as
células (setas). Note a presenga das Maurer’s clefts (M). Barra de 100 nm. (C) Detalhe
da interface entre uma hemacia infectada com P. falciparum com a redug¢ao dos knobs
(K°), mostra um material denso entre o endotélio e as hemacias (setas), sem uma
adeséo evidente ao endotélio. Barra de 100 nm. (Extraido de: Horrocks et al., (2005).
J. Cell Sci., 118(11), PP. 2507-2518)....cccieiiiiee e pg. 50

Figura 7. Localizagao sub-celular das proteinas exportadas por P. falciparum. A
adesina PfEMP1 esta disposta na superficie dos eritrécitos infectados por P.
falciparum, onde aparecem os knobs, tendo a ancoragem da KAHRP. A proteina
RESA, MESA, PHISTb, PIEMP3 e possivelmente outras proteinas (STEVORs, RIFINs
e SURFINs), se associam ao citoesqueleto da célula hospedeira para facilitar a
citoaderéncia as células endoteliais. As Maurer’s clefts e “J-dots” constituem as
“cargas” vesiculares que transportam muitas das proteinas que exercerao seu papel
na superficie da hemacia infectada. Possivelmente, a liberagdo dos exosomas seja
um mecanismo adicional que o parasita possui, para comunicar-se com 0 meio
extracelular e favorecer a sua sobrevivéncia. (Extraido de: Spillman et al., (2015).
Annu. Rev. Biochem. 84, pp. 14.1-14.29)......coormmmceeeee e pg. 51

Figura 8. Modelo de exportagdo da PFEMP1 pelo complexo EPIC. E proposto que
a PFEMP1 é translocada até o RE por um mecanismo mediado pelo complexo Sec61-
62-63 e trafega através de uma via de secrecao com o suporte de chaperonas
residentes no RE. Mediante a secreg¢do até o VP, & proposto que a PfEMP1 é
reconhecida pelo complexo EPIC e transportado até o translocon PTEX, para ser
exportado até as hemacias. O complexo EPIC pode também ser responsavel pela
marcacgao das vias alternativas do trafego de “cargas” vesiculares. (Extraido de:
Batinovic et al., (2017). Nat. Commun., 8(16044), pp. 1-14).....ccciiiiiiiiiiieeiieeee. pg. 53

Figura 9. Esquema da inter-relagdo metabdlica entre o apicoplasto e a
mitocondria em P. falciparum. As fontes de carbono fornecidas por intermediarios
da via glicolitica (trioses-fostato e fosfoenolpiruvato), atravessam os transportadores
PfoTPT e PfiTPT, e sao utilizados para produzir substratos para a biossintese de
acidos graxos (p. ex. Acetil-CoA) e isoprenoides (pela via MEP/DOXP). Por outro lado,
a biossintese do grupo heme ocorre com a produgao de &- aminolevulanato (ALA)
pela &- aminolevulanato sintase (ALAS) pela mitocéndria, que atravessa as
membranas do apicoplasto por transportadores desconhecidos, produzindo o CPIII,
que por sua vez, retorna para a mitocondria, para ser finalizado. (Extraido de: Lim &
McFadden (2010). Phil. Trans. R. Soc. B. 365, pp. 749-763).........ccovvvvvervceeeeennnn. pg. 55



Figura 10. P. falciparum expressando uma proteina GFP marcada para o
apicoplasto; e, marcagao da mitocondria por MitoTracker ® Red. (Extraido de:
Waller et al., (2000), EMBO J. 19(8), pp. 1794-1802 e reproduzido por Ralph et al.,
(2004). Nat. Rev., (2), PP 203-216).....ccceeeeeeiiiciceeeeeieee e e e e e e e e e e e e e e e pg. 57

Figura 11. As roptrias e o processo de adesao e invasao em P. falciparum. Os
merozoitos ao invadirem uma nova hemacia, estabelecem o contato inicial com
proteinas com ancora GPl da membrana da célula hospedeira. Possivelmente com o
auxilio de adesinas apicais, interagindo com receptores da membrana das hemacias
(p. ex. interagcdo Rh5-basigina), o parasita se reorienta, com a formacao das “tight
junctions” (TJs), seguida da liberacdo do conteudo proteico das roptrias (RONs e
ROPs), e formacé&o do vacuolo parasitoforo. (Extraido de: Harvey et al. (2012). Int. J.
Parasitol., 42(6), PP. 567-573).....ccceeeeieeeeeeee e e pg. 58

Figura 12. Microscopia eletronica de transmissao das etapas de invasao dos
merozoitos na célula hospedeira. (1) Reconhecimento da célula hospedeira. (2)
Reorientagdo do merozoito e inicio do estabelecimento da invaséao. (3) Formagao do
TJ/MJ com a interacdo entre o complexo RON-AMAA1, e, possivelmente, liberagcdo do
conteudo das roptrias e outras organelas secretérias. (4) Inicio da invasao. (5-7)
Invasdo do merozoito com a formagao do vacuolo parasitéforo. (8 e 9) Finalizagdo da
invasao com a selagem da membrana da hemacia. (Extraido de: Riglar et al., (2011),
Cell Host Microbe, 9, PP.9-20).....coi i e e e e eeeeeeees pg. 60

Figura 13. Esquema da translocagao do complexo RhopH/CLAG até a membrana
da célula hospedeira. (1) Possivelmente, o complexo RhopH/CLAG seja introduzido
na membrana do vacuolo parasitéforo (MVP) durante a invas&o pelos merozoitos. (2)
Logo apds a invaséo, o translocon PTEX, inicia a exportagédo de proteinas produzidas
pelo parasita para o ambiente citosélico da célula hospedeira. Algumas dessas
proteinas (tais como, PHISTb, MESA, LyMP, GBP130 e SEMP1), trafegam até o
citoesqueleto das hemacias. O complexo RhopH/CLAG (3) liga-se a essas proteinas
exportadas na membrana dos eritrocitos ou (4 e 5) se agrega com essas proteinas en
route até a superficie. (6) Uma vez na superficie, o complexo RhopH/CLAG
juntamente com as proteinas que formam NPPs, criam seus proprios poros que
atravessam a membrana ou “abrem” um poro eritrocitario. A funcdo das NPPs é
permitir a entrada de nutrientes e possivelmente eliminar produtos residuais do
parasita. (Extraido de: Counihan et al, (2017), eLIFE, 2(6), pp.1-

Figura 14. O sistema CRISPR-Cas na imunidade adquirida em procariotos. (A) O
DNA proveniente de fagos/virus invasores € reconhecido pelas proteinas Cas, que os
fragmentam e os incorporam nas sequéncias spacers, adjacente ao operon dos genes
cas. (B) Em uma eventual re-invasao, o locus CRISPR é ativado, com a transcrigéo
dos crRNAs (provenientes do DNA exdgeno invasor) que é associado com a Cas9, no
qual, este complexo CRISPR-Cas9 realiza a degradagao do DNA invasor. (Extraido
de: Ishino et al. (2018). J. Bacteriol., 200(7), pp.1-17).ccceeeeeeeieeeeeeeee e pg. 64

Figura 15. O mecanismo de clivagem da dupla fita do DNA por CRISPR-Cas?9. (A)
O complexo CRISPR-Cas9, (B) reconhece o motivo PAM (NGG), presente no DNA
gendémico (gDNA), que (C) com o pareamento do RNA guia (JRNA), ocorre a abertura
da dupla fita do DNA, seguida da (D) clivagem do DNA através dos dominios RuvC-
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like e HNH da Cas9. (Extraido de: Doudna & Charpentier (2014), Science, 346(6213),
PP- 1258096.1-1258096.9).......cuuiiiieeeiiiciiiiie ettt e e pg. 65

Figura 16. Mecanismo de biotinilagao de proteinas por APEX2. Neste esquema, a
APEX2 é fusionada ao peptideo sinal da mitocéndria (mito) que a conduz para a matriz
mitocondrial, onde com o uso do substrato biotina-fenol e o agente
oxidante/catalisador H202 (peréxido de hidrogénio), em uma reagdo de
aproximadamente 1 min, as proteinas mitocondriais sao biotiniladas nos residuos de
Tyr (principalmente), Trp, His e Cys por um radical fendlico, que serao posteriormente
enriquecidas em colunas de estreptavidina e submetidas a analise por espectrometria
de massas. (Extraido de: Rhee et al (2013), Science (80- )339, pp. 1328-

Figura 17. Mecanismo do crosslinking entre ribonucleoproteinas e RNA com o
uso da abordagem APEX-RIP. Neste esquema, a APEX2 ¢é fusionada ao peptideo
sinal da mitocéndria (mito) que a conduz para a matriz mitocondrial, onde com 0 uso
do substrato biotina-fenol e o agente catalisador H202 (per6xido de hidrogénio), em
uma reacao de aproximadamente 1min, seguida de uma incubagcdo com 0.1% de
formaldeido, por cerca de 10min, promovera o crosslinking entre ribonucleoproteinas
e RNAs, que é posteriormente enriquecido em coluna de estreptavidina, sendo os
RNAs analisados por RNA-seq. (Extraido de: Kaewsapsak et al (2017). eLife, 6, pp.

Figura 18. Confirmag¢ao das construgcées epissomais dos plasmideos pCC1-
HA(cito)-APEX2, pCC1-SPacpr)-HA-APEX2, pCC1-SPRrar1)-HA-APEX2 e pCC1-
SPxr)-HA-APEX2. (A) Esquema do vetor pCC1 com os insertos da HA-APEX2 com
seus respectivos peptideos sinais de enderegamento ao apicoplasto (ACP), roptrias
(RAP1) e mitocondria (TrxR). (B) Padrdo das digestdes usando Xhol e Sall, apds as
sub-clonagens em pCC1, analisado por gel de agarose 1%. Painel a esquerda: (M)
corresponde ao marcador 1kb Plus (Thermo Scientific); (1) corresponde ao vetor
pCC1 vazio linearizado por Xhol e Sall; (2) inserto, correspondendo ao tamanho
aproximado esperado das sequéncias SP-HA-APEX2. Somente os clones do pogo 4
(referente a construcdo HA-APEX2), poco 13 (referente a construgdo RAP-HA-
APEX2) e, os pocos 15 e 17 (referentes a construgao TrxR-HA-APEX2), apresentaram
uma ligacéao eficiente do inserto ao vetor pCC1 (representados em verde). (C) Devido
ao fato de que a ligagédo da construgcdo ACP-HA-APEX2 nao ter ocorrido em (B), foi
realizada uma nova ligagdo, com a obtencéo dos clones nos pogos 4 e 8, referentes
a ligacao eficiente da construcdo ACP-HA-APEX2. Todos os clones positivos foram
utilizados para o procedimento de transfecgao.........ccooeevveeieiiiiiiiiiiiiiiiien. pg. 147/148

Figura 19. Confirmagao da orientagdo do inserto e sequenciamento dos
plasmideos. (A) Gel de agarose mostrando os fragmentos obtidos com a digestao
dos plasmideos pCC1-SP cito, acp, rapt, tmr-HA-APEX2 utilizando Hindlll: (M) marcador
1kb Plus (Thermo Scientific); (2) digestao da construgdo HA-APEX2, com liberagao
de dois fragmentos com tamanhos de 3,2 kb e 3,9 kb; (3 e 4) digestdo da construgéo
ACP-HA-APEX2, com liberagao de dois fragmentos com tamanhos de 3,4 kb e 3,9 kb;
(5) digestao da construgao RAP-HA-APEX2, com liberagao de dois fragmentos com
tamanhos de 3,35 kb e 3,9 kb; e, (6 e 7) digestdo da construgao TrxR-HA-APEX2, com
liberagdo de dois fragmentos com tamanhos de 3,4 kb e 3,9 kb. (B) Histograma
ilustrativo do sequenciamento das construgdes transientes HA(ito)-APEX2, SPacp)-
HA-APEX2, SPrar1)-HA-APEX2 e SPtwr)-HA-APEX2. Note que no quadro vermelho
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e verde, constam o sitio de restricdo Xhol e o start cédon (ATG), respectivamente,
sugerindo que todas as construgdes estdoem frame.............ccccovveeeiiiiiceeeennn. pg. 149

Figura 20. Alinhamento do gene hDHFR comparando os vetores pCC1-SP cito, acp,
rap1, trxr"HA-APEX2 e vetor pCC1-empty. Trata-se do sequenciamento do gene de
resisténcia hDHFR (human dihydrofolate reductase). Somente o cdédon 9 da
sequéncia possui uma mutagdo silenciosa (destacado em vermelho), portanto,
possivelmente ndo compromete a sua funGao.........ccceeeveeiiiiiiiiiiiieiiee, pg. 150

Figura 21. Curvas-resposta de ICs0 em diferentes linhagens de P. falciparum na
presenca da WR99210 das marcas Jacobus Pharmaceuticals Inc.* e Sigma-
Aldrich. (A) Curva de ICso para P. falciparum linhagem 3D7. (B) Curva de ICs0 para
P. falciparum linhagem FcB1. (C) Curva de ICso para P. falciparum linhagem NF54. As
curvas de ICso foram realizadas pelo método de [3H] hipoxantina. Uma dilui¢cdo seriada
da droga anti-folato WR99210 (em escala nM: 250; 125; 62,5; 31,25; 15,63; 7,81; 3,90;
1,95; 0,98; 0,49; 0,24 e 0,12) das marcas Jacobus Pharmaceuticals Inc.* (e) e Sigma-
Aldrich (m) foi realizada para cada linhagem de P. falciparum. O controle negativo
contendo apenas DMSO, para cada linhagem também foi
== [ 2= Vo Lo T PP EPPPPP N pg. 152

Figura 22. Expressao e purificagao da proteina recombinante APEX2. O vetor
pET100/D-TOPO®, contendo a sequéncia da 6xHis-APEX2 modificada foi
transformado em bactérias competentes E. coli linhagem Rosetta™(DE3)pLyS. A lise
se deu por BugBuster (Merck-Millipore) e sonicagéo. O extrato total foi aplicado como
input, seguida das fragdes de eluigdo com imidazol (5-500mM). Como controle positivo
do SDS-PAGE, um gradiente de BSA (variando entre 20 ug- 200 pg) também foi
aplicado, bem como, o extrato nao-ligado (flowthrough). As fragdes de 20mM de
imidazol foram utilizadas para a produgdo de anticorpos policlonais anti-

Figura 23. Validagao do soro anti-APEX2 por Western-blot. Os camundongos da
linhagem BALB/c foram imunizados conforme descrito. Os soros dos animais 3974,
3975 e 3976 foram obtidos apos 60 dias da primeira imunizagdo. Uma titulagcéo de
1:200, 1:1.000 e 1:5.000 foi realizada para o soro de cada animal contra a proteina
APEX2 recombinante. O controle pré-imune também seguiu a mesma titulacdo. O
anticorpo secundario acoplado a fosfatase alcalina foi utilizado na titulagéo 1:10.000.
O Western-blot foi revelado com o} uso do substrato
= 1O | ] = P PEEPPPP pg. 154

Figura 24. Micrografia das linhagens de P. falciparum transfectadas obtidas até
o momento. (A) pCC1-HAito)rAPEX2 (parasitas expressando APEX2 citosdlica). (B)
pCC1- SPrar1)-HA-APEX2 (parasitas expressando APEX2 enderecada as roptrias).
(C) pCC1-SPrxRr)-HA-APEX2 (parasitas expressando APEX2 enderegada a
mitocdndria). As formas de anel (painéis a esquerda), trofozoito (painéis do meio) e
esquizonte (painéis a direita) também sdo mostrados...............ccccccviiiiiiiiiiiineen. pg. 155
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CAPIiTULO 1 — UMA VISAO GERAL SOBRE A MALARIA

1.1. A malaria no mundo e seus impactos

A malaria € uma doenga tropical amplamente distribuida em todo o mundo e
acomete diretamente milhdes de pessoas por anos, sendo uma das mais sérias
doencas infecciosas capazes de levar os acometidos a morte (Phillips et al., 2017;
Moxon et al., 2020). A estimativa é que, em 2019, cerca de 229 milhdes de casos de
malaria causado por Plasmodium falciparum e Plasmodium vivax ocorreram no
mundo, comparado com cerca de 238 milhdes de casos registrados em 2000. A
estimativa é que até 2019, um total de 409.000 mortes foram decorrentes da malaria.
De 87 paises acometidos pela doenga, a regido africana ainda apresenta a maior
prevaléncia reportada, com cerca de 94% dos casos e obitos estimados globalmente
(cerca de 215 milhdes de casos e 384.000 mortes). As regides do sudeste da Asia e
do Mediterraneo também sio regides endémicas da doenga, entretanto, uma
consideravel redu¢cado do numero de casos, e, consequentemente, da mortalidade tem
sido observados (Global Malaria Programme: WHO Global, 2020) (Figura 1).

e Il One or more indigenous cases Bl Certified malaria free after 2000
Zero cases in 2018-2019 No malaria
Zero cases in 2019 Not applicable
Il Zero cases (23 years) in 2019

Figura 1. Distribuicdo geografica dos paises acometidos pela malaria. As estimativas sao
provenientes do acompanhamento do periodo de 2000-2019. Os paises em vermelho sdo aqueles que
apresentam maior incidéncia e prevaléncia de malaria. Os paises em azul sdo aqueles que nao
apresentaram nenhum caso, nas estimativas dos ultimos 3 anos, enquanto que, os paises em verde
sdo aqueles que foram diagnosticados como livres da malaria desde 2000. Os paises em branco sao
aqueles que nao sido endémicos da doenga. (Extraido de: World Health Organization (2020). World
Malaria Report).
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Apesar da redugédo do numero de novos casos, a malaria ainda causa inumeras
mortes anualmente, principalmente em criangas abaixo de 5 anos de idade. Estima-
se que a porcentagem total de mortes causadas em criangas nesta faixa etaria era de
84% em 2000, comparando-se com 67% em 2019. Além disso, o numero de mortes
causadas por malaria, no contexto geral, também segue essa tendéncia de redugéo
linear, a qual entre 2000-2019, foram estimados um decréscimo de 736.000 mortes
em 2000 para 409.000 em 2019. Os riscos inerentes da malaria aplicam-se também,
de forma substancial as mulheres gravidas. As acometidas podem desenvolver
anemia, podendo agravar o quadro clinico da doenga com risco de morte antes ou
depois do parto, além de ser fator de risco também para natimortos e nascimentos
prematuros (Global Malaria Programme: WHO Global, 2020).

Em algumas regides endémicas, onde multiplas espécies do género
Plasmodium existem, € comum haver co-infecgdo por diferentes espécies. Ja foi
relatado através de estudos de vigilancia hospitalar que, uma parcela dos pacientes
admitidos apresentavam co-infec¢ao de P. falciparum e P. vivax. Curiosamente, os
quadros de anemia severa eram geralmente associados as criangas com idade entre
1-5 anos, sendo estes mais propensos a admissao hospitalar (Douglas et al., 2013).
Ainda, em muitos casos, 0 uso de primaquina, um antimalarico amplamente utilizado
para combater a forma dormente recidiva de P. vivax, o hipnozoito, ou, gametécitos
de P. falciparum, pode ocasionar a um quadro hemolitico perigosamente elevado, em
pacientes com deficiéncia de glicose-6-fosfato desidrogenase (G6PD). A prevaléncia
da deficiéncia de G6PD, geralmente esta associada a pessoas em areas endémicas
da malaria (Howes et al., 2012).

De forma geral, a malaria é classificada como assintomatica, ndo-complicada
(sintomatologia ndo evidente) e severa (danos teciduais e de 6rgaos). Os sintomas
sao tipicos, tais como: febre, calafrios e dores musculares. A presenca da sudorese e
exaustao se da pela hemdlise das hemacias infectadas com Plasmodium spp. (Phillips
et al., 2017). O quadro clinico severo da malaria frequentemente leva ao ébito, pois o
acometido muitas vezes apresenta anemia, comprometimento de varios 6rgaos
devido a obstrugdo da microcirculagao, incluindo o cérebro, podendo culminar na
malaria cerebral, sendo esta a forma mais grave da doenga (Wassmer & Grau, 2017,
Moxon et al., 2020). Nessas areas de alta transmissibilidade de malaria, praticamente
todas as criangas com idade entre 1-5 anos e adultos tem uma concentracio reduzida
de hemoglobina em decorréncia da doenga. Desse modo, em muitos casos de anemia
decorrentes da doenga requer transfusdo de sangue (White, 2018).
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Neste cenario, outras complicagbes podem surgir, tais como a contaminagao
pelo virus do HIV (Vermeulen et al., 2019). Outros tipos de infec¢des transmitidas por
transfus&o sao adicionalmente relatadas, tais como pelos virus da hepatite B e C (HBV
e HCV, respectivamente), sifilis e malaria (Ahmadpour et al., 2019; Mremi et al., 2021).
A maior parte dessas infecgdes transmitidas por transfusdes (ITTs) ocorrem na regido
africana. Possivelmente, o fato desses doadores serem assintomaticos para essas
doencas seja um fator que pode contribuir para que essas contaminagdes acidentais
ocorram, somado a, talvez, uma limitacao técnica e financeira na emissao de laudos
com meétodos moleculares mais acurados, como PCR (do inglés, polymerase chain
reaction) (Ahmadpour et al., 2019).

No caso das mulheres gravidas, o cenario € ainda mais delicado, pois a malaria
esta associada com um aumento da prevaléncia de anemia durante a gravidez,
sobretudo na regido da Africa Subsaariana, onde existe o risco de co-infeccdo por
malaria-HIV (Ssentongo et al., 2020). Algumas das complicacdes adicionais
decorrentes incluem, baixo peso do recém-nascido, altas taxas de mortalidade
neonatal, infeccdo por malaria através da placenta, transferéncia reduzida dos
anticorpos maternos e risco aumentado da transmissdo de mae para filho pelo HIV
(Briand et al., 2009; Brickley et al., 2016; Fried & Duffy, 2017; Rogerson et al., 2018).
Além disso, nessa regido, a baixa concentracdo de hemoglobina também é causada
por deficiéncia nutricional de ferro (Pefa-Rosas et al., 2015), vitamina B12 e folato
(Accrombessi et al.,, 2015; Kupka, 2015); hemoglobinopatias, tais como o trago
falciforme (HbS, hemoglobina S) (Elguero et al., 2015; Pule et al., 2017); infec¢des
parasitarias causadas por ancilostomiase (Smith & Brooker, 2010) e esquistossomose
(King et al., 2005).

Um dos grandes desafios no controle da malaria — de modo especial, na regido
africana — é o financiamento para subsidiar a compra e distribuicdo dos antimalaricos
para os acometidos pela doencga; e investimento em pesquisa cientifica. A estimativa
de financiamento global para estes fins para o periodo de 2020-2022 é de US$ 4,8
bilhdes. Desse valor, cerca de US$ 2,1 bilhées foram alocados para 11 paises: Burkina
Faso, Camardes, Republica Democratica do Congo, Gana, india, Mali, Mogambique,
Nigéria, Republica do Niger, Uganda e Tanzania. Juntos, estes paises representam
cerca de 70% dos casos e mortes causadas por malaria. Entre o periodo de 2010-
2019, o investimento internacional que compde 70% do fundo para o controle da
malaria foi liderado por EUA, Reino Unido e Franga (Global Malaria Programme: WHO
Global, 2020).

34



Além disso, entre os anos 2007-2018, cerca de US$ 7,3 bilhdes foram
investidos na pesquisa basica e aplicada relacionadas a malaria. Grande parte deste
valor foi distribuido da seguinte forma: (i) US$ 2,6 bilhdes na pesquisa baseada no
desenvolvimento de novas drogas antimalaricas; (i) US$ 1,9 bilhdo na pesquisa
basica; e, (iii) US$ 1,8 bilhdo na pesquisa baseada no desenvolvimento de vacinas.
Os investimentos relacionados ao controle vetorial e diagnostico, ainda representaram
US$ 453 milhdes e US$ 185 milhdes, respectivamente (Global Malaria Programme:
WHO Global, 2020). Dentro deste contexto, pode-se dizer que todos os esforgos
econdmicos tem resultado em boas perspectivas quanto a novas estratégias no
controle da doenga. O protétipo de uma vacina contra a malaria de fase lll, conhecida
como RTS,S, obteve resultados promissores iniciais, entretanto, devido a sua baixa
protecao a longo prazo (Partnership, 2015), com a possibilidade de rebote anos mais
tarde (Olotu et al., 2016), ndo se torna uma candidata viavel para aprovacao pelas
agéncias reguladoras competentes.

Ainda assim, com os ultimos resultados de fase llb, o protétipo de vacina
baseado na RTS,S, conhecida como R21/Matrix-M, pode ser a candidata mais
promissora no combate a malaria, pois nenhum efeito adverso grave foi atribuido a
vacinagédo, com apenas alguns casos de febre leve registrados. A formulagdo desta
vacina é baseada na utilizagdo da proteina circumsporozoito (CSP), encontrada nos
parasitas de fase pré-eritrocitaria, ou hepatica, os esporozoitos (Datoo et al., 2021).
Assim como foi feito para a formulagao da vacina RTS,S (Partnership, 2015), parte da
CSP (repeticdes centrais) s&o fusionadas e co-expressas com um antigeno de
superficie do virus da hepatite B (HBsAg). No entanto, o que difere essa formulagéo
da RTS,S é o uso de apenas porgdes das proteinas de fuséo, juntamente com um
potente adjuvante (Matrix-M). De forma geral, a sua eficacia permaneceu entre 74-
77% nos grupos estudados, apos 2-6 meses da ultima imunizagdo, permanecendo
nessa mesma faixa de eficacia ao completar 1 ano (Datoo et al., 2021).

Além de ser a doenga tropical mais letal do mundo, a malaria esta totalmente
relacionada ao status socioecondmico, sobretudo entre os paises da Africa
Subsaariana (Tusting et al., 2013; Carrasco-Escobar et al., 2021). A possibilidade de
uma melhor moradia, educagédo, empregabilidade e distribuicdo de renda podem
ajudar a reduzir os niveis de desigualdade, e, consequentemente, diminuir os casos
de malaria (Tusting et al., 2013, 2016; Degarege et al., 2019). Dentro deste contexto,
uma melhor educacido, por exemplo, poderia ser um atributo que facilitaria a

prevencao da malaria, além de propiciar uma chance melhor de moradia, instrugao e
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nutricdo (Tusting et al., 2016; Degarege et al., 2019). Diante disso, a preocupagao
com essa doenca ainda permanece, pois o parasita e o vetor anofelino sdo altamente
adaptados ao hospedeiro humano, tornando a erradicacdo da doenca um desafio para
a saude publica mundial, diante dos inumeros obstaculos enfrentados em relagéo a
biologia do agente etiolégico e do vetor, bem como as dificuldades financeiras

enfrentadas pelas regides acometidas pela doenca.

1.2. Quimioterapia e resisténcia aos antimalaricos

A eficacia no tratamento € um componente critico para o controle e eliminagao
da malaria. Atualmente, a terapia baseada na combinagao de artemisinina (ART) (do
inglés, artemisin combination therapies ou ACTs) & recomendada como linha de frente
para todos os paises endémicos da malaria (Cowman et al., 2016; Phillips et al., 2017,
Global Malaria Programme: WHO Global, 2020). Na regido africana, os tratamentos
da linha de frente contra P. falciparum, incluem: (i) artemether-lumefantrina (AL),
apresentando 98% de eficacia; (ii) artesunato-amodiaquina (AS-AQ) apresentando
98,4% de eficacia; e, (iii) diidroartemisinina-piperaquina (DHA-PPQ) apresentando
99,4% de eficacia, reportados entre 2010-2019. Essas estratégias de tratamento,
seguem 0 mesmo padrdao em outras regides do mundo, tratando-se do P. falciparum
(Global Malaria Programme: WHO Global, 2020). No entanto, a prevaléncia e
expanséo clonal das mutagdes da PfKelch13 (do inglés, kelch propeller domain ou
K13-propeller), um marcador molecular associado ao fenétipo de resisténcia a
artemisinina, tem levantado sérias preocupacdes tanto em relacdo a eficacia dos
antimalaricos quanto da possibilidade do surgimento de novos fenétipos de resisténcia
(Ariey et al., 2014; Straimer et al., 2015; Tilley et al., 2016; Suresh & Haldar, 2018;
Global Malaria Programme: WHO Global, 2020).

Apesar de ser considerada como tratamento de linha de frente para casos de
malaria ndo-complicada e severa (Adebayo et al., 2020; Global Malaria Programme:
WHO Gilobal, 2020), fendtipos resistentes a artemisinina no Camboja (Noedl et al.,
2008, 2010; Ariey et al., 2014; Straimer et al., 2015), Myanmar (Nyunt et al., 2017; He
et al., 2019) e Vietna (Thanh et al., 2017; Bui et al., 2020) ja foram relatados. Além
disso, na tentativa de reverter a prospeccgéo da malaria nas regides endémicas, o uso
de terapias combinadas com artemisinina, ou ACTs, tem funcionado como uma
estratégia eficaz para combater fenétipos resistentes a artemisinina. Entretanto, um

sutil, porém crescente, aumento do fendtipo de resisténcia das drogas parceiras
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utilizadas em conjunto com ART (Blasco et al., 2017; Adebayo et al., 2020; Ippolito et
al., 2021) tem levantado bastante preocupacéo, ja que nenhuma alternativa totalmente
eficaz para substituir ACTs esta disponivel (Bhagavathula et al., 2016; Mavoko et al.,
2017), podendo colapsar a saude publica mundial.

A resisténcia a outras classes de antimalaricos vem sendo um problema que
tem sido observado com grande afinco nas ultimas décadas. Os derivados de 4-
aminoquinolinas, tais como cloroquina (CQ) e amodiaquina (AQ), talvez tenham sido
a primeira classe de antimalaricos modernos a apresentar resisténcia. Essa classe de
antimalaricos atua no vacuolo digestivo do parasita, ligando-se aos cristais de
hemozoina, impedindo a detoxificagao e incorporagdo do grupo heme (Payne, 1987,
Ridley, 2002). Os polimorfismos dos genes pfcrt (do inglés, chloroquine resistance
transporter) e pfmdr1 (do inglés, multidrug resistance transporter 1), estdo associados
com o fendtipo de resisténcia a cloroquina e amodiaquina em P. falciparum,
respectivamente (Ehlgen et al., 2012; Venkatesan et al., 2014; Otienoburu et al., 2016;
Lee et al., 2018).

Diante disso, a CQ foi gradualmente substituida pela administragéo conjunta
de sulfadoxina/pirimetamina (SP), entretanto, a resisténcia apareceu rapidamente
logo apds a sua introdugao (Renn et al., 1996; Roper et al., 2004). Outras alternativas
foram introduzidas, tais como mefloquina (MFQ), piperaquina (PPQ) e atovaquona
(ATQ), entretanto, parasitas resistentes logo emergiram (Price et al., 2004; Eastman
etal., 2011; Staines et al., 2018). Além disso, 0 aumento no numero de copias do gene
pfmdr1 foi associado com o aumento da resisténcia in vitro e in vivo a MFQ (Price et
al., 2004), enquanto que, um novo polimorfismo no gene pfcrt foi associado com a
resisténcia a PPQ (Eastman et al., 2011) (Figura 2). Estas observagdes sugerem que
os genes do parasita que codificam proteinas transportadoras envolvidas no efluxo de
drogas, podem causar o fenétipo de resisténcia a mais de uma classe de antimalarico,
tornando-se ainda mais necessarios os estudos que possam viabilizar a identificagcao

de novos alvos terapéuticos.
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Figura 2. Mecanismo de acao e resisténcia dos principais antimalaricos. Frequentemente, as vias
biolégicas que sao alvos para os antimalaricos atuais s&o: (i) detoxificagdo do grupo heme no vacuolo
digestivo; (ii) folato e biossintese de pirimidinas no citosol; e, (iii) a cadeia transportadora de elétrons
na mitocéndria. As 4-aminoquinolinas, incluindo CQ e AQ, bem como PPQ possuem ag¢ao no vacuolo
digestivo, ligando-se ao grupo heme reativo e interferindo na sua detoxificagao através da formagao da
hemozoina. O ion heme ferroso (Fe?*) liberado da degradacdo da hemoglobina (Hb), pode clivar e
ativar os derivados de ART (simbolo de estrela). As mutagdes nos transportadores PfCRT e PfMDR1
(circulos lilas) sdo determinantes importantes relacionados com a resisténcia a 4-aminoquinolinas. As
formas variantes do marcador molecular kelch-13 (quadros vermelhos), conferem resisténcia & ART.
As mutacdes em duas enzimas-chave na via de biossintese do folato, diidropteroato sintase (DHPS) e
diidrofolato redutase (DHFR), conferem resisténcia aos antifolatos: sulfadoxina (SDX), pirimetamina
(PYR) e cicloguanil (CYC). ATQ inibe a cadeia transportadora de elétrons mitocondrial, devido a uma
mutagao pontual na subunidade b da citocromo (CYTb). (Extraido de: Blasco et al. (2017). Nat. Med.,
23(8), pp. 917-928).

1.3. O vetor do género Anopheles spp. e os desafios do controle

vetorial

Cerca de 70 espécies de mosquitos pertencentes do género Anopheles spp.
sao conhecidas por ter a capacidade de transmitir a malaria aos humanos (Sinka et
al., 2012; Molina-Cruz et al., 2016). Apenas na Indonésia, por exemplo, é relatado que
cerca de 29 espécies do género possam atuar como vetor da doenga (Elyazar et al.,
2013). Em um contexto mundial, cerca de 41 espécies de vetores sdao dominantes,

distribuidas entre as Ameéricas, Europa, Oriente Médio, Africa e Asia (Sinka et al.,
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2012). Dentre as espécies com maior representatividade na regido africana, estéo:
Anopheles arabiensis, Anopheles gambiae e Anopheles funestus (Sinka et al., 2012;
Molina-Cruz et al., 2016).

O uso de mosquiteiro tratado com inseticida (do inglés insecticide-treated
mosquito net ou ITN) e a pulverizagéo residual interna (do inglés, indoor residual
spraying ou IRS) com uso de inseticidas baseados em piretroides, organofosfatos,
carbamatos e, mais raramente, o organoclorino diclodifeniltricloroetano (DDT) sédo as
estratégias geralmente recomendadas, para o controle vetorial (Global Malaria
Programme: WHO Global, 2020). Uma crescente preocupagao tem surgido em
relacdo a um aumento da resisténcia aos inseticidas atualmente utilizados (Killeen et
al., 2013). Um total de 82 paises reportaram resisténcia aos inseticidas para o
monitoramento de dados da Organizagao Mundial da Saude (OMS), dentre eles, 73
confirmaram a resisténcia para pelo menos um inseticida em uma espécie do vetor
causador da malaria entre 2010-2019 (Global Malaria Programme: WHO Global,
2020).

Além disso, o numero de paises que relataram resisténcia as quatro principais
classes de inseticidas utilizados, aumentou de 26 (entre 2010-2018) para 28 (entre
2010-2019). Dentre as classes de inseticidas com resisténcia relatadas por estes
paises, 86,4% ¢é atribuida a piretroides, 80,6% é atribuida a organoclorinos (DDT),
68,8% é atribuida a carbamatos e 58,8% é atribuida a organofosfatos (Global Malaria
Programme: WHO Global, 2020). Apesar de ser utilizado mais raramente, pelo fato de
ser um poluente organico persistente que pode comprometer o meio ambiente e a
saude humana, o uso do DDT tem sido usado com modéstia em muitos paises
endémicos da malaria (van den Berg et al., 2017). Além disso, a resisténcia ao DDT
pelas espécies, An. gambiae e An. funestus ja foi reportada, respectivamente (Djégbé
et al., 2014; Tchigossou et al., 2018).

Neste sentido, evidéncias moleculares discutem ainda que, alguns marcadores
genéticos poderiam ajudar a explicar a resisténcia dos vetores aos inseticidas. Por
exemplo, dois genes de marcadores metabdlicos: (i) GSTEZ2, um gene pertencente a
familia das glutationa-S-transferases; e, (ii) CYP6M2, um gene pertencente a familia
das P450 mono-oxigenases sdo associados com a resisténcias aos inseticidas DDT
e piretroide nas espécies An. gambiae e An. funestus (Djegbe et al., 2014; Tchigossou
et al., 2018). No entanto, os polimorfismos L1014F, L1014S e N1575Y, para um outro
marcador molecular, um canal de sédio controlado por voltagem (do inglés, voltage

gated sodium channel ou VGSC) parecem estar associados ao fenétipo de resisténcia
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a diferentes tipos de inseticidas, com padrdes polimérficos distintos entre as espécies,
An. gambiae, An. funestus e Anopheles coluzzii (Djégbé et al., 2014; Irving & Wondji,
2017; Tchigossou et al., 2018; Muhammad et al., 2021).

Em contrapartida, o uso dos inseticidas baseado no uso de (i) piperonil-butdxido
(PBO) juntamente com piretréides; e, (ii) neonicotinoides, tem revelado uma
interessante perspectiva quanto a eficacia destes, contra os vetores da malaria, pelo
fato de possuirem uma longa eficacia residual ao serem utilizados nos mosquiteiros,
e, alta taxa de mortalidade dos vetores (Ngufor et al., 2017; Oxborough et al., 2019;
Gleave et al., 2021). Além disso, outras estratégias para o controle vetorial através da
esterilizagdo quimica, com uso do hormdnio piriproxifeno (Jaffer et al., 2015; Koama
et al., 2015) ou esterilizagdo genética com uso de CRISPR-Cas9 (Pham et al., 2019),
especialmente em regides com casos reportados de mosquitos resistentes a

piretréides, tem sido vislumbradas.

1.4. A malaria no Brasil

Entre os anos de 1990-2017, um total de 11.327.462 casos de malaria foram
confirmados no Brasil. Destes, 73,5% foram causados por P. vivax, 25,5% causados
por P. falciparum, e, 1% por outras espécies (Bezerra et al., 2020). Essas estimativas
estdo em consonancia com o que é estimado pela OMS. Estima-se que cerca de
72,3% dos casos de malaria na regido das Américas € causado por P. vivax,
correspondendo a 3% das estimativas globais de casos registrados de malaria,
causados por esta espécie. Na América do Sul, o Brasil, Coldmbia e Venezuela
somam 86% dos casos relatados. Apesar disso, uma reducéo de cerca de 40% da
incidéncia e mortalidade causadas pela malaria foram registradas nessa regiao,
condizente com a linearidade de redugéo reportada em outras regiées (Global Malaria
Programme: WHO Global, 2020). No Brasil, os casos registrados tem caido
anualmente, com 267.047 casos em 2011, 242.756 casos em 2012 (uma redugao de
9,1%), e, 178.613 casos em 2013 (uma reducéo de 26,4%) (Pina-Costa et al., 2014).

No territério brasileiro, a regido mais acometida pela malaria é a amazénica.
Grande parte disso se da pelo fato que, a partir da metade nos anos 60, um crescente
e desorganizado processo de antropiza¢ao da regiao, devido ao aumento progressivo
da migragao, desmatamento para exploragcdo madeireira, pecuaria, agricultura, bem
como assentamentos improvisados, contribuem para o aumento da transmiss&o da

doenga (Oliveira-Ferreira et al., 2010; Souza et al., 2019). Portanto, as dificuldades

40



econdmicas e 0s riscos sociais fazem com seja quase impossivel eliminar a malaria
nesta regido. Geralmente, as infecgbes causadas por P. vivax sao caracterizadas
como uma doenga “benigna” pois, apesar de ocasionar febre, a sua taxa de
mortalidade é considerada baixa. De acordo com as estatisticas oficias, entre 1998-
2008, apenas 234 mortes foram relatadas decorrentes da malaria causada por P.
vivax na Amazoénia brasileira (Oliveira-Ferreira et al., 2010).

Além disso, um padrdo de complicagdes clinicas atipicas tem sido associados
a malaria vivax, tais como o diagndstico de infecgdo por P. vivax em pacientes com
anemia falciforme (Cabral et al., 2006). Uma parte dos pacientes diagnosticados com
malaria severa causada por P. vivax que falecem, apresentam outras co-morbidades
que poderiam ter contribuido para a morte, tais como doengas no figado e no coragéo,
bem como deficiéncia de G6PD (Oliveira-Ferreira et al., 2010). E importante ressaltar
que a forma dormente do P. vivax, os hipnozoitos, sao tratados com primaquina, a
unica droga hipnozoitica atualmente aprovada para uso clinico (Howes et al., 2012).
Desse modo, o uso dessa droga, pode ocasionar quadros de anemia em pacientes
com deficiéncia de G6PD, que sédo estimados em cerca de 3% nos homens de
Manaus, por exemplo (Santana et al., 2009).

Os antimalaricos de linha de frente para o tratamento da malaria causada por
P. falciparum no Brasil sdo artemether-lumefantrina (AL) e artesunato-amodiaquina
(AS-AQ), enquanto que, a cloroquina (CQ), ou a combinacdo de CQ e primaquina
(PQ) séo as estratégias recomendadas para o tratamento da malaria causada por P.
vivax (Ferreira & Castro, 2016; Global Malaria Programme: WHO Global, 2020). Ainda,
um fator que dificulta muito o diagndstico correto e, eventualmente, a administragao
do tratamento ¢é a falta de uma sintomatologia clara, pois frequentemente as infecgdes
causadas por P. vivax sao assintomaticas, podendo apresentar uma prevaléncia de
até 4-5 vezes maior do que aquela apresentada em infecgdes sintomaticas (Alves et
al., 2002; Carlos et al., 2019). Por exemplo, em um estudo realizado com a populagéo
dos assentamentos da area de Remansinho, na Amazdnia brasileira, foi observado
que cerca de 17% dos pacientes assintomaticos, s6 apresentaram sintomas apos 6
semanas de infecgéo (Barbosa et al., 2014).

Outro fator agravante € o sutil aumento da resisténcia aos antimalaricos
utilizados no tratamento contra P. vivax. O tratamento contra a malaria vivax mudou
pouco nos ultimos 60 anos. O uso da CQ ou a combinacéo da CQ-PQ ainda continua
sendo a linha de frente contra a malaria causada por P. vivax, entretanto, este

tratamento vem sendo ameagado com o surgimento de linhagens de P. vivax
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resistentes a CQ, em todo o mundo (Price et al., 2014). No Brasil, o primeiro caso de
P. vivax resistente a CQ relatado se deu em 1992 (Garavelli & Corti, 1992) e, desde
entdo, esta tematica tem recebido uma maior atengdo (Santana-Filho et al., 2007;
Chehuan et al., 2013; Marques et al., 2014). Embora essas linhagens resistentes
representem uma pequena parcela dos isolados, elas tem sido associadas a
complicagdes secundarias, tais como a anemia (Chehuan et al., 2013; Marques et al.,
2014).

Ainda que o principal vetor da doenga no Brasil, Anopheles darlingi, esteja
presente em cerca de 80% do pais, a incidéncia da malaria no Brasil é quase
exclusivamente restrita a regido amazoénica (cerca de 99,8% dos casos) (Oliveira-
Ferreira et al., 2010). No entanto, outras espécies ja foram relatadas na regido
nordeste do Brasil, tais como Anopheles aquasalis, Anopheles minor e Anopheles
albitarsis (Gomes et al., 2020). Desse modo, uma vigilancia efetiva quanto a
estratégias que possam melhor combater a propagagao do vetor devem ser pensadas,
pois alguns fatores, tais como habitos variaveis de picada pelo vetor, movimento
humano, efeitos ambientais e climaticos, podem afetar a variabilidade das taxas de

transmissao (Ferreira & Castro, 2016).

1.5. O género Plasmodium spp. e o ciclo biolégico

Até o momento, um total de sete espécies de parasitas do género Plasmodium
spp., sdo capazes de infectar os humanos: (i) P. falciparum e P. vivax, ambas espécies
conhecidas por infectar apenas humanos; e, (ii) P. ovale, P. malariae, P. knowlesi, P.
cynomolgi e P. brasilianum, conhecidas por serem espécies zoondticas, com potencial
de infectar humanos. Conforme ja exposto, P. falciparum esta distribuida nas regides
tropicais, de modo especial na regido africana, e, P. vivax, esta distribuida nas regioes
de clima temperado e tropicais, de modo especial a regido das Américas, sobretudo a
América do Sul e Central (Phillips et al., 2017; Global Malaria Programme: WHO
Global, 2020). Como ja abordado, a maioria dos casos fatais da doenca que
acometem criangas abaixo de 5 anos de idade, e, mulheres gravidas sdo associadas
a espécie P. falciparum (Phillips et al., 2017; Moxon et al., 2020). Estima-se ainda que,
cerca de 1.200 criangas abaixo de 5 anos na regiao africana sdo mortas pela malaria
por dia (Maitland, 2016).

As infec¢des causadas por P. ovale e P. malariae sdao menos frequentes, e,

raramente causam a forma severa da doenga (Cowman et al., 2016; Phillips et al.,

42



2017; Moxon et al., 2020). A espécie P. knowlesi, foi inicialmente considerada por
acometer apenas primatas ndo-humanos, entretanto, casos de malaria severa, ou
ainda, fatais, ja foram reportados, associados a esta espécie em humanos (Singh et
al., 2004; Cox-Singh et al., 2008; Singh & Daneshvar, 2013). As razdes para a
emergéncia de infecgdes por P. knowlesi em humanos, ainda ndo sdo bem
compreendidas, entretanto, € possivel que esteja ligada ao manejo da terra,
colocando os humanos em proximidade com os hospedeiros primatas e vetores
infectados com P. knowlesi (Brock et al., 2016). Pouco se sabe acerca da capacidade
infectiva das espécies P. cynomolgi e P. brasilianum, entretanto, casos em humanos
de ambas as espécies ja foram relatados, inclusive episddios assintomaticos
(Lalremruata et al., 2015; Imwong et al., 2019).

De modo geral, as espécies com maior representatividade clinica, P. falciparum
e P. vivax, apresentam o mesmo ciclo biolégico. O ciclo de vida do parasita é dixénico,
alterando entre as formas infectivas entre o hospedeiro invertebrado do género
Anopheles spp. e o hospedeiro vertebrado humano (Figura 3). O vetor invertebrado,
do género Anopheles spp., durante o repasto sanguineo, transmite a forma
esporozoito do Plasmodium spp. para o hospedeiro vertebrado humano. Dentro dos
primeiros 30-60 minutos, os esporozoitos inoculados pelo vetor invadem os
hepatdcitos através das células de Kupffer ou células endoteliais, formando o vacuolo
parasitéforo, aonde eles multiplicam-se e dividem-se para formar os merozoitos, por
um processo denominado esquizogonia (Figura 3, Painel A e B) (Cowman et al.,
2016; Phillips et al., 2017).

Com a ruptura do merossoma, os merozoitos liberados das células hepaticas,
entram na corrente sanguinea, iniciando o estagio extra-hepatico, constituindo assim,
o ciclo intra-eritrocitario ou a fase assexuada do ciclo biolégico. Aproximadamente, a
cada 48h do ciclo, o parasita transita pelas formas de anel, trofozoito e esquizonte
(estrutura segmentada contendo as formas infectivas, chamadas de merozoitos),
sendo que, este ultimo propicia o rompimento das hemacias infectadas (Figura 3,
Painel C), onde a hemozoina, proveniente do metabolismo do ferro da hemoglobina,
associada ao DNA do parasita, ativara os receptores toll-like 9 (TLR9), um receptor
sensivel ao DNA de patégenos (Parroche et al., 2007), levando a um aumento da
producao do fator de necrose tumoral (TNF), contribuindo para a sintomatologia da
fase aguda da doencga (Karunaweera et al., 1992; Wijesekera et al., 1996; Vijaykumar

et al., 2001). Nesta fase do desenvolvimento do parasita, o paciente acometido
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comecga a apresentar os sintomas classicos da infecgao: febre e sudorese (Phillips et
al., 2017).

Sporogonic cycle
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P. vivax ~15 days
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Figura 3. O ciclo biolégico de P. falciparum e P. vivax. (A) Durante o repasto sanguineo, o vetor
invertebrado do género Anopheles, transmite (B) os esporozoitos na corrente sanguinea do hospedeiro
vertebrado humano, onde o mesmo ira migrar para os hepatdcitos, multiplicando-se em esquizontes
hepaticos. Com a ruptura do merossoma, (C) os merozoitos invadirdo as hemacias, seguindo para o
ciclo eritrocitario assexual, transitando das formas de anel, trofozoito e esquizonte. Possivelmente,
devido a parasitemia elevada e mecanismos de comunicagao celular, alguns parasitas se diferenciam
em gametdcitos (D), que s&o posteriormente ingeridos pelo vetor invertebrado em um novo repasto
sanguineo (E), com a fecundacgao dos gametdcitos, e a formagéo de novos esporozitos e migragédo para
as glandulas salivalres (F). (Extraido de: Cowman et al. (2016). Cell, 167(20), pp. 610-624).

A partir de alguns merozoitos liberados, ditos como “sexualmente
comprometidos” e, possivelmente, através de estimulos ambientais, tais como uma
alta parasitemia e exposicédo a agentes farmacolégicos, a “deciséo” para a produgéao
de gametécitos é tomada (Figura 3, Painel D) (Baker, 2010; Cowman et al., 2016).
Além disso, tem sido proposto que vesiculas contendo proteinas e DNA facilitam a
comunicagao celular dos parasitas, favorecendo a produgéo de gametdcitos (Mantel
et al., 2013; Regev-Rudzki et al., 2013). Estes, migram para os capilares da pele, e,
quando o vetor invertebrado, o mosquito do género Anopheles spp., realiza um
repasto sanguineo, dentro do intestino do vetor, alguns destes sofrem mitose,
produzindo oito microgametdcitos (gametdcito masculino) e, alguns maturam para

macrogametécito (gametdécito feminino) (Cowman et al., 2016; Phillips et al., 2017).

44



Como o0 microgametécito ¢é flagelado, o mesmo ira fecundar o
macrogametocito, dando origem a um zigoto, que cerca de 24h mais tarde, transitara
para um oocineto e, por ser moével, esta forma do parasita consegue migrar atraves
do epitélio do intestino do vetor, convertendo-se em um oocisto (Figura 3, Painel E).
Ali, o oocisto ira passar pela replicagdao assexual esporogbnica, dando origem a novos
esporozoitos, que se movem do abdémen do vetor, para as glandulas salivares, onde
em um eventual repasto sanguineo, o mosquito do género Anopheles spp., se tornara
capaz de re-infectar um novo hospedeiro vertebrado com novos esporozoitos, em um
eventual repasto sanguineo, completando assim, o ciclo biolégico do parasita
(Cowman et al., 2016; Phillips et al., 2017).
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CAPITULO 2 — O EXPORTOMA DE P. falciparum

As proteinas exportadas em P. falciparum e o papel da KAHRP

Devido ao fato das hemacias nao possuirem alguns mecanismos celulares, tais
como a secrec¢ao de moléculas, trafego de vesiculas e sintese de proteinas, o parasita
P. falciparum ao invadi-las necessita impor algumas modificagdes estruturais, a fim de
permitir a sua sobrevivéncia. Dentre as modificagdes propiciadas pelo parasita, estao
as propriedades de permeabilidade, rigidez e citoaderéncia da célula hospedeira,
sendo que, todo esse remodelamento, permite a exportagdo de proteinas para o
citosol e para a membrana das hemacias, que sdo essenciais na viruléncia do P.
falciparum (Spillman et al., 2015). Para que as proteinas exportadas atinjam a
membrana da célula hospedeira, € necessario que uma organela secretoria
denominada como Maurer’s clefts (MCs), amplamente reconhecida por carregar
fatores de viruléncia, seja utilizada (Bhattacharjee et al., 2008).

As modificacbes exercidas na célula hospedeira sdo predominantemente
realizadas por proteinas que sao exportadas a partir do parasita, estimando-se que
~5-8% de seu genoma (200-400 proteinas) seja exportado para o citosol da hemacia
(Hiller et al., 2004; Marti et al., 2004). Muitas dessas proteinas apresentam um
peptideo sinal N-terminal e uma sequéncia consenso que fica apdés ~35 residuos do
peptideo sinal. Essa regido € denominada PEXEL (do inglés, Protein EXport ELement)
ou VTS (do inglés, vacuolar transport signal), que é constituida por uma sequéncia
pentamérica RxLxE/Q/D (Hiller et al., 2004; Marti et al., 2004), clivada por uma
protease do reticulo endoplasmatico, denominada plasmepsina V (PMV), na regidao C-
terminal da leucina (L) (Boddey et al., 2010; Russo et al., 2010). Apés a clivagem, a
proteina recebera no reticulo endoplasmatico (RE) uma N-acetilagdo (N-Ac), onde a
proteina processada pelas proteases, com o dominio de exportacdo PEXEL (Ac-
XE/Q/D) sera conduzida até a célula hospedeira (Chang et al., 2008) (Figura 4).

Além disso, inicialmente havia sido proposto que o suposto reconhecimento do
PEXEL pela fosfatidilinositol-3-fosfato (PI(3)P), seria essencial para que este
processamento ocorresse de forma eficiente no RE, inclusive de forma independente

da PMV. Ainda, foi sugerido que sequéncias divergentes da sequéncia consenso
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Peptideo sinal PEXEL Proteina
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Ac-xE/Q/D-Proteina

Figura 4. Esquema do processamento das proteinas com a sequéncia consenso PEXEL. Apds o
processamento por proteases (PMV, peptidases do peptideo sinal e N-acetil-transferases), as proteinas
acetiladas sdo marcadas para serem exportadas para o citosol da célula hospedeira.

PEXEL, poderiam promover a exportagcdo das proteinas por este mecanismo
(Bhattacharjee et al., 2012). Mais recentemente, esta proposta foi totalmente refutada.
As proteinas que possuem o dominio PEXEL néo s6, ndo tem nenhuma ligagdo com
PI(3)P, como também este lipideo n&o se localiza no ER, e, sim nas membranas do
vacuolo digestivo e apicoplasto de P. falciparum. Além disso, o dominio PEXEL é
funcionalmente imutavel, permitindo assim o processamento co-traducional das
proteinas exportadas pela protease PMV. Portanto, a interagao entre PI(3)P e PEXEL
no RE ndo é um mecanismo seletivo para exportar proteinas para o ambiente
citosolico da célula hospedeira infectada por P. falciparum (Boddey et al., 2016).

Apesar disso, algumas proteinas nao sao exportadas por esse mecanismo. Por
exemplo, a PlFEMP1 (do inglés, P. falciparum erythrocyte membrane protein 1), que é
uma adesina amplamente descrita como um dos fatores de viruléncia mais
importantes em P. falciparum, e, pertencente a uma familia com 60 genes variaveis
(familia var) (Scherf et al., 2008), & exportada por um mecanismo alternativo PEXEL-
independente, denominado PNEPs (do inglés, PEXEL-negative exported proteins).
Neste mecanismo, as proteinas podem apresentar regides hidrofobicas que podem
representar um peptideo sinal N-terminal nao-classico ou um dominio
transmembrana, e ndo necessitam da sequéncia consenso PEXEL para serem
exportadas até a célula hospedeira. Ao invés disso, € proposto que essas proteinas
sejam exportadas através de “cargas” vesiculares até a superficie da membrana da
célula hospedeira (Spielmann & Gilberger, 2010; Heiber et al., 2013).

Para as proteinas que possuem a sequéncia consenso PEXEL, como é o caso
da KAHRP (do inglés, knob-associated histidine rich protein) (Marti et al., 2004), apos
o processamento pela PMV, a mesma sera encaminhada para o translocon PTEX (do
inglés, Plasmodium translocon of exported proteins), presente na membrana do
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Figura 5. Mecanismo de exportagao de proteinas PEXEL e PNEPs. As proteinas contendo o
motivo PEXEL sao liberadas a partir do reticulo endoplasmatico (ER), pela plasmepsina V (PM5) e
encaminhadas para uma via de secregao classica até o vacuolo parasitéforo (VP). Por outro lado, as
proteinas contendo apenas o peptideo sinal N-terminal ndo classico (ou PNEPs), se ligam na
membrana do limen do ER, pelo dominio transmembrana (TM). Uma vez no VP, as proteinas
contendo o motivo PEXEL, sao exportadas pelo translocon PTEX presente na membrana do vacuolo
parasitéforo (MVP), podendo ser liberadas dentro das vesiculas organelares, denominadas por
Maurer’s Clefts, até a superficie da membrana da célula hospedeira, ou ainda se associarem a outras
cargas vesiculares, tais como os “J-dots”. (Extraido de: Spillman et al., (2015). Annu. Rev. Biochem.
84, pp. 14.1-14.29).

vacuolo parasitéforo (MVP), que é constituido pelo conjunto das proteinas: PTEX150
e PTEX88, que formam o arcabougo do translocon, a estrutura hexamérica da

HSP101, que pertence a familia CIpA AAA+ ATPase de chaperonas, que favorece o



desnovelamento das proteinas exportadas, tendo o aporte da TRX2, que
possivelmente atua na redugdo das pontes dissulfeto dos residuos de cisteina, e
encaminhando a proteina a ser exportada para o poro EXP2 (Koning-Ward et al.,
2009) (Figura 5).

As Maurer’s clefts (MCs) representam uma dessas “cargas” vesiculares que
desempenham um papel essencial na exportacédo de proteinas até a célula hospedeira
(Lanzer et al., 2006). Apos o processamento via PTEX, a KAHRP sera exportada para
a superficie da hemacia através destas estruturas vesiculares que brotam a partir da
MVP e alcangardo a membrana plasmatica da célula hospedeira, onde a KAHRP
juntamente com PEMP1 formarédo diversas estruturas denominadas de “knobs”
(protrusdes), que facilitardo os processos de citoaderéncia e formagcéo de Rosettas
(um aglomerado de hemacias infectadas e nao-infectadas); e, rigidez da membrana
plasmatica do eritrocito, podendo culminar em obstrugado da microcirculagéao (Crabb et
al., 1997; Wickham et al., 2001; Wickert et al., 2003; Spycher et al., 2008).

Sabe-se que a KAHRP e a PfFEMP1 sao proteinas importantes na formagao dos
knobs (Oh et al., 2000; Waller et al., 2002), onde é sugerido que o dominio ATS (do
inglés, acidic terminal sequence) da PlEMP1 interage especialmente com o dominio
5 rico em histidina da KAHRP (Waller et al., 2002). Ainda, foi observado que em
linhagens mutantes para diversas porgdes da regido C-terminal do gene kahrp, nao
impossibilitou a exportagao da PlEEMP1 para a superficie da hemacia, porém afetou a
formagdo funcional dos knobs, especialmente para as linhagens expressando
menores versdes da KAHRP, apresentando ainda uma citoaderéncia diminuida (Rug
et al., 2006). Possivelmente, essa citoaderéncia reduzida esteja ligada a expresséo
reduzida de PfEMP1 na superficie das hemacias infectadas por P. falciparum,
resultando em hemacias com uma distribuicdo reduzida dos knobs (Horrocks et al.,
2005) (Figura 6).

Dentro deste contexto, muitas proteinas tem sido estudadas em relacéo a qual
tipo de transporte elas utilizam, para atingir o ambiente da célula hospedeira (Marti et
al., 2004; Maier et al., 2008). Mesmo a KAHRP nao sendo essencial no transporte da
PfEMP1 para a membrana da hemacia infectada (Subramani et al., 2015), estima-se
que algumas proteinas exportadas via PEXEL ou PNEPs, sejam importantes neste
transporte. Dentre as proteinas PNEPs, a MAHRP (do inglés, membrane associated
histidine rich protein) e a SBP1 (do inglés, skeleton-binding protein 1) sdo designadas
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Figura 6. Micrografia eletrénica de transmissédo da interacao célula-célula entre as hemacias
infectadas por P. falciparum (P) e o endotélio (En). (A) Uma hemacia infectada com P. falciparum
(P) com a presenca normal dos knobs (K*) esta aderindo a superficie das células endoteliais (En). Barra
de 1 um. (B) Detalhe da interface entre a interface de K* e uma célula endotelial mostrando as faixas
de conexao entre as células (setas). Note a presencga das Maurer’s clefts (M). Barra de 100 nm. (C)
Detalhe da interface entre uma hemacia infectada com P. falciparum com a redugdo dos knobs (K°),
mostra um material denso entre o endotélio e as hemacias (setas), sem uma adesdo evidente ao
endotélio. Barra de 100 nm. (Extraido de: Horrocks et al., (2005). J. Cell Sci., 118(11), pp. 2507-2518).

como proteinas pertencentes das MCs, sendo essenciais na transferéncia da PlEMP1
para esta estrutura. Os mutantes nocauteados para os genes sbp1 e mahrp1 nao
inviabilizam a formagao das MCs, entretanto, ndo apresentam a PlEEMP1 na superficie
da hemacia, reforgando a hipotese de que elas sdo essenciais no transporte dessa
proteina (Cooke et al., 2006; Spycher et al., 2008).

Outras PNEPs exportadas a partir do P. falciparum possuem relevante papel
na integridade do trafego vesicular, ancoragem da PfEMP1 e citoaderéncia. Por
exemplo, a proteina REX1 (do inglés, ring-exported protein 1) esta associada com a
organizacao estrutural das MCs. Na sua auséncia, o numero de MCs é reduzido, ainda
apresentando uma morfologia aberrante. Em linhagens mutantes com deficiéncia
funcional da REX1, a PlEMP1 apresenta uma redug¢ao da sua exposig¢ao na superficie
da membrana da célula hospedeira com uma consideravel redugcédo da ligagdo ao
receptor endotelial CD36 (McHugh et al., 2015). Além disso, dois genes do cluster
“ring-stage specific genes”, codificantes para: (i) REX2 (do inglés, ring-exported
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protein 2), uma proteina integral associada as MCs (Spielmann et al., 2006; Haase et
al., 2009); e, (ii) REX3 (do inglés, ring-exported protein 3), uma proteina soluvel
exportada (Spielmann et al., 2006), estao dispostos no cromossomo 9, ligados a uma
regido de genes associados a citoaderéncia (Hawthorne et al., 2004) (Figura 7).

Em contrapartida, as proteinas com motivo PEXEL, denominadas PTP1-6 (do inglés,
PfEMP1-trafficking proteins 1-6), sao propostas como essenciais no transporte da
PfEMP1 para a superficie das hemacias (Maier et al., 2008). Além disso, a proteina
GBP130 (do inglés, glycophorin binding protein 130) (Maier et al., 2008; Boddey et al.,
2016), PHISTDb (do inglés, Plasmodium helical interspaced subtelomeric family) (Marti
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Figura 7. Localizacado sub-celular das proteinas exportadas por P. falciparum. A adesina PfEMP1
esta disposta na superficie dos eritrocitos infectados por P. falciparum, onde aparecem os knobs, tendo
a ancoragem da KAHRP. A proteina RESA, MESA, PHISTb, PFEMP3 e possivelmente outras proteinas
(STEVORSs, RIFINs e SURFINSs), se associam ao citoesqueleto da célula hospedeira para facilitar a
citoaderéncia as células endoteliais. As Maurer’s clefts e “J-dots” constituem as “cargas” vesiculares
que transportam muitas das proteinas que exercerdao seu papel na superficie da hemacia infectada.
Possivelmente, a liberagdo dos exosomas seja um mecanismo adicional que o parasita possui, para
comunicar-se com o meio extracelular e favorecer a sua sobrevivéncia. (Extraido de: Spillman et al.,
(2015). Annu. Rev. Biochem. 84, pp. 14.1-14.29).
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et al., 2004; Jonsdottir et al., 2021) e RESA (do inglés, ring-infected erythrocyte surface
antigen) (Mills et al., 2007; Pei et al., 2007; Jonsdottir et al., 2021), séo proteinas
propostas por serem exportadas via PEXEL, sendo que elas desempenham algum
papel associado a rigidez da membrana da hemacia infectada, devido a sua
associagao com o citoesqueleto, ou ainda, na captagao de nutrientes, nas chamadas
“novas vias de permeabilidade” (do inglés, new permeability pathways ou NPPs).

Muitas evidéncias ainda tem apontado que, outras formas de exportar as suas
proteinas até a superficie da membrana da hemacia infectada ou para o ambiente
extracelular s&o utilizadas por P. falciparum. Por exemplo, as vesiculas exosoma-like
liberadas no sobrenadante das culturas sao sugeridas por participar da comunicagao
celular, com a participacédo crucial da PPTP2, antes conhecida por ser apenas
associada as MCs (Maier et al., 2008), sugerindo que vesiculas derivadas das MCs
participam desse processo de comunicagao célula-célula (Regev-Rudzki et al., 2013).
Além disso, a composicédo protedmica dessas vesiculas liberadas sao de proteinas
antigénicas de membrana e aquelas envolvidas na invasdo derivadas do P.
falciparum, tais como proteinas do complexo RhopH/CLAG (do inglés, cytoadherence
linked asexual proteins ou high molecular weight rhoptry proteins), EBA-175 (do inglés,
erythrocyte binding antigen-175), SBP1 e RESA, potencialmente envolvidas na
modulacdo da resposta imune inata (Mantel et al., 2013; Sampaio et al., 2018) (Figura
7).

Mais recentemente, evidéncias adicionais apontam que os “J-dots” atuam no
transporte de chaperonas e co-chaperonas que possivelmente sdo necessarias no
enovelamento das proteinas exportadas (Kulzer et al., 2010). Dentre elas, HSP40,
HSP70 e a espécie especifica, HSP70-x, estdo presentes nessas estruturas.
Possivelmente, o dominio flexivel de Gly/Phe (dominio GF) e o dominio de ligagao ao
substrato (do inglés, substrate binding domain ou SBD) sejam necessarios para que
estes substratos sejam transportados dessa maneira (Petersen et al., 2016).
Alternativamente, um mecanismo denominado “complexo de interagao das proteinas
exportadas” (do inglés, exported protein-interacting complex ou EPIC) encontrado na
MVP foi desvendado, onde € proposto que a PEEMP1 além de interagir com o EPIC,
interage também com todos os componentes do translocon PTEX e com proteinas
das MCs. Além da proteina PV1 (do inglés, parasitophorous vacuolar protein-1), duas
novas proteinas do vacuolo parasitéforo (VP), denominadas PV2 (do inglés,
parasitophotous vacuolar protein-2) e EXP3 (do inglés, exported protein-3), foram

identificadas interagindo com P/EMP1, sendo estas propostas por fazerem parte do
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complexo EPIC. Destas proteinas, PV1 interage com HSP70 e HSP70-x, sugerindo
ainda uma inter-relagao entre EPIC e “J-dots”. Estes resultados, fortemente sugerem
que uma mesma proteina pode ser transportada por diversas maneiras nas hemacias

infectadas por P. falciparum (Batinovic et al., 2017) (Figura 8).
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Figura 8. Modelo de exportagdo da PfEMP1 pelo complexo EPIC. E proposto que a PEMP1 é
translocada até o RE por um mecanismo mediado pelo complexo Sec61-62-63 e trafega através de
uma via de secregdo com o suporte de chaperonas residentes no RE. Mediante a secreg¢éo até o VP,
é proposto que a PfEMP1 é reconhecida pelo complexo EPIC e transportado até o translocon PTEX,
para ser exportado até as hemacias. O complexo EPIC pode também ser responsavel pela marcagao
das vias alternativas do trafego de “cargas” vesiculares. (Extraido de: Batinovic et al., (2017). Nat.
Commun., 8(16044), pp. 1-14).
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CAPITULO 3 — O ESTUDO DE ORGANELAS NO P. falciparum: O
APICOPLASTO, A MITOCONDRIA E AS ROPTRIAS

3.1. Ainter-relagdo entre o apicoplasto e a mitocéndria

Estudos moleculares que buscam compreender melhor a biologia do parasita se
tornam essenciais, pois a descoberta de novos alvos terapéuticos se baseia,
sobretudo, nas proteinas (Chen et al., 2018). Por principio, um bom alvo terapéutico,
deve estar presente nas espécies com maior representatividade clinica: P. falciparum
e P. vivax, pois tratamentos emergentes devem ser igualmente eficazes para ambas
as espécies (Ludin et al., 2012). Diante disso, o estudo das organelas neste parasita,
tais como o apicoplasto e mitocéndria, se tornam altamente pertinentes, considerando
que estas organelas desempenham papéis cruciais na sobrevivéncia do parasita.
Desse modo, devido a ancestralidade comum de ambas estruturas, e, diante da
evidente inter-relacédo entre essas organelas plastidiais em P. falciparum, um campo
com diversas possibilidades para o desenvolvimento de novas estratégias
terapéuticas podem ser exploradas (Ralph et al., 2001; van Dooren et al., 2006; Dahl
& Rosenthal, 2008).

Sabe-se que o apicoplasto € uma organela vestigial oriunda de algas
(possivelmente, uma cianobactéria-like e uma alga vermelha endossimbiontes) em
parasitas do filo Apicomplexa, tais como Plasmodium spp. e Toxoplasma gondii, que
devido a sua ancestralidade, tem caracteristicas “plant-like” tornando-a um alvo
interessante para intervengdes terapéuticas (Ralph et al., 2001; Dahl & Rosenthal,
2008). Diante das evidéncias experimentais, € proposto que o apicoplasto esteja
diretamente envolvido com: (i) a biossintese de acidos graxos do tipo Il possivelmente
devido a sua ancestralidade (Waller et al., 1998, 2003; Ralph et al., 2004); (ii)
biossintese de isoprenoides, que segue uma via de biossintese alternativa comparada
com a que é encontrada em eucariotos superiores, tendo a 2-C-metil-D-eritritol-4-
fosfato (MEP)/1-deoxi-D-xilulose-5-fosfato (DOXP), como intermediarios, ao invés do
mevalonato (Jomaa et al., 1999; Ralph et al., 2004), além do fato, de que a via
MEP/DOXP pode produzir precursores para a sintese de ubiquinonas, utilizadas na
cadeia transportadora de elétrons da mitocdndria (Ralph et al., 2004); e, (iii) grupo
heme, que € um grupo prostético de muitas proteinas, como os citocromos, que sao

altamente necessarios na fosforilagdo oxidativa. Além disso, é sugerido que a
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mitocdndria e o apicoplasto, neste caso, possam compartilhar intermediarios para a

sintese de heme (Ralph et al., 2004; van Dooren et al., 2006) (Figura 9).
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Figura 9. Esquema da inter-relagio metabodlica entre o apicoplasto e a mitocéndria em P.
falciparum. As fontes de carbono fornecidas por intermediarios da via glicolitica (trioses-fostato e
fosfoenolpiruvato), atravessam os transportadores PfoTPT e PfiTPT, e s&o utilizados para produzir
substratos para a biossintese de acidos graxos (p. ex. acetil-CoA) e isoprenoides (pela via MEP/DOXP).
Por outro lado, a biossintese do grupo heme ocorre com a produgéo de 8- aminolevulanato (ALA) pela
0- aminolevulanato sintase (ALAS) pela mitocondria, que atravessa as membranas do apicoplasto por
transportadores desconhecidos, produzindo o CPIIl, que por sua vez, retorna para a mitocondria, para
ser finalizado. (Extraido de: Lim & McFadden (2010). Phil. Trans. R. Soc. B. 365, pp. 749-763.)

No caso da biossintese do grupo heme, a &-aminolevulanato sintase (ALAS),
que é uma enzima encontrada na mitocondria, forma o &-aminolevulanato (ALA)

(Varadharajan et al., 2002), que por sua vez, atravessa as membranas do apicoplasto
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e interage com outras enzimas envolvidas na biossintese do grupo heme, tais como a
0-aminolevulanato desidratase (ALAD) (Sato & Wilson 2002), a porfobilinogénio
deaminase (PBGD)/uroporfinogénio Il sintase (UROGEN Ill) (Nagaraj et al., 2008) e
uroporfirinogénio Il descarboxilase (UROD) (Sato et al., 2004). Apesar disso, algumas
enzimas envolvidas nesse processo ainda n&o foram observadas neste
compartimento, tais como: coproporfirinogénio oxidase (CPO) e protoporfirinogénio
oxidase (PPO), tornando essenciais estudos que visam a descricdo detalhada do
conteudo proteico dessa organela, a fim de elucidar como a coproporfirinogénio |l
(CPIIl) e outros metabdlitos poderiam atravessar as membranas do apicoplasto, sendo
esta, uma questao que ainda permanece elusiva (Lim & McFadden 2010).

Com o auxilio de transportadores do tipo pPTs (do inglés, plastidic phosphate
translocators), os dois homologos: (i) PfiTPT (do inglés, P. falciparum innermost triose
phosphate translocator), e; (i) PfoTPT (do inglés, P. falciparum outermost triose
phosphate translocator) (Ralph et al. 2004; Mullin et al. 2006; Lim & McFadden 2010),
alguns intermediarios da via dlicolitica (trioses-fosfato e fosfoenolpiruvato) s&o
utilizados como fonte de carbono para a biossintese de lipideos, atravessando as
quatro membranas do apicoplasto, utilizando estes transportadores (Ralph et al.,
2004; Lim & McFadden, 2010). Neste sentido, sugere-se ainda que, a troca reversa
da 3-fosfoglicerato (uma triose-fosfato) do apicoplasto, por outras trioses-fosfato do
citosol poderia ser uma fonte alternativa de ATP e NADPH para o apicoplasto (Ralph
et al., 2004; Fleige et al., 2007). Alternativamente, o fosfoenolpiruvato (PEP) é
convertido em piruvato por uma piruvato-quinase plastidial (pPK) residente do
apicoplasto, que é filogeneticamente distinta da piruvato-quinase citosolica (Saito et
al., 2008; Maeda et al., 2009). Este piruvato € direcionado para as vias de biossintese
FASIlI e MEP/DOXP, podendo ser a unica fonte de ATP do apicoplasto (Ralph et al.,
2004).

Em P. falciparum, sugere-se ainda que o acetil-CoA seja produzido no
apicoplasto pela piruvato-desidrogenase (PD) podendo ser exportado para a
mitocdndria, pois esta ndo possui PD para produzir acetil-CoA, utilizado em seu atipico
ciclo do acido citrico (Foth et al., 2005). A importacéo de PEP, conversao para piruvato
seguida da producao de acetil-CoA, poderia ainda fornecer os meios necessarios para
suprir os déficits de ATP e NADH no apicoplasto, bem como o suposto déficit de acetil-
CoA da mitocéndria (Lim & McFadden, 2010). Propbe-se ainda que, a biossintese de
acidos graxos em plastidios possa utilizar acetato como fonte de carbono, sendo este
hidrolisado pela acetil-CoA mitocondrial (Neuhaus & Emes, 2000; Rawsthorne, 2002).
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Embora essas suposi¢des ainda sejam especulativas, todas reforgcam a ideia da inter-
relagao entre o apicoplasto e a mitocdndria. Neste sentido, evidéncias experimentais
fomentam a discussdo acerca da relagdo entre o apicoplasto e a mitocéndria,
propondo-se ainda que essas duas organelas sao fisicamente ligadas uma a outra em
P. falciparum (Ralph et al., 2004; Kobayashi et al., 2007) (Figura 10).

Figura 10. P. falciparum
expressando uma proteina
GFP marcada para o
apicoplasto; e, marcagdo da
mitocoéndria por MitoTracker ®
Red. (Extraido de: Waller et al.,
(2000), EMBO J. 19(8), pp. 1794-
1802 e reproduzido por Ralph et
al., (2004). Nat. Rev., (2), pp.
203-216.)

Diversas proteinas presentes no apicoplasto que estdo associadas a fungdes
exclusivas desta organela por sua ancestralidade molecular, ja tem sido alvos para
intervengdes terapéuticas (Ralph et al., 2001; Dahl & Rosenthal, 2008). Desse modo,
0 uso de antibiéticos amplamente conhecidos por intervirem nos processos de
replicacdo do DNA, transcricdo em RNAs e tradugcdo em polipeptideos em bactérias,
tem sido descritos com atividade antimalarica (Botté et al., 2012), interferindo no
funcionamento do apicoplasto (Dahl & Rosenthal, 2007, 2008; Pradel & Schlitzer,
2010; Yeh & DeRisi, 2011) e potencialmente da mitocondria (Goodman et al., 2007,
2016).

Por exemplo, a ciprofloxacina, que € um antibiético sintético da classe das
quinolonas, atua na DNA-girase do apicoplasto, inibindo a replicagdo do DNA,
levando-o a morfologias aberrantes com a morte tardia dos parasitas (Fichera & Roos
1997; Dahl & Rosenthal 2007), sobretudo em linhagens de P. falciparum resistentes a
cloroquina (Winter et al., 2008). Outro exemplo é o caso do uso da doxiciclina, um
antibidtico semi-sintético pertencente da familia das tetraciclinas, que atua nas
unidades ribossomais da mitocondria e do apicoplasto, dificultando a sintese proteica
(Dahl et al., 2006; Goodman et al., 2007), apesar do mecanismo de agao detalhado
nao ser bem esclarecido. Muitas outras moléculas com potencial antimalarico estao
sendo estudadas, sobretudo com efeito nas vias metabdlicas na biossintese de acidos

graxos (FASII) e isoprendides (via MEP/DOXP, que auxilia na produgdo de ancoras
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GPI, ubiquinona mitocondrial e dolicol), que regem essa inter-relagao do apicoplasto

e a mitocondria (Botté et al., 2012).

3.2. As roptrias e a invasao em P. falciparum

P. falciparum dispde de organelas apicais secretorias que facilitam a sua adeséo
e invasdo nas hemacias: as roptrias, os micronemas e os granulos densos. Apos a
ancoragem com a célula hospedeira e formacao da jungcéo de adesdo/movimento (ou
do inglés, tight/moving junction ou TJ/MJ), o parasita se reorienta para invadir a
hemacia, utilizando o motor actina-miosina, criando o vacuolo parasitoforo (VP),
separando o parasita do citoplasma da hemacia. Uma das estruturas com grande
participacdo neste processo sao as roptrias, que estdo envolvidas na adesao e
invasdo. Estas estruturas possuem duas regides distintas: um ducto apical,
denominada como “pescogo” (ou do inglés, neck) da roptria, e, uma regido rica em
lipideos, denominada como “bulbo” (ou do inglés, bulb) da roptria, sendo que cada
uma dessas regides possuem diferentes proteinas que estdo associadas com a
adesao a célula hospedeira antes, durante ou apds a invasao (Proellocks et al., 2010;
Besteiro et al., 2011; Counihan et al., 2013) (Figura 11).

rhoptry neck

rhoptry bulb micronemes
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Figura 11. As roptrias e o processo de adesado e invasdao em P. falciparum. Os merozoitos ao
invadirem uma nova hemacia, estabelecem o contato inicial com proteinas com ancora GPI da
membrana da célula hospedeira. Possivelmente com o auxilio de adesinas apicais, interagindo com
receptores da membrana das hemacias (p. ex. interagdo Rh5-basigina), o parasita se reorienta, com a
formacao das “tight junctions” (TJs), seguida da liberagdo do conteudo proteico das roptrias (RONs e
ROPs), e formagéo do vacuolo parasitéforo. (Extraido de: Harvey et al. (2012). Int. J. Parasitol., 42(6),
pp. 567-573).

Dentre as proteinas que sao descritas por serem caracteristicas desta organela,

estdo: (i) as adesinas da classe Rh (ou do inglés, reticulocyte-binding homologs) e do
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complexo RON-AMA1, que estao envolvidas no estabelecimento da adeséao e invaséo
dos merozoitos as hemacias (Counihan et al., 2013; Wright & Rayner, 2014); (ii) o
complexo RAP (ou do inglés, rhoptry-associated proteins), também associadas com a
invasao dos parasitas as células hospedeiras (Baldi et al., 2000, 2002); e, (iii) o
complexo RhopH/CLAG, que tem sido associado a processos pos-invasivos, tais
como a citoaderéncia das hemacias infectadas (iRBCs) (Trenholme et al., 2000;
Proellocks et al., 2010) e permeabilidade a nutrientes (Nguitragool et al., 2011; Gupta
et al., 2015; Counihan et al., 2017; Ahmad et al., 2020).

De forma geral, as proteinas que pertencem ao pesco¢o das roptrias sao
classificadas como RONs (do inglés, rhoptry neck proteins), e as proteinas que
pertencem ao bulbo das roptrias séo classificadas como ROPs (do inglés, rhoptry bulb
proteins) (Proellocks et al., 2010; Counihan et al., 2013). Dentre as proteinas
caracteristicas do pescogo das roptrias, ou RONs, esta a familia das adesinas da
familia Rh em Plasmodium spp., que é constituida por cinco membros: Rh1, Rh2a,
Rh2b, Rh4 e Rh5, que estdo intimamente relacionadas com a adesé&o e invasao dos
merozoitos as células hospedeiras. Apesar disso, pouco se conhece acerca dessa
classe de proteinas e a sua fungao no processo de adesao e invasao, pois ainda se
conhece pouco sobre os seus receptores nas células hospedeiras (Harvey et al.,
2012). Contudo, foi descrito por Crosnier et al. (2011), que a proteina Rh5, em P.
falciparum, tem como receptor nos eritrocitos, a basigina, que anteriormente havia
sido descrita por Baum et al. (2009) como uma adesina essencial no processo de
invasdo do parasita.

As proteinas do complexo RON (RON2, RON4 e RONS), constituem outro grupo
importante de proteinas do pescogo das roptrias. Esse complexo € conhecido por se
interagir com o dominio hidrofébico extracelular da proteina AMA-1 (do inglés, apical
membrane antigen), pertencente dos micronemas (Richard et al., 2010; Besteiro et al.,
2011; Riglar et al., 2011; Harvey et al., 2012; Wright & Rayner, 2014), que constitui
outra importante organela secretoria em P. falciparum. As proteinas RON s&o
translocadas até a membrana da hemacia, onde o complexo RON é formado,
reorientando o merozoito para o processo de invasdo e permitindo a formacéo do
TJ/MJ, com a liberagao do conteudo do bulbo das roptrias, no vacuolo parasitoforo em
formacao, ou seja, o parasita fornece o seu proprio receptor para a célula hospedeira
(complexo RON), e o seu respectivo ligante (AMA-1), a fim de favorecer o processo
de invasao (Richard et al., 2010; Riglar et al., 2011) (Figura 12).
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Figura 12. Microscopia eletronica de transmissao das etapas de invasdao dos merozoitos na
célula hospedeira. (1) Reconhecimento da célula hospedeira. (2) Reorientagdo do merozoito e inicio
do estabelecimento da invasao. (3) Formacgao do TJ/MJ com a interagéo entre o complexo RON-AMA1,
e, possivelmente, liberagdo do conteddo das roptrias e outras organelas secretérias. (4) Inicio da
invasdo. (5-7) Invasdo do merozoito com a formagéo do vacuolo parasitéforo. (8 e 9) Finalizagéo da
invasdo com a selagem da membrana da hemacia. (Extraido de: Riglar et al., (2011), Cell Host
Microbe, 9, pp.9-20).

Apos a formagao do vacuolo parasitoforo, o bulbo das roptrias libera algumas
proteinas caracteristicas, tais como as proteinas do complexo RAP (RAP1, RAP2 e
RAP3) e complexo RhopH/CLAG (RhopH1/CLAG3, RhopH2 e RhopH3), que sao
proteinas classificadas como ROPs (Baldi et al., 2002; Kats et al., 2006; Counihan et
al., 2013), sendo ainda conhecidos como complexos de baixa e alta massa molecular,
respectivamente. A proteina recombinante RAP2, pertencente do complexo RAP,
pode induzir uma resposta imune in vivo. O potencial antigénico desta proteina ja foi
avaliado, demonstrando resultados promissores em macacos do género Saimiri spp.
(Collins et al., 2000). Ainda, € proposto que a RAP1 seja essencial na localizagéo
correta da RAP2, pois em mutantes Arap1, a proteina RAP2, fica retida no reticulo

endoplasmatico (Baldi et al., 2000), sendo que, mais tarde, Richard et al. (2009),
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ratificou a importancia de uma via secretéria no trafego correto das proteinas
enderecgado as roptrias, incluindo a participagao da proteina RAMA (do inglés, rhoptry
associated membrane antigen), que € uma proteina com ancora GPI, com o papel de
“escolta” nesse processo. Mais recentemente, ainda foi observado que RAMA pode
interagir com uma proteina pouco caracterizada do bulbo da roptria, RON3, entretanto,
a funcédo biologica desta interacdo necessita ainda ser investigada (Ito et al., 2021).

Por sua vez, €& proposto que as proteinas que constituem o complexo
RhopH/CLAG sejam langcadas no citoplasma das células hospedeiras, ou ainda,
possivelmente associadas as Maurer’s clefts (MCs), sugerindo a sintese de novo das
proteinas pertencentes do complexo e exportacdo até a membrana das hemacias
(Vincensini et al., 2008). Essa possibilidade da sintese de novo do complexo
RhopH/CLAG, foi recentemente reforcada por um estudo protedmico que revelou a
associacao deste complexo ao vacuolo parasitéforo, “J-dots” e as MCs, associando-
se ainda a proteinas notoriamente importantes no remodelamento da célula
hospedeira (Jonsdottir et al., 2021). No contexto geral, esse grupo de proteinas tem
sido associado com a citoaderéncia e a captagéo de nutrientes.

O membro do complexo RhopH1/CLAG ou apenas RhopH1, é proposto por
integrar uma familia de multiplos genes: clag2, clag3.1, clag3.2, clag8 e clag9 (Kaneko
et al., 2001, 2005; Gupta et al., 2015). Curiosamente, estes genes estdo localizados
em diferentes cromossomos: (i) clag3.1 e clag3.2, no cromossomo 3 (Kaneko et al.,
2001); (ii) clag2, no cromossomo 2 (Kaneko et al., 2001); (iii) clag8, no cromossomo 8
(Kaneko et al., 2005); e, (iv) clag9, no cromossomo 9 (Kaneko et al., 2001; Gardiner
et al., 2004). Todos os membros do complexo RhopH1/CLAG tem o seu apice de
expressao na fase de esquizonte (42-46h) (Kaneko et al., 2005).

Sugere-se ainda que, a proteina CLAG9 (do inglés, cyfoadherence linked
assexual gene 9), integre o complexo RhopH1/CLAG, presente nas roptrias (Kaneko
et al., 2005), podendo esta, estar associada a RhopH2 (Gardiner et al., 2004; Ling et
al., 2004) e RhopH3 (Gardiner et al., 2004). Por sua vez, os genes clag9, rhoph2 e
rhoph3 sé&o localizados no cromossomo 9 (Hall et al., 2002; Ling et al., 2003; Gardiner
et al., 2004). Este cromossomo tem sido amplamente relacionado a genes associados
com a citoaderéncia (Hawthorne et al., 2004; Spielmann et al., 2006). Neste sentido,
CLAG9 tem sido associada a citoaderéncia (Trenholme et al., 2000), possivelmente
auxiliando no trafego da PlEEMP1 (Goel et al., 2010), apesar que, este papel ainda seja

controverso (Nacer et al., 2011).
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O remodelamento da célula hospedeira propiciado pelo parasita impde uma
necessidade de aumentar a permeabilidade, favorecendo o seu desenvolvimento.
Através dos canais ibnicos de superficie de plasmddios (ou do inglés, plasmodial
surface anion channel ou PSAC), o complexo RhopH/CLAG facilita a captagédo de
nutrientes, pelas denominadas “novas vias de permeabilidade” (ou do inglés, new
permeability pathways ou NPPs) (Nguitragool et al., 2011; Gupta et al., 2015;
Counihan et al., 2017; Ahmad et al., 2020). As evidéncias iniciais sugerem que apos
ainvasao e liberagao das proteinas pelas organelas secretorias, tais como as roptrias,
as proteinas RhopH1/CLAGS3, RhopH2 e RhopH3 sejam translocadas até a membrana
da célula hospedeira, a fim de formar o complexo RhopH/CLAG (Sam-Yellowe et al.,
1991) (Figura 13).
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Figura 13. Esquema da translocagdo do complexo RhopH/CLAG até a membrana da célula
hospedeira. (1) Possivelmente, o complexo RhopH/CLAG seja introduzido na membrana do vacuolo
parasitéforo (MVP) durante a invasao pelos merozoitos. (2) Logo apds a invasao, o translocon PTEX,
inicia a exportagcdo de proteinas produzidas pelo parasita para o ambiente citosélico da célula
hospedeira. Algumas dessas proteinas (tais como, PHISTb, MESA, LyMP, GBP130 e SEMP1),
trafegam até o citoesqueleto das hemacias. O complexo RhopH/CLAG (3) liga-se a essas proteinas
exportadas na membrana dos eritrocitos ou (4 e 5) se agrega com essas proteinas en route até a
superficie. (6) Uma vez na superficie, o complexo RhopH/CLAG juntamente com as proteinas que
formam NPPs, criam seus proprios poros que atravessam a membrana ou “abrem” um poro eritrocitario.
A funcado das NPPs é permitir a entrada de nutrientes e possivelmente eliminar produtos residuais do

parasita. (Extraido de: Counihan et al., (2017), eLIFE, 2(6), pp.1-31).
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Sugere-se ainda que, algumas proteinas deste complexo comegam a interagir
entre si, mesmo antes de atingir a membrana célula hospedeira. Através da analise
de imagens utilizando FRET (do inglés, Férster resonance energy transfer), foi
observado que RhopH1/CLAG3 e RhopH2 permanecem totalmente associadas
durante a exportagao até a membrana das hemacias (Ahmad et al., 2020). Além disso,
diversos estudos ratificam ainda a interacdo entre as proteinas que compdem o
complexo RhopH/CLAG (Counihan et al., 2017; Sherling et al., 2017; Jonsdottir et al.,
2021). Relata-se ainda que, a diminuigdo da expressdo da RhopH2 leva a uma
diminuicdo da capitagdo de vitaminas essenciais e co-fatores, implicando na
diminuicdo da sintese de novo de pirimidinas e da capacidade invasiva em P.
falciparum (Counihan et al., 2017). No caso da RhopH3, o truncamento condicional do
gene rhoph3, leva a uma localizag&o incorreta das outras proteinas constituintes do
complexo RhopH/CLAG (RhopH2 e RhopH3), reduzindo consideravelmente também
a capacidade invasiva e de sobrevivéncia em uma eventual re-invaséo (Sherling et al.,
2017). Em conjunto, estes dados fortemente sugerem que as proteinas secretadas
pelas roptrias, possuem papeis absolutamente importantes para a sobrevivéncia e

viruléncia de P. falciparum.

63



CAPITULO 4

“A TECNICA DE CRISPR-Cas9
E SUAS APLICACOES”



CAPITULO 4 — A TECNICA CRISPR-Cas9 E SUAS APLICAGOES

41. O sistema de edicdao genémica CRISPR-Cas9

Em 1987, Ishino e colaboradores, descreveram uma série de sequéncias
pequenas, interespagadas e repetidas no genoma de E. coli, ao qual se denominou
como CRISPR (do inglés, clustered regularly interspaced short palindromic repeats)
(Ishino et al., 1987). Posteriormente, estas sequéncias espagadas foram associadas
ao DNA exdégeno proveniente de plasmideos e infecgdes virais (Bolotin et al., 2005;
Mojica et al., 2005; Pourcel et al., 2005), sendo que o /ocus CRISPR seria
“rearranjado” de acordo com estas infecgdes, produzindo sequéncias spacers. Novas
evidéncias surgiram, acerca da transcricdo do /loci CRISPR, com a produgao de
proteinas associadas a CRISPR (Cas), que possuem dominios de nuclease (Jansen
et al., 2002; Bolotin et al., 2005; Haft et al., 2005; Pourcel et al., 2005), que
possivelmente estariam vinculadas a um “sistema imune adaptativo” natural mediato
por CRISPR-Cas em procariotos, propiciando a degradagao de novos invasores virais
ou DNA exdgenos (Barrangou et al., 2007). Apos alguns estudos terem apontado a
associagao entre os CRISPR RNAs (crRNAs) maduros e as proteinas Cas, sendo que
o crRNA funcionaria como um “guia” para a Cas, e a evidente interferéncia na
proliferagdo de virus em E. coli (Brouns et al., 2008), uma ferramenta com alto

potencial biotecnolégico havia sido descoberta (Figura 14).
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Figura 14. O sistema CRISPR-Cas na imunidade adquirida em procariotos. (A) O DNA proveniente
de fagos/virus invasores é reconhecido pelas proteinas Cas, que os fragmentam e os incorporam nas
sequéncias spacers, adjacente ao operon dos genes cas. (B) Em uma eventual re-invasao, o locus
CRISPR é ativado, com a transcricdo dos crRNAs (provenientes do DNA exdégeno invasor) que é
associado com a Cas9, no qual, este complexo CRISPR-Cas9 realiza a degradacédo do DNA invasor.
(Extraido de: Ishino et al. (2018). J. Bacteriol., 200(7), pp.1-17).
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O sistema CRISPR-Cas ¢ subdividido nas classes | e Il. Dentro da classe Il,
encontra-se a Cas9, que dentro da mais recente classificacéo, ela é ainda enquadrada
dentro do complexo tipo Il de enzimas Cas, pois é a mais atrativa para eventuais
manipulagdes genéticas, pois requer apenas uma proteina para funcionar: a Cas9
(Gasiunas et al.,, 2012; Ishino et al.,, 2018). Em 2012, Jinek e colaboradores,
demonstraram que o sistema CRISPR-Cas9 possibilitava a clivagem dupla da fita do
DNA, guiada pelo complexo tracrRNA:crRNA em Streptococcus pyogenes (Jinek et
al., 2012). Essa clivagem é permitida devido ao reconhecimento da sequéncia de 20
nucleotideos do RNA guia (gRNA, o complexo tracrRNA:crRNA), que por sua vez, se
tornou programavel, com o sitio complementar no DNA gendémico e reconhecimento
do motivo PAM (do inglés, protospacer adjacent motif), NGG, que gragcas aos
dominios de nuclease HNH e RuvC-l/ike da Cas9, viabilizou e facilitou a manipulagao
genética de qualquer regido do DNA (Gasiunas et al., 2012; Jinek et al., 2012).

Apo6s a clivagem da dupla fita do DNA (ou do inglés, double-strand break ou
DSB) no loci genébmico, a maquinaria de reparo do DNA, NHEJ (do inglés, non-
homologous end-joining), pode religar as extremidades do DNA, podendo ocasionar
mutagdes pontuais, com a insergdo ou delecdo de nucleotideos (indel), ou, ainda
promover o reparo por HDR (do inglés, homology-directed repair), no qual, ambas as
situagdes podem resultar na mudanca de uma determinada ORF (do inglés, open
reading frame), produzindo proteinas defeituosas. No caso do reparo HDR, é possivel
ainda, promover knock-outs, knock-ins, mutagénese sitio-dirigida e corregdes do DNA
gendmico (Doudna & Charpentier 2014; Wang et al. 2016) (Figura 15).
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Figura 15. O mecanismo de clivagem da dupla fita do DNA por CRISPR-Cas9. (A) O complexo CRISPR-
Cas9, (B) reconhece o motivo PAM (NGG), presente no DNA genémico (gDNA), que (C) com o pareamento
do RNA guia (gRNA), ocorre a abertura da dupla fita do DNA, seguida da (D) clivagem do DNA através dos
dominios RuvC-like e HNH da Cas9. (Extraido de: Doudna & Charpentier (2014), Science, 346(6213), pp.
1258096.1-1258096.9).




4.2. As aplicagoes de CRISPR-Cas9

Diversos estudos direcionaram os seus esforcos no estudo de doencas
genéticas, utilizando a abordagem de CRISPR-Cas9, como uma possivel ferramenta
na reversao de diversos fendtipos, como por exemplo, na distrofia muscular de
Duchenne (Young et al., 2016; Bengtsson et al., 2017). Young et al. (2016), utilizaram
linhagens reprogramadas (ou do inglés, human induced pluripotent stem cells ou
hiPSCs) de fibroblastos oriundos de pacientes humanos distréficos, no qual, através
da corregdo do DNA realizado por CRISPR-Cas9, foi possivel observar um
reestabelecimento da funcionalidade da distrofina rearranjada de 60% em
cardiomidcitos e células da musculatura esquelética, com a excisdo de um fragmento
de 725kb do DNA genbmico, pertencente do gene da distrofina disfuncional. Em outra
ocasidao, Bengtsson et al. (2017), em uma abordagem similar, utilizou o sistema
CRISPR-Cas9 através de vetores virais (AAV, adeno-associated viral), onde
observaram que o fenétipo distréfico de camundongos mdx#v, era potencialmente
revertido com a corregéo da ORF, e aparente retomada da fungao do sarcolema.

O uso da tecnologia CRISPR-Cas9 utilizando animais modelo tem sido
implementada, a fim de proporcionar novas perspectivas das doengas que acometem
os humanos (Wu et al., 2013, 2017; Niu et al., 2014; Bengtsson et al., 2017; Jain et
al., 2017). Como exemplo da implementagdo dessa abordagem, pode-se citar o
estudo de Jain et al. (2017), que através do uso de CRISPR-Cas9, foi possivel corrigir
o loci do gene da miocilina defeituosa (MYOCY437H) em células NTM5 (do inglés,
normal trabecular meshwork 5), bem como o mesmo /oci em camundongos com
glaucoma (Tg-MYOCY437H), revertendo significativamente o fenétipo da doenga em
relacéo a pressao intraocular e o acumulo exagerado da miocilina na malha trabecular.

Outro exemplo bem-sucedido, reportado no estudo de Wu et al. (2013),
conseguiu corrigir o loci do gene Crygc em zigotos de camundongos com o fendétipo
da catarata, que produz a proteina yC-cristalina. Quando este gene possui uma
delecédo de 1 bp, no éxon 3, a proteina é truncada no residuo do aminoacido 76,
levando-a a disfuncionalidade. Ainda, em outro estudo mais audacioso, Wu et al.
(2017), conseguiram produzir camundongos quimeras, utilizando células pluripotentes
de ratos (ou do inglés, rat pluripotent stem cells ou rPSCs). Com o nocauteamento
duplo por CRISPR-Cas9 dos genes: (i) Pdx17, responsavel pelo desenvolvimento do
pancreas; (ii) Nkx2.57, envolvido na cardiogénese; e, (iii) Pax6”, que € um gene

codificante para um fator de transcrigdo envolvido no desenvolvimento dos olhos, nariz
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e cérebro, em zigotos de camundongos, foi possivel observar a compensagao
funcional das células oriundas do rato (rPSCs), na formagao dos respectivos 6rgaos,
fornecendo novas perspectivas quanto ao xenotransplante.

Por outro lado, tem sido usado animais primatas, ndo-humanos, ao se estudar
doengas que acometem os seres humanos, constituindo um bom modelo
experimental. Diante disso, recentemente, alguns estudos concentraram os seus
esforcos no estudo de doencgas psiquiatricas, com o uso de CRISPR-Cas9, para
entender melhor os mecanismos que permeiam este tipo de doenca. E o caso do
estudo realizado por Tu et al. (2019), que investigou o papel do gene SHANKS,
codificante para uma proteina pos-sinaptica, no fenétipo de autismo-/ike em macacos.
Com a ruptura dos éxons 6 e 12 no loci do gene SHANKS3, foi possivel observar
anormalidades comportamentais, incluindo uma diminuicdo da interagao social e da
atividade cerebral, observada por PET (do inglés, position-emission computed
tomography), sendo que todos esses sintomas melhoravam com a administragdo de
fluoxetina, um antidepressivo amplamente utilizado.

Em outro trabalho, foi utilizado CRISPR-Cas9 para entender melhor o papel do
gene BMAL1 (do inglés, brain and muscle ARNT-like 1), um componente do complexo
do fator de transcricdo CLOCK-BMAL1, em macacos, no disturbio do ciclo circadiano
e os riscos fisiolégicos inerentes dessa perturbagdo. Com a ruptura do gene BMAL,
foi possivel observar a aparente disfungdo do sono e uma alteragdo hormonal, bem
como, comportamentos similares aos encontrados em humanos, tais como ansiedade
e depressédo (Qiu et al., 2019). O uso de animais geneticamente modificados, para
estudar doengas que acometem os humanos, é uma forma de permitir novos insights
acerca de uma determinada doenga e, possivelmente, ao melhoramento no
tratamento e desenvolvimento de estratégias para possivelmente cura-las.

Em paralelo, muitos estudos tem utilizado a edicdo gen6mica mediada pelo
sistema CRISPR-Cas9 para entender melhor os mecanismos moleculares que
favorecem a sobrevivéncia e viruléncia de agentes etiolégicos causadores de doengas
tropicais, tais como Leishmania donovani (Zhang & Matlashewski 2015), Toxoplasma
gondii (Zheng et al., 2015), Trypanosoma cruzi (Lander et al., 2016) e Plasmodium
falciparum (Ghorbal et al., 2014; Wagner et al., 2014; Lu et al., 2016; Mogollon et al.,
2016; Crawford et al., 2017; Xiao et al., 2019). Em P. falciparum, os primeiros estudos
neste sentido foram realizados por Ghorbal et al. (2014) e Wagner et al. (2014), que
se arriscaram a realizar a edicdo genémica neste parasita, considerando seu genoma

altamente abundante em conteudo A+T (Gardner et al., 2002). Neste caso, tendo
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como gene alvo, a kahrp (do inglés, knob-associated histidine rich protein), foi possivel
trunca-la sem maiores dificuldades, substituindo-a pelo gene hdhfr (do inglés, human
dihydrofolate reductase), conferindo resisténcia a droga anti-folato WR99210 (Ghorbal
et al., 2014; Wagner et al., 2014).

Apesar disso, outros estudos foram realizados buscando alternativas mais
eficientes na obteng¢do de mutantes de P. falciparum, considerando que as marcas de
selegao utilizadas para este fim, sdo escassas e potencialmente toéxicas (Ghorbal et
al., 2014). Diante disso, Lu et al. (2016) e Mogollon et al. (2016), conseguiram
aperfeicoar a edigdo gendmica por CRISPR-Cas9 em P. falciparum, com o uso de
genes reporteres (p. ex. GFP, do inglés, green fluorescente protein), que evitariam o
uso continuo das drogas utilizadas na selegdo dos parasitas, tais como: WR99210
(selegao positiva da transfecg¢ao) e 5-fluorocitosina (selegao positiva da integragao do
gDNA).

Crawford et al. (2017), conseguiram produzir duas mutag¢des pontuais (SNPs),
no gene da PfATP4 (do inglés, P. falciparum ATPase 4), um canal de efluxo de sédio,
que tem sido estudado como um possivel alvo para o composto SJ733, um potencial
antimalarico, com o uso de CRISPR-Cas9 livre de plasmideos ou recombinagéo
homologa . Neste estudo, foi possivel caracterizar os polimorfismos relacionados com
a resisténcia a droga SJ733, associada as mutagbes L350H e P412T. Através de
ensaios da metade da concentragdo efetiva maxima (ou do inglés, half maximal
effective concentration ou ECso), foi possivel estabelecer que o uso de
aproximadamente 100 vezes a mais de SJ733, em parasitas apresentando estes
polimorfismos seria necessario para inibir o crescimento dos parasitas (Crawford et
al., 2017).

Ainda, no intuito de se observar os mecanismos epigenéticos relacionados com
a regulagao transcricional mediada pela acetilagdo de histonas, Xiao et al. (2019),
através do uso de CRISPR-dCas9, onde, neste caso, a Cas9 esta na forma “d” para
desativada, por duas mutagdes, D10A e H840A, foi possivel regular a transcrigao de
genes relacionados com a invasédo: (i) rh4 (do inglés, reticulocyte binding protein
homolog 4) e eba-175 (do inglés, erythrocyte binding protein 175), utilizando o dominio
enzimatico da histona acetilase (HAT), PfGCNS5, para ativar o gene rh4, e, o dominio
enzimatico da histona desacetilase (HDAC), PfSir2a, para desativar o gene eba-175.
Observou-se ainda, (i) um aumento de pelo menos 113 vezes nos niveis

transcricionais de rh4, possivelmente devido ao aumento da acetilagéo da histona 3
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(H3) pela PFGCNS5, e; (ii) uma hipoacetilagdo da H3 e baixa expresséo da EBA-175
pela PfSir2a.

Certamente, o uso de CRISPR-Cas9 em P. falciparum pode ser eficientemente
utilizado para diferentes aplicagdes. Uma dificuldade inerente da prépria biologia do
parasita, é o fato do genoma de P. falciparum possuir cerca de ~80% de conteudo
A+T (Gardner et al., 2002), tornando a manipulag&o genética, um grande desafio neste
organismo. A escolha do gRNA e o tamanho das regides de homologia aparentemente
sdo muito importantes para se obter linhagens mutantes nesta espécie por CRISPR-
Cas9 (Ghorbal et al., 2014; Wagner et al., 2014; Xiao et al., 2019). A aplicacédo desta
metodologia acoplada a ferramentas de marcagao por proximidade, tais como as
APEX2 e BiolD, certamente poderao trazer informagdes valiosas quanto a biologia do

parasita.
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CAPITULO 5 — INTERAGAO PROTEINA-PROTEINA (IPP)

Estudo da interagcao proteina-proteina por ensaios de proximidade:
APEX2 e BiolD

Em 2013, Rhee e colaboradores, empregaram uma nova abordagem, onde
acoplaram o uso da enzima ascorbato peroxidase modificada (APEX2), seguida de
uma reagao de biotinilagéo, utilizando como substrato a biotina-fenol e como agente
oxidante/catalisador, o peroxido de hidrogénio (H202), que permite a marcacao de
proteinas totais de um determinado compartimento celular, ou de proteinas-parceiras
(quando a proteina de interesse é fusionada a APEX2), através da biotinilagdo dessas
proteinas, que em seguida sdo analisadas por espectrometria de massas shotgun
label-free (Rhee et al., 2013). Inicialmente, esta metodologia foi empregada para
analises de microscopia eletronica (EM), devido as dificuldades de se realizar as
marcacgdes em alguns compartimentos celulares com os tags ja utilizados e pela
prépria natureza da amostra, pois a espessura e fixagdo do material pode ser um
empecilho para a EM (Martell et al., 2012).

De forma geral, a abordagem de biotinilagdo de proteinas por APEX2 seguida
por analise protedmica, combina o poder da alta resolucdo da espectrometria de
massas e a caracteristica funcional da propria enzima utilizada para se obter a
biotinilagdo da(s) proteina(s) de interesse, oferecendo um panorama temporal e
espacial de um determinado cenario molecular, enquanto o organismo permanece
vivo, preservando suas estruturas celulares e seus parceiros proteicos (Rhee et al.,
2013). Isso é possivel gragas as caracteristicas moleculares da APEX2, que realiza a
biotinilagcdo das proteinas por proximidade (um raio de <20nm), com o uso do
substrato, biotina-fenol, catalisado pela H202, em uma reacéo que dura cerca de 1 min
(minuto), com a modificagdo de residuos de Tyr (principalmente), Trp, His e Cys, pelo
radical fenoxil, onde, apds a marcagao, as proteinas modificadas sao enriquecidas
com beads magnéticas acopladas a estreptavidina (Rhee et al., 2013) (Figura 16).

Rhee et al. (2013), realizaram através desta abordagem o enriquecimento de
proteinas da matriz mitocondrial (¢ membrana mitocondrial interna), utilizando como
modelo as células HEK293 expressando uma construgao transiente mito-APEX2.

Foram identificadas 495 proteinas, sendo que destas, 31 proteinas ndo haviam sido
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Figura 16. Mecanismo de biotinilagdo de proteinas por APEX2. Neste esquema, a APEX2 é
fusionada ao peptideo sinal da mitocondria (mito) que a conduz para a matriz mitocondrial, onde com
o uso do substrato biotina-fenol e o agente oxidante/catalisador H202 (perdxido de hidrogénio), em uma
reagdo de aproximadamente 1 min, as proteinas mitocondriais sdo biotiniladas nos residuos de Tyr
(principalmente), Trp, His e Cys por um radical fendlico, que serdo posteriormente enriquecidas em
colunas de estreptavidina e submetidas a analise por espectrometria de massas. (Extraido de: Rhee
et al (2013), Science (80- )339, pp. 1328-1331).

descritas por fazerem parte do conjunto de proteinas mitocondriais em humanos. Esse
resultado reforga o principio da técnica, bem como fornece uma ferramenta para
realizar estudos em outros organismos, permitindo a descricdo de novas proteinas
que podem desempenhar um papel significativo e que ainda ndo foram descritas em
um determinado compartimento celular.

Apos a descricdo desta nova metodologia de enriquecimento de proteinas,
diversos outros trabalhos tém sido publicados recentemente, buscando desvendar
novas proteinas de uma determinada organela ou mesmo, descrever novas proteinas
parceiras de um alvo de interesse. E o caso do trabalho de Lee et al. (2016), que faz
um mapeamento topoldgico de proteinas do reticulo endoplasmatico (RE), utilizando
as linhagens de células HEK293, HelLa e U20S, em uma proposta onde cada uma
das construgcdes epissomais expressavam versdes de proteinas quiméricas
destinadas para diferentes por¢des do RE, mitocéndria (membrana interna e externa),
nucleo e citosol. Neste trabalho, demonstrou-se que as proteinas que expressavam a
APEX2, geram um barcode molecular especifico e, assim, um padrao distinguivel de
proteinas biotiniladas, fornecendo informag¢des mais acuradas.

Além disso, a partir dessa metodologia, outras abordagens baseadas no uso da
APEX2 para realizar a analise do transcriptoma com o enriquecimento do crosslink
entre ribonucleoproteinas-RNAs (APEX-RIP) a partir de compartimentos celulares
(Kaewsapsak et al., 2017), o enriqguecimento de proteinas relacionadas com o mtDNA

(Han et al., 2017), e, realizar uma deconvolucao espacial e temporal de proteinas de
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um determinado cenario molecular (Lobingier et al., 2017) foram implementadas. No
primeiro caso, Kaewsapsak et al. (2017), adaptou a abordagem utilizada por Rhee et
al. (2013), para capturar as ribonucleoproteinas e, a partir do enriquecimento em
beads magnéticas com estreptavidina, realizar o sequenciamento dos RNAs
“capturados” por RNA-seq (Figura 17). Através dessa técnica, foi possivel detectar
com acuracia todos os 13 mRNA, 2 rRNAs e 22 tRNAs codificados pelo genoma
mitocondrial, além de detectar milhares de RNAs nucleares e citosolicos com altissima
definigdo analitica, dentre eles os INncCRNAs, separando-os em grupos bem distintos,
mesmo comparando a abordagem com outros métodos de fracionamento.

intermembrane
space
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) «lyse cells

OH ;

0.1% (viv) -
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, H,0, formaldehyde bea%sw :
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Figura 17. Mecanismo do crosslinking entre ribonucleoproteinas e RNA com o uso da
abordagem APEX-RIP. Neste esquema, a APEX2 é fusionada ao peptideo sinal da mitocondria (mito)
que a conduz para a matriz mitocondrial, onde com o uso do substrato biotina-fenol e o agente
catalisador H20:2 (perdxido de hidrogénio), em uma reagao de aproximadamente 1min, seguida de uma
incubagdo com 0.1% de formaldeido, por cerca de 10min, promovera o crosslinking entre
ribonucleoproteinas e RNAs, que é posteriormente enriquecido em coluna de estreptavidina, sendo os
RNAs analisados por RNA-seq. (Extraido de: Kaewsapsak et al (2017). eLife, 6, pp. 1-31).

Em relagado as proteinas que possuem associagao com o mtDNA, o estudo de
Han et al. (2017) proporcionou a descrigdo de sete proteinas que nunca haviam sido
associadas ao nucleoide mitocondrial, dentre elas a NDUFS6 (Complexo | da cadeia
respiratoria, NADH desidrogenase), C7TORF55 (Complexo V da cadeia respiratoria,
ATP-sintetase) e FASTKD1 (Serina/treonina quinase-/ike ativado por Fas). Essas
proteinas orfas foram avaliadas quanto a sua especificidade de ligacao ao mtDNA em
relacdo as proteinas encontradas na matriz mitocondrial, por uma triagem analitica
dos dados e confirmagédo por Western-blot, sugerindo que essas proteinas podem
participar de um mecanismo celular capaz de mitigar os danos causados por espécies
reativas de oxigénio (EROs) ao DNA. Inclusive, ainda foi demonstrado que a

atenuacdo do gene FASTKD1, por knockdown utilizando shRNA, pode aumentar a
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expressdo de mRNAs de ND3 (uma subunidade do Complexo | da cadeia respiratoria,
NADH desidrogenase) e, consequentemente, interferir positivamente nos niveis dessa
proteina.

Apesar da APEX2 ter uma alta resolugéo temporal para determinar proteomas
organelares, o quesito espacial pode ser um desafio, levando em consideragao todas
as proteinas que fazem parte de um determinado contexto molecular. A fim de resolver
esse gargalo, Lobingier et al. (2017), aperfeigoaram o uso da APEX2, para realizar
uma deconvolugao espacial-temporal de forma quantitativa de proteinas, utilizando o
receptor beta-2 adrenérgico (ou do inglés, beta-2 adrenergic receptor ou B2AR), que
€ um receptor acoplado a proteina G (ou do inglés, G-protein-coupled receptors ou
GPCR), caracteristico dos endossomos, para definir em uma resolugéo espago-tempo
as suas proteinas parceiras. Com o uso de agonistas, para ativar a cascata de
sinalizagao, foi possivel quantificar, em uma janela temporal, a presenca das proteinas
arrestina-3, clatrina e o complexo retrobmero (subunidade VPS35), que interagem em
diferentes momentos com a B2AR, sugerindo que o uso da abordagem APEX2 para
desvendar proteinas de baixa afinidade/transientes com o0 GPCR em um determinado
espaco-tempo de um cenario molecular é altamente eficiente.

Em contrapartida, outras abordagens para estudar a interagao entre proteinas
tém emergido. Uma metodologia alternativa que tem sido utilizada é baseada no uso
da enzima biotina-ligase modificada (BirA*-R118G) de E. coli, denominada como
BiolD (do inglés, proximity-dependent Biotin-IDentification), que de forma bastante
similar a APEX2, promove a biotinilacdo de proteinas parceiras, em um raio de ~10
nm, quando a BirA* é utilizada como tag da proteina de interesse (N- ou C-terminal),
resultando na modificagado covalente dos residuos de Lys (K), sendo posteriormente
capturadas em coluna de estreptavidina e analisadas por espectrometria de massas.
O unico fator limitante que torna o uso da técnica menos atraente, é o fato de haver a
necessidade de entre 18-24h de incubagdo com a biotina para marcar as proteinas
parceiras (Rees et al. 2015; Varnaité & MacNeill 2016; Li et al. 2017).

Vaérios estudos tem sido publicados utilizando a metodologia de BiolD em
organismos unicelulares, de modo especial os protozoarios. Em Trypanosoma brucei,
agente etiolégico da “doenga do sono”, o uso dessa abordagem propiciou a descrigéo
de novos parceiros das proteinas TOMORN1 (Morriswood et al., 2013), SAS-4 (Hu et
al., 2015) e TbPLK (McAllaster et al., 2015), que estdo envolvidas na motilidade e
morfogénese do parasita. Em Toxoplasma gondii, o uso dessa metodologia permitiu

a descricao de 19 novas proteinas parceiras de ISP3 (do inglés, IMC Subcompartment
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Protein 3) associadas ao citoesqueleto e a regido apical, sendo que a ISP3 é uma
proteina caracteristica do Complexo de Membrana Interno (CMI), que esta associado
a motilidade, invasdo e replicagdo destes parasitas (Chen et al., 2015). Em outra
ocasiao, Long et al. (2017), partindo dessa mesma estratégia, conseguiram observar
que as proteinas CaM-like 1, 2 e 3 estdo associadas a MyoH de T. gondii, que € uma
classe de miosina especializada envolvida no processo de invasao, possibilitando
ainda a identificacdo de proteinas tipicas da regido apical do parasita, reforcando a
hipétese da co-localizagao destas proteinas.

No género Plasmodium spp., apenas alguns estudos foram publicados dentro
deste contexto. Boucher et al. (2018) utilizaram a BirA* fusionada a uma sequéncia
lider ACP (do inglés, acyl-carrier protein), para realizar o mapeamento protedmico
organelar do apicoplasto, onde através de uma analise robusta de bioinformatica, foi
possivel compilar o proteoma desta organela em 346 proteinas em P. falciparum.
Dentre elas, novas proteinas foram descritas, inclusive a essencialidade do
transportador de membrana ABCF1 (do inglés, ABCF-family protein), podendo este,
ser considerado um alvo terapéutico de grande interesse.

Em outro estudo, foi possivel realizar a descricao de 61 proteinas pertencentes
da membrana do vacuolo parasitéforo (MVP) do Plasmodium berghei, que interagiram
com a proteina quimérica EXP1-BirA*-V5 (sendo a EXP1, uma proteina caracteristica
deste compartimento), com a detecgdo de 3 novas proteinas desta estrutura: uma
proteina serina/treonina fosfatase UIS2 e duas proteinas n&o-caracterizadas
(PBANKA_0519300 e PBANKA _0509000) (Schnider et al., 2018). Neste mesmo ano,
Khosh-Naucke et al. (2018), fizeram a descrigdo das proteinas do vacuolo parasitoforo
(VP) de P. falciparum, utilizando uma construgdo portando um peptideo sinal (SP)
fusionado a GFP-BirA* transiente com a identificagdo de 77 proteinas, onde é
observado que a proteina ortéloga UIS2, antes observada por Schnider et al. (2018)
em P. berghei, é essencial na sobrevivéncia do parasita, pois a obtengao de mutantes
nocauteados néo foi possivel em P. falciparum.

Apesar da abordagem BiolD ser eficiente, ela demanda uma incubagado muito
longa, conforme ja mencionado. Diante disso, Branon et al. (2018) aperfeigoaram o
uso da BirA*, em uma plataforma denominada como TurbolD, onde foi realizado uma
modificagao no residuo 118 da arginina (R), para um residuo de serina (S), ao invés
de um residuo de glicina (G) utilizado na abordagem BiolD convencional (BiolD: BirA*-
R118G / TurbolD: BirA*-R118S). Com essa modificagdo, foi possivel observar uma
eficiéncia de 3-6 vezes de diferenga no sinal de biotinilagdo (em uma incubacgéo de
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apenas 30 min), do que a BiolD nos pontos iniciais, e 15-23 vezes de intensidade na
biotinilagdo nos pontos tardios (em uma incubagao de apenas 3h). Apesar disso, em
apenas ~10 min de reacdo com o substrato biotina-fenol, foi possivel detectar niveis
equivalentes de biotinilagao aquela produzida pela BiolD em 18h de reagao.

O estudo da interagéo proteina-proteina de um determinado cenario molecular
pode fornecer inumeras pistas acerca do papel bioldégico que uma proteina, até entao
desconhecida, pode desempenhar. Desde o advento do uso da técnica do duplo-
hibrido, que possibilitou a descricdo de diversas interagbes entre proteinas, em
diferentes organismos (Formstecher et al., 2005; Marchadier et al., 2011; Yu et al.,
2011), fornecendo subsidio experimental para o aprofundamento do conhecimento
acerca deste tema, outras abordagens que tem o mesmo objetivo surgiram, como € o
caso da APEX2 e BiolD (Rees et al. 2015; Varnaité & MacNeill 2016; Li et al. 2017).
Devido ao curto tempo de reagao, talvez, a abordagem por APEX2 ainda seja a mais
atrativa, mesmo que o aperfeigopamento da BiolD para TurbolD (Branon et al. 2018)
tenha diminuido o tempo de reagao. Apesar de alguns trabalhos terem sido publicados
em Plasmodium spp., com o uso de BiolD (Khosh-Naucke et al., 2018; Schnider et al.,
2018), até o momento, nenhum vislumbrou o uso da APEX2, o que torna ainda mais

instigante, o que podemos obter com essa metodologia.
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ii. JUSTIFICATIVA

O trafego de proteinas em P. falciparum é certamente um processo complexo,
pois, necessita que diferentes estruturas participem do mecanismo de exportagao/
translocacao para o ambiente citosdlico da célula hospedeira (Boddey & Cowman
2013; Spillman et al. 2015). Apesar de ser um processo relativamente bem descrito,
sobretudo levando em consideragao a importancia das proteinas KAHRP e PlEMP1
na citoaderéncia ao endotélio da microcirculagdo do hospedeiro, constituindo um dos
principais mecanismos de viruléncia em P. falciparum, € importante que o uso de
metodologias que propiciem uma descricdo mais detalhada acerca dos parceiros
moleculares de um determinado alvo sejam implementadas, a fim de se conhecer
melhor os processos bioldégicos que permeiam a sobrevivéncia do parasita. Além
disso, 0 uso da edigdo gendmica mediada por CRISPR-Cas9 tem sido implementada,
em estudos funcionais utilizando P. falciparum (Mogollon et al. 2016; Crawford et al.
2017; Xiao et al. 2019). O uso de abordagens de marcagao por proximidade utilizando
BiolD, por exemplo, tem trazido novas informagdes acerca do apicoplasto e vacuolo
parasitéforo em espécies de Plasmodium spp. (Boucher et al., 2018; Khosh-Naucke
et al., 2018; Schnider et al., 2018).

Até o momento, nenhum estudo utilizou a tecnologia APEX2 em espécies de
Plasmodium spp. Em outras espécies de parasitas, tais como T. gondii (Seidi et al.,
2018; Pan et al., 2019) e T. brucei (Vélez-Ramirez et al., 2021), o uso da APEX2 ja é
realidade, mostrando sua eficiéncia e precisao para estudar as proteinas parceiras de
um determinado alvo, ou ainda, um compartimento celular. Devido a facilidade do uso
da técnica, sobretudo, por sua rapidez a alto rendimento na biotinilagao das proteinas,
este trabalho é o pioneiro, tratando-se do uso da tecnologia APEX2 para marcar um
gene endogeno de P. falciparum e realizar a descricdo das proteinas vizinhas
parceiras deste alvo. Desse modo, diante da dificuldade em se obter um
enriquecimento organelar sem contaminagao proveniente de outras estruturas, o uso
da abordagem APEX2, traz uma nova perspectiva quanto ao estudo de organelas, até
entdo, pouco caracterizadas em P. falciparum. Além disso, estd em andamento um
projeto com resultados preliminares que, visa realizar o mapeamento de proteinas
presentes no apicoplasto, mitocdndria e roptrias de P. falciparum, podendo trazer
instigantes resultados acerca da sua biologia, podendo trazer a tona mecanismos até
entdo desconhecidos, que possam contribuir na sua invasao e sobrevivéncia,

podendo ainda constituir possiveis alvos terapéuticos em futuros estudos funcionais.
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iii. OBJETIVOS E ETAPAS METODOLOGICAS

Objetivo Geral

Descrever as proteinas vizinhas parceiras da proteina KAHRP e mapear as
proteinas organelares do apicoplasto, mitocéndria e roptrias durante o processo de
esquizogonia de P. falciparum utilizando CRISPR-Cas9, APEX2 e protedmica.

Etapas metodolégicas concluidas

(i) Producdo de mutantes knock-in para o gene kahrp e validagao da integragao
do cassete ao gDNA por PCR;

(i) Confirmagdo da expressao da proteina quimérica KAHRP-Flag-APEX2 por
Western-blot;

(i)  Realizar o ensaio de biotinilagdo das proteinas potencialmente parceiras de
KAHRP-Flag-APEX2 e analisar por Western-blot;

(iv)  Avaliar a biotinilagdo das proteinas por microscopia de fluorescéncia;

(V) Enriquecimento das proteinas biotiniladas por KAHRP-Flag-APEX2 com beads
magnéticas de estreptavidina;

(vi)  Preparar as proteinas biotiniladas para analise por espectrometria de massas;

(vi) Redagdo do manuscrito: “APEX2-based proteomic analysis depicts
candidate protein partners of KAHRP in Plasmodium falciparum’.

(viii) Construcdo dos plasmideos que enderegam a APEX2 ao citosol, apicoplasto,
mitocondria e roptrias (pCC1-HA(cito)-APEX2, pCC1-SPacr)-HA-APEX2, pCC1-
SPRrapr1)-HA-APEX2 e pCC1-SPrnRr)-HA-APEX2);

(ix)  Determinar as curvas-reposta de ICso através do ensaio de [°H] hipoxantina
com uso da drogas WR99210 (Sigma-Aldrich e Jacobus Pharmaceuticals Inc.*)
utilizando diferentes linhagens de P. falciparum;

(x) Producdo da proteina APEX2 recombinante (rAPEX2) por um sistema
heterdlogo utilizando Escherichia coli

(xi)  Producado dos soros policlonais a partir da rAPEX2 e valida-los por Western-
blot;

(xii) Confirmacado da orientacdo dos insertos das construgdes por ensaio de

digestao com enzima de restricao Hindlll e sequenciamento;
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(xiii)

(xvi)

(xvii)

(xxi)

(xxii)

Padronizagao da obtencgao de parasitas mutantes de expressao epissomal por
transfeccdo com uso da plataforma Amaxa |l Nucleofector [I AAD-1001N
(Lonza), com a obtencédo dos parasitas transfectados com os vetores pCC1-
HA(cito)rAPEX2 (APEX2 de expressao citosolica), pCC1-SPrar1)-HA-APEX2
(APEX2 enderecada as roptrias) e pCC1-SPrwr)-HA-APEX2 (APEX2
enderegada a mitocondria);

Etapas metodolégicas em andamento

Obtencgao dos parasitas transfectados com o vetor pCC1-SPacp)-HA-APEX2
(APEX2 enderegada ao apicoplasto);

Validagao da expressao da HA-APEX2 a partir dos parasitas mutantes com uso
de anti-HA e/ou anti-APEX2;

Validacdo da biotinilagdo das proteinas organelares com o uso de
estreptavidina-HRP;

Avaliar a biotinilagcdo das proteinas organelares por microscopia de
fluorescéncia;

Enriquecimento das proteinas organelares biotiniladas por HA-APEX2 com
beads magnéticas de estreptavidina;

Preparar as proteinas biotiniladas para analise por espectrometria de massas;
Analise dos dados protedmicos com o uso das ferramentas de bioinformatica
(DAVID, BlastKOALA, KEGG, MoMo, MEME, PlasmoDB, GO term, PATS,
PlasmoAP, ApicoAP, SignalP, SecretomeP, TMHMM, Phobius, etc.);
Participagado de eventos nacionais e/ou internacionais de divulgagao cientifica;

Redacéo de artigos cientificos.

78



IV ~IATERIAL
E METODQS .




iv. MATERIAL E METODOS

Cultura de P. falciparum e comité de ética

A linhagem 3D7 de P. falciparum foi cultivada em eritrécitos humanos tipo A*
ou O* em meio RPMI 1640 (Gibco™) suplementado com 10% de soro humano
inativado ou 0,5% de AlbuMAX Il Lipid Rich BSA (Thermo Scientific), 4 g/L de glicose,
2 g/L de bicarbonato de soédio (NaHCO3), 25 mM de HEPES, 25 mg/L de gentamicina
e 50 mg/L hipoxantina (Trager & Jensen, 1976). Para a sele¢do de mutantes, o uso
de 1,25 nM da droga WR99210 (Jacobus Pharmaceuticals Inc.*) foi utilizada. As
culturas foram condicionadas em estufas a 37°C com saturacdo de 5% de CO..
Quando necessario, as culturas eram condicionadas a 37°C com saturacdo de
mistura de gases: 6% de CO2, 5% de O2e 89% de Na.

O uso de eritrécitos e plasma de doadores humanos para a cultura parasitaria
foi aprovado pelo Comité de Etica em pesquisa da Faculdade de Ciéncias da Saude
da Universidade de Brasilia (CEP/UnB): parecer numero 4.562.740 de 26 de
fevereiro de 2021 e pela Fundagao de Ensino e Pesquisa em Ciéncias da Saude do
Distrito Federal (FEPECS/SES-DF): parecer numero 4.659.331 de 19 de abril de
2021. As retiradas das bolsas de concentrado de hemacias e plasma dos doadores
humanos sao retiradas periodicamente nas instituicbes parceiras: Fundacao

Hemocentro de Brasilia e Hemoclinica.

Construgao dos plasmideos de expressao epissomal

As construgdes foram baseadas no uso dos peptideos sinais para as organelas:
apicoplasto (peptideo sinal: ACP, acyl-carrier protein) (Waller et al., 2000), mitocondria
(peptideo sinal: TrxR, thioredoxin reductase) (Kehr et al., 2010), e, roptrias (peptideo
sinal: RAP, roptry-associated protein) (Richard et al., 2009). Os peptideos sinais foram
fusionados upstream a sequéncia da APEX2, sendo que para cada construgao foi
adicionado um tag de HA na regido N-terminal, apos a sequéncia do peptideo sinal.
As sub-clonagens foram realizadas com o uso do vetor pCC1. Todos os plasmideos
possuem a marca de selegao hDHFR (do inglés, human dihydrofolate reductase), que
confere resisténcia a droga anti-folato WR99210 (Jacobus Pharmaceuticals Inc.*).

Os insertos foram sintetizados (GeneArt, Thermo Scientific), e clonados em
vetores comerciais pMAT, flanqueados por Xhol e Sall. Para o procedimento de sub-

clonagem, as enzimas de restricao Xhol (Promega) e Sall (Promega) foram utilizadas,
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conforme instru¢cdées do fabricante. Apos a digestdo dos vetores, os insertos foram
analisados em gel de agarose 1%, com a excisdo manual dos mesmos. Apos a
excisao, as bandas do gel contendo os insertos foram extraidos com o uso do kit de
purificacdo PureLink™ PCR Purification (Invitrogen™). Para o procedimento de
ligacao dos insertos HAito))APEX2 (APEX2 de expressao citosolica), SPacr)-HA-
APEX2 (APEX2 enderecada ao apicoplasto), SPrap1)-HA-APEX2 (APEX2
enderecgada as roptrias) e SPwr)-HA-APEX2 (APEX2 enderegada a mitocéndria), no
vetor de expressao pCC1, foi necessario realizar uma digestao prévia do vetor pCC1-
empty, para retirar o gene da citosina deaminase permitindo a linearizagao do vetor.

A ligagéo dos insertos ao vetor pCC1 foi realizada com o uso da enzima T4
DNA ligase (Promega), conforme instrugdes do fabricante. Apds a ligag&o, os vetores
contendo os insertos: pCC1-HA(ito)APEX2, pCC1-SPnicr-HA-APEX2, pCC1-
SPrar1)-HA-APEX2 e pCC1-SPrRr)-HA-APEX2, foram inseridos em células
competentes de Escherichia coli TOP10 (Invitrogen™), através do método de
transformacao por choque térmico, e plagueadas em meio LB sdlido contendo 100
Mg/mL de ampicilina. Apds a incubagao, em estufa bacterioldgica, a 37°C, as coldnias
referentes aos clones positivos da transformacao, foram cultivados em meio LB liquido
contendo 100 pg/mL de ampicilina, e submetidos ao protocolo de Miniprep (Sambrook
& Russell 2001), com posterior digestdo com as enzimas de restricao Xhol e Sall, para
averiguar se a ligagao foi eficiente.

Apos a confirmagao da ligagéo, os clones positivos foram submetidos a um
ensaio de digestdo com uso da enzima de restricdo Hindlll (Promega), para averiguar
se o inserto se ligou ao vetor pCC1 na orientagdo correta (5 — 3’). Os
oligonucleotideos foram desenhados para analisar a sequéncia da APEX2, o gene
hDHFR, as regides promotoras 5 UTR (5’ CAM e 5’ hsp86) e terminadoras 3’ UTR (3’
UTR PbDT e 3’ UTR hrp2) (Tabela 1). Todos os oligonucleotideos foram checados
nas plataformas: OligoCalc (http://biotools.nubic.northwestern.edu/OligoCalc.html) ou

GeneRunner (http://www.generunner.net/).

Tabela 1. Lista dos oligonucleotideos utilizados para o sequenciamento dos
plasmideos de transfec¢gao em P. falciparum.

Regiao Posicao Sequéncia

FW:5'— 3" CACGTTTTTTCCAGAAATTGATTTGG
RV:5'— 3" GTACTGAGAGTGCACCATATGC
3’ UTR_PbDT FW:5' -3 GTATGTTGTGTGGAATTGTGAGC

3’ UTR_hrp2
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RV:5' -3 CCTGTATTCCGCCCTCTCG
FW:5'— 3" CCAATGGCCCCTTTCCGCG

> CAM RV:5'— 3" GAAATATCTAAATTCGTTCCTGAGC
. FW:5'— 3" GGAGCGCATCTCTTCTCAGC
% hspso RV: 5 — 3 TTTATTATTAGAAATAGATATTTTTATAATAAACC
APEX2 FW: 58 — 3" AGTTGGCTGGCGTTGTTGCC
RV:5"— 3" CCAAACACATCTCTCAAATGGTC
hDHER FW:5'— 3" TATGTATATTTTAAACTAGAAAAGGAATAAC

RV:5'— 3" ATAAGGAAGATTACAAAAAAAAAATTCATATG

As plataformas ClustalW (https://www.genome.jp/tools-bin/clustalw) ou Clustal

Omega (https://www.ebi.ac.uk/Tools/msal/clustalo/) foram utilizados para realizar o

alinhamento das sequéncias obtidas de todos os plasmideos. A plataforma ExPASY

(https://www.bioinformatics.org/sms/rev_comp.html) foi utilizada para obter as

sequéncias reversas-complementares para o alinhamento dos contigs obtidos dos

oligonucleotideos anti-sense.

Ensaio de [3H] hipoxantina

As culturas assincronizadas de P. falciparum das linhagens 3D7, NF54 e FcB1
foram utilizadas para este ensaio. O ensaio foi realizar em placas de leitura de fundo
achatado de 96 pocos. Para cada poco foi utilizado 200 uL de meio de cultura RPMI
completo contendo apenas 5 uM de hipoxantina, contendo 1% de hematdcrito e uma
parasitemia aproximada de 1%. As aliquotas de WR99210 (Sigma-Aldrich e Jacobus
Pharmaceuticals Inc.*) foram dissolvidas em DMSO para a concentracéo estoque de
20 mM. Uma solucao intermediaria de 20 yM de WR99210 foi preparada de ambas
as marcas. Para todas as linhagens de P. falciparum, uma diluicao seriada foi aplicada
para determinar a eficacia da WR99210 de ambas as marcas, partindo de uma
quantidade de 250 nM até uma quantidade de 0,12 nM. Em seguida, foi adicionado as
culturas 0,5 uCi de uma solugéo estoque de [3H] hipoxantina (11,1 mCi/mmol; Perkin-
Elmer, France) em meio RPMI, e incubado por 24 h adicionais em estufa a 37°C e 5%
CO2. Apos este periodo de incubagdo, as placas foram congeladas a -20 °C e
descongeladas em seguida para a lise das hemacias infectadas. As amostras foram
coletadas em filtros de fibra de vidro e analisados por um espectrofotdbmetro de
cintilagdo em liquido (Microbeta, Wallac, Perkin-Elmer) (Arnold et al., 2016; Cdzar et
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al., 2016). Os dados foram computados em Microsoft Office Excel e as curvas de ICso
geradas pelo software GraphPad Prism (GraphPad Software, CA). Os valores das
quantidades de WR99210 utilizadas foram normalizadas para a escala de log1. Os
resultados foram expressos com as médias * erro padrao das leituras em escala

normalizada CCPM dos experimentos, de forma independente.

Transfecgcao em P. falciparum

Apenas as culturas de P. falciparum da linhagem 3D7 foram utilizadas para os
ensaios de transfeccdo. O ensaio de transfecc¢ao foi padronizado para ser realizado
com o uso de parasitas na fase de esquizonte segmentado (42-44 h), denominado por
PEMS (do inglés, parasitophorous-enclosed merozoite structures) (Fang et al., 2018;
Hoeijmakers et al., 2019; Jonscher et al., 2019; Wilde et al., 2019; Birnbaum et al.,
2020). Para tal, as culturas foram previamente sincronizadas com 5% (w/v) de sorbitol
(Sigma-Aldrich) (Lambros & Vanderberg, 1979). Apds atingir uma parasitemia de
aproximadamente =210% de esquizontes, foi realizado a separagao dos esquizontes
com uso de um gradiente de 63% (v/v) de Percoll® (GE Healthcare) (Kramer et al.,
1982). Os esquizontes recuperados, foram transferidos para um frasco T75 contendo
2% (v/v) de hematdcrito, para o ensaio de re-invasdo em uma janela de 2-3 h. Apos
este periodo, as culturas foram novamente sincronizadas com 5% (w/v) de sorbitol
(Sigma-Aldrich). Desse modo, as culturas poderdo seguir uma janela sincrona de
desenvolvimento, permitindo uma melhor obtencdo de PEMS para o ensaio de
transfeccao.

Todos os plasmideos purificados (pCC1-HA(ito)-APEX2, pCC1-SPacp)-HA-
APEX2, pCC1-SPrar1)-HA-APEX2 e pCC1-SPrnr)-HA-APEX2), foram obtidos em
colunas de Maxiprep, conforme as instrugdes do fabricante (QIAGEN). Para esterilizar
os plasmideos utilizados para a transfec¢ao, os mesmos foram precipitados com o
uso de 3 volumes (v/v) de etanol e 10% do volume correspondente a 100 ug de DNA
plasmidial com 3 M de acetato de sédio (C2H3NaOz2) pH 5,2 (Green & Sambrook,
2017). Apds a precipitacdo, os pellets de DNA foram lavados com etanol 70% gelado.
ApOs a secagem dos pellets em fluxo laminar, os mesmos foram ressuspendidos com
cerca de 15-20 yL de tampao TE (Tris-EDTA) pH 7,5 e estocados a -20°C até o dia
do uso.

Apos 3-4 ciclos de desenvolvimento dos parasitas previamente sincronizadas,
e com a obtenc&o de uma parasitemia de 10-15% de esquizontes, um novo gradiente
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de 63% (v/v) de Percoll® (GE Healthcare) foi realizado para recuperar estes parasitas
dentro da janela de 2-3 h. Os esquizontes recuperados, foram ainda submetidos a um
tratamento com o uso de 10 uM do inibidor de protease E-64 (Sigma-Aldrich) por mais
4-6 h, a fim de obter os PEMS. Uma parasitemia elevada é necessaria, pois para este
protocolo, utiliza-se cerca de 15-20 yL de hemacias infectadas por P. falciparum (ou
do inglés, infected-red blood cells ou iRBCs). Este volume deve corresponder a
aproximadamente 1 x 108 — 5 x 107 de iRBCs. A contagem foi realizada com uso da
camara de Malassez e microscépio optico.

Em paralelo, uma preparacao da solugao Nucleofector™ Kit 2 (Lonza, catalog
number: VMI-1021), contendo 85 uL da solugéo basic nucleofector solution 2 e 15 L
da solucao supplement 3 foi realizada. Foi adicionado esta preparagao da solugéao
Nucleofector™ para cada DNA previamente preparado em tampéao TE, incubando-o
por 30 min em temperatura ambiente. Apds o periodo de incubagdo com E-64, os
parasitas PEMS foram recuperados com uma centrifugagao a 900 x g, por 5 min (freio
baixo), e todo o sobrenadante foi removido. Os pellets de PEMS foram gentiimente
ressuspendidos com a preparagao da solugao Nucleofector™. O volume total (PEMS,
solugao Nucleofector™ com o DNA plasmidial) foi imediatamente transferido para uma
cubeta de eletroporagdo. O uso do programa U-033 do equipamento Amaxa I
Nucleofector Il AAD-1001N (Lonza) foi utilizado para realizar a eletroporagéo.

Apos o choque elétrico, os parasitas foram imediatamente transferidos para
tubos de 1,5 mL contendo 500 uL de meio RPMI 1640 (Gibco™) suplementado com
0,5% de AlbuMAX II (Thermo Scientific) e 300 uL de hemacias frescas previamente
aquecidas a 37°C em um thermomixer, e submetidos a uma agitagao de 1100 rpm por
20 min. Este processo facilitara a liberagdo dos merozoitos transfectados, aumentado
a taxa de re-invasao (Boyle et al., 2010). Apds o periodo de incubacéo, transferiu-se
imediatamente este volume para um frasco T25 contendo 200 yL de hemacias frescas
e 10 mL meio RPMI 1640 (Gibco™) suplementado com 0,5% de AIbuMAX Il (Thermo
Scientific) (5% (v/v) de hematdcrito final) previamente preparada e condicionada a
37°C. As garrafas foram gaseificadas com uma mistura de gases (6% de COz2, 5% de
O2e 89% de N2), e condicionadas em estufas a 37°C durante todo o periodo de
selegao dos parasitas. Apos 24 h, a pressao seletiva com a droga WR99210 (Jacobus
Pharmaceuticals Inc.*) foi iniciada. Durante os 10 primeiros dias, os meios de cultura
foram trocados diariamente. A cada 7 dias, hemacias frescas eram adicionadas. Os
esfregacos sanguineos eram realizados rotineiramente, até que 3-4 semanas pos-

transfecgao os primeiros parasitas foram observados.
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Expressao heteréloga da proteina APEX2 em Escherichia coli

A expresséao heterdloga da proteina APEX2 modificada foi realizada conforme
ja descrito (Oliveira et al., 2018). A sequéncia do gene apex2 foi sintetizado e clonado
no plasmideo pET100/D-TOPO® com uma cauda 6xHis na extremidade N-terminal.
As bactérias E. coli linhagem Rosetta(DE3)pLyS, foram utilizadas para a
transformacao por choque térmico e selecionadas com meio LB s6lido contendo 100
Mg/mL de ampicilina (Sigma-Aldrich). A indugdo da proteina recombinante ocorreu
com o uso de 1 mM de isopropil-B-D-1-tiogalactopiranosideo (IPTG), por durante 3h
sob agitacao a 200 rpm, condicionado a 37 °C. Apds o crescimento e averiguagao da
D.O.s0onm entre 0,4 - 0,6 por espectrofotometria, as células foram colhidas e
centrifugadas a 5.000 x g, durante 15 min, condicionado a 4°C.

Para a lise das células foi utilizado BugBuster (Merck-Millipore) durante 7 min,
sob leve agitacédo. A fim de obter um alto rendimento da extrac&o, as células foram
ainda sonicadas por 2 min, com o uso do equipamento Ultrasonic Liquid Processors
(Qsonica Sonicators), seguindo a programacao: 12 ciclos de 10 s, com intervalos de
30 s no gelo. Apds o periodo de incubacédo, o pellet foi centrifugado a 12.000 x g,
durante 15 min, condicionado a 4°C. As fragcbes soluveis e insoluveis foram obtidas,
entretanto somente a fragao soluvel foi utilizada para o processo de purificacdo. Para
o processo de purificagao, foi utilizado a resina de niquel His-Select HF Nickel (Sigma-
Aldrich), usando um gradiente de imidazol (Sigma-Aldrich) variando entre 5 mM até
500 mM. Para averiguar a eficiéncia do procedimento um gel SDS-PAGE foi feito,
utilizando todas as fragdes de eluicdo e utilizando BSA como controle positivo da

aplicagao.

Producdo de soros policlonais anti-APEX2 e validagao por Western-
blot

A produgao de soros policlonais contra a proteina purificada APEX2 modificada
foi realizado conforme ja descrito (Oliveira et al., 2018). Um total de 3 (trés)
camundongos da linhagem BALB/c foram utilizados para a imunizagao intraperitoneal.
Uma pungao ocular foi realizada para obter os soros pré-imune. Um total de 200 ug
de proteina purificada foi utilizada para realizar a imunizacdo em cada animal. Na
primeira imunizagdo, foi utilizado a proporgédo (v/v) de proteina purificada e
coadjuvante de Freund completo (Sigma-Aldrich). Trés reforgos com adjuvante de
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Freund incompleto (Sigma-Aldrich) foram realizados com intervalos de 15 dias entre
as imunizagdes. Apos as imunizagdes os animais foram eutanasiados em camara de
CO2 e o sangue total foi coletado com a seguida obtenc&o do soro anti-APEX2. Para
averiguar a eficiéncia dos anticorpos anti-APEX2 de cada animal, um gel preparativo
foi feito, seguido da realizagao de Western-blot utilizando cerca de 10 ug da proteina
purificada. Apos a transferéncia, a membrana foi corada com 0,1% (w/v) Ponceau S
(Sigma-Aldrich) em 5% (v/v) de acido acético (Sigma-Aldrich), e as tiras foram
cortadas manualmente. Uma titulagdo de 1:200, 1:1.000 e 1:5.000 foi utilizada para

cada soro anti-APEX2 e a revelacao foi realizada com BCIP/NBT.

Ensaio de biotinilacdo e confirmagcao da expressdao dos mutantes

epissomais (pCC1-SPycito, acp, rap1, trxr)~-HA-APEX2) por Western-blot

As culturas dos parasitas mutantes serdo submetidas ao ensaio de biotinilagéo
com o uso do substrato da APEX2, 500 uM de biotina-fenol (Adipogen, CDX-B0270,
biotinyl-tyramide), incubado por 30 min a 37°C em uma estufa com saturacéo de 5%
de COz, seguido do uso do agente oxidante/catalisador, 1 mM de H202, incubado por
apenas 1 min para realizar a biotinilagdo das proteinas organelares. Para interromper
a reacao de biotinilagdo, as células serdo lavadas 3 vezes, com uma solugao
quencher (10 mM de azida de sodio, 10 mM de ascorbato de sédio e 5 mM de Trolox)
em PBS (Rhee et al.,, 2013; Lee et al., 2016; Lobingier et al., 2017). Diversas
condicdes serdo utilizadas para analisar a expressao da HA-APEX2 e a potencial
biotinilagdo dos compartimentos celulares: (i) auséncia de biotina-fenol/auséncia de
H202 (BP-/H202-); (ii) auséncia de biotina-fenol/presenca de H202 (BP-/H202+); (iii)
presenca de biotina-fenol/auséncia de H202 (BP+/H202-); e, (iv) presenca de biotina-
fenol/presenga de H202 (BP+/H202+).

ApoOs a reacao de biotinilacdo, os parasitas mutantes serdao extraidos no
estagio de esquizonte com 0,15% (w/v) de saponina (Sigma-Aldrich) em PBS, sendo
posteriormente solubilizados em tampé&o de lise RIPA contendo 50 mM de Tris-HCI
pH 7,0 (Invitrogen™), 150 mM de NaCl (Sigma-Aldrich), 0,1% (w/v) de SDS
(Invitrogen™), 0,5% (w/v) de deoxicolato de sédio (Sigma-Aldrich), 1% (v/v) de Triton
X-100 (Sigma-Aldrich), 1 pastilha de inibidor de protease (cOmplete™, EDTA-free
protease inhibitor cocktail, Roche), 10 mM de azida de sddio (Sigma-Aldrich), 10 mM
de ascorbato de sodio (Sigma-Aldrich) e 5 mM de Trolox (Sigma-Aldrich). Os extratos
proteicos serdo analisados por SDS-PAGE, transferidos para membranas de
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nitrocelulose e corados com 0,1% (w/v) Ponceau S (Sigma-Aldrich) em 5% (v/v) de
acido aceético (Sigma-Aldrich).

ApOs a transferéncia, as membranas de nitrocelulose serédo lavadas 3 vezes
com tampéo TBS-T (137 mM de NaCl; 2,7 mM de KCI; 24,8 mM de Tris e 0,1% (v/v)
de Tween-20). O bloqueio e a incubagao das membranas com o anticorpo primario
mouse anti-HA (Sigma-Aldrich, diluicado 1:10.000) e secundario goat anti-mouse 1gG
conjugado com a HRP (horseradish peroxidase) (Invitrogen™, diluigdo 1:20.000)
serao realizadas em tampéo M-TBS-T (tampao TBS-T contendo 5% (w/v) de leite em
pd desnatado). Para as proteinas biotiniladas por HA-APEX2 nas organelas sera
utilizado a estreptavidina-HRP (Invitrogen™, diluigdo 1:10.000). Apos as devidas
incubagdes, todas as membranas de nitrocelulose serdo expostas no filtro de
quimioluminescéncia do fotodocumentador Fusion Solo 6X Basic (Vilber), para a

obtencgao das imagens.

Enriquecimento das proteinas biotiniladas por APEX2

O uso das beads magnéticas revestidas de estreptavidina (Pierce™, Thermo
Scientific) sera proporcional as quantidades dos extratos proteicos dos parasitas
mutantes expressando a proteina HA-APEX2 e o controle, a linhagem selvagem de
P. falciparum 3D7 (cerca de 50uL por 0,5 mg de proteina). As beads seréo lavadas
duas vezes com tampéao RIPA e separadas do sobrenadante com o uso de MagJET
separation rack (Thermo Scientific). Todos os extratos proteicos das condi¢gdes em
analise, serao incubadas sob agitagdo suave por 1 h, a 4°C. Apds o periodo de
incubagédo, as beads serdo lavadas e separadas da fragdo nao-ligada com o uso da
raque magnética, da seguinte forma: (i) lavagem com tampéao RIPA 2 vezes; (ii) uma
lavagem com tamp&o RIPA contendo 1 M de ureia, e; (iii) lavagem com tamp&o RIPA
2 vezes. A eluigao sera realizada por desnaturacido com uso de um tampao contendo
20 mM de DTT (GE Healthcare), 2 mM de biotina (Sigma-Aldrich) e tampao Laemmli,
aquecido a 95°C, durante 5 min (Rhee et al., 2013; Lee et al., 2016; Lobingier et al.,
2017).

Ensaio de imunofluorescéncia (IFA)

ApOs a validagao dos parasitas mutantes quanto a expressao da HA-APEX2
e biotinilagdo das proteinas organelares, os parasitas serdo submetidos a uma



analise por microscopia de fluorescéncia e/ou confocal a laser. Os parasitas serao
sincronizados com 5% (w/v) de sorbitol (Sigma-Aldrich), com um enriquecimento dos
parasitas no estagio de anel (4-20 h). Apdés 20-22 h do procedimento de
sincronizagdo, sera adicionado 10 yM de E-64 (Sigma-Aldrich), um inibidor de
protease que inibe o rompimento do esquizonte, permitindo o enriquecimento dos
parasitas nessa fase do desenvolvimento (40-42 h). As culturas serdo mantidas
nestas condigdes por um periodo de 4-6 h antes do procedimento de enriquecimento
dos esquizontes/merozoitos por centrifugacao através de um gradiente de 63% (v/v)
de Percoll® (GE Healthcare). Os esquizontes/merozoitos oriundos desse processo
serdo ressuspensos em um pequeno volume de RPMI morno e depositados em
ldminas de vidro. Os ensaios de imunofluorescéncia serdo realizados como descrito
anteriormente (Charneau et al., 2007).

O uso de anticorpos primarios especificos quanto aos compartimentos
celulares, tais como anti-EXP2 (a-EXP2, marcacédo do vacuolo parasitéforo), anti-
ERD2 (a-ERD2, marcagéao do cis-Golgi / reticulo endoplasmatico), anti-MAHRP1 (a-
ERD2, marcagéo das Maurer’s clefts), ou ainda, pelo soro anti-APEX2 (marcagéao da
APEX2 nativa nos compartimentos), serédo utilizados para fornecer um contraste de
imagem dos compartimentos devidamente marcados do P. falciparum. Para marcar
a mitocondria sera utilizado o MitoTracker™ Red FM (Invitrogen™). Os anticorpos
secundarios serdao acoplados com AlexaFluor-488 (AF-488, Invitrogen™) ou
AlexaFluor-594 (AF-594, Invitrogen™). Para as proteinas biotiniladas, sera utilizado
estreptavidina-AF488 (Invitrogen™). O uso de DAPI (do inglés, 4’,6-diamidino-2-
phenylindole) ou Hoescht 33342 serado utilizados para marcagao nuclear. O uso de
anti-fading também sera empregado. As analises das fluorescéncias seréo realizadas
com uso do microscopio de fluorescéncia Nikon Eclipse Ti2 (NIKON) ou confocal a
laser TCS SP8 CSU (Leica).

Preparagcao das amostras para espectrometria de massas

As fracbes enriquecidas contendo as proteinas biotiniladas serao precipitadas
overnight com 4 volumes de acetona gelada e 100 mM de NaCl, adicionados ao
volume das amostras (proporc¢ao 80:20), condicionadas a -20°C. Apds o periodo de
incubagédo, as amostras seréo centrifugadas a 16.000 x g, por 10 min, a 4°C (Crowell
et al., 2013). Apos a secagem do pellet, sera adicionado a ele, 25 mM de tampé&o
TEAB (do inglés, triethylammonium bicarbonate buffer) (Sigma-Aldrich), seguida da
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reducao das pontes dissulfeto com 5 mM de DTT (GE Healthcare) durante 30 min, a
55°C; e, alquilagdo das pontes dissulfeto com 14 mM de iodoacetamida (Sigma-
Aldrich), durante 40 min, ao abrigo da luz, em temperatura ambiente. Em seguida, as
amostras serdo submetidas a digestao triptica com uso da Tripsina Gold (Promega)
na proporcao de 1:50 (1 pg de enzimas para 50 ug de substrato), incubadas a 37°C,
durante aproximadamente 18 h.

ApOs a digestédo triptica, as amostras serdo dessalinizadas com um sistema
preparado manualmente, utilizando as colunas de C18 (3M™ Empore™) e Poros
OligoR3 (Applied Biosystems™) empacotadas em ponteiras P-200 (Axygen®). O
pipeline para ativagao, carregamento dos peptideos e lavagens serdo empregadas da
seguinte forma: (i) 100 pL 0,5% (v/v) de metanol; (ii) 2 x 100 yL de 80% (v/v) de
acetonitrila / 0,5% (v/v) de acido acético; (iii) 2 x 100 yL de 0,5% (v/v) de acido acético;
(iv) carregamento dos peptideos nas colunas; (v) 2 x 100 yL de 0,5% (v/v) de acido
acético; (vi) eluicdo com uso de um gradiente de: 1 x 20 pL de 25% (v/v) de acetonitrila
/ 0,5% (v/v) de acido acético; 1 x 20 yL de 50% (v/v) de acetonitrila / 0,5% (v/v) de
acido acético; 1 x 20 pyL de 80% (v/v) de acetonitrila / 0,5% (v/v) de acido acético; e,
1 x 20 uL de acetonitrila (Rappsilber et al., 2007). Os peptideos eluidos serdo secos
em uma centrifuga SpeedVac (Eppendorf™) com uso de tubos LoBind®
(Eppendorf™) e estocados a -20°C, até o dia das analises por espectrometria de

massas.

Analise por espectrometria de massas

Os digestos serao analisados pelo sistema de cromatografia liquida de alto
desempenho 3000 (HPLC) (Dionex; Thermo Fisher Scientific), acoplado a um
espectrometro de massas LTQ-Orbitrap Elite™ (Thermo Fisher Scientific) por meio de
uma fonte de ionizagdo nanoelectrospray (Proxeon; Thermo Fisher Scientific). Os
dados brutos .raw serao vistos em Xcalibur v.2.1 (Thermo Scientific Waltham, EUA) e
os dados de processamento seréao obtidos por meio do PEAKS 7.0 Studio Software
(Thermo Scientific™). Os espectros obtidos serdo comparados com o banco de dados
de proteinas de P. falciparum da linhagem 3D7 (proteoma UP000001450), a partir do

Uniprot (https://www.uniprot.org/). As proteinas contaminantes (p. ex. queratina, BSA

e tripsina), incluindo as proteinas provenientes das hemacias humanas (a partir do
proteoma UP000005640), serao manualmente adicionados ao banco de dados, e,

posteriormente removidas das analises.
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As buscas serao realizadas com os seguintes parametros: precisdo do MS1 de
10 ppm, precisdo de MS2 de 0.05 Da e dois sitios de clivagem perdidas permitidos.
Somente as modificagdes variaveis (i) oxidacdo de metionina (+15.99); (ii) acetilagéo
da extremidade N-terminal (+42.01); e, (iii) biotinilagdo dos residuos de Tyr (Y,
+363.16) serdo permitidas nas buscas. Somente a carbamidometilagdo da cisteina
(+57.02) sera ajustada como modificagédo fixa. O numero de proteinas, grupos de
proteinas e numero de peptideos serao filtrados por FDR (do inglés, false discovery
rate) inferior ou igual a 0.01. Sera apenas considerado uma identificagdo valida
aquelas proteinas que apresentarem ao menos 1 peptideo unico € um minimo de 2
peptideos por proteina.

As analises de bioinformatica ser&o realizadas nas seguintes plataformas: (i)

DAVID (https://david.ncifcrf.gov/) para a classificacdo funcional das proteinas; (ii)

BlastKOALA (https://www.kegg.jp/blastkoala/) e Pathview (https://pathview.uncc.edu/)

para a analise do enriguecimento das vias metabdlicas; (iii) PlasmoDB

(https://plasmodb.org/plasmo/app) para as analises especificas relacionadas ao P.

falciparum, tais como: analise de GO terms e predi¢cao de proteinas do apicoplasto
e/ou mitocondriais (p. ex. PATS, PlasmoAP e ApicoAP); (iv) SignalP
(http://www.cbs.dtu.dk/services/SignalP/) e SecretomeP

(http://www.cbs.dtu.dk/services/SecretomeP/) para as proteinas potencialmente

secretadas pelas roptrias.
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ABSTRACT

Malaria still being a public health burden worldwide, mostly because no protective
long-term vaccine is available and most of the main treatments employed today
are facing resistant-phenotype parasites strains. Therefore, novel targets are a
prerequisite to develop novel therapeutic strategies to eradicate malaria. In this
context, it is highly demanded that molecular studies point towards new structures
that might be used as potential target for antimalarial interventions. Thus,
exported parasite proteins have a crucial role in the host cell remodeling, playing
an important function on the host cell cytoadherence and invasion. Two players
involved in these functions are KAHRP and PfEMP1, allowing the formation of
protrusions on the host cell surface, called “knobs”. Most of our understanding of
cellular and molecular processes are based on the protein-protein interaction

(PPI1) network, therefore, a wider comprehension about KAHRP neighboring
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partners, may shed light into novel exported proteins or related processes that
are still unknown. In this work, we have implemented a set of approaches to
decipher potential candidate neighboring proteins of KAHRP in P. falciparum, by
using CRISPR-Cas9, APEX2 and mass-spectrometry label-free based
proteomics. By using a chimeric KAHRP-Flag-APEX2, a total of 208 parasite-
neighboring proteins were identified as potential candidates of interaction with
KAHRP. Among them, GBP130, PTP2, Pf332, PHISTb members, RhopH/CLAG
complex members and RESA. To the best of our knowledge, this work is the first

one, which implemented the use of APEX2 technology in P. falciparum.

Key words: KAHRP, protein-protein interaction, APEX2, cytoadherence,

exported proteins.

Financial support: CAPES-COFECUB, CNPq, FAPDF, FINEP and Fondation
pour la Recherche Médicale.

INTRODUCTION

Malaria has been the most life-threatening tropical disease in the world
capable to lead the patients to death in severe cases. In 2019, it was estimated
229 million malaria cases with a mark of 409.000 deaths worldwide, mainly
caused by Plasmodium falciparum . In the last decades, many efforts to develop
a vaccine against malaria have been employed, such as RTS,S 2. Unfortunately,
RTS,S showed an unsatisfactory lifelong protection 2, with risk of rebound 3.
Possibly, the promising R21/Matrix-M vaccine candidate 4, may be a feasible
alternative to protect in a long-term manner, but this remain to be assessed in a
near future. For this reason, treatment of malaria continues to be based on
chemotherapies '5. However, the rapid spread of drug-resistant strains of
Plasmodium species over the years, turned-out malaria a public health issue
worldwide .

P. falciparum is the only specie capable to lead into the most dangerous
state of malaria disease, the cerebral malaria 67. This state is mainly caused
because of parasite expressed ligands on the surface of infected red blood cells

(iRBCs), by which triggers the formation of aggregates with iRBCs and/or
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uninfected red blood cells (RBCs), known as rosettes 7, avoiding spleen
clearance mechanisms, causing the microvasculature endothelium obstruction
68 To promote this host cell remodeling, many proteins are exported by P.
falciparum 19, usually through tubulovesicular network vesicles, named as
Maurer’s clefts (MC’s) 811,

Among these proteins, two P. falciparum ligands play fundamental roles:
(i) the PFEMP1 multigene family (P. falciparum erythrocyte membrane protein 1)
is widely recognized as having a central role in the cytoadherence process,
especially on the avidity to the host receptors '?; and, (ii) another well-known
protein, named KAHRP (knob-associated histidine rich protein), that anchors
PfEMP1 as a backbone structure to the molecular small protrusions of iRBC
surface, called “knobs”, facilitating the “rosetting” process '3-'5. Both P/EMP1 and
KAHRP are transiently located in MC’s in the erythrocyte cytosol reaching the
knobs 18,

Beyond its role for the progression to the malaria disease, KAHRP is a
non-essential gene, and some reports have been using successfully CRISPR-
Cas9 genome editing system 17 for P. falciparum kahrp gene disruption 181 This
technology has changed the paradigm of the functional genomic manipulation in
Plasmodium species, especially considering its genome highly A+T rich content
20, Since a comprehensive study of protein-protein interaction (PPI) networks is
very useful for protein functional characterization, in the same period, a proximity-
dependent biotin identification approach, named as BiolD, coupled to the mass-
spectrometry based proteomics were developed allowing neighbouring and
potentially interacting proteins in a native environment to be identified 2'. This
technology has been showing its usefulness in the study of Apicomplexan
parasite models, such as P. falciparum 22724, Plasmodium berghei %% and
Toxoplasma gondii 262,

Alternatively, a similar approach based on the use of ascorbate-
peroxidase modified (APEX2), emerged as a faster and equally sensible
methodology to solve accurately complex PPl networks 28-30. The two goals of
this study were: (i) the implementation of CRISPR-Cas9 and APEX2 proximity
tagging followed by label-free mass-spectrometry based proteomics, allowing
identification of protein-partners from P. falciparum, targeting the endogenous
kahrp gene as model, and; (ii) to determine the subset of candidate parasite
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proteins interacting with KAHRP. Herein, we have identified 208 neighbouring
and potentially interacting protein partners of KAHRP in the parasite. Some of
these proteins are known to be interacting with KAHRP. In silico analysis,
additionally suggest that some of these protein species may be exported to the
host cell environment through translocon PTEX, as expected. Overall, we
demonstrated for the first time, the feasibility to use APEX2 proximity tagging in

P. falciparum.

EXPERIMENTAL PROCEDURES

Culture conditions

The parasites of P. falciparum strain 3D7 obtained from Malaria Research
and Reference Reagent Resource Centre (available at: www.mr4.org) were
continuously maintained in O" human erythrocytes, RPMI 1640 medium without
phenol red (Gibco™) supplemented with 0.5% AIbuMAX™ || (Gibco™), 2 mM L-
glutamine, 25 mg/L of gentamycin and 50 mg/L of hypoxanthine 3'. Cultures were
kept in incubators at 37 °C, with a pre-mixed gas combination of 1% Oz, 3% CO:2
and 96% N2. The parasite growth was observed by optic microscopy through
Giemsa staining and diluted or synchronized by treatment with 5% (w/v) sorbitol
(Sigma-Aldrich) when required. The use of erythrocytes from human donors for
parasite culture was approved by the Ethics Committee of NHS Cambridgeshire
4 Research and all donors supplied written informed consent.

Vector constructions for CRISPR-Cas9

The constructions were done by using SeqBuilder software (DNASTAR)
for both plasmids: pCC1 (targeting vector) and pDC2 (expression vector). Sanger
sequencing confirmed all insert sequences in both directions. P. falciparum 3D7
genomic DNA was extracted and purified from 500 yL of high parasitaemia
culture (QlAamp DNA blood mini kit (QIAGEN). To edit kahrp gene by
CRISPR/Cas9 approach, we modified pDC2-cam-Cas9-U6-sgRNA-hDHFR
construct containing a Pfcam promoter 32 into pDC2-cam-Cas9-U6-sgRNA-
yDHODH (yeast dihydroorotate dehydrogenase) 23 to target specifically kahrp
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gene. The gRNA oligonucleotides FWsgRNA-KAHRP
([Phos]lattgCGTATTTAAGCATAAATATA) and RVsgRNA-KAHRP
([Phos]aaacTATATTTATGCTTAAATACG) were annealed and ligated into Bbsl
digested pDC2-cam-Cas9-U6-sgRNA-yDHODH plasmid. The gRNA target site
was chosen using CHOPCHOP (https://chopchop.cbu.uib.no) at first rank and

confirmed by sgRNA Designer

(http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design), localised

after the stop codon.

The 813 bp sequence of Flag-APEX2-NES gene was amplified from
pcDNA3APEX2-NES (Addgene plasmid # 49386) 34 with primers (GibsonPcc1-
Apex-FW: 5’-agtccgaagatctgtcttaagATGGACTACAAGGATGACGAC-3' and
Gibson-RV-APEX2-HSP86: 5-ttaattttttttacaaaatgcTTAGTCCAGGGTCAGGCG-
3’), which contained a sequence overlapping Aflll-digested pCC1-hDHFR
transfection vector and hsp86 3'UTR, respectively. The 835bp of the hsp86
3'UTR sequence was amplified from pINT3* with primers (Gibson-FW-APEX2-
HSP86: 5- ctggactaaGTCGAGTTATATAATATATTTATGTACTCAC-3’® and
Gibson-RV-HSP86-pCC1: 5'-
ttaattttttttacaaaatgcTATTTGATGAATTAACTACACTTAAAATAATAC-3’), which
contained sequence overlap to the Flag-APEX2-NES gene and Aflll-digested
pCC1-hDHFR transfection vector, respectively. The final assembled vector
pCC1-Flag-APEX2-HSP86-3'UTR was performed in a single Gibson assembly
reaction. HR1 is upstream the stop codon of the kahrp gene and the HR2 is
downstream the gRNA cleavage site in the 3’ UTR.

The sequence of kahrp gene (PF3D7_0202000, knob-associated histidine
rich protein) was obtained from PlasmoDB databank

(https://plasmodb.org/plasmo/app). The homology regions 1 and 2 (HR1 and

HRZ2) were amplified from 3D7 genomic DNA by PCR using primers flanking the
regions with restriction enzymes Sacl and Aflll for HR1 (primers, FW-KAHRP-
HR1-Sacll: 5’-ccgcggAGCATGAAGGAAATGACGGTGAAGGAG-3' and RV-
KAHRP-HR1-Aflll:  5’-cttaagACCACAGCATCCTCTTTTCTTCTTTTTCTTTCC-
3’), and EcoRl and Ncol for HR2 (primers, FW-KAHRP-HR2-EcoRI: 5'-
gaattcTTTAATTTGACGTTTATACAGAAAAGAGTTATTCTG-3’ and RV-KAHRP-
HR2-Ncol: 5-ccatggCCCTTTCTAAATATTATATACGGATTTTCTTAATTC-3’).
The PCR products were cloned into pCR®2.1-TOPO (Thermo Scientific).
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Sacl and Aflll digested HR1 and EcoRIl and Ncol digested HR2 were
subcloned into multiple cloning site 1 and 2, respectively, of pCC1-FlagAPEX2-
HSP86-3'UTR. The resulting vector contained the donor DNA cassette Flag-
APEX2-NES with hsp86 3’ UTR, following by the drug-selectable marker hdhfr
(human dihydrofolate reductase), which confers resistance to the antifolate drug
WR99210 35, under the control of calmodulin promoter and the 3° UTR of hrp2
gene, all flanked by HR1 and HR2 of kahrp gene.

Plasmid preparation and transfection procedure

All plasmids suitable for the transfection protocol were obtained from
transformed E. coli TOP10 cells containing pCC1-FlagAPEX2-HSP86-3'UTR-
KAHRP-HR1-HR2 or pDC2-cam-Cas9-U6-sgRNAkanp-yDHODH and purified
using Maxiprep kit (QIAGEN) accordingly manufacturer’s instructions. The
plasmids were precipitated using 3 volumes (v/v) of ethanol and 10% of the initial
volume of DNA solution of 3 M sodium acetate pH 5.2 3. For the transfection, 50
Mg of each plasmid was used for the precipitation. After precipitation, the DNA
pellets were suspended and mixed in 100 pL of buffer P3 (Lonza) with 4 yL ATP
(625 mM). Ring stage-iRBCs with a high parasitemia (approximately 10%) were
centrifugated and 100 pL of packed iRBCs were resuspended in cold sterile
cytomix (120 mM KCl, 0.2 mM CaClz, 2 mM EGTA, 10 mM MgClz, 25 mM HEPES,
5 mM K2HPO4, 5 mM KH2POs4, pH 7.6) and added to DNA plasmids. The final
mixture were split into two nucleocuvettes and immediately electroporated with
Lonza Nucleofector 4D using the programme P3/CM-150 37, After the
electroporation the cells were immediately transferred to the T25 flasks previously
prepared containing 10 mL of pre-warmed complete RPMI medium containing
0.5% AlbuMAX™ || Lipid-Rich BSA (Gibco™). Conversely, the fresh RBCs were
washed with homemade cold sterile cytomix and 100 pL of packed RBCs were
used to complete the haematocrit of 2%. Forty eight hours (48h) post-transfection
the parasites were submitted to the drug pressure using 1.25 nM of WR99210
(Jacobus Pharmaceuticals Company, Inc.*) for pCC1 selection and 1.5 uyM of
DSM-1 (Merck, Calbiochem®) for pDC2 selection 3. After 3 weeks, the first
parasites were seen through blood smears routinely made. The parasites were

cultured into a parasitemia 25% and the DNA extraction were performed using
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QlAamp DNA Blood Mini Kit (QIAGEN), and the cassete integration into the
specific loci of the genomic DNA were assessed by 1% agarose gel using
designed primers obtained by OligoCalc
(http://biotools.nubic.northwestern.edu/OligoCalc.html).

Biotinylation assay

Parasites were routinely synchronized in a large 20 h-window by treatment
with 5% (w/v) of D-sorbitol (Sigma-Aldrich). Before the assay, around 1 mL of
iRBCs containing 5% of parasitemia with late stages corresponding to 5 x 108
cells were enriched by centrifugation over 63% (v/v) isotonic Percoll cushion
(Percoll Plus 17-5445-01, GE Healthcare). The assays were performed by using
complete RPMI medium without phenol red supplemented with or without 250 uM
of biotin-phenol (Iris Biotech, CDX-B0270) for 30 min at 37 °C, 5% COz2 for both
mutant and wild type (WT) strains. After the incubation period, both control and
treated parasite cells were submitted to the addition of 1 mM of H202 (final
concentration; GE Healthcare) during 1 min. Immediately after the reaction the
reactions were quenched twice washes with an antioxidant solution containing 10
mM sodium azide (Sigma-Aldrich), 10 mM sodium ascorbate (Sigma-Aldrich) and
5 mM of Trolox (Sigma-Aldrich) in PBS. Treated and non-treated biotin-phenol
cells were spin down to obtain the transgenic or WT parasite pellets in order to
make the blood smears used for immunofluorescence assay. The remaining
iIRBCs were lysed with 0.1% (w/v) saponin (Sigma-Aldrich) in PBS containing
EDTA-free protease inhibitor cocktail (cOmplete™, Roche) and frozen for

immunodetection by western blotting and pull-down of biotinylated proteins 28-30.

Protein extraction and pull-down of biotinylated proteins

Erythrocyte-free parasites were lysed by using 4-5 volumes of the parasite
pellet of RIPA buffer containing 50 mM Tris-HCI pH 7.0 (Invitrogen™), 150 mM
NaCl (Sigma-Aldrich), 0.1% (w/v) SDS (Invitrogen™), 0.5% (w/v) sodium
deoxycholate (Sigma-Aldrich), 1% (v/v) Triton X-100 (Sigma-Aldrich), EDTA-free
protease inhibitor cocktail (cOmplete™, Roche), 10 mM sodium azide (Sigma-

Aldrich), 10 mM sodium ascorbate (Sigma-Aldrich) and 5 mM of Trolox (Sigma-
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Aldrich) in PBS 2830, The lysates were incubated for 30 min, 4 °C, followed by a
centrifugation at 15.000 x g, for 20 min, 4 °C ?’. The supernatants were
immediately transferred to new 1.5 mL tubes.

The protein extract from all samples were submitted to the enrichment of
biotinylated proteins using Pierce™ streptavidin magnetic beads (Thermo
Scientific). The beads were initially washed twice with the RIPA buffer and
separated from supernatant with MagJET separation rack (Thermo Scientific).
Thus, the RIPA-soluble protein fraction from all conditions were incubated with
the streptavidin magnetic beads accordingly with its capacity, during 1 hour in a
mild agitation, at room temperature. By using the magnetic rack, the biotinylated
proteins loaded beads were separated from the flowthrough and washed as
follow: (i) 2 x 1.4 mL with RIPA buffer; (ii) 1 x 1.4 mL with RIPA buffer with 1 M of
urea and (iii) 2 x 1.4 mL with RIPA buffer. The elution was performed by using
100 pL of a solution containing 20 mM DTT (GE Healthcare), 2 mM of biotin
(Sigma-Aldrich) and NUPAGE™ LDS Sample Buffer supplemented with NUPAGE
Sample Reducing Agent and NUPAGE™ Antioxidant (Invitrogen™), heated at 95

°C, for 5 min 2830,

NuPAGE™,6 Western-blot and streptavidin-blot

NuPAGE™ Novex™ 4-12% Bis-Tris protein gels in MES buffer
(Invitrogen) separated 20 pg of RIPA soluble fraction of erythrocyte-free
parasites, before blotting onto nitrocellulose membrane (GE Healthcare). After
transfer, the membranes were stained with 0.1% (w/v) Ponceau S (Sigma-
Aldrich) in 5% (v/v) of acetic acid (Sigma-Aldrich). After blocking, nitrocellulose
membranes were incubated with anti-FLAG coupled to horseradish peroxidase
(HRP; Sigma-Aldrich; 1:800 dilution) or with streptavidin-HRP (Invitrogen™;
1:10.000 dilution). Blots were developed with Amersham ECL Prime

chemiluminescence substrate (GE Healthcare) and fluorograms were collected.

Immunofluorescence assays
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Smears from late stages-enriched transgenic or WT parasites were
prepared on glass slides and dried for at least 30 min. Next, they were fixed with
4% (v/v) paraformaldehyde (Sigma-Aldrich) for 20 min and washed once with
PBS. Cells were permeabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) in
PBS and blocked for 3 hours at 8 °C by using 3% BSA in PBS. Then, parasites
were co-probed with Alexa-Fluor 488-conjugated streptavidin (Invitrogen™,
S11223; 1:800 dilution) and IgG rabbit antibodies directly raised against
PMAHRP or PfERD2 (MRA; 1:200 dilution for both) for 1 hour at room
temperature in blocking solution. After three washes in PBS, cells were incubated
with Alexa-Fluor 546-conjugated anti-rabbit IgG donkey antibodies (Invitrogen™,
A10040; 1:800 dilution). After a final wash, the slides were mounted with anti-
fade mounting medium with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI) (Molecular Probes). Confocal images were acquired with a LSM510 laser

scanning confocal microscope (Zeiss).

Proteomic analysis

All enriched samples were precipitated with 4 volumes of cold acetone (-
20 °C) to the sample in a proportion of 80:20, and the protein pellet was washed
twice with cold (-20 °C) ethanol 70% (v/v) without disturbing it, followed with the
air drying in the fume hood 3%, The protein pellet was resuspended in 25mM
triethylammonium bicarbonate buffer (TEAB, Sigma-Aldrich), reduced with 5 mM
dithiothreitol (GE Healthcare) for 30 minutes, at 55 °C, followed by alkylation of
disulfide bonds with 14 mM iodoacetamide (Sigma-Aldrich) for 40 minutes in the
dark, at room temperature. Next, the total protein extract of each sample was
digested with trypsin gold (Promega) in the proportion of 1:50 (1pg of enzyme to
50ug of substrate), at 37 °C, for 18 h. After tryptic digestion, the samples were
desalted using a homemade desalting system of packed P-200 C18 columns
(3M™ Empore™) and Poros OligoR3 resin (Applied Biosystems™). The pipeline
for activation, peptide loading and washing were employed as it follows: 100 pL
0.5% (v/v) methanol; twice 100 pL acetonitrile 80% (v/v) / acetic acid 0.5% (v/v);
100 pL acetic acid 0.5% (v/v); loading peptides from samples; 100 yL acetic acid
0.5% (v/v); elution with a gradient of 20 pL acetonitrile 25% (v/v) / acetic acid
0.5% (v/v); 20 pL acetonitrile 50% (v/v) / acetic acid 0.5% (v/v); 20 yL acetonitrile
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80% (v/v) / acetic acid 0.5% (v/v) and 20 uL acetonitrile 4'. The eluted peptides
were dried in SpeedVac centrifuge (Eppendorf™) using LoBind® tubes
(Eppendorf™) and stocked at -20 °C until the day of usage.

LC was performed with an RSLCnano system (Ultimate 3000, Thermo
Scientific) coupled online to an Orbitrap Exploris 480 mass spectrometer (Thermo
Scientific). Peptides were trapped on a C18 column (75 pm inner diameter x 2
cm; nanoViper Acclaim PepMap™ 100, Thermo Scientific) with buffer A (2/98
MeCN/H20 in 0.1% formic acid) at a flow rate of 3.0 pL/min over 4 min. Separation
was performed on a 50 cm x 75 ym C18 column (nanoViper Acclaim PepMap™
RSLC, 2 um, 100A, Thermo Scientific) regulated to a temperature of 40°C with a
linear gradient of 3% to 29% buffer B (B: 100% MeCN in 0.1% formic acid, A:
100% H20 in 0.1% formic acid) at a flow rate of 300 nL/min over 91 min. MS full
scans were performed in the ultrahigh-field Orbitrap mass analyzer in ranges m/z
375—-1500 with a resolution of 120 000 at m/z 200. The top 20 most intense ions
were subjected to Orbitrap for further fragmentation via high energy collision
dissociation (HCD) activation and a resolution of 15 000 with the auto gain control
(AGC) target set to 100%. We selected ions with charge state from 2+ to 6+ for
screening. Normalized collision energy (NCE) was set at 30 and the dynamic
exclusion of 40s.

For identification, the data were searched against the P. falciparum strain
3D7 proteome databank (Proteome UP000001450, from 02-16-2021) with 5456
entries downloaded from Uniprot (https://www.uniprot.org/). To this file, it was

manually included 438 entries corresponding to the matched “red blood cells” and
“erythrocytes” associated key words searched against the proteome from Homo
sapiens proteome databank (Proteome UP000005640, from 02-16-2021) and the
KAHRP-Flag-APEX2 chimeric sequence. Enzyme specificity was set to trypsin
and a maximum of two miss cleavages sites were allowed. As fixed modification
was set carbamidomethylation of cysteine (+57.02). Oxidized methionine
(+15.99), biotinyl-tyramide of tyrosine residues (+363.16) and N-terminal
acetylation (+42.01) were set as variable modifications. Maximum allowed mass
deviation was set to 10 ppm for monoisotopic precursor ions and 0.02 Da for
MS/MS peaks. The resulting files were further processed using PEAKS Studio.
FDR was set to 0.01 at the peptide level for the whole study.
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Bioinformatic analysis

To construct Venn diagrams used for proteomic analysis, it was used the
bioinformatics and evolutionary genomics web tool (available at:

http://bicinformatics.psb.ugent.be/webtools/Venn/). The enrichment of post-

translational modification (PTM) on the tyrosine residues by biotinyl-tyramide
peptide motifs was done by using MoDL algorithm search (https://meme-

suite.org/meme/tools/momo) on the MoMo platform using the PSM list obtained

from PEAKS analysis output files 2. As the same manner, from proteins predicted
to have the PEXEL motif (RxLx[EQD]) obtained from PlasmoDB
(https://plasmodb.org/plasmo/app) databank, the enrichment was done by MEME

Suite algorithm 43. Overrepresented Gene Ontology (GO) terms were predicted

by GO Cloud tool through PlasmoDB (https://plasmodb.org/plasmo/app)

databank. The possibility to be secreted and/or exported to the extracellular
environment of all proteins were assessed by SignalP 4445 and SecretomeP
WebServer 4647 For transmembrane protein prediction, TMHMM & and Phobius

49 were additionally employed.

RESULTS

Construction and validation of KAHRP-Flag-APEX2 expressing

parasites for in vivo biotinylation assay

The plasmids pCC1-KAHRP-Flag-APEX2 and pDC2-U6-Cas9-gRNAkaarp
were co-transfected in P. falciparum 3D7 wild-type strain to generate a transgenic
strain expressing the chimeric protein KAHRP-Flag-APEX2 (Figure 1A). After 21
days of WR99210 drug pressure, the first transgenic parasites were observed. A
diagnostic PCR was performed in order to assess the cassete integration to
gDNA in agreement with the predicted length. As expected, the amplicons from
the primers PS110/PS102 and PS103/PS114 were nearly 1.1 kb and 1.6 kb,
respectively, confirming the cassette integration into gDNA. The amplicons from
the primers PS105/PS102 and PS103/PS106 were nearly 1.8 kb and 1.5 kb,
respectively, suggesting that there were epissomal pCC1-KAHRP-Flag-APEX2

plasmids not yet integrated to gDNA. No amplification was obtained from primers
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373 PS110/PS114, probably because of the cassete large length, impossible to get
374  resolved by conventional agarose gel (Figure 1B and C).

375 Four conditions with or without biotin-phenol (BP) substrate and hydrogen
376 peroxide (H202) were employed to the transgenic parasites to assess the
377  Dbiotinylation pattern: (i) BP-/ H202-, (ii) BP-/ H202+, (iii) BP+/ H202- and (iv) BP+/
378 H202+. After saponin treatment, the erythrocyte-free parasite soluble proteins
379 were obtained by RIPA treatment (RIPA-soluble proteins) and separated by
380 NuPAGE. In agreement with ExXPASY prediction, the molecular weight of KAHRP
381 (71.3 kDa) and Flag-APEX-2 (29.4 kDa) together add up to 100.7 kDa, as
382 observed by Western blotting (Figure 2). The chimeric protein KAHRP-Flag-
383 APEX2 is expressed in all conditions of treatment with or without BP/H20:2 in
384 RIPA-soluble proteins probed with anti-FLAG antibodies (Figure 2) from
385 transgenic parasites. On the other hand, episome based Flag-APEX2 expressing
386 ~mutant parasites were also obtained in order to contrast the expression of
387 KAHRP-Flag-APEX2 chimeric protein, as a control together with P. falciparum
388 3D7 wild-type strain total protein extract for further analysis (Figure S1A and B).
389 In order to assess whether the APEX2-based biotinylation assay was
390 effective to promote the chemical post-translational modification (PTM) onto
391  endogenous neighboring proteins of KAHRP-Flag-APEX2 in living cells, a
392 streptavidin-HRP blot analysis was performed probing the biotinylated proteins
393 from all conditions analyzed. Only the assay in presence of BP substrate, treated
394  with an oxidant condition with H202 showed a collection of bands of biotinylated
395 endogenous proteins that spans a large molecular weight range (Figure 2). No
396 signal was observed in the negative controls, in which APEX2, BP or H202 are
397 omitted (Figure 2 and S1B). In the episome-based Flag-APEX2 mutant parasites,
398 the same pattern of biotinylated proteins was observed through streptavidin-HRP
399  Dblot analysis only in the presence of BP and H202 (Figure S1B).

400

401

402

403 Imaging analysis by confocal immunofluorescence

404

405 KAHRP-Flag-APEX2 expressing mutants from two conditions: BP+/

406 H202- and BP+/ H202+, were analyzed by confocal fluorescence microscopy.
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Immunofluorescence assays (IFAs) using streptavidin-AF488 further confirmed
that endogenous neighboring proteins of KAHRP-Flag-APEX2 were biotinylated
in live schizonts treated with BP+/H202+, revealing in addition numerous
punctuated structures within the RBC cytoplasm (Figure 3). To further
characterize the compartment by which endogenous neighboring proteins of
KAHRP-Flag-APEX2 may be localized, we performed co-localization analysis
using a specific marker of Maurer’s clefts (MC), by probing an antibody against
membrane-associated histidine-rich protein (anti-MAHRP) known to colocalize
with KAHRP, as previously established %52, The MC are parasitophorous
vacuole membrane (PVM) budding vesicles that are unequivocally known to
support P. falciparum protein exportation 53 among them KAHRP 6. As
observed in Figure 3B, a good localization was detected between MAHRP and
the KAHRP-Flag-APEX2 partners in the punctuate MC of living schizonts in the
presence of BP and H202 (white arrows).

Conversely, IFAs using streptavidin-AF488 showed that endogenous
neighboring proteins of episome-based Flag-APEX2 are localized in the cytosol
of the parasites. The use of anti-MAHRP in late stages further confirmed that
cytosolic Flag-APEX2 partners did not localized in the RBC cytoplasm nor in the
MC probed with anti-MAHRP (Figure S2A). Similarly, it was also observed a
partial co-localization between cytosolic biotinylated proteins and an antibody
raised against P. falciparum cis-Golgi / endoplasmatic reticulum retention-
defective protein (anti-ERD2), at perinuclear regions of P. falciparum segmented
schizonts %457 (Figure S2B). At this point, APEX2 technology can be accurately
used for living P. falciparum parasites in order to solve protein partners to a

specific protein of interest or specific compartment.

Proteomic and in silico analysis

As long as we have produced a chemical PTM on tyrosine residues (Y) of
KAHRP-Flag-APEX2 interacting-biotinylated protein partners, the next step was
to enrich the KAHRP-Flag-APEX2-biotinylated proteins by using streptavidin-
coated beads in denaturing conditions from all assay conditions. From the WT
and mutant strains, only the conditions BP+/H202+ and BP-/H202+ were analyzed

by mass spectrometry. A triplicate from these conditions of each strain was used
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for further proteomic analysis. Thus, a total of (i) 2,663 proteins from 40,590
peptides in the condition KAHRP-Flag-APEX2 BP+/H202+; (ii) 2,635 proteins
from 36,068 peptides in the condition KAHRP-Flag-APEX2 BP-/H202+; (iii) 1,944
proteins from 23,031 peptides in the condition 3D7 BP+/H202+ and (iv) 1,251
proteins from 11,716 peptides in the condition 3D7 BP-/H202- were identified in
our analysis (Tables S1).

From MS analysis, we initially performed a screening to select manually
only identified proteins with 1 unique peptide and at least 2 peptides for each
protein identification, with the variable biotin-phenol (+363.16) modification on Tyr
residues. Intriguingly, we also identified biotinylated peptides in conditions whose
experimentally no biotin-phenol tagging should have occurred, such as in the BP
and/or APEX2 absence. We have reasoned that prediction of biotinylated
peptides in these conditions could be due to fake interpretation of the spectrum
by the software or indirect enrichment from correctly enriched biotinylated
proteins 283058 A possible interpretation of these phenomenon could rely on the
amounts of protein starting material and a disproportional amount of streptavidin-
coated beads, once none of both can be accurately estimated, providing
nonspecific binders %85, For further analysis, we excluded biotinylated peptides
shared between KAHRP-Flag-APEX2 BP+/H202+ (K BP+) condition with other
negative conditions. Thus, a total of 240 exclusive non-redundant biotinylated
peptides from K BP+ condition were considered for further analysis (Figure 4A).

Interestingly, no biotinylation was observed in the KAHRP-Flag-APEX2
chimeric protein from BP-treated mutants (Tables S1). This maybe occurred due
to a self-biotinylation inhibition possibly related to the structure of the protein
fusion between KAHRP and APEX2. Moreover, no identification was also
observed of the native version of KAHRP (PF3D7_0202000). The 240 exclusive
non-redundant biotinylated peptides from K BP+ condition corresponded to 208
P. falciparum protein groups and 10 H. sapiens protein groups (Figure 4C and
Table S2). Identified KAHRP-neighboring proteins were observed by IFA in
punctuated structures within the RBC cytoplasm, together with MAHRP probed
with antibodies, therefore, likely to be MC. KAHRP is already known to be
exported through translocon PTEX localized at parasitophorous vacuole
membrane (PVM) 1060.61 Most proteins exported by this mechanism must have

a conserved motif (RxLXE/Q/D), termed as Plasmodium export element (PEXEL)
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motif at its N-terminal end 21962, Once KAHRP reach host erythrocyte membrane,
other proteins such as PfEMP1, are known to associate with it, supporting knob
formation. This host membrane remodeling allows iRBCs to attach onto host
endothelium forming rosettes 6.63.64,

Thus, an in silico prediction analysis of exported proteins through PTEX
machinery was performed to assess whether PEXEL-containing proteins are
present in our dataset. In this sense, by using PlasmoDB Database

(https://plasmodb.org/plasmo/app), we predicted from identified KAHRP-

neighboring proteins, which protein group members possess PEXEL motif,
followed by motif enrichment pattern obtained in MEME Suite algorithm. A total
of 27 protein groups were predicted to have a PEXEL motif at its N-terminal end
position (Figure 5A and Table 1) Among these proteins, we found PTP2
(PFEMP1-trafficking protein, PF3D7_0731100), GBP130 (glycophorin binding
protein 130, PF3D7_1016300), Pf332 (a megadalton antigen), PHISTb
(Plasmodium helical interspaced subtelomeric b, PF3D7_1401600 and
PF3D7_1476300), serine/threonine protein phosphatase UIS2, putative
(PF3D7_1464600) and RESA (ring-infected erythrocyte surface antigen).

Additional in silico predictions were performed to assess protein secretion
by classical or non-classical pathways by SignalP and SecretomeP, respectively.
To predict transmembrane protein domains, TMHMM and Phobius tools were
both used, for a better description of transmembrane topology. Overall, a total of
23 protein groups predicted by SignalP, 92 protein groups predicted by
SecretomeP, 59 protein groups predicted by TMHMM and 89 protein groups
predicted by Phobius were observed in our analyses (Figure 5B and Table S3).
Moreover, it was notably remarked that only 40 of the 208 protein groups
identified (about 19%), no sub-cellular location could be assessed by our in silico
predictions (Table S4).

In our analysis, it was possible to observe that an intersection between
these in silico analyses with a considerable shared sub-cellular prediction among
these protein groups took place. For example, PTP2, GBP130 and a protein
member of PHISTb family (PF3D7_1401600) are predicted to have PEXEL-
containing motif as previously reported %1°6062 including predictions for non-
classical signal peptide and transmembrane domains, suggesting an evident

exportation into host cell cytosol with potential extracellular roles associated to
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the host erythrocyte membrane. Two soluble components of the translocon
PTEX, PTEX88 and 150, also identified in our analysis were predicted to have
classical signal peptide as previously observed ©'. Moreover, predicted
transmembrane proteins were also observed in our dataset: UIS2 and
components of RhopH/CLAG complex (RhopH1/CLAG3 and RhopH3), known to
be associated with parasitophorous vacuole and host erythrocyte membranes
23,2566,67 Both UIS2 and these RhopH/CLAG complex members were also
predicted to have PEXEL-containing motif and classical signal peptide,
respectively (Table S4). Overall, these in silico predictions reinforce that most of
identified KAHRP-neighboring proteins are exported mainly through non-classical
or specie-specific pathways in agreement with the literature.

Next, the identified KAHRP-neighboring proteins were GO-categorized in

PlasmoDB database (https://plasmodb.org/plasmo/app) to assess the “Cellular

Compartment” ontology terms. A total of 35 GO terms were assumed for our data
(Table S5). Interestingly, we observed an elevated protein count in the nucleus
sub-cellular categorization (GO:0005634). This pattern could be associated to the
difficulty of GO term accuracy annotation in Plasmodium species 869
Nonetheless, this could also indicates that several nucleus proteins may also be
exported. Unsurprisingly, a considerable protein count were found correctly
predicted in their expected GO terms, such as PTEX88 and 150
(G0O:0032991~protein-containing complex, GO:0020026~merozoite dense
granule, GO:0031982~vesicle and GO:0097619~PTEX complex) .79, complex
RhopH/CLAG: RhopH1/CLAG3.1, RhopH2 and RhopH3 (GO:0020008~rhoptry,
GO0:0045177~apical part of cell and GO:1903561~extracellular vesicle) 66.67.71.72,
serine/threonine protein phosphatase UIS2, putative (GO:0020005~symbiont-
containing vacuole membrane) 2325, and ring-infected erythrocyte surface antigen
(GO:0020026~merozoite dense granule) 7374 (Figure 5C and D).
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536 Table 1. Predicted PEXEL-containing proteins from our subproteomic dataset.
Match

PF3D7_1349300 tyrosine kinase-like protein

glideosome-associated
connector

25-29) MSEHSSGVSRKLFCNSDKLFYDNF<span class=\motif>RNLDD</span>RLNLNNNFNENRYEEIYNKK...

MPKIQVKRGGDPGVSTAVSSIMQHENFKRMLMFGL<span
class=\motif\>RSLSD</span>FCNPTSKAYKENASDALDRG...

Gene ID' Product Description Locations Motif?
PF3D7_0223100 rifin (36-40)  MKDHYINILLFALPLNILVYNQRNYYITRTPKATT<span class=\motifi>RTLCE</span>CELYAPATYDDDPQMKEVMD...
PF3D7 0317500 kinesin-5 (23-27)  MLRNSYNNDKSSCVNIKVIVRC<span class=\motif\>RPLNE</span>KEKNDINNEEVVRINNNEVI...
PF3D7_0320500 nicotinamidase, putative (195-199) ... MCILTVDYHPAMHISFAETH<span class=\motif\>RLLYE</span>KICNNNLKCNNINNKSNMNC...
PF3D7_0515900 g‘#{');’;f;?:;ggpfigtt‘i’gike (812)  MKKRKFE<span class=\motift>RCLYQ</span>ILKIVKFYMNIWIKIKKLIK...
nuclear polyadenylated RNA-
PF3D7_0623100 gmgit?\?eprotein NAB2, (134-138) ... SKNRVSSAHNKKGGEDDFDK<span class=\motifi\>RNLSD</span>TRRRSRSLASSKYSNEDMYF...
PF3D7_0628100 Er'ggndf,“;iit’;'tf\?emai”ing (77-81) ... GEFLLLQSSSRVISSYEHIL<span class=\motif\i>RLLHQ</span>AKVYLEFVRCLKLNNCSVID...
PF3D7 0731100 EMP1-trafficking protein (89-93) ... NIFSQEYAITKGSPINNRYL<span class=\motif>RNLGE</span>KSEEGGINFMDLHNTFAPTK...
PF3D7_0814000 ggtsatriif:”ma' protein L13-2,  35.39)  MVAHNNVLPNVHLHKWWQRHVRVNFSKNIKKKKR<span class=\motifi>RLLRE</span>KRRKANGGTPIEKLHPIVHC...
PF3D7_1012900 autophagy-related protein 18 518-74:21) ... MANEKGFKIYNTNPFTQTYS<span class=\motif\>RDLTD</span>RNKNGLYLAEMLYRCNILAI...
PF3D7_1016300 GBP130 protein (84-88) ... NAYICGDKYEKAVDYGFRES<span class=\motif>RILAE</span>GEDTCARKEKTTLRKSKQKT...
PF3D7_1121100 fl?n“;‘forxed protein, unknown 73 77y EEKISAPPKMNTLQNANQGY<span class=\motifi>RSLVQ</span>QNKMRSAFNIYAETPGLKTI...
PF3D7_1122500 protein KIC10 (36-40)  MQNFVDSDYKKRTSNNNETSERYINSIQNCDKDEK<span class=\motif\>RILED</span>ENVQKNLSFINNENIYNKKL...
PF3D7_1126100 EE:ZEC:gy're'ated protein 7. §9.73) .. LCSSTYVNKIKLGFKYKLLN<span class=\motifi>RYLIE</span>FAHPFIHVRTIEINKKSFLK...
PF3D7_1138500 protein phosphatase PPM2 (86-90) ... GHGGPNVSKWISYNFRRIFI<span class=\motif\>RCLKE</span>ANEEMIKKNMKRSENYKLKL...
PF3D7_1149000 antigen 332, DBL-like protein  (78-82) ... GKKLREKHDESCDEFCDAWN<span class=\motifi>RSLAD</span>YKDIFQGKDMWNDGKYGEAK...
PF3D7_1149400 | 1aSmodium exported protein, 46 50) _ PKNVNLVKTDIYNGFVQENA<span class=\motifi>RYLAE</span>QYINKKMDQTLQHRAQLRTA. .
PF3D7_1241200 gfgtse?r:"’iilzjgjv';‘?ﬂ“c?on g;g:gg;’ MEKQKLLNILQ<span class=\motif\>RELKE</span>YGDEEMLSCFHRFYESIEAN...
PF3D7_1317100 DNA replication ficensing Eg;g% MGTPR<span class=\motif\>RRLGQ</span>QNNNNNSPFALSSSNIFGSN..
(
(

PF3D7_1361800
937
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PF3D7_1401600

PF3D7_1402300
PF3D7_1407800
PF3D7_1409000

PF3D7_1464600

PF3D7_1476300

Plasmodium exported protein
(PHISTb), unknown function
26S proteasome regulatory
subunit RPN6

plasmepsin IV

WD repeat-containing protein,
putative

serine/threonine protein
phosphatase UIS2, putative
Plasmodium exported protein
(PHISTb), unknown function
ring-infected erythrocyte

PF3D7_0102200* surface antigen

(85-89)

(185-189)

(65-69)
(8-12)
(43-47)

(56-60)

(86-90)

... VCIYKVEGSVHVTEPNSSSS<span class=\motif\>RSLYE</span>NKGVTYESNVEVHDNFLNKL...

... KINILYNKQKYKTALSLID<span class=\motif\>RLLKE</span>VKKVDDKTLLLELYIVQTKI...
... LFVLITGVFFFFLIGNFYSH<span class=\motif\>RKLYQ</span>VIKNTKHTTIGFKIDRPHDK...
MNKKGNK<span class=\motif\>RPLGE</span>SLNVPLNSNILNEDNEDKKY...

... QYNYDCVVAINKKNSIIKNE<span class=\motif\>RILDE</span>YENINNSENEEDEYEDYLDD...

... VSLINEDNGFHIIPFNKALG<span class=\motif\>RKLYE</span>NNNVDKHLNFSVSLENVNDL...

... GNLGYNGSSSSGVQFTDRCS<span class=\motif\>RNLYG</span>ETLPVNPYADSENPIVVSQV...

1 Gene ID obtained from PlasmoDB database (https://plasmodb.org/plasmo/app/).

2 Prediction performed in the web tool “identify genes based on protein motif pattern” from PlasmoDB database (https://plasmodb.org/plasmo/app/). The search was made by
using PEXEL motif (RXLX[E/Q/D]) previously established elsewhere 106265,
* RESA (PF3D7_0102200) is known to have an atypical PEXEL motif: RxLxG .
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DISCUSSION

Proximity tagging approaches as feasible tools to decipher
organelle proteomes and to unveil novel neighboring proteins of a

target of interest

Concerning Plasmodium species, to the best of our knowledge, no study
is available using APEX2 technology to depict organelle proteome and/or protein
neighbors of a given target. To date, only BiolD (proximity-dependent Biotin-
IDentification), a similar technology based on Escherichia coli biotin-ligase
modified (BirA*) was used for this purpose in Plasmodium species. For instance,
by using a leader sequence of the acyl-carrier protein (ACP) fused to BirA*, the
organelle mapping of the P. falciparum apicoplast of 346 proteins accurately
identified was possible, still showing the essentiality of a protein until then, not
associated with the apicoplast biogenesis, named ABCF-family protein (ABCF-1)
22_

Other reports have showed that proteins from insoluble fractions, such as
those found in the parasitophorous vacuole membrane (PVM), can be also
assessed by this approach. In P. berghei, a total of 61 known and candidate PVM
proteins were identified, by using exported protein 1 (EXP1) fused to BirA*.
Among these proteins, a serine/threonine protein phosphatase UIS2
(PBANKA_1328000) was reported 2%. By using a similar strategy, another report
have showed that an ortholog of serine/threonine protein phosphatase UIS2 in P.
falciparum (PF3D7_1464600) was also reported in the PVM, showing a critical
role in the parasite survival 23. Interestingly, in this study we also observed that
UIS2 interacts with KAHRP-Flag-APEX2. Considering its location at PVM, it
seems reasonable to suppose that this interaction indeed occurs (see below). In
this context, BirA* based-BiolD seems to be a very insightful and reliable tool to
map different organelles in Plasmodium species, in the same manner APEX2 can
do it for mammalian cells.

More recently, an enhanced version based in the BiolD approach, known
as DiQ-BiolD (Dimerization-induced Quantification BiolD) was employed in P.
falciparum, in order to decipher kelch13-defined endocytosis mechanism related

proteins, and its relevance to the artemisinin (ART)-resistant phenotype.
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Remarkably, in this study a novel compartment associated to kelch-13 protein
was appointed, named simply “kelch-13 compartment”, since no co-localization
of kelch-13 took place with other compartments. Moreover, an endocytic pathway
associated to hemoglobin degradation upon kelch-13 mutations, followed by ART
activation were also described. Many proteins were assessed to be involved with
this endocytic pathway from cytosolic host content, among them UBP1 and KIC?7,
which are essential for parasite survival 2*.

To date, only few studies were published using APEX2 in other protozoan
parasites. For example, in T. gondii, a total of 17 proteins belonging of secretory
dense granule were assessed by both APEX2 and BirA*-BiolD strategies. Three
of them, were confirmed to localize in this structure 7°. In another case, the
mitochondrial matrix proteome mapping in T. gondii was possible by using BirA*-
BiolD and APEX2. In this study, a total of 421 mitochondrial proteins were
identified, whose 161 by both methodologies. From this organelle mapping, 22
proteins without previous mitochondrial functional annotation were additionally
assessed to be localized in the T. gondii mitochondrion, co-localizing with
TgTom40 probed with antibodies, a marker for this compartment widely used for
these parasites. Moreover, ~75% of T. gondii mitochondrial proteome were
categorized as important or critical for the parasite fitness based in phenotype
analysis against other Apicomplexan. Among these proteins, TgApiCox25
(TGGT1_264040) was observed to be important for parasite growth and
mitochondrial oxygen consumption upon genetic knockdown 76.

More recently, a study that aimed investigate tip-specific proteins related
with flagellum subdomains in Trypanosoma brucei, revealed 697 proteins from
pellet fraction, which allowed protein enrichment from axonemal structures of
these parasites. This enrichment was assessed through a subunit of the nexin-
dynein regulatory complex (N-DRC) fused to APEX2. Additionally, 241 out 697 of
these proteins had annotation to one or more flagellum structures 77. In contrast,
taking leverage of the known half-life of the phenoxyl radicals provided by APEX2
approach due to its spatial and temporal distribution 28-30 a distinguishable
pattern of identified proteins between subdomains of the distal and proximal end
of the flagellum was observed and assessed ”.

Overall, both BiolD and APEX2 are technologies that appeared as a

feasible tool to solve some gaps in our understanding of diverse models of study.
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A great bottleneck, however, still being the elution of biotinylated
peptides/proteins itself 78. A remarkable protein count observed in this kind of
analysis may lead to false positive protein identifications. Thus, a careful in silico
and functional analysis are often required in order to confirm potential novel
components of a structure or neighboring partners 222%28.75-77 Therefore, novel
strategies to enrich biotinylated peptides/proteins are highly required. Some
reports have shed light into novel strategies that allow biotinylated
peptides/proteins elution.

For example, BioSITe (Biotinylation Site Identification Technology)
strategy allows biotinylated peptide enrichment by using immobilized anti-biotin
antibodies with a remarkable sensitivity 7%, observed by their signature fragment
ions from MS spectra &. Alternatively, a flexible method developed for direct MS
detection of biotin-tagged proteins, named as DiDBIT (Direct Detection of Biotin-
containing Tags), improves direct detection of biotinylated proteins about 200-
fold %8. More recently, a colorimetric competitive displacement assay, the
streptavidin binding capacity (AVIDITY) assay was developed, in order to
compare different binding capacity of streptavidin beads and ensure
reproducibility and consistency of downstream applications '. In summary, a
completely novel field of exploration concerning the use of APEX2 to study
Plasmodium species is now open, in order to study unique compartments from
this parasite or neighboring partners of a given protein target. Nonetheless, some
limitations need to be outdone, in order to obtain a more accurate enrichment of

biotinylated peptides allowing analytical reproducibility.

KAHRP and its neighboring candidate proteins

From a total of 208 biotinylated parasite protein groups identified, we have
observed some proteins related to P. falciparum virulence, nutrient uptake and
invasion. It is estimated that 5-8% of P. falciparum genome (about 200-400
proteins) is exported to the host cell cytosolic environment '°, and several of
them were already described to be found in the Maurer’s clefts (MC) 9:50.5182.83,
MC are vesicular structures with intertwined tubular and disk-like forms that
originates from one or more sites from the PVM. It extends across the host cell

cytoplasm to the inner leaflet of the RBC membrane '3, An important virulence
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factor that is carried over these structures, together with KAHRP, is a protein
member from var multigene family, named as PlEMP1 (P. falciparum erythrocyte-
membrane protein 1) 885 Both KAHRP and PfEMP1 are important for the knob
formation and cytoadherence, nonetheless, kahrp gene would not be essential
for PEEMP1 transport, but it affects functional knob formation 16:63.86,

To reach host cell membrane, many proteins exported through MC need
to be processed by a translocation machinery, named as PTEX at PVM. These
protein complex is composed by PTEX88 and 150, a hexameric chaperone
HSP101, a thioredoxin TRX2 and pore-forming protein EXP2 670 Proteins
exported by this mechanism contain a PEXEL motif at N-terminal end %85, which
are recognized and cleaved by plasmepsin V (PMV) 87:88  This process occurs
co-translationally and independent of phosphatidylinositol-3-phosphate (PI(3)P)
at ER membrane 2. As such, KAHRP is one of these proteins processed by this
mechanism 1962 and transiently carried over into MC throughout host cell
environment '8 since a co-localization between KAHRP and other proteins
notoriously known to integrate MC, such as PMMAHRP, PfSBP1 and PfEMP1
were already reported 6:50-52,

In this work, we have showed for the first time that APEX2 technology can
be used for tagging a protein target in P. falciparum, coupled with using of
additional approaches such as CRISPR-Cas9 and label-free shotgun proteomics.
Through IFA, we also have showed a co-localization of endogenous neighboring
proteins of KAHRP-Flag-APEX2 with  MAHRP probed with antibodies in
punctuate structures, likely MC in living schizonts 16.59-52 (Figure 3B). This result
suggests that APEX2 can be used accurately to tag neighboring proteins of a
given target with potential to tag compartments. This statement may be extended
to the results of endogenous neighboring proteins of episome-based Flag-
APEX2, since no co-localization with MAHRP probed with antibodies was
observed (Figure S2A).

Unsurprisingly, two soluble proteins biotinylated of the translocon PTEX,
PTEX88 and 150, were identified in our analysis. Proteins from this complex are
proposed to integrate the apical region of merozoites, likely to be dense granules
61,70 For this reason and in agreement with our in silico predictions, both PTEX88
and 150, have classical signal-peptide, suggesting their secretion from dense

granules in order to form the translocon PTEX, possibly thereafter invasion (Table
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S4). Since PTEX specifically interacts with exported proteins containing PEXEL
motif, it is totally expected that KAHRP-Flag-APEX2 may be neighboring PTEX88
and 150 during its own exportation, as much as others that we have also
observed in our data of biotinylated proteins to have PEXEL motif, such as: PTP2,
GBP130, PHISTb protein members, Pf332, UIS2 and RESA (Table 1). Therefore,
it is still to be investigated whether these proteins were tagged by KAHRP-Flag-
APEX2 before, during or after translocation through PTEX machinery, as much
as others that have no PEXEL-containing motif, named as PNEPs (PEXEL-
negative exported proteins) 899,

Despite we were not able to detect a biotinylated version of KAHRP nor
EMP1, we found PTP2 (PF3D7_0731100, Previous ID: MAL7P1.172) which is a
protein family member suggested to be essential for EMP1 trafficking mainly
localized in the MC, showing PEXEL motif for protein exportation as previously
described ° (Tables 1 and S2; Figure 5). Although a wider understanding about
the role of KAHRP on the host endothelium cytoadherence and its transport
through MC 1683  there is no consensus about whether KAHRP might be
transported by other types of membrane bound vesicles. PTP2 was described to
play a key role in efficient cell-cell communication through exosome-like vesicles
derived from MC. In the PTP2 absence, extracellular vesicles (EVs) are 16-fold
fewer prone to be released into the extracellular space, implicating in the
molecular machinery of communication °'.

Later, it was revealed that EMP1 is only present in EVs from early ring-
stage parasites. In addition, KAHRP was identified by proteomic approach from
these EVs derived samples %, suggesting that an alternative route may be used
for PEXEL-containing motif proteins other than through PTEX machinery.
Overall, in the remaining EVs content, the presence of the proteins: (i) high
molecular weight rhoptry protein 2 (RhopH2, PF3D7_0929400); (ii) high
molecular weight rhoptry protein 3 (RhopH3, PF3D7_0905400), and; (iii)
cytoadherence linked asexual protein 3.1 (RhopH1/CLAG3, PF3D7_0302500)
were also observed °2. These proteins were also observed in our biotinylated
subproteomic data (Table S2), and they are known rhoptry proteins released after
invasion and associated to the nutrient uptake %6:67.71.93, Together, these protein

members are complexed to be part of the plasmodial surface anion channels
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(PSAC) in the erythrocyte membrane to generate new permeability pathways
(NPPs), allowing iRBCs a better permeability to a range of nutrients 719394,

In addition, RhopH2 interacts with RhopH1/CLAG3, RhopH3, components
of the erythrocyte cytoskeleton and exported proteins involved in host cell
remodeling 7'. Stil, RhopH2 and RhopH1/CLAG3 are also known to be
complexed and trafficked to the erythrocyte membrane remaining fully associated
66_ More recently, it was revealed that beyond RhopH1/CLAG3 and RhopH3,
RhopH2 interacts with 5 exported proteins: RESA, members of the Plasmodium
exported proteins group (PHISTb, PF3D7_1201000, PF3D7_0401800 and
PF3D7_1401200) and lysine-rich membrane-associated PHISTb protein (LyMP,
PF3D7_0532400) 7. In our proteomic dataset, we were able to find RESA and
members of the group of PHISTb proteins interacting with KAHRP-Flag-APEX2
(Table S2). Moreover, it is still discussed that a new networking clusters of
exported proteins interacting with cytoskeletal activity, transient trafficking hub
connecting both MC and J-dots structures may occur supporting NPPs 72,

As mentioned above, potential novel trafficking mechanisms integrating
MC and J-dots, or even EVs, might support exportation for several proteins. Two
other proteins that could be integrated into these new export pathways are
GBP130 and Pf332. Both of them were found biotinylated as neighboring
KAHRP-Flag-APEX2 partners. GBP130 was proposed to interact indirectly with
both RhopH2 and RhopH1/CLAG3, due to its higher affinity to RhopH3 72.
Moreover, GBP130 was previously reported to be exported °, possibly in a
PEXEL-dependent manner 989, supporting our in silico analysis (Figure 5 and
Table 1). Alternatively, Pf332, a megadalton protein is also proposed to be
exported via MC. It has been associated with iRBCs cytoadherence properties,
still showing a diminished capacity to adhere to CD36 in mutant lineages due a
decreased expression level of EMP1 affecting iRBCs membrane rigidity. In
addition, Pf332 knockout parasites display abnormal morphology of MC 5. Later,
it was demonstrated that Pf332 is not only a resident peripheral membrane
protein of MC %, but also, it interacts with host cell cytoskeleton %/, compatible
with previous observations %.

Another protein that might be involved in this iRBC membrane rigidity, and
found in our biotinylated subproteomic data is RESA. RESA is a dense granule

protein of merozoite released inside the RBC after invasion 73, and despite its
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interaction with RhopH/CLAG complex proteins 72, it is also involved in the
stabilization of the membrane host cell cytoskeleton °°, playing a major role in
reducing deformability of host cells at the early ring stages of parasite
development '®. The association of RESA to the host cytoskeletal proteins, such
as Band 4.1 and o/B-spectrin heterodimers was already reviewed 8. It is also
noteworthy to mention that we have also identified both host Band 4.1 and a-
spectrin biotinylated in our subproteomic data (Table S2). Therefore, whether
KAHRP can be associated with all of biotinylated proteins found in this study is
still to be defined by co-localization assays. Overall, our subproteomic dataset is
mostly consistent with many published records regarding protein exportation in
Plasmodium species, allowing that APEX2 technology can be used accurately for

other applications in these species.

CONCLUSIONS AND PERSPECTIVES

The protein exportation in malaria parasites is undoubtedly complex. For
this, Plasmodium species use different strategies to export those proteins with
relevant importance into host cytosolic environment 060 To support this
transition parasite-to-host protein exportation, some mechanisms have been
unveiled in the recent years. The PTEX machinery was probably the first
mechanism detailed in order to support this process ¢'. Thereafter, PEXEL motif
(RxLxE/Q/D) was additionally assessed as a trafficking signal for protein
exportation 06° Most proteins transported into iRBC membrane have a PEXEL
consensus motif at N-terminus end, which is cleaved by an aspartic acid protease
in the endoplasmic reticulum (ER), called plasmepsin V (PMV) 87:88_ |t was initially
thought that this PEXEL motif processing requires an interaction with
phosphatidylinositol-3-phosphate (PI(3)P) in the ER prior to and independent of
PMV 191 however, more recently this conclusion was refuted, suggesting that
PEXEL does not bind PI(3)P and PEXEL is located at a conserved location to
ensure co-translational processing by PMV 62,

Protein exportation mechanisms in Plasmodium species are still a field of
intense exploration and discoveries. MC have been widely studied and reviewed
as a primary structure to be involved in protein exportation in malaria parasites

10,11,50-62,102 Nonetheless, recent reports have shown that alternative
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mechanisms regarding novel possibilities in the protein export in Plasmodium
species exist 729192103 |n this context, it is noteworthy to mention that novel
technologies have been used to solve bottlenecks in many fields of biology. A
constant and unchangeable breakthrough concerning old and new paradigms are
always being tested to provide the most accurate answer, in other words, no
relevant biological question is totally set in stone.

An example of this breakthrough can be observed in APEX2 and BiolD
strategies, in order to solve proximity labeled proteins 28-30, In this aspect, our
study is the first one, which uses APEX2 technology to solve protein-partners of
a given protein target in P. falciparum. From our findings, we observed many
proteins already described as exported into host cell environment, possibly
interacting with KAHRP. A functional validation of these protein-partners needs
to be yet assessed, in order to verify their co-localization and potential interaction,
as previously established elsewhere 22-25, |In addition, an important regard needs
to be given into methodological challenges concerning biotinylated
protein/peptide elution by using these proximity-tagging approaches 5879-81 |n
summary, these types of proteomic studies will be consistently increasing in the

next few years, mostly because their powerfulness and resolution.

FIGURES AND SUPPLEMENTARY FIGURES

Figure 1. Knock-in scheme of CRISPR-Cas9 system to tag kahrp gene in P.
falciparum with APEX2. (A) A schematic figure of cassete integration from
pCC1-KAHRP-Flag-APEX2 vector into parasite gDNA controlled by hDHFR
selection marker. (B) PCR validation of cassete integration. (C) The pair of
primers PS101/102 and PS103/104 showed expected size amplicons,
suggesting a successful DNA integration.

Figure 2. NuPAGE™, Western-blot and Streptavidin-blot of mutant
parasites to confirm chimeric protein expression. Ponceau S stained
nitrocellulose membrane (left panel), Western-blot (middle panel, anti-FLAG-
HRP dilution at 1:800) and Streptavidin-blot (right panel, streptavidin-HRP
dilution at 1:10.000) of mutant parasites treated and/or not treated with BP and

H202. From all treatment conditions, total protein extract were made by using
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RIPA buffer (parasite and parasitophorous vacuole protein content). Legend for
all assays: first slot (BP-/H202-, not treated with BP nor H202); second slot (BP-
/H202+, not treated with BP and treated with H202); third slot (BP+/H20:2-, treated
with BP but not treated with H202); fourth slot (BP+/H202+, both treated with BP
and H202).

Figure 3. Confocal immunofluorescence assay to validate biotinylated
neighboring protein-partners of KAHRP. (A) BP+/H202- and BP+/H202+
treated mutant parasites were incubated with DAPI and streptavidin-AF488. As
expected, fluorescence was observed only in the BP+/H202+ treated parasites.
(B) By using anti-MAHRP (a Maurer’s clefts marker, dilution 1:200), a notorious
co-localization between KAHRP biotinylated protein-partners (in green) and
MAHRP (in purple) was observed, suggesting that KAHRP (and its interacting
partners) and MAHRP share the same vesicular compartment into host cell
environment through Maurer’s clefts (Merge, white arrows).

Figure 4. Biotinylated peptides and proteins revealed through MS analysis.
(A) Venn Diagram of the peptides used for our proteomic analysis. Only the
conditions: (i) KAHRP-Flag-APEX2 mutant treated with BP+/H202+ (K BP+
group, in blue); (ii) KAHRP-Flag-APEX2 mutant treated with BP-/ H202+ (K BP-
group, in red); (iii) P. falciparum 3D7 wild-type strain treated with BP+/ H202+
(3D7 BP+ group, in green); and, (iv) P. falciparum 3D7 wild-type strain treated
with BP-/ H202+ (3D7 BP+ group, in yellow) were considered. (B) From these
peptides used for identification of protein groups, a total of 208 P. falciparum

protein groups candidate to interact with KAHRP were further analyzed.

Figure 5. Functional categorization of the candidate protein-partners of
KAHRP. (A) MEME enrichment motif from proteins predicted to have a PEXEL
sequence at their N-terminus end, suggesting that part of these protein groups
are exported into host cell environment, as previously observed elsewhere (refs.
Marti et al., 2004; Maier et al., 2008; Boddey et al., 2016). (B) /n silico predictions
for (i) PEXEL motif (in blue), (ii) SignalP (in red); (iii) SecretomeP (in green); (iv)
TMHMM (in yellow) and (v) Phobius (in brown). Overall, most protein groups

supposedly interacting with KAHRP have one or more extracellular prediction.
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(C) GO term enrichment predicted for “Cellular Compartment” from these protein
groups, also represented by GOCloud (D), both obtained in the PlasmoDB
Databank (https://plasmodb.org/plasmo/app).

Figure S1. Episomal vector construction and cytosolic APEX2 expression.
(A) Scheme of the plasmid pCC1-Flag-APEX2 used as positive control for APEX2
expression. (B) Ponceau S stained nitrocellulose membrane (left panel),
Western-blot (middle panel, anti-FLAG-HRP dilution at 1:800) and Streptavidin-
blot (right panel, streptavidin-HRP dilution at 1:10.000) of mutant or P. falciparum
3D7 wild-type strains treated and/or not treated with BP and H202. From all
treatment conditions, total protein extract were made by using RIPA buffer
(parasite and parasitophorous vacuole protein contents). Legend for all assays:
first slot (BP-/H202-, not treated with BP nor H202); second slot (BP-/H202+, not
treated with BP and treated with H202); third slot (BP+/H202-, treated with BP but
not treated with H202); fourth slot (BP+/H202+, both treated with BP and H202).

Figure S2. Confocal immunofluorescence assay to validate APEX2
transiently expressing vector in the cytosol. The images were obtained only
from only BP+/H202+ treated parasites. Both trophozoite (A) and schizont (B) are
expressing APEX2 in the cytosol. As performed in the Figure 3, we used anti-
MAHRP (a Maurer’s clefts marker at dilution 1:200), to assess whether a non-
specific biotinylation occurs in these mutants. An additional control were
employed, by using anti-ERD2 (a cis-Golgi region marker at dilution 1:200). As
expected, none or very little co-localization were assessed by both antibodies
used in the assay, suggesting that no biotinylation occurs inappropriately in the

compartments.

SUPPLEMENTARY TABLES

Table S1. All proteomic data used in this study. List of total proteins (A) and
peptides (B) identified by MS from conditions: (i) mutant KAHRP-Flag-APEX2
(BP+/H202+, both treated with BP and H202); (ii)) mutant KAHRP-Flag-APEX2
(BP-/H202+, not treated with BP and treated with H202); (iii) P. falciparum 3D7
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wild-type (BP+/H202+, both treated with BP and H202); (iv) P. falciparum 3D7
wild-type (BP-/H202+, not treated with BP and treated with H202).

Table S2. Biotinylated proteins suggested as candidate protein-partner of
KAHRP, based on their peptide exclusivity in the mutant KAHRP-Flag-
APEX2 treated with BP+/H202+.

Table S3. List of proteins with extracellular location predicted by in silico
analysis by using SignalP (http://www.cbs.dtu.dk/services/SignalP/),
SecretomeP (http://lwww.cbs.dtu.dk/services/SecretomeP)/), TMHMM
(http://www.cbs.dtu.dk/services/TMHMM)/) and Phobius
(https://phobius.sbc.su.se/).

Table S4. (See below)

Table S5. List of proteins with annotated GO term prediction accordingly to

PlasmoDB Databank (https://plasmodb.org/plasmo/app).
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Table Suppl. 01

(Too large to be attached)

Tables Suppl. 02, 03 and 05 are too large to be attached. Therefore, | choose to

present only Table Suppl. 04, concerning in silico sub-cellular location shared

among protein groups from our analysis (Table S4), to give you an overall

impression of our data.

Table S4. List of proteins with shared extracellular location predicted by in

silico analysis by using PEXEL motif prediction tool available at PlasmoDB

Databank (https://plasmodb.org/plasmo/app), SignalP

(http://www.cbs.dtu.dk/services/SignalP/), SecretomeP

(http://www.cbs.dtu.dk/services/SecretomeP/), TMHMM

(http://www.cbs.dtu.dk/services/TMHMMY/) and Phobius

(https://[phobius.sbc.su.se/).

PlasmoDB ID

Protein description

PEXEL Predicted, Phobius, SecretomeP and TMHMM (5)

PF3D7_0731100
PF3D7_1401600
PF3D7_1016300
PF3D7_1241200
PF3D7_0628100

PF3D7_1149000

PF3D7_0223100
PF3D7_1407800
PF3D7_1476300

PF3D7_0828800
PF3D7_0402300
PF3D7_1122300
PF3D7_0505700
PF3D7_1122100
PF3D7_1452000

EMP1-trafficking protein

Plasmodium exported protein (PHISTb), unknown function
GBP130 protein

conserved Plasmodium protein, unknown function

HECT domain-containing protein 1, putative

PEXEL Predicted, Phobius and SecretomeP (1)

antigen 332, DBL-like protein

PEXEL Predicted, Phobius and TMHMM (3)

rifin

plasmepsin IV

Plasmodium exported protein (PHISTb), unknown function
Phobius, SignalP and TMHMM (8)

GPIl-anchored micronemal antigen

reticulocyte binding protein homologue 1

conserved Plasmodium protein, unknown function

conserved Plasmodium membrane protein, unknown function

GPI transamidase component GPI16, putative

rhoptry neck protein 2
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PF3D7_0616400
PF3D7_1127500

PF3D7_0618000
PF3D7_1303800
PF3D7_0212500
PF3D7_0724000
PF3D7_1332600
PF3D7_0922800
PF3D7_1138400
PF3D7_0820900
PF3D7_1308400
PF3D7_0704600
PF3D7_0721000
PF3D7_1351000
PF3D7_0612100
PF3D7_1228800
PF3D7_0418000
PF3D7_0815500

PF3D7_1121100
PF3D7_1138500
PF3D7_0623100
PF3D7_0317500
PF3D7_1349300
PF3D7_0814000
PF3D7_1122500

PF3D7_1149400
PF3D7_1464600

PF3D7_1234600
PF3D7_0905400
PF3D7_0302500
PF3D7_0220800

conserved Plasmodium protein, unknown function
protein disulfide-isomerase, putative
Phobius, SecretomeP and TMHMM (16)
conserved Plasmodium membrane protein, unknown function
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
Rab GTPase activator and protein kinase, putative
DNA-(apurinic or apyrimidinic site) lyase 1
conserved Plasmodium protein, unknown function
guanylyl cyclase alpha
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
HECT-type E3 ubiquitin ligase UT
conserved Plasmodium membrane protein, unknown function
phosphatidylinositol transfer protein, putative
eukaryotic translation initiation factor 3 subunit L, putative
WD repeat-containing protein, putative
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
PEXEL Predicted and SecretomeP (7)
conserved protein, unknown function
protein phosphatase PPM2
nuclear polyadenylated RNA-binding protein NAB2, putative
kinesin-5
tyrosine kinase-like protein
60S ribosomal protein L13-2, putative
protein KIC10
PEXEL Predicted and Phobius (2)
Plasmodium exported protein, unknown function
serine/threonine protein phosphatase UIS2, putative
Phobius and SignalP (4)
protein TOC75, putative
high molecular weight rhoptry protein 3
cytoadherence linked asexual protein 3.1
cytoadherence linked asexual protein 2
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PF3D7_0615400

PF3D7_0709300
PF3D7_0416400
PF3D7_1233600
PF3D7_0609000
PF3D7_0724700
PF3D7_0623800
PF3D7_1435300
PF3D7_1203000
PF3D7_0309000
PF3D7_0219600
PF3D7_0703500

PF3D7_0914700
PF3D7_0829000
PF3D7_1225100
PF3D7_1470100
PF3D7_1218200
PF3D7_1214100
PF3D7_1429600
PF3D7_1328300
PF3D7_1433700
PF3D7_1025500
PF3D7_1119600
PF3D7_0523400
PF3D7_0824400
PF3D7_0811200
PF3D7_1452500
PF3D7_1434500
PF3D7_1029400
PF3D7_0523000
PF3D7_1313800
PF3D7_1358700

SecretomeP and TMHMM (1)
ribonuclease, putative

Phobius and SecretomeP (11)
Cg2 protein
histone acetyltransferase, putative
asparagine and aspartate rich protein 1
nucleoporin NUP637, putative
bromodomain protein 6, putative
tyrosine kinase-like protein, putative
glutamate synthase [NADH], putative
origin recognition complex subunit 1
dual specificity protein phosphatase
replication factor C subunit 1
erythrocyte membrane-associated antigen

Phobius and TMHMM (25)

major facilitator superfamily-related transporter, putative

conserved Plasmodium membrane protein, unknown function

isoleucine--tRNA ligase, putative

conserved Plasmodium protein, unknown function
symplekin domain-containing protein, putative

GPI ethanolamine phosphate transferase 3, putative
conserved Plasmodium protein, unknown function
conserved protein, unknown function

conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
ATP-dependent zinc metalloprotease FTSH, putative
DnadJ protein, putative

nucleoside transporter 2

ER membrane protein complex subunit 1, putative
syntaxin-6, putative

dynein-related AAA-type ATPase, putative
LEM3/CDC50 family protein, putative

multidrug resistance protein 1

conserved Plasmodium membrane protein, unknown function

YOP1-like protein, putative



PF3D7_1222100
PF3D7_0921200
PF3D7_0703900
PF3D7_0304800
PF3D7_0505000

PF3D7_1402300
PF3D7_0515900
PF3D7_0320500
PF3D7_1012900
PF3D7_1409000
PF3D7_1317100
PF3D7_1126100
PF3D7_1361800

PF3D7_1012200
PF3D7_0209000
PF3D7_0214900
PF3D7_1344200
PF3D7_0929400
PF3D7_0624400
PF3D7_1436300
PF3D7_1037100
PF3D7_1105600
PF3D7_1025300
PF3D7_1035100

PF3D7_0529400
PF3D7_1217900
PF3D7_1344900
PF3D7_0516700
PF3D7_0930600
PF3D7_0801700

conserved Plasmodium protein, unknown function
conserved Plasmodium membrane protein, unknown function
conserved Plasmodium membrane protein, unknown function
conserved Plasmodium membrane protein, unknown function
MMS19-like protein, putative
PEXEL Predicted (8)

26S proteasome regulatory subunit RPNG6
NLI interacting factor-like phosphatase, putative
nicotinamidase, putative
autophagy-related protein 18
WD repeat-containing protein, putative
DNA replication licensing factor MCM4
autophagy-related protein 7, putative
glideosome-associated connector

SignalP (11)
rhoptry associated adhesin
6-cysteine protein P230
rhoptry neck protein 6
endoplasmic reticulum chaperone GRP170
high molecular weight rhoptry protein 2
conserved protein, unknown function
translocon component PTEX150
pyruvate kinase 2
translocon component PTEX88
conserved protein, unknown function

probable protein, unknown function

SecretomeP (51)
conserved Plasmodium protein, unknown function
PPPDE peptidase domain-containing protein, putative
conserved Plasmodium protein, unknown function
ubiquitin carboxyl-terminal hydrolase 2, putative
peptidyl-prolyl cis-trans isomerase
sentrin-specific protease 2, putative
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PF3D7_1235300
PF3D7_1441600
PF3D7_0802000
PF3D7_1203700
PF3D7_0505400
PF3D7_1326700
PF3D7_1128000
PF3D7_1345800
PF3D7_1317600
PF3D7_1443000
PF3D7_0510500
PF3D7_1018900
PF3D7_1446500
PF3D7_0321800
PF3D7_1428100
PF3D7_0706500
PF3D7_0729100
PF3D7_1126500
PF3D7_1405900
PF3D7_1110400
PF3D7_0406500
PF3D7_0719300
PF3D7_1227600
PF3D7_0102200
PF3D7_0804300
PF3D7_0926000
PF3D7_1107800
PF3D7_0610200
PF3D7_1025900
PF3D7_1251500
PF3D7_0907600
PF3D7_1221000
PF3D7_1307900
PF3D7_0806500
PF3D7_1417300

CCR4-NOT transcription complex subunit 4, putative
acid cluster protein 33 homologue, putative
glutamate dehydrogenase, putative

nucleosome assembly protein

conserved protein, unknown function

conserved Apicomplexan protein, unknown function
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
serine/threonine protein kinase

topoisomerase |

conserved Plasmodium protein, unknown function
nucleoporin NUP313, putative

WD repeat-containing protein, putative

WW domain-binding protein 11, putative
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
WD repeat-containing protein, putative
RNA-binding protein, putative

RNA-binding protein, putative

NYN domain-containing protein, putative
actin-related protein ARP6

kinetochore protein SPC24, putative

ring-infected erythrocyte surface antigen

zinc finger protein, putative

protein kinase, putative

AP2 domain transcription factor, putative
RNA-binding protein 25, putative

conserved protein, unknown function
ATP-dependent RNA helicase DRS1, putative
translation initiation factor SUI1, putative

histone-lysine N-methyltransferase, H3 lysine-4 specific

tripartite motif protein, putative
DnadJ protein, putative
cysteine protease ATG4, putative



PF3D7_1026600
PF3D7_0621800
PF3D7_1116100
PF3D7_0107800
PF3D7_0913200
PF3D7_0408500
PF3D7_0612200
PF3D7_0317300
PF3D7_1409500
PF3D7_1414500

PF3D7_0306400

PF3D7_1239800
PF3D7_0508500
PF3D7_1147500
PF3D7_1202300
PF3D7_0903400
PF3D7_1149200
PF3D7_0621000
PF3D7_0911400
PF3D7_0910100
PF3D7_0926700
PF3D7_0502000
PF3D7_0932800
PF3D7_1218900
PF3D7_0817700

PF3D7_1414300
PF3D7_0525100
PF3D7_0417200
PF3D7_0905900
PF3D7_1134800
PF3D7_0409000
PF3D7_0410900

conserved Plasmodium protein, unknown function
nascent polypeptide-associated complex subunit alpha, putative
serine esterase, putative
double-strand break repair protein MRE11
elongation factor 1-beta
flap endonuclease 1
leucine-rich repeat protein
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
atypical protein kinase, ABC-1 family, putative
TMHMM (1)
FAD-dependent glycerol-3-phosphate dehydrogenase, putative
Phobius (14)
conserved Plasmodium protein, unknown function
guanidine nucleotide exchange factor
protein farnesyltransferase subunit beta
dynein heavy chain, putative
ATP-dependent RNA helicase DDX60, putative
ring-infected erythrocyte surface antigen
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
exportin-7, putative
glutamine-dependent NAD(+) synthetase, putative
vacuolar protein sorting-associated protein 11, putative
importin alpha re-exporter, putative
WD repeat-containing protein, putative
rhoptry neck protein 5
Non-predicted (40)
60S ribosomal protein L10, putative
acyl-CoA synthetase
bifunctional dihydrofolate reductase-thymidylate synthase
coatomer subunit beta, putative
coatomer subunit delta
conserved Plasmodium protein, unknown function

conserved Plasmodium protein, unknown function
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PF3D7_0905000
PF3D7_1344700
PF3D7_1410200
PF3D7_0811000
PF3D7_0628600
PF3D7_1427500
PF3D7_1206600
PF3D7_1037500
PF3D7_1122900
PF3D7_0418200
PF3D7_0110200
PF3D7_0918900
PF3D7_1453800
PF3D7_0922600
PF3D7_1462800
PF3D7_1012600
PF3D7_0610400
PF3D7_1012400
PF3D7_0511300
PF3D7_1342600
PF3D7_0303000
PF3D7_1023200
PF3D7_1128100
PF3D7_1328100
PF3D7_0621500
PF3D7_1015800
PF3D7_1234800
PF3D7_1237000
PF3D7_0306800
PF3D7_0921600
PF3D7_1408900
PF3D7_1015700
PF3D7_1003800

conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function

CTP synthase

cullin-1, putative

DNA methyltransferase 1-associated protein 1, putative
DNA mismatch repair protein MSH2, putative
DNA-directed RNA polymerase Ill subunit RPC2, putative
dynamin-like protein

dynein heavy chain, putative

eukaryotic translation initiation factor 3 subunit M, putative
FAD-linked sulfhydryl oxidase ERV1, putative
gamma-glutamylcysteine synthetase
glucose-6-phosphate dehydrogenase-6-phosphogluconolactonase
glutamine synthetase, putative
glyceraldehyde-3-phosphate dehydrogenase

GMP synthase [glutamine-hydrolyzing]

histone H3

hypoxanthine-guanine phosphoribosyltransferase

MORN repeat protein, putative

myosin A

N-ethylmaleimide-sensitive fusion protein

orotidine 5'-phosphate decarboxylase

prefoldin subunit 5, putative

proteasome subunit beta type-7, putative

ribonuclease P/MRP protein subunit RPP1, putative
ribonucleoside-diphosphate reductase small chain, putative
splicing factor 3B subunit 3, putative

SUMO-activating enzyme subunit 2

T-complex protein 1 subunit beta

tetratricopeptide repeat protein, putative
tRNA-dihydrouridine synthase, putative

tubulin binding cofactor c, putative

U5 small nuclear ribonucleoprotein component, putative
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CAPITULO 7 - Mapeamento de proteinas organelares de P. falciparum utilizando

APEX2: resultados preliminares

7.1. Construcao dos vetores de expressao epissomal da proteina HA-

APEX2 direcionada a diferentes organelas

A fim de realizar a expressdo epissomal da proteina HA-APEX2 em
compartimentos celulares de interesse de P. falciparum, elaboramos as construcoes
em vetor pCC1, contendo o gene de selecdo hDHFR (do inglés, human dihydrofolate
reductase) regulado por um promotor CAM 5’ e terminador Hrp2 3’'UTR (Figura 18,
Painel A). Apos as sub-clonagens no pCC1 a partir do vetor comercial pMAT, das
sequéncias sintetizadas da HA-APEX2 (Thermo Scientific), acrescentadas com os
respectivos peptideos de enderegamento (ou do inglés, signal peptides ou SP) do
apicoplasto (ACP ou do inglés, acyl-carrier protein) (Waller et al., 2000), mitocéndria
(TrxR ou do inglés, thrioredoxin reductase) (Kehr et al., 2010), roptrias (RAP1 ou do
inglés, rhoptry-associated protein 1) (Richard et al., 2009) e HA-APEX2 citosdlica (sem
peptideo de enderegamento), as construgdes finais: HA(ito)APEX2, SPacr)-HA-
APEX2, SPRrap1)-HA-APEX2 e SPaxrr-HA-APEX2, foram transformadas e
amplificadas em bactérias competentes E. coli TOP10 (Invitrogen™). No ambito de

confirmar as construgdes, as sequéncias purificadas a partir das minipreparagdes

A

. PbDT APEX-2 HA sp 5 hsp8é 5 CAM

| 3UTR promoter promoter hBEER

3'UTR

pCC1-SP,....pimy-HA-APEX2

2 345|6 7889/|101112 14 15 16

1500 -

1000 -
850 -
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Figura 18. Confirmagdo das construgbées epissomais dos plasmideos pCC1-HAit)-APEX2,
pCC1-SP(acr)-HA-APEX2, pCC1-SPrapr1)-HA-APEX2 e pCC1-SP(rr)-HA-APEX2. (A) Esquema do
vetor pCC1 com os insertos da HA-APEX2 com seus respectivos peptideos sinais de enderegamento
ao apicoplasto (ACP), roptrias (RAP1) e mitocondria (TrxR). (B) Padrao das digestées usando Xhol e
Sall, apés as sub-clonagens em pCC1, analisado por gel de agarose 1%. Painel a esquerda: (M)
corresponde ao marcador 1kb Plus (Thermo Scientific); (1) corresponde ao vetor pCC1 vazio
linearizado por Xhol e Sall; (2) inserto, correspondendo ao tamanho aproximado esperado das
sequéncias SP-HA-APEX2. Somente os clones do pocgo 4 (referente a construgdo HA-APEX2), pogo
13 (referente a construgdo RAP-HA-APEX2) e, os pocos 15 e 17 (referentes a construgdo TrxR-HA-
APEX2), apresentaram uma ligacéo eficiente do inserto ao vetor pCC1 (representados em verde). (C)
Devido ao fato de que a ligagdo da construgdo ACP-HA-APEX2 nao ter ocorrido em (B), foi realizada
uma nova ligagdo, com a obten¢do dos clones nos pocos 4 e 8, referentes a ligagdo eficiente da
construgdo ACP-HA-APEX2. Todos os clones positivos foram utilizados para o procedimento de
transfecgao.

plasmidiais (minipreps) foram digeridas pelas enzimas de restricdo Xhol e Sall, que

flanqueiam as sequéncias HA-APEX2. (Figura 18, Painel B e C).

7.2. Confirmagcao da orientagcao dos insertos e da sequéncia dos

plasmideos

Com intuito de averiguar se a ligagédo dos insertos HAito)-APEX2, SPacp)-HA-
APEX2, SPRrar1)-HA-APEX2 e SPRr)-HA-APEX2 estava na orientagéo correta (5 —
3’), foi realizado um teste simples, com uso da enzima de restricdo Hindlll, para
averiguar o tamanho dos fragmentos, baseados na orientagao do DNA plasmidial apos
a ligacdo. Caso a ligacao, tivesse ocorrido de forma errada (3’ — 5’), os fragmentos
esperados seriam de aproximadamente de 4,7 kb e 2,5 kb. Caso a ligagéo, tivesse
ocorrido de forma correta (5 — 3’), os fragmentos esperados seriam de
aproximadamente de 3,9 kb e 3,4 kb. Através da analise por eletroforese em gel de
agarose 1%, foi possivel observar os fragmentos nas alturas esperadas de ~3,9 kb e
~3,4 kb, indicando a ligagc&o correta dos insertos, ao vetor pCC1 (Figura 19, Painel
A). As estimativas dos fragmentos foram obtidas através das simulagdes realizadas
na plataforma online WebCutter 2.0 (http://www.firstmarket.com/cutter/cut2.html).

Para verificar se o processo de sub-clonagem ocorreu de forma eficiente, sem
eventuais mutacdes que poderiam representar um problema para a expressdo das
proteinas exdégenas, ou ainda, um misleading de enderegamento as organelas de
interesse, foi realizado o sequenciamento das construgbes finais. Para tal, foi
desenhado um par de oligonucleotideos internamente da sequéncia da APEX2
(APEX2int), que sobrepusesse a sequéncia da APEX2 dos insertos ligados (forward
ou sense: 5-AGTTGGCTGGCGTTGTTGCC-3' e reverse ou anti-sense: 5'-
CCAAACACATCTCTCAAATGGTC-3’). Essa estratégia foi necessaria, pois as

regides que flanqueiam os insertos sédo altamente ricas em A+T, dificultando a escolha
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dos oligonucleotideos. Através da analise dos histogramas do sequenciamento

utilizando a plataforma Chromas 2.6.6 (https://technelysium.com.au/wp/chromas/), foi

possivel inferir que a ligagao dos insertos no vetor pCC1 ocorreu corretamente (Figura
19, Painel B).
A

4000 -
3000 -

2000 -
1500 -

230 240 250

220 25¢ 260 27¢
----- B - e - mE . ® o= ® mE=|EE s = BEeEee e - = NN - 0 mm s B momEEE =mm

Figura 19. Confirmagao da orientagcdo do inserto e sequenciamento dos plasmideos. (A) Gel
de agarose mostrando os fragmentos obtidos com a digestdo dos plasmideos pCC1-SP:cito, acp, rapt,
imr-HA-APEX2 utilizando Hindlll: (M) marcador 1kb Plus (Thermo Scientific); (2) digestdo da
construgdo HA-APEX2, com liberagao de dois fragmentos com tamanhos de 3,2 kb e 3,9 kb; (3 e 4)
digestao da construgdo ACP-HA-APEX2, com liberacao de dois fragmentos com tamanhos de 3,4 kb
e 3,9 kb; (5) digestdo da construgdo RAP-HA-APEX2, com liberagdo de dois fragmentos com
tamanhos de 3,35 kb e 3,9 kb; e, (6 e 7) digestdo da construgdo TrxR-HA-APEX2, com liberacéo de
dois fragmentos com tamanhos de 3,4 kb e 3,9 kb. (B) Histograma ilustrativo do sequenciamento das
construgdes transientes HA(ito)rAPEX2, SPacr)-HA-APEX2, SPrar1)-HA-APEX2 e SPrxr-HA-
APEX2. Note que no quadro vermelho e verde, constam o sitio de restricdo Xhol e o start cédon
(ATG), respectivamente, sugerindo que todas as construgdes estao em frame.

Os sequenciamentos das regides promotoras e terminadoras dos plasmideos
foram também realizados. Nesta rodada de sequenciamento, além dos vetores pCC1-
HA(cito)r APEX2, pCC1- SPnacr-HA-APEX2, pCC1- SPRrap1)-HA-APEX2 e pCC1-
SPaxr)-HA-APEX2, o vetor pCC1-empty foi adicionalmente sequenciado para estas
regides. Deste modo, foi possivel observar que o plasmideo pCC1-empty, utilizado
para realizar todas as construgbes, bem como os demais utilizados para o
procedimento de sub-clonagem, apresentaram mutagdes nas regides promotoras 5’
UTR: (i) 5 hsp86 para os insertos SPicito, acp, rap1, trxr)-HA-APEX2 e (ii) 5 CAM para a
marca de selegdo hDHFR; bem como, nas regides terminadoras 3’ UTR: (iii) 3’ UTR
PbDT para os insertos SPicito, acp, rap1, tm-HA-APEX2 e (iv) 3’ UTR hrp2 para a marca
de selecdo hDHFR. No entanto, a sequéncia da hDHFR que confere resisténcia a
droga anti-folato WR99210, utilizado nas construgdes, apresentou apenas uma

mutacgédo silenciosa no codon 9 (Figura 20 e Tabela 2).

149



pPOCL _hOHFR Seq FW G T S P L B ] L b
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PCC1_HDHFR Reverse Ssq BVCP P s A v e o) e
pOCL hDHFR ATTCRRGRTTTATAI TITATAATAAT ARATROC TR TRGRARTATATCAG
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pecy hDHT‘F- Revezoe Seq RVEP @ ==v=- ATEATGETTCGCTARACT AT C GTGTCOCRGRACATG
D*:E.'I._I'LI:'HI"R GAICARATEATGETTOFCTARACTBCATC GTETCOCREARCRATG
Pl BOHFR Seq FW FF AT ARGARC E AL T AC CLCT G LR L GLT CAGGRARC GRATT
r&*l_nnﬂfﬂ_itwerae_ﬁeq_WCE R ICGE AR R BREERCTAC I CT R TR G T CRAGGARCERATT
pCCl hoHFR CEARTCCERAGRACEEESACT ACCC CT GO CRCC T CRGGRACERAT T
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pCCl RDHFR Reverse Seq RVCE AT O A ARG G T AT T T CT TT CCAGARRG TC TAGRT GATFICT TAR
pOCL hDHFR AT A ARG T AT TITCT TT CCAGR ARG TC T AGAT GRTGCCT TRA
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Figura 20. Alinhamento do gene hDHFR comparando os vetores pCC1-SP\cito, acp, rap1, trxr)
HA-APEX2 e vetor pCC1-empty. Trata-se do sequenciamento do gene de resisténcia hDHFR
(human dihydrofolate reductase). Somente o codon 9 da sequéncia possui uma mutagéo
silenciosa (destacado em vermelho), portanto, possivelmente ndo compromete a sua fungéo.
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Apesar disso, outras mutagdes nas regides promotoras e terminadoras foram
observadas (Tabela 1). Pelo fato de serem regides repetitivas extremamente ricas em
A e T (acima de 80%), essas mutagdes sdao comuns. As regides UTR (do inglés,
untranslated region) s&o por definigdo regides nao-codantes para uma molécula de
mMRNA, portanto, torna-se dificil avaliar se nessas regides promotoras e terminadoras,
essas mutacbes podem dificultar a selecdo dos parasitas mutantes, sobretudo
levando em consideragdo que € mais desafiador manter a selegcédo dos parasitas que
possuem plasmideos de expressdo na forma epissomal (Waterkeyn et al., 1999;
Crabb et al., 2004).

Tabela 2. Mutagoes detectadas por sequenciamento dos plasmideos pCC1.

Mutacoes
Regibes CCl-empt pCC1-HA(cito)- pCC1- SP(acr)- pCC1- SPraP1)- pPCC1-SP(1xRr)-
P pty APEX2 HA-APEX2 HA-APEX2 HA-APEX2
mismatches: mismatches: mismatches: mismatches: mismatches:
3'UTR hrp2 posicoes 82 e posicdes 82 e posicbes 82 e s ' posicoes 82 e
219 219 219 posicdes 82 e 219 219
mismatches: mismatches: mismatches: mismatches: mismatches:
3'UTR PbDT posicbes 284, posicdes 284, posicdes 284, posigdes 284, 392  posicdes 284,
392 e 507-511 392 e 507-511 392 e 507-511 e 507-511 392 e 507-511
. Diversos Diversos Diversos Diversos Diversos
5'CAM - * : * : * : * : *
mismatches mismatches mismatches mismatches mismatches
mutacao mutacgéo mutacao mutacéo silenciosa mutacéao
hDHFR silenciosa no silenciosa no silenciosa no G silenciosa no
! . . no coédon 9 .
codon 9 codon 9 codon 9 codon 9
mismatches: mismatches: mismatches: mismatches: mismatches:
5' hsp86 posicdes 463, posicoes 251, posicoes 251, osicoes 25'1 463 posicdes 251,
P 526,551,590 e 463,526,551, 463, 526,551, 226 %51 5900 6a6 463,526,551,
686 590 e 686 590 e 686 ’ ’ 590 e 686

*Os histogramas dos sequenciamentos da regido 5’ CAM apresentou uma baixa qualidade por ser uma regido rica

em A+T. Desse modo, nao foi possivel apontar mismatches especificos.

7.3. Viabilidade de diferentes linhagens de P. falciparum na presenga
da WR99210 por ensaio de [*H] hipoxantina

O uso da droga anti-folato WR99210 das marcas Sigma-Aldrich e Jacobus
Pharmaceuticals Incorporation foram utilizadas conforme descrito acima. A
concentragdo minima inibitoria de 50% (ICso) foi determinada por uma regress&o nao-
linear e analisados no software GraphPad Prism (GraphPad Software, CA). Como
suspeitado, a droga proveniente da Sigma-Aldrich ndo inviabilizou o crescimento dos
parasitas de P. falciparum das linhagens 3D7, NF54 e FcB1 na concentragao
esperada (Figura 21), portanto, ndo é viavel para ser utilizar na sele¢ao dos parasitas

mutantes com a marca de selegdo hDHFR.
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Figura 21. Curvas-resposta
100 de ICso em diferentes
linhagens de P. falciparum na
presenca da WR99210 das
marcas Jacobus
Pharmaceuticals Inc.* e
50 Sigma-Aldrich. (A) Curva de
ICso para P. falciparum
linhagem 3D7. (B) Curva de
ICso para P. falciparum
linhagem FcB1. (C) Curva de
o+ T ICso para P. falciparum
1 2 linhagem NF54. As curvas de
log [WR99210] ICso foram realizadas pelo
método de [3H] hipoxantina.
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7.4. Expressao heteréloga e purificagcdo da proteina recombinante
APEX2

A expressao da proteina recombinante, seguida da purificagdo utilizando a
resina de niquel His-Select HF Nickel (Sigma-Aldrich) com um gradiente de imidazol
(Sigma-Aldrich), foi realizada conforme descrito acima. Um SDS-PAGE foi realizado
utilizando o input (extrato total), flowthrough (n&o-ligado a resina), as fragdes da
eluicdo do gradiente de imidazol (5 mM, 20 mM, 50 mM, 100 mM, 200 mM e 500 mM),
e, o gradiente do controle positivo, BSA (20 pg, 2 ug, 200 ng, 20 ng, 2 ng e 200 pQg)
(Figura 22). As fracdes da eluicdo da APEX2 recombinante eluida nas fragbes de
20mM foram utilizadas para a produgcdo de anticorpos policlonais, por serem as
fracbes com maior expressao da proteina recombinante, e com um baixo background

de contaminantes.
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Figura 22. Expressao e purificagido da proteina recombinante APEX2. O vetor pET100/D-TOPQ®,
contendo a sequéncia da 6xHis-APEX2 modificada foi transformado em bactérias competentes E. coli
linhagem Rosetta™(DE3)pLyS. A lise se deu por BugBuster (Merck-Millipore) e sonicagédo. O extrato
total foi aplicado como input, seguida das fragdes de eluigdo com imidazol (5-500mM). Como controle
positivo do SDS-PAGE, um gradiente de BSA (variando entre 20 ug- 200 pg) também foi aplicado, bem
como, o extrato nao-ligado (flowthrough). As fracdes de 20mM de imidazol foram utilizadas para a
producao de anticorpos policlonais anti-APEX2.

7.5. Validagao dos soros anti-APEX2 por Western-blot

Os camundongos da linhagem BALB/c foram imunizados com injecdes
intraperitoneais utilizando adjuvante de Freund completo e incompleto (Sigma-
Aldrich), conforme descrito acima. Os soros anti-APEX2 foram obtidos 60 dias apos a
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primeira imunizagao. Através do Western-blot foi possivel observar que os soros anti-
APEX2 de todos os animais utilizados, marcaram bem em todas as titulagdes
utilizadas (1:200, 1:1.000 e 1:5.000) contra a proteina recombinante (Figura 23). Além
disso, 0 soro pré-imune (controle negativo) ndo demonstrou nenhuma marcagao
inespecifica, sugerindo que os animais ndo foram expostos a nenhuma situagédo em

que uma possivel reagcado imune cruzada tenha acontecido.

. Anti- Anti- Anti-
APEX.2 _ Pre- APEX2 APEX2 APEX2
purificada imune 3974 3975 3976

kDa

0000000009 OO
=R R-E-R-E-R=-E=-R-E=
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Goat Anti-mouse IgG 1:10.000
Fosfatase alcalina

Figura 23. Validagéo do soro anti-APEX2 por Western-blot. Os camundongos da linhagem BALB/c
foram imunizados conforme descrito. Os soros dos animais 3974, 3975 e 3976 foram obtidos apés 60
dias da primeira imunizagdo. Uma titulagdo de 1:200, 1:1.000 e 1:5.000 foi realizada para o soro de
cada animal contra a proteina APEX2 recombinante. O controle pré-imune também seguiu a mesma
titulagdo. O anticorpo secundario acoplado a fosfatase alcalina foi utilizado na titulagdo 1:10.000. O
Western-blot foi revelado com o uso do substrato BCIP/NBT.
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7.6. Obtencao dos mutantes de P. falciparum expressando pCC1-
SP(cito, acp, rap1, trxr)-HA-APEX2

Os mutantes inicialmente obtidos ndo apresentavam nenhuma expressao da
APEX2, pois estdvamos utilizando a droga WR99210 proveniente da Sigma-Aldrich.
Como demonstrado na Figura 21, a WR99210 desta marca nao € adequada para
selecionar P. falciparum, devido a sua baixissima eficacia. Somente apds a
padronizagao da metodologia de transfecgdo com o uso da plataforma Amaxa Il
(Lonza) e com o uso da droga WR99210 proveniente da Jacobus Pharmaceuticals
Inc.* na quantidade de 1,25 nM, foi possivel obter parasitas mutantes apods 3-4
semanas pos-transfeccdo. Até o momento, obtivemos parasitas transfectados de
forma epissomal apenas para as construgdes pCC1-HA(ito)-APEX2 (parasitas
expressando APEX2 citosdlica), pCC1- SPrar1-HA-APEX2 (parasitas expressando
APEX2 enderegada as roptrias) e pCC1-SPxr)-HA-APEX2 (parasitas expressando
APEX2 enderegada a mitocondria) (Figura 24). As tentativas para obter parasitas que
expressam APEX2 enderecgada ao apicoplasto (construgao pCC1-SPacp)-HA-APEX2)

estdo em andamento.

Anel Trofozoito Esquizonte

b -
PCCA-HARapyAPEX2  pCC1-HA 1o-APEX2

o]
pCC1 -HA{T,,RIHAFEX2

Figura 24. Micrografia das linhagens de P. falciparum transfectadas obtidas até o momento. (A)
pCC1-HAcito))APEX2 (parasitas expressando APEX2 citosdlica). (B) pCC1- SPrar1)-HA-APEX2
(parasitas expressando APEX2 enderegada as roptrias). (C) pCC1-SPrr-HA-APEX2 (parasitas
expressando APEX2 enderegada a mitocondria). As formas de anel (painéis a esquerda), trofozoito
(painéis do meio) e esquizonte (painéis a direita) também sdo mostrados.
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v. CONCLUSOES E PERSPECTIVAS

A malaria é certamente uma doenca tropical que apresenta inumeros desafios
para a saude publica mundial. A sua distribuicdo cosmopolita a torna um desafio para
muitos paises, onde o P. falciparum, a espécie mais virulenta € endémica. Dentro
deste contexto, a regido da Africa Subsaariana é a que mais sofre com esta doenca
(Global Malaria Programme: WHO Global, 2020). As criangas abaixo de 5 anos e as
mulheres gravidas sdo os grupos que mais sofrem, devido a inerente vulnerabilidade
socioecon6mica desta regiao (Tusting et al., 2013; Carrasco-Escobar et al., 2021).
Além dos problemas socioeconémicos que afetam diretamente a populagdo dessa
regido, a falta de instrugdo destas pessoas, decorrente deste problema, muitas vezes
€ um fator agravante quanto a busca por tratamento e prevencgado contra a malaria
(Tusting et al., 2016; Degarege et al., 2019).

Outros fatores que agravam este cenario estdo relacionados com o proprio
agente etiolégico endémico desta regidao, o P. falciparum, bem como os vetores do
género Anopheles spp. Ambos sao totalmente adaptados ao hospedeiro humano, e
as estratégias atualmente utilizadas com a finalidade de erradica-los tem mostrado
resisténcia. Por exemplo, o uso da combinacdo de derivados da artemisinina com
outras drogas antimalaricas (ou ACTs), considerada a estratégia de linha de frente
para os casos de malaria ndo-complicada e severa (Global Malaria Programme: WHO
Global, 2020), ja vem apresentando alguns casos de resisténcia, sobretudo em paises
asiaticos, tais como Camboja (Noedl et al., 2008, 2010; Ariey et al., 2014; Straimer et
al., 2015), Myanmar (Nyunt et al., 2017; He et al., 2019) e Vietna (Thanh et al., 2017,
Bui et al.,, 2020). Ainda mais agravante, alguns relatos de resisténcia as drogas
parceiras utilizadas como coadjuvantes no tratamento baseado em ACTs tem sido
observados (Blasco et al., 2017; Adebayo et al., 2020; Ippolito et al., 2021).

Nos paises da América do Sul, como o Brasil, a espécie P. vivax é responsavel
pela maior parte dos casos reportados. Embora considerada uma forma mais leve da
doencga, alguns relatos de obitos decorrentes da malaria vivax ja foram observados
(Oliveira-Ferreira et al., 2010). A linha de frente para o tratamento deste tipo malaria
se da pelo uso de ACTs, entretanto, relatos de resisténcia s&o igualmente observados
(Chehuan et al., 2013; Marques et al., 2014). Em contrapartida, o controle vetorial
também tem sido um desafio em muitos paises acometidos pela malaria. O sutil,
porém, crescente numero de mosquitos do género Anopheles spp. resistentes aos

inseticidas utilizados nos mosquiteiros (ou ITN) e na pulverizagao residual interna (ou
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IRS) tem sido igualmente reportados (Killeen et al., 2013; Global Malaria Programme:
WHO Global, 2020). Desse modo, estudos que possibilitem um melhor entendimento
tanto do agente etiolégico quanto do vetor anofelino s&o absolutamente necessarios.

A capacidade do parasita de remodelar os eritrocitos do hospedeiro, a fim de
permitir a sua sobrevivéncia € uma caracteristica singular dos parasitas do género
Plasmodium spp. No momento da sua invasao, algumas proteinas do complexo
apical, exercem papeis fundamentais na formagao do tight/moving junction, tais como
as proteinas do complexo RON-AMA1 e complexo Rh. Este contato inicial, permite os
parasitas langcarem as proteinas presentes nas estruturas do complexo apical
(roptrias, micronemas e gréanulos densos), dentro do vacuolo parasitoforo em
formacgao dentro da célula hospedeira (Proellocks et al., 2010; Besteiro et al., 2011;
Counihan et al., 2013). Ap6s a invasao, o parasita necessita ainda impor outras
modificagdes para exportar proteinas sintetizadas de novo ou que formardo outros
complexos de transporte (p. ex. translocon PTEX, Maurer’s clefts, J-dots, complexo
EPIC e complexo RhopH/CLAG), para conduzir muitas dessas proteinas até a
membrana da célula hospedeira ou para meio extracelular, por meio de vesiculas
exosoma-like (Vincensini et al., 2008; Koning-Ward et al., 2009; Kuilzer et al., 2010;
Regev-Rudzki et al., 2013; Batinovic et al., 2017).

O(s) processo(s) pelo(s) qual(is) as proteinas s&o exportadas até a membrana
e/ou meio extracelular da célula hospedeira estdo de longe, por ser(em) totalmente
compreendidos. Muitas evidéncias tem mostrado que o translocon PTEX, inicialmente
descrito por translocar proteinas contendo o motivo consendo PEXEL (RxLx[E/Q/D])
(Koning-Ward et al., 2009; Bullen et al., 2012; Boddey et al., 2016), ndo seja o unico
meio de utilizado para que as proteinas exportadas sejam translocadas. Mesmo
algumas proteinas contendo PEXEL, ja foram relatadas por serem encontradas em
vesiculas exosoma-like (Mantel et al., 2013; Regev-Rudzki et al., 2013; Sampaio et
al., 2018), ou ainda, PNEPs, translocadas através do complexo EPIC (Batinovic et al.,
2017). Dentro deste contexto, KAHRP juntamente com PfEMP1, ocupam um papel de
grande relevancia na viruléncia do P. falciparum.

Neste trabalho, estabelecemos pela primeira vez o uso conjunto de uma triade
de tecnologias: a edigdo gendmica por CRISPR-Cas9, a abordagem de marcagao por
proximidade baseada em APEX2 e espectrometria de massas shotgun label-free.
Com o uso do gene kahrp, amplamente conhecido por ser facilmente manipulado,
(Ghorbal et al., 2014; Wagner et al., 2014), realizamos a inser¢ado do gene da APEX2
na cauda 3 da KAHRP por CRISPR-Cas9, com a produgdo de uma proteina
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quimérica, capaz de realizar a marcagao das proteinas vizinhas parceiras de KAHRP
por biotinilacdo. Através dos ensaios de Western-blot, estreptavidina-blot e
imunofluorescéncia, observamos uma evidente co-localizagdo entre as proteinas
biotiniladas e a proteina MAHRP, marcada por anticorpos, conhecida por integrar as
Maurer’s clefts (MCs) de P. falciparum (Spycher et al., 2003, 2006, 2008), sugerindo
que a proteina quimérica KAHRP segue um trafego de exportagéo através das MCs,
conforme previamente reportado (Wickham et al., 2001), potencialmente marcando as
proteinas vizinhas que interajam com ela.

As analises protebmicas por espectrometria de massas shotgun label-free
revelaram ainda que, a marcagao dos residuos de tirosina (Y) sdo abundantemente
modificados pela biotina-fenol através das analises dos peptideos utilizados para as
identificagcbes. A partir dos 240 peptideos nao-redundantes, um total de 208 grupos
de proteinas provenientes da fracdo soluvel do parasita e 10 grupos de proteinas
provenientes do humano foram identificadas. Dentre as proteinas do parasita
identificadas, observamos a presenca de algumas ja conhecidas, por estarem
envolvidas no processo de remodelamento da célula hospedeira, tais como GBP130,
RESA, membros do grupo PHISTb e proteinas dos complexos: RhopH/CLAG
(RhopH1/CLAG3.1, RhopH2 e RhopH3); e, translocon PTEX (PTEX88 e 150)
(revisado em Boddey & Cowman, 2013; Spillman et al., 2015).

Em comparacao a outra metodologia de marcagao por proximidade, baseada
no uso da biotina-ligase modificada de E. coli (BirA*), a BiolD, a vantagem do uso da
APEX2 esta baseada na sua rapidez e precisao na biotinilagdo das proteinas (Rees
et al., 2015). Alguns estudos que utilizaram ambas as metodologias, APEX2 e BiolD,
em T. gondii, ainda relataram que observaram uma superioridade da especificidade
de marcagao da APEX2 em relacdo a BiolD (Seidi et al., 2018; Pan et al., 2019).
Dentro deste contexto, ainda foi realizado neste trabalho a constru¢cao de plasmideos
de expressao epissomal da APEX2, a fim de marcar alguns compartimentos pouco
caracterizados a nivel protedbmico em P. falciparum. Duas organelas de origem
endossimbidtica, o apicoplasto e a mitocondria, que aparentam possuir uma inter-
relacdo metabdlica muito evidente (Ralph et al., 2004; Lim & McFadden, 2010), e, as
roptrias, que como ja apontado, possuem um papel crucial nos processos de invasao
e pos-invasivos em P. falciparum (Proellocks et al., 2010; Besteiro et al., 2011;
Counihan et al., 2013), foram utilizadas como alvos do estudo.

Os ensaios de transfeccdo inicialmente realizados, utilizando os vetores

devidamente sequenciados: pCC1-HAito)r”APEX2 (APEX2 de expresséao citosdlica),
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pCC1-SP@acr)-HA-APEX2 (APEX2 enderegada ao apicoplasto), pCC1-SPrapr1)-HA-
APEX2 (APEX2 enderegada as roptrias) e pCC1-SPrxRr)-HA-APEX2 (APEX2
enderegada a mitocéndria), ndo foram promissores. Nao foi possivel observar a
expressdo da APEX2 em nenhuma das linhagens de parasitas transfectados. Além
do fato de ser uma metodologia de baixissimo rendimento, sobretudo em linhagens
portando vetores epissomais (Waterkeyn et al., 1999; Crabb et al., 2004), o uso da
droga anti-folato amplamente utilizada, a WR99210, deve ser apenas utilizada da
marca Jacobus Pharmaceuticals Inc*. Através do ensaio de [3H] hipoxantina,
observamos a total ineficacia da droga adquirida pela Sigma-Aldrich, inicialmente
utilizada para selecionar os parasitas. Por esta razdo, nado foi possivel validar
nenhuma linhagem dos parasitas transfectados. Mais recentemente, um estudo
estrutural comparando a WR99210 de ambas as marcas, demonstrou que, apesar de
apresentar a mesma massa molecular, a isomeria da droga proveniente da Sigma-
Aldrich é diferente daquela apresentada pela WR99210 da Jacobus Pharmaceuticals
Inc.*, portanto, sua ineficacia pode ser explicada por causa disso (Remcho et al.,
2020).

Apobs a padronizagao do protocolo de transfecgao utilizando PEMS (Fang et al.,
2018; Hoeijmakers et al., 2019; Jonscher et al., 2019; Wilde et al., 2019; Birnbaum et
al., 2020), utilizando a plataforma Amaxa |l Nucleofector Il AAD-1001N (Lonza), até
entdo, ndo adequada para transfecgbes em P. falciparum (vide recomendacgéo do
datasheet do fabricante), obtivemos linhagens de parasitas transfectados, com o uso
de 1,25 nM de WR99210 (Jacobus Pharmaceuticals Inc.*). Possivelmente, o uso de
uma quantidade inferior ao utilizado pelos trabalhos, deve-se ao fato de que mutagdes
nas regides promotoras e/ou terminadoras em nossos plasmideos foram observados
por sequenciamento, portanto, uma pressdo seletiva superior podera matar os
parasitas antes de seleciona-los. Até o momento, obtivemos parasitas transfectados
com pCC1-HAito)-APEX2, pCC1-SPrar1)-HA-APEX2 e pCC1-SPtr)-HA-APEX2. Os
ensaios para realizar uma préxima transfecgao, a fim de obter parasitas transfectados
com pCC1-SPncpr-HA-APEX2, além dos ensaios de validagdo por Western-blot,
estreptavidina-blot e imunofluorescéncia estdo em andamento.

Durante as analises do trabalho sobre as proteinas vizinhas parceiras de
KAHRP, um evento curioso nos chamou muita atengédo: uma contagem consideravel
de proteinas/peptideos nao-biotinilados identificados por nossas analises
proteOmicas. Este padrao de identificacdo em outros trabalhos utilizando como
modelo, diferentes linhagens de células de mamifero (p. ex. HEK293T, U20S e Hela)
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ja foi observado (Rhee et al., 2013; Lee et al., 2016; Lobingier et al., 2017). Alguns
trabalhos sugerem que, a quantidade desproporcional de material inicialmente
utilizado juntamente com uma quantidade desproporcional das beads revestidas com
estreptavidina, podem ocasionar em ligagdes nao-especificas de proteinas nao-
biotiniladas (Schiapparelli et al., 2014; Hung et al., 2016). Além disso, ainda propoe-
se que, as lavagens sao etapas absolutamente essenciais para retirar ligantes nao-
especificos daquelas proteinas biotiniladas parcialmente enoveladas, mesmo que, em
uma situacao desnaturante (Hung et al., 2016).

Possivelmente, comparando-se as células de mamiferos e os protozoarios,
algumas consideracbes devem ser feitas antes de realizar o enriquecimento de
proteinas biotiniladas pela APEX2. Primeiramente, deve-se entender que a
quantidade de proteinas (biotiniladas ou ndo-biotiniladas) obtidas sdo proporcionais a
biomassa de cada tipo de célula, portanto, a quantidade de proteinas biotiniladas
proveniente dos protozoarios sera infinitamente menor comparando-se com aquelas
das células de mamiferos. Ainda, dois pontos relevantes s&o: (i) o tempo de incubagéo
das amostras de proteinas totais apdés o ensaio de biotinilacdo com as beads
revestidas com estreptavidina, e; (i) os tampdes utilizados para as lavagens das
proteinas biotiniladas. Alguns trabalhos que utilizaram APEX2 para marcar algumas
estruturas em T. gondii e T. brucei, utilizaram tempos superiores de incubagdo com
as beads revestidas com estreptavidina ou tampdes contendo uma quantidade alta de
agentes caotrdpicos e detergentes, tais como ureia e SDS (Seidi et al., 2018; Pan et
al., 2019; Vélez-Ramirez et al., 2021).

Um gargalo adicional que ainda necessita ser superado € a eluigdo dos
peptideos/proteinas biotiniladas. Atualmente, algumas ferramentas ja se encontram
disponiveis para este fim, tais como: BioSITe (Biotinylation Site Identification
Technology), DIDBIT (Direct Detection of Biotin-containing Tags) e AVIDITY
(streptavidin binding capacity) (Schiapparelli et al., 2014; Kim et al., 2018; Renuse et
al., 2020; Berg Luecke & Gundry, 2021), entretanto, sua viabilidade para ser utilizada
em protozoarios necessita ser avaliada. Apesar de termos observado uma coeréncia
dos nossos dados protedmicos das proteinas vizinhas parceiras de KAHRP, através
das predi¢cdes in silico e da literatura, ainda necessita ser avaliado se todas as
proteinas identificadas de fato interagem com a KAHRP. Desse modo, muitas duvidas
ainda permanecem em aberto quanto ao envolvimento da KAHRP e estas proteinas
potencialmente parceiras no exportoma de P. falciparum. De forma geral,

possivelmente o uso da APEX2 podera comegar a ser empregada a partir de agora
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como uma ferramenta mais acessivel, para desvendar os mistérios inerentes da

biologia de P. falciparum.
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The calcium ion (Ca®*) is a ubiquitous second messenger involved in key biological
processes in prokaryotes and eukaryotes. In Plasmodium species, Ca®* signaling plays a
central role in the parasite life cycle. It has been associated with parasite development,
fertilization, locomotion, and host cell infection. Despite the lack of a canonical inositol-
1,4,5-triphosphate receptor gene in the Plasmodium genome, pharmacological evidence
indicates that inositol-1,4,5-triphosphate triggers Ca®* mobilization from the endoplasmic
reticulum. Other structures such as acidocalcisomes, food vacuole and mitochondria are
proposed to act as supplementary intracellular Ca* reservoirs. Several Ca2+—binding
proteins (CaBPs) trigger downstream signaling. Other proteins with no EF-hand motifs,
but apparently involved with CaBPs, are depicted as playing an important role in the
erythrocyte invasion and egress. It is also proposed that a cross-talk among kinases,
which are not members of the family of Ca®*-dependent protein kinases, such as protein
kinases G, A and B, play additional roles mediated indirectly by Ca®* regulation. This
statement may be extended for proteins directly related to invasion or egress, such as
SUB1, ERC, IMC1l, IMC1g, GAP45 and EBA175. In this review, we update our
understanding of aspects of Ca®*-mediated signaling correlated to the developmental
stages of the malaria parasite life cycle.

Keywords: Ca2+ signaling, Plasmodium, intracellular messenger, homeostasis, invasion, egress

INTRODUCTION

A plethora of cell types employ the calcium ion (Ca®"), mobilized from extracellular and/or
intracellular environments, to coordinate different Ca*'-dependent processes. The control of
intracellular Ca®" signals is dynamic. Overall, fluctuations in Ca** concentrations are modulated
by an influx and/or efflux promoted by membrane channels, such as store-operated calcium
channels (SOCEs), plasma membrane Ca®*-ATPase (PMCA) and sarco(endo)plasmic reticulum
Ca®*-ATPase (SERCA) pumps. Generally, this orchestration in the Ca** concentration follows a
signaling pathway that obeys the order: stimuli, G-protein coupled receptor, phospholipase C (PLC)
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activation, mobilization of phosphatidylinositol 4,5-biphosphate
(PI(4,5)P2), production of inositol 1,4,5-phosphate (IP3), IP3
recognition by IP3-sensitive receptor channels (IP3Rs) in the
endoplasmic reticulum (ER) and downstream Ca** cascade
(Berridge et al., 2003; Clapham, 2007).

In the group of apicomplexan parasites, the protozoan
parasites Toxoplasma gondii and Plasmodium spp. are the most
well-established study models. In T. gondii, Ca** signaling is
involved in specific parasite processes: motility, conoid extrusion,
attachment, invasion and egress from the host cell (Borges-
Pereira et al., 2015; Hortua-Triana et al., 2018). Similarly, Ca**
homeostasis and signaling have been extensively studied in
Plasmodium species. Malaria is still the most life-threatening
vector-borne disease globally, with an estimated 409,000 deaths
and 229 million cases reported in 2019 (Global Malaria
Programme: WHO Global, 2020). The increase and
dissemination of antimalarial resistance (Cowman et al., 2016;
Phillips et al., 2017; Global Malaria Programme: WHO Global,
2020), together with the augmentation of malaria cases since
2015, point to an urgent need for the discovery of new
antimalarial drugs. The Plasmodium life cycle is strongly
regulated by fluctuations in Ca>" cellular levels, with deficiency
causing impairment in parasite growth and invasion rate
(Wasserman et al., 1982). This ion also acts as a messenger
regulating critical Plasmodium biological processes. As such,
proteins involved in Ca®" homeostasis and signaling are strong
candidates as new antimalarial targets (Gazarini et al.,, 2007;
Vidadala et al., 2014; Mossaad et al., 2015; Bansal et al., 2016;
Fang et al., 2017; Iyer et al., 2018). In this review, we present an
overview of the mechanisms related to the Ca®" homeostasis in
Plasmodium species and an update of the main downstream Ca*"
signaling pathways and effectors involved in the parasite motility,
invasion, development, and egress.

CA%* HOMEOSTASIS IN
MALARIA PARASITES

Ca®" signaling is widely conserved in Eukaryotes, with reliance
on this ion as a secondary messenger to switch on or off diverse
biological process. Given their evolutionary distance from other
Eukaryotes, malaria parasites represent a challenging task for the
study of Ca**-mediated mechanisms, with Ca** uptake by this
microorganism presenting several peculiar features. Since
Plasmodium asexual developmental stages are predominantly
intracellular in red blood cells (RBCs), Ca®" has to cross several
barriers to reach the parasite, which include the red blood cell
membrane (RBCM) and parasitophorous vacuole membrane
(PVM) (Kirk, 2001; Kirk, 2004; Kirk and Lehane, 2014).

Ca®" fluctuations in Plasmodium species are very complex
and demand the support of intracellular Ca®" storage. For
example, gametocytes or schizont fractions from Plasmodium
chabaudi infected RBCs (iRBCs) present 10-20 times more Ca®"
than uninfected RBCs. Moreover, it has been observed that this
ion concentrates in parasite storage compartments (Tanabe et al.,
1982). This pattern of Ca** concentration was also observed in

Plasmodium falciparum (Adovelande et al., 1993). To overcome
these barriers and promote the observed intracellular Ca**
increase, malaria parasites facilitate RBCM permeability,
causing increased Ca’" influx and decreased Ca®" efflux
(Tanabe et al., 1982; Desai et al., 1996). A nonselective cation
conductance at RBCM, induced by P. falciparum growth, has
been proposed as a mechanism involved in Ca** permeability
(Brand et al., 2003; Duranton et al.,, 2003). Furthermore, Na*
associated to Ca®" influx is also involved in intracellular parasite
growth by this mechanism, potentially involving an
ethylisopropyl-amiloride (EIPA)-sensitive channel (Brand
et al., 2003).

In addition to the RBCM, PVM is another barrier to Ca®"
reaching the Plasmodium parasite. Using a cell-attached path
clamp method, a 140-pS channel that is permeable to Ca**, other
ions and nutrients was identified and proposed to mediate this
transport through the PVM (Desai et al., 1993). Despite such
advances, mechanisms involving Ca*" transport into malaria
parasites remain poorly understood, with considerable attention
now given to this area with regard to potential therapeutic
intervention. Blocking the Plasmodium translocon for exported
proteins machinery (PTEX)-mediated protein export across the
PV and out into the RBC cytosol by conditional knockdown
approach, significantly reduced Ca®" permeability in iRBCs
(Kushwaha et al., 2018), revealing that exported parasite
proteins are potentially involved in Ca** uptake and transport.

Determination of the concentration of intracellular Ca** in
apicomplexan parasites is still controversial, primarily because of
the technical limitations due to inhibitors, ionophores and
fluorometric measurement assay sensitivities. It is widely
accepted that the intracellular concentration of Ca®" is around
0.09-0.1 puM in physiological conditions, similar to those found
in other Eukaryotes (Alleva and Kirk, 2001; Moreno et al., 2011;
Lourido and Moreno, 2015). Nonetheless, an increase of up to a
hundred-fold in Ca®" concentrations was noted in the late stage
of the intraerythrocytic cycle forms, ranging from 1-10 pM
(Glushakova et al.,, 2013). Also, a high Ca®" concentration (40
uM) was reported in the parasitophorous vacuole (PV) required
for proper parasite development (Gazarini et al., 2003). More
recently, by using the Ca®" sensor yellow cameleon (YC)-Nano,
dynamic measurement of intracellular Ca®" in different life stages
of P. falciparum shows significant fluctuations throughout the
parasite development: ring (~370 nM), trophozoite (~30 nM),
schizont (~310 nM), merozoite (~950 nM), and gametocyte
(stage III, ~130 nM, stage IV-V, ~520 nM) stages (Pandey
et al., 2016).

Actors modulating such Ca®" fluctuations have now begun to
be identified, although it is still a subject under debate. For
example, cytoplasmic Ca>" increase may be related to potassium
(K") availability, especially when parasites are faced with an
abrupt change from high to low K" concentration. Exposition of
P. falciparum merozoites to an ionic environment with a low K*
concentration (which is the environment usually found by
parasites after egress from RBCs) increases the levels of
cytosolic Ca®* (Singh et al., 2010). This leads to the production
of cyclic-adenosine monophosphate (cAMP) by PfACf
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(adenylyl-cyclase B) upon HCOj3 (bicarbonate ions) stimulation, ~ synchronous maturation of Plasmodium in vivo, triggers an

followed by activation of protein kinase A (PKA) and microneme  increase in Ca®" cytoplasmic concentration through Ca®*

secretion (Dawn et al., 2014; Kumar et al, 2017). However,  release from intracellular stores by an IP3-dependent pathway

exactly how K" acts on signaling for merozoite maturation and  activation (Gazarini et al., 2003; Beraldo et al., 2005; Beraldo

invasion is controversial, in contrast to intracellular cationic et al, 2007; Alves et al., 2011; Pecenin et al., 2018). Under

remodeling in iRBC (Pillai et al., 2013). melatonin stimulation, Ca”" mobilization is affected by the
In addition, it was also demonstrated that a putative and  melatonin receptor antagonist luzindole, the PLC inhibitor

conserved protein member from the Epac (exchange protein ~ U73122 (Hotta et al, 2000) and IP3 receptor blockers (2-APB,

directly activated by cAMP, PF3D7_1417400) pathway in P.  2-aminoethyl diphenylborinate derivatives) (Beraldo et al., 2007;

falciparum is potentially involved in the rise of cytosolic Ca Pecenin et al.,, 2018). Together, these data support a complex

levels, facilitating P. falciparum merozoite invasion by triggering ~ Ca®*-signalling network in high demand for intraerythrocytic

microneme secretion (Dawn et al., 2014). Nonetheless, this pathway ~ parasite development (Figure 1).

is apparently not required for parasite growth and egress (Patel

et al, 2019). Moreover, key elements in this Ca®* mobilization were

shown to involve the serpentine GPCR-like receptor PfSR25, a CA2+ STORAGE ORGANELLES

monovalent cation sensor coupled to PLC in triggering the

cytoplasmic Ca”* increase. Data also support the involvement of ~ Endoplasmic Reticulum (ER)

PfSR25 in parasite stress survival (Moraes et al., 2017). The ER is the central organelle for Ca®* storage, with a specific
Host molecules can also modulate parasite Ca** levels. For ~ pathway to control calcium influx and efflux in the cell of

example, melatonin, which appears as a critical signal controlling ~ apicomplexan parasites (Moreno et al., 2011; Lourido and

]
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FIGURE 1 | Ca®*-dependent signaling pathway in Plasmodium species. Ca* inside the cytoplasm of parasite controls important processes for parasite survival,

such as gliding motility, mediated by activation of PfCaM/PfPKB complex and following phosphorylation of the IMC member protein, GAP45. Additionally, centrins,
CDPKs activation, activation of ookinetes and gametocytes are described as Ca®*-regulated. A GPCR-like protein, named as PfSR25, has been described as
potential regulator in Ca®* homeostasis in malaria parasites, depending on availability of potassium (K*) and mediated by IP3 signaling. Melatonin was also described
as a trigger for IP3 dependent pathways. Endoplasmic Reticulum (ER) is reported as the major storage of Ca?* and the uptake of this ion possibly depends on
SERCA-type Ca®*-ATPases. Ca®* discharge depends on receptors activated by IP3, nonetheless, an IP3R remains to be discovered in Plasmodium species. The

presence of V-ATPase and VP1 on the food vacuole and acidocalcisome membranes are related to the Ca®* uptake upon an acidic environment maintenance.

Acidocalcisome could also have an IP3R that allows exit of Ca®*. Calcium can also enter in mitochondria through Ca®*/H* antiporter called PICHA/PfCAX. Activation

of PKA and PKG, by cAMP and cGMP, respectively, generated by adenylyl-cyclase (AC) and guanylyl-cyclase (GC), respectively, could also participate in Ca’
homeostasis, however the membrane receptors that stimulate theses pathways remains to be elucidated. Still, upon HCOg activation, AC can also stimulate Epac
activation by cAMP, triggering IP3 signaling through PLC activation. Additionally, a cross-talk among kinases are also proposed to be associated to the merozoite

egress mediated by proteolytic cascade events.
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Moreno, 2015). Both P. falciparum and T. gondii have Ca®*
pumps in the ER membrane, known as SERCA-type Ca*'-
ATPases, that provide Ca** transport activity (Eckstein-Ludwig
et al., 2003; Nagamune et al, 2007; Nagamune et al., 2008).
PfATP6 is the only SERCA-type Ca**-ATPase found in the P.
falciparum genome (Gardner et al., 2002). Due to structural
similarities to a SERCA inhibitor, known as thapsigargin (Thg),
the antimalarial drug, artemisinin, was thought to act against
PfATP6, occasionally inhibiting Ca** mobilization into ER.
Initial evidence for this hypothesis were observed in Xenopus
oocystes expressing different P. falciparum transporters,
including PfATP6 (Eckstein-Ludwig et al, 2003). However,
molecular docking and experimental validation assays showed
that the interaction between P. falciparum SERCA (PfSERCA)
and dihydroartemisinin (dAART) was ~2.3-fold weaker than those
observed between human SERCA and dART, indicating that
dART do not inhibit PfSERCA pump activity, refuting the initial
conclusion (Pandey et al., 2016).

Generally, Ca®" mobilization from ER storage requires IP3
activation. The production of this molecular signal is provided by
PLC (Singh and Chitnis, 2012; Brochet and Billker, 2016).
Although IP3-mediated Ca®" release from intracellular stores
have been widely reported (Lovett et al., 2002; Alves et al., 2011;
Glushakova et al., 2013; Pecenin et al., 2018; Borges-Pereira et al.,
2020), no genetic information is known about the presence of
IP3R in apicomplexan (Lourido and Moreno, 2015; Garcia et al.,
2017). It has been widely accepted that a different IP3-dependent
mechanism may exist in apicomplexan to mobilize Ca®" from
intracellular stores (Moreno et al., 2011; Lourido and Moreno,
2015). This statement is based on many reports, which have
shown that upstream inhibition of the IP3 pathway by using PLC
inhibitor (Hotta et al., 2000; Beraldo et al., 2005; Beraldo et al.,
2007), and downstream inhibition by using IP3 receptor blocker
(Beraldo et al., 2007; Pecenin et al., 2018) and SERCA inhibitor
(Alves et al., 2011; Glushakova et al., 2013; Pecenin et al., 2018;
Borges-Pereira et al,, 2020), all lead to the blockage of Ca®*
mobilization in- or outward from the cytosolic environment or
IP3-sensitive stores. Since there is no clear evidence that an IP3R
exists at the ER in Plasmodium species, how Ca** mobilization
occurs into this compartment and how the ER may contribute to
Ca®* homeostasis through an IP3-sensible mechanism are
still unresolved.

Acidic Organelles
Other Ca®"-storage organelles are described in Apicomplexans,
such as acidocalcisomes and food vacuole (FV), which stock Ca**
in an acidic environment (Lourido and Moreno, 2015). The
acidocalcisome is a lysosomal-like compartment, rich in
pyrophosphate (PPi), polyphosphate (PolyP) complexed with
Ca®" and other cations (Moreno and Docampo, 2009; Docampo
and Huang, 2016). This organelle was observed in P. falciparum
by Ruiz et al. (2004) after being described in other parasites, such
as Trypanosoma brucei (Vercesi et al., 1994), Trypanosoma cruzi
(Docampo et al., 1995) and T. gondii (Moreno and Zhong, 1996).
Two enzymes found in the P. falciparum genome, described
as vacuolar-H"-pyrophosphatase (VP1) and vacuolar-H"-

ATPase (V-ATPase), can use PPi and ATP, respectively, to
pump protons toward the lumen of acidocalcisomes, providing
acidification of the structures, supporting Ca**-storage
maintenance in these organelles (Docampo et al., 2005). VP1
and V-ATPase are also localized in the FV in Plasmodium
species, suggesting this acidic compartment may also have a
role in regulating Ca**-storage (Saliba et al., 2003). The potential
role of these acidic organelles in Ca®" storage is supported by the
V-ATPase and VP1 blockage in malaria parasites by their
respective inhibitors, bafilomycin A; and amino-methylene-
diphosphonate (AMDP), causing an increase in cytosolic Ca**
levels (Luo et al., 1999; Biagini et al., 2003).

While the FV in malaria parasites can store around 300-400
nM of Ca®', this compartment is not considered a major
intracellular Ca*" store organelle (Biagini et al., 2003;
Rohrbach et al, 2005). Despite the pH-dependency for Ca**
maintenance in the FV, measurement of this ion is challenging,
considering the different pH of cellular compartments (Rohrbach
et al., 2005). Moreover, the role of FV is associated with
hemoglobin degradation (Moura et al., 2009; Tong et al.,
2018), chloroquine (CQ) action and CQ-resistance in malaria
parasites (Ehlgen et al., 2012; Tong et al., 2018). P. falciparum
chloroquine resistance transporter (PfCRT), present in the food
vacuole membrane (FVM), is apparently very important to
balance these processes (Ehlgen et al.,, 2012; Lee et al.,, 2018),
including its participation in the release of Ca** from FV (Lee
et al., 2018).

The involvement of Ca®" in the functions of FV was initially
suggested in P. chabaudi by using CQ, where the balance
between concentration of intracellular Ca** and Ca®" in acidic
organelles were affected (Gazarini et al., 2007). This could be
explained by the parasite’s FV permeability to low-micromolar
levels of CQ, leading to Ca** efflux (Ch’ng et al., 2011). Despite
FV potentially playing a role in dynamic intracellular Ca**
storage during asexual intraerythrocytic development (Biagini
et al., 2003; Lee et al,, 2018), the peculiar metabolic features of
this organelle shed light on the possibilities for rational drug
design against Plasmodium species. For example, a recent report
showed that from the 400 Pathogen Box compounds, 10
displayed disruption of FV Ca®* levels comparable to those
with CQ, suggesting a compromised FV membrane integrity
leading to programmed cell death (PCD) in the parasite (Tong
et al., 2018).

A number of reports have discussed new perspectives on
acidocalcisomes in parasites. In T. gondii, the Ca>*/H"-ATPase
(TgAl) and a vacuolar-type H'-pyrophosphatase (TgVP1) are
localized in these organelles (Luo et al., 2001; Drozdowicz et al.,
2003). Gene disruption revealed that TgAl is required for
polyphosphate storage, intracellular Ca** homeostasis,
microneme secretion, invasion and virulence (Luo et al., 2005).
Moreover, Ca** uptake occurs in these structures by proton
pumping activity (Rohloff et al., 2011). In Trypanosoma brucei,
an IP3R was found in the acidocalcisomes, suggesting that,
besides the usual pathway for ER Ca®" release, IP3 can also
provide additional regulation for Ca®* mobilization from
acidocalcisomes (Huang et al., 2013). Proteomic analysis of this
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structure in T. brucei confirmed the presence of IP3R. The
presence of VP1, V-ATPase and vacuolar-Ca®*-ATPase
(TbPMC1) was also revealed, highlighting evidence of an
acidic environment for Ca®>* maintenance (Huang et al., 2014).
Given the evolutionary evidence of the acidocalcisome
(Docampo et al., 2010), it should be not surprising that similar
mechanisms may be found in Plasmodium species, supporting
Ca®" homeostasis in these parasites (Figure 1).

Mitochondrion

Besides the primary role of mitochondria in cellular energy
metabolism, they can store Ca** in both human and murine
malaria species (Uyemura et al., 2000). Parasite mitochondria
can accumulate part of the Ca** released in the cytoplasm by
pharmacological agents, suggesting a role in maintaining Ca**
homeostasis (Gazarini and Garcia, 2004). Interestingly,
melatonin modulates transcript levels of three genes potentially
related to mitochondria fusion/fission in P. falciparum: FISI,
DYNI1 and DYN2 (Scarpelli et al, 2018). Considering that
melatonin has already been associated with Ca®" mobilization
(Gazarini et al., 2003; Beraldo et al., 2005; Beraldo et al., 2007;
Alves et al., 2011; Pecenin et al., 2018), Plasmodium
mitochondrion fusion/fission could potentially be controlled by
Ca®" signaling during the asexual life cycle.

In addition, the expression of the mitochondrial Ca®*/H*
antiporter gene pfcha (or Ca’*/H" exchanger, PfCAX) from
P. falciparum in the Xenopus laevis oocystes has been shown to
cause Ca”" uptake after the alkalinization of the intracellular
environment, suggesting that the out- or inward-directed Ca**
proton movement is pH-dependent (Rotmann et al., 2010).
Regarding this feature in Ca>* transport in P. berghei, PPCAX
expression has been observed in certain sexual stages
(gametocytes, zygotes and ookinetes), essential to ookinete
forms and parasite transmission to the mosquito in vivo, but
not essential to the erythrocytic stages of P. berghei. A pbcax
disrupted strain revealed a stage-specific role of this transporter
for Plasmodium survival (Guttery et al., 2013).

Ca®" disturbance of the Plasmodium FV caused by CQ-
treatment directly affects the mitochondrial transmembrane
potential (Ch'ng et al., 2011; Tong et al.,, 2018) and triggers a
PCD-like phenotype (Tong et al., 2018), providing evidence for
Ca’*-regulating a functional interplay between Plasmodium FV
and mitochondria. Additional studies are required to understand
the roles of the malaria parasite mitochondrion in Ca®*
fluctuation and how CQ affects mitochondrial membrane
potential in a Ca®*-dependent manner in the FV (Figure 1).

CA2* BINDING PROTEINS (CaBPs)

CaBPs are conserved among species and present a helix-loop-
helix structural motif, known as an EF-hand motif. This motif is
generally pair-structured and exposes its calcium-binding
domain where two Ca** ions connect to it. Analysis of the
P. falciparum genome databank (PlasmoDB) identified 103
potential proteins with EF-hand motifs. Nonetheless, this

number is undoubtedly overestimated due to the divergence of
the EF-hand motif and some rifins. Without rifins, 43 proteins
containing EF-hands were recorded in P. falciparum (Lourido
and Moreno, 2015). Some reports have proposed that this
number is even lower, with about only 30 putative CaBPs
(Brochet and Billker, 2016). Three main families of CaBPs are
categorized in the Apicomplexa: the calmodulin (CaM) family
(including centrins or caltractrins), the calcineurin B-like (CBL)
family and the Ca**-dependent protein kinases (CDPK) family
(Moreno et al., 2011; Lourido and Moreno, 2015; Brochet and
Billker, 2016).

Calmodulin in P. falciparum (PfCaM) is localized diffusely in
the cytoplasm during mature stages of the intraerythrocytic cycle
and at the apical pole end of merozoites within the ductule of
rhoptries (Scheibel et al., 1987). Furthermore, a protein kinase B
(PfPKB) interacts with PfCaM, which is not a member of the
CDPK family, in the schizont/merozoite stages of P. falciparum.
PfPKB is regulated by PfCaM in a Ca®*-dependent manner when
the generation of IP3 by PLC mediates Ca’" release.
Consequently, PLC is an upstream modulator of PfPKB
activity, regulating Ca®" levels inside the parasite and allowing
PfCaM-PfPKB interaction (Vaid and Sharma, 2006; Vaid et al.,
2008). This protein complex phosphorylates PfGAP45, an
anchoring protein of the actin-myosin motor complex from
the IMC (inner membrane complex) (Vaid et al., 2008).

Current understanding is limited regarding a group of four
P. falciparum centrins (PfCENs 1 to 4: PF3D7_0107000,
PF3D7_1446600, PF3D7_1027700 and PF3D7_1105500,
respectively), that contain four EF-hand motifs. This group of
proteins are involved in parasite cell division at centrosome-like
structures, probably in a Ca**-dependent manner (Mahajan
et al, 2008). A recent report showed that during mitosis,
PbCEN-4 is localized at distinct perinuclear foci, suggesting an
association to the putative centrosomal structure, known as the
microtubule-organizing center (MTOC) in P. berghei. Moreover,
cen-4 gene does not seem to be compensated by increased
transcription levels of other centrins and it is dispensable for
malaria proliferation (Roques et al., 2019). In contrast, large-
scale functional screening of P. berghei showed that cen-1 and
cen-2 genes are essential for parasite survival (Bushell et al., 2017)
(Figure 1). Other CaBPs and their participation in diverse
cellular processes in malaria parasites will be discussed in the
next sections (Figure 2).

CA%*-DEPENDENT PROTEIN
KINASES (CDPKs)

Protein phosphorylation is one of the most studied post-
translational modifications in eukaryotic cellular processes.
Regarding the importance of Ca**/CaM in kinase activation,
many classes of Ca“/CaM—dependent kinases (CaMKs) are
known in mammals. P. falciparum protein kinase 2 (PfPK2) is
the unique homolog of human functional CaMK that
phosphorylates its substrate in a Ca**- and CaM-dependent
manner, and it is expressed during invasion (Kato et al., 2008).
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FIGURE 2 | The role of some described Ca?*-binding proteins involved in the development stage differentiation and their expression throughout Plasmodium life
cycle. During the blood meal, the mosquito vector from genus Anopheles, inoculate sporozoites released from its salivary glands that will invade hepatocytes. This
process is described to be CDPK8-dependent. Moreover, CN allows sporozoite-to-liver stages development inside hepatocytes. Following formation of merozoites in
the liver cells, they are released in the bloodstream to continue asexual development stages, invading new RBCs. This process is mediated by CDPK1, CN and
PfCaM/PfPKB complex. The role of CDPK7 to maintain the asexual developmental stages is also reported. In addition, the presence of the phosphatases CN and
PP7 are implicated in the ring and schizont stages. After schizont maturation, the merozoites are released into the bloodstream to invade new RBCs, which
mechanism that requires the action of CDPK1 and CDPK5. Some parasites pass through a morphological transition to form gametocytes, and this process depends
on CDPK1, CN and PP7. After a blood meal of the mosquito vector, these forms maturate into male exflagellated and female gametocytes, named as microgametes
and macrogametes, respectively. For this transition, CDPK2 and CDPK4 are required. These forms are fused into a zygote, which maturates to a motile ookinete.
The ookinete motility is regulated by CDPK3. The ookinete exits from the lumen of mosquito midgut as an oocyst and this transition is mediated by CN. The
maturation of the oocyst will release new sporozoites which will migrate into the salivary glands of the mosquito vector. Thus, in an eventual blood meal, these new
sporozoites will infect a new host and complete the parasite life cycle in order to propagate malaria disease.

However, apicomplexan parasites use a group of Ca**-
dependent protein kinases (CDPKs), which are not present in
humans. Canonical CDPKs have four EF-hand Ca**-binding
domains attached to the C-terminus of a catalytic kinase domain
that shows high homology with CaMK. While CaMKs can self-
inhibit through a C-terminal helix, CDPKs are regulated by their
Ca®*-binding domains. In these cases, CDPKs undergo structural
and conformational changes, promoting the regulation of other
proteins by phosphorylation (Wernimont et al., 2010). P.
falciparum possesses seven CDPKs (PfCDPK1 to PfCDPK?7),
with correspondent orthologs in plants, but not in animals or
fungi (Kadian et al., 2017; Ghartey-Kwansah et al., 2020). It has
been proposed that CDPKs could be a novel field for exploration
of new antimalarial drugs (Hui et al., 2015).

For instance, transcriptomic data analysis has suggested that
PfCDPK1 is primarily expressed in the late schizont stage (Bozdech
et al,, 2003; Le Roch et al., 2003). In agreement with this, PfCDPK1
is found in the PV and merozoite membrane throughout

schizogony and merozoite egress, and performs crucial roles in
the invasion process (Azevedo et al, 2013; Bansal et al., 2013).
PfCDPKI1 is known to phosphorylate both the myosin light chain
and an IMC member, PfGAP45, in mature schizonts in vitro, when
merozoites are formed (Green et al., 2008). As previously reported,
PfGAP45 is also phosphorylated by PfPKB (Vaid et al., 2008), but it
is proposed that this IMC member is phosphorylated on CDPK1
non-dependent phosphosites (Green et al., 2008). PfCDPK1
knockout mutants showed that this kinase is required for normal
growth of P. falciparum during asexual proliferation, with critical
involvement in gametogenesis, making its transmission to the
mosquito unfeasible (Bansal et al, 2018). In contrast, CDPKI
deletion in P. berghei showed no difference for the asexual
development and host cell invasion, suggesting different functions
of the homologs in both species (Jebiwott et al., 2013).

PfCDPK1 mutant parasites on the bulky gatekeeper residue
T145M (gatekeeper residue in the wild-type is a Thr, modified to
a Met at the position 145 in the mutants) showed prominently
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reduced activity compared to wild-type parasites. This lower
activity seems to be compensated by PKG, influencing the up-
regulation of transcription levels of CDPK5 and CDPKG6 in the
CDPK1 T145M mutant parasites (Bansal et al., 2016), suggesting
that a Ca®'- based signaling may modulate a very collaborative
role in the CDPK family and other kinases in malaria parasites
(Green et al., 2008; Brochet et al, 2014). Some reports have
highlighted the importance of PfCDPKI1 in the phosphorylation
of members of IMC, such as GAP45 and IMClg (Green et al,
2008; Kumar et al, 2017). PfCDPKI1 knock-down mutants
using the FKBP destabilization domain (DD) showed different
patterns of phosphorylation in the protein-partners, revealed
by iTRAQ-based phosphoproteomic analysis, including the
phosphorylation pattern on S149 of PfPKA, which is a kinase
also involved in Ca®*-signaling mediated by cAMP (Kumar et al.,
2017). Additionally, PfCDPK1 can phosphorylate PfSERA5
(P. falciparum serine repeat antigen 5). The PfCDPK1 inhibitor,
purfalcamine, blocked SERA5 phosphorylation, leading to the
blockage of merozoite egress (Iyer et al., 2018). Despite this
evidence on PfCDPK1 as a promising target for therapeutic
intervention, a recent chemical genetics approach casts doubt
on this suitability for blood stages (Green et al., 2016).
Nevertheless, PFCDPK1 continues to represent a good target for
a mosquito transmission-blocking strategy, as previously
mentioned (Bansal et al., 2018).

In contrast to PfCDPKI1, PfCDPK2 function is poorly
understood in Plasmodium. In all rodent and some other
malaria species, the cdpk2 gene is lacking (Tewari et al., 2010).
Initially thought as an essential gene in P. falciparum, a recent
report has pointed out that in PfCDPK2 knockout mutants
obtained by CRISPR-Cas9, it is dispensable in asexual
proliferation in P. falciparum. Still, CDPK2 seems to play an
essential role in male gametocyte exflagellation and possibly in
female gametocytes, compromising parasite transmission to
mosquitoes (Bansal et al., 2017). Likewise, CDPK4 has been
demonstrated to play crucial roles in gametocyte exflagellation
(Billker et al., 2004; Ojo et al., 2012). The bumped-kinase
inhibitor 1 (BKI-1), which is more than 20-fold more selective
for PICDPK4 over PfCDPKI, inhibited the microgamete
exflagellation of P. falciparum, but did not block asexual
parasite proliferation. A strong correlation between PfCDPK4
activity inhibition and blockage of exflagellation by a series of
closely related BKI analogues was observed, supporting that the
exflagellation blockage was due to the inhibition of PfCDPK4
rather than other kinases. Furthermore, BKI-1 blocks P. berghei
transmission to mosquitoes (Ojo et al., 2012).

The apparent role of CDPK4 in the onset of axoneme
motility, DNA condensation and cytokinesis during the first
10 min of exflagellation induction has been reported (Fang et al.,
2017). An increased interest in the CDPK4 as a new antimalarial
target for pyrazolopyrimidine-based inhibitors has also been
reported, which could result in new therapeutic strategies for
malaria treatment in the near future (Vidadala et al, 2014).
Regarding the sexual stages of development, CDPK3 is intimately
implicated in regulating the motility of the ookinete in the
mosquito vector midgut (Ishino et al., 2006; Siden-Kiamos

et al., 2006). In vitro migration assays also suggested that this
motility is stimulated by Ca** mobilization from intracellular
stores (Ishino et al., 2006).

PfCDPKS5 is an important regulator of parasite egress, a
highly coordinated event requiring PfSERA5 (Dvorin et al,
2010; Absalon et al, 2018). The egress in CDPK5-deficient
merozoites is impaired. PfCDPKS5 is localized within
micronemes and plays a central role in the micronene protein
discharge, correlating a defect in this process to the impaired
egress observed in PfCDPK5-deficient parasites. In addition,
PKG has been identified as an important protein that
cooperates in the egress signaling pathway together with
PfCDPK5 (Absalon et al., 2018). This could explain the
increased transcriptional expression levels of PKG and
PfCDPK5 in the PfCDPKI1 mutants as mentioned above,
suggesting an integrated cross-talk among kinases in malaria
parasites (Bansal et al,, 2016), including their role in Ca**
mobilization in gametocyte activation of P. berghei and egress
of merozoites in P. falciparum (Brochet et al., 2014).

Functional studies to understand the roles of CDPK6 and
CDKP?7 are still lacking. PbCDPK6 has been demonstrated to
play a critical role in sporozoite invasion of cells with high
expression of heparan sulphate proteoglycans (HSPGs), such as
hepatocytes, involving the induction of the circumsporozoite
protein (CSP) cleavage upon contact with hepatocytes (Coppi
et al, 2007). As previously highlighted, PfCDPK6 could be
playing a compensatory role in the asexual blood stages of P.
falciparum in the absence of a functional PfCDPK1 (Bansal et al.,
2016). Still, additional studies need to be performed to address
this question adequately. On the other hand, PfCDPK?7 is an
atypical member of the CDPK family, containing a pleckstrin
homology domain adjacent to the kinase domain and two Ca**
-binding EF-hands, present at its N-terminus. PFCDPK?7 interacts
with PIP, through its pleckstrin domain, suggesting that this
feature may determine its subcellular localization, possibly at ER
exit sites. Moreover, knockout mutants of PfCDPK7 have also
shown its importance for the growth of asexual stages of
development, presenting abnormal morphology (Kumar et al,
2014). Despite this evidence on the roles of CDPK6 and CDPK7,
their downstream signals, which may be implicated in other
biological processes, are still largely unknown (Figure 2).

CA%*-RELATED PHOSPHATASES

Sixty-seven candidate phosphatases were identified in the P.
falciparum genome by in silico analysis (Pandey et al., 2014).
At least three serine/threonine protein phosphatases (STPP) are
involved in Ca®* signaling: STPP 2B catalytic subunit A (Wilkes
and Doerig, 2008; Singh et al., 2014), STPP 7 (PP7) (Kumar et al.,
2004; Wilkes and Doerig, 2008; Singh et al., 2014) and a putative
STPP 8 (PPP8), which is inferred as containing a Ca** binding
site EF-hand (Yang and Arrizabalaga, 2017; Mitchell et al., 2019).

Calcineurin (CN), also known as STPP 2B or PP3, is a
heterodimeric complex containing a catalytic subunit (CNA)
and a regulatory subunit (CNB) (Steinbach et al., 2007). CN is
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conserved from yeast to humans (Yang and Arrizabalaga, 2017)
and involved in several cellular processes. It has been extensively
studied and reviewed (Crabtree, 2001; Wilkins and Molkentin,
2004; Liu et al,, 2015; Park et al., 2019). High Ca’" concentration
induces the formation of a Ca**-CaM complex, leading to CN
activation, the release of its autoinhibitory domain and
exposition of the active site to dephosphorylate its target
(Rusnak and Mertz, 2000; Park et al., 2019).

CN in Plasmodium spp. is required for host cell attachment
and invasion in a receptor-dependent pathway distinct from the
AMA1-RON2 (apical membrane antigen-1/rhoptry neck protein
2) system but with some degree of functional overlap (Paul et al.,
2015). CN knockdown demonstrated an increase of sensibility to
an invasion-inhibitory antibody directed against basigin, an
important receptor for RBC invasion, suggesting that CN
regulates this process (Duraisingh et al., 2008; Otto et al., 2014;
Paul et al.,, 2015). This might occur regardless of apical organelle
proteins involved in invasion (Paul et al., 2015). However, CN
has also been described as essential to Ca**-dependent
microneme secretion, and its activity is increased after the
exposure of merozoites to a low K" environment. The
mechanism involving CN and microneme secretion includes
regulating apical actin depolymerization (Singh et al., 2014).

Stage-specific conditional degradation of CN in P. berghei
further demonstrates its role in gametocyte development,
fertilization and ookinete-to-oocyst and sporozoite-to-liver
stage transitions (Philip and Waters, 2015). CN protein
expression and/or activity regulation might provide a
regulatory hub during the parasite cell cycle. The protein has
been detected at the schizont, ring, sporozoite, merozoite and
gametocyte stages, but not in the trophozoite stage (Wilkes and
Doerig, 2008; Pandey et al., 2014). Activity inhibition by
cyclosporin and FK506 resulted in increased levels of
phosphorylated HSP90, phosphoglycerate kinase, actin-1,
adenosine deaminase and glyceraldehyde-3-phosphate
dehydrogenase. Moreover, actin-1 is potentially a direct
substrate of CN in P. falciparum (Singh et al., 2014).

Similar to CN, protein phosphatase 7 (PP7) contains EF-
hands and IQ (the first two amino acids of the motif: Ile and Gln)
calmodulin-binding motifs but, in contrast, is monomeric. The
CaM-binding motif was found to inhibit phosphatase activity in
Arabidopsis PP7 (Dobson et al., 2001; Kutuzov et al., 2001; Yang
and Arrizabalaga, 2017). PP7 is not detected at the trophozoite
stage but at the schizont, ring, merozoite and gametocyte stages
(Dobson et al,, 2001; Pandey et al., 2014). These observations
indicate that PfPP7 is regulated across all parasite stages and
could constitute a potential target to control the parasite cell
cycle. PP8 or EFPP is a putative STPP with a long N-terminal
domain with EF-hand motifs and is specific to apicomplexans.
Mutations were observed in their catalytic domain which put
into question their phosphatase activity. Their functions have not
yet been investigated (Kutuzov and Andreeva, 2008; Yang and
Arrizabalaga, 2017).

Most studies involving the roles of Ca®" signaling and
phosphatases are focused on calcineurin. However, other
phosphatases without Ca®*-binding motifs could be affected by

Ca®" signaling through their protein partners possessing these
motifs. According to STRING prediction and Gene Ontology
analyses, amongst the 67 candidate phosphatases identified in
P. falciparum, ten potentially interact with proteins involved in
Ca®" signaling: putative acid phosphatase (PF3D7_0918000),
putative protein phosphatase 2C (PF3D7_0829100), putative
4-nitrophenylphosphatase (PF3D7_0715000), putative protein
phosphatase (PF3D7_0802800), putative RNA lariat debranching
enzyme (PF3D7_1340600), putative acid phosphatase
(PF3D7_1403900), hypothetical protein (PF3D7_1464600),
hypothetical protein (PF3D7_1469200), protein phosphatase
2C (PF3D7_0410300) and putative phosphoesterase (PF3D7_
1206000) (Pandey et al., 2014). However, the effects of Ca*" on
the phosphatase protein-interaction network remain poorly
understood in Plasmodium species. Therefore, biochemical assays
and phosphatase protein partner screenings are a reasonable
approach for discovery of new antimalarials (Khalife and
Pierrot, 2016).

OTHER EFFECTORS INVOLVED
IN CA?* SIGNALING

P. falciparum reticulocyte binding-like protein 1 (PfRhl)
performs a role in initial sensing of Ca®" followed by signal
transduction, causing erythrocyte binding antigen-175 (EBA-
175) release from microneme and allowing tight junction
formation (Gao et al., 2013). The biochemical pathways
regarding Ca®" modulation that led to microneme secretion are
largely unknown, highlighting the need for further studies in
Plasmodium species. As previously mentioned, components of
the motor complex involved in merozoite invasion are
phosphorylated by PfCDPK1 (Green et al., 2008; Vaid et al.,
2008). In P. berghei sporozoites, this complex is involved in
gliding motility and host cell invasion. Living-cell imaging
studies demonstrate that while cytoplasmic elevated Ca>" levels
are required for gliding, alone this is insufficient, since artificial
increases using an ionophore allowed adhesin translocation to
the surface but no gliding motion (Carey et al., 2014). Moreover,
the P. falciparum inner membrane complex 11 (PfIMC1l) has
been proposed as a protein to potentially connect this motor
complex to the IMC membrane. It is also involved in gliding and
invasion processes in a Ca’**-dependent manner. PfIMC1I
interacts directly with Ca** and its interaction with actin is
enhanced in the presence of this ion (Kumar et al., 2019). The
gliding motility used by ookinete and merozoite invasion is also
supported by CDPK4, in a compensatory manner to CDPK1
(and vice versa). Both Ca“—dependent kinases are involved in
IMC stability, phosphorylating the glideosome-associated
protein 40 (GAP40) and the CDPK4 substrate SOC6
(PBANKA_070770), involved in IMC biogenesis (Fang
et al., 2018).

Following microneme secretion, the interaction of PfEBA-175
and the RBCs receptor glycophorin A (glyA) results in a
cytoplasmic lowering of Ca** levels, which, in turn, stimulates
the release of rhoptry proteins such as cytoadherence-linked
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asexual protein gene 3.1 (CLAG3.1/RhopH1) and P. falciparum
reticulocyte binding-like protein 2b (PfRh2b) (Singh et al., 2010).
Rhoptry discharge in RBCs contributes to the tight-junction and
PV formation, modifying the host cell environment (Boothroyd
and Dubremetz, 2008; Santos and Soldati-Favre, 2011). The
repression of P. berghei rhoptry neck protein 11 (PbRON11) in
sporozoites reduced attachment and motility, leading to the
impairment of the infection in the mosquito salivary gland and
hepatocyte cells. This protein contains putative EF-hand
domains and might act by controlling rhoptry protein
secretion in a Ca“—dependent manner (Bantuchai et al., 2019).

Merozoite egress from RBCs is triggered by elevation of cyclic
guanosine monophosphate (cGMP) and PKG activation, essential
for the protein discharge of secretory organelles, known to support
this process (Collins et al., 2013; Alam et al.,, 2015). Correlation of
Ca®" with parasite egress was previously reported (Collins et al,,
2013; Glushakova et al., 2013). Events documented in the final hour
of the cell cycle include Ca** release from ER of the schizonts,
activation of PfCDPKS5 and, in the last 10-20 minutes of the cell
cycle, vacuole swelling and red blood cell cytoskeleton
destabilization by calpain, a host enzyme activated by Ca**
(Glushakova et al, 2013). More recently, PKG was found to
interact with and phosphorylate a multipass membrane protein,
termed as important for Ca** mobilization 1 (ICM1). Conditional
knockdown of ICMI1 revealed an essential role in Ca>* mobilization
to initiate both Plasmodium gametogenesis and merozoite egress
(Balestra et al., 2021). Additionally, guanylyl-cyclase alpha (GCo.)-
null mutant parasites were unable to synthesize cGMP for PKG
activation in schizonts, leading to a reduction in Ca** release from
internal stores (Nofal et al., 2021).

Conditional gene disruption of the P. falciparum
phosphodiesterase 3 (PfPDEP) leads to a dramatic reduction in
schizont cAMP and ¢cGMP hydrolytic activity, resulting in
elevated cAMP levels and inappropriate cAMP-induced
increased phosphorylation of PKA substrates. In addition, PKA
seem to assume a compensatory role with PKG, in order to
phosphorylate P. falciparum myosin A (PfMyoA), an important
component of the so-called glideosome, a parasite complex
involved in host cell invasion, in PfPDEB mutants, bypassing
the need for PKG activity by elevated cAMP levels upon Ca**
signaling, possibly by PKA action (Flueck et al., 2019). Together,
these findings point towards PfPDEP regulating cAMP and
c¢GMP production, followed by PKA and PKG activation.
Nonetheless, the molecular dynamics of Ca®* signaling
associated with these events are still poorly understood.

A family of proteins containing multiple EF-hand motifs,
named as the CREC family (calumenin, reticulocalbin 1 and 3,
ERC-55, Cab-45), has been remarkably underexplored,
considering that proteins from this family are widely found
from protozoans to mammals (Honoré and Vorum, 2000). A
member of this family is found in the ER of P. falciparum, known
as PfERC (endoplasmic reticulum-resident calcium-binding
protein) (La Greca et al.,, 1997). This protein is a key regulator
of the egress proteolytic cascade of P. falciparum merozoites. The
use of SERCA inhibitor cyclopiazonic acid (CPA) and an
ionophore, ionomycin, did not change the amounts of

cytosolic Ca** in knockdown parasites bearing a glucosamine-
inducible ribozyme gene (PfERC-glmS) from ER or neutral Ca*"
storages, suggesting that the availability of Ca** from different
sources does not change upon knockdown of PfERC. Moreover,
PfERC is required for the complete maturation of the aspartic
protease plasmepsin X (PMX) in a Ca®*-dependent manner,
which is required to cleave the subtilisin-like protease (SUB1)
(Fierro et al., 2020).

Additional evidence for Ca®" importance for SUB1 discharge
and proteolytic cascade events have been reported. Chelation of
intracellular Ca®" in P. falciparum schizonts blocks the SUBI
discharge from merozoite exonemes into PV, resulting in a
decrease of SERA5 proteolytic cleavage and harming PVM
rupture and merozoite egress (Agarwal et al,, 2013). Mature
SUBL1 discharge into PV results in the proteolytic cleavage of
protein family members involved in merozoite egress and RBC
invasion, such as SERA5 and MSP1 (merozoite surface protein 1)
(Nasamu et al., 2017; Pino et al.,, 2017). Additionally to SERAS5,
SERA6 has been associated to the parasite egress from RBCs
upon SUBI catalytic processing into the PV (Ruecker et al,
2012). In the absence of SERA6, the rupture of RBCM does not
occur, suggesting that SERA6 could be associated to an
additional proteolytic cascade event related to the B-spectrin
cleavage of host cell cytoskeleton (Thomas et al., 2018).
Moreover, autocatalytic maturation of SERA6 needs a PV-
located protein cofactor, named merozoite surface antigen 180,
which is also a SUB1 substrate. This multi-step proteolytic
process is required for dismantling the host RBC cytoskeleton
facilitating the parasite egress (Tan et al., 2021). Therefore, it
remains to be further described how Ca** may modulate actors
in these proteolytic cascade events.

Ca®" signaling has also been shown to be involved in pre-
erythrocytic cycle stages. After hepatocyte invasion, elongated
sporozoites transform into a spherical form (exo-erythrocytic
form, EEF) in a temperature-dependent process (Shortt and
Garnham, 1948; Meis et al., 1983; Kaiser et al., 2003). It has
been proposed that the Ca>* signal regulates this morphological
transition, with intracellular Ca®" increased at the center of a
bulbous structure in P. berghei, reinforcing that Ca®* plays
central roles in diverse life-cycle stages (Doi et al, 2011).
Sporozoite salivary gland proteome analyses revealed several
components that could be involved in the Ca*' signaling
pathway at this stage, such as G-protein-coupled receptors,
adenylyl and guanylyl cyclases and a carbonic anhydrase. Host
proteins are also involved in EEF transformations and Ca**
signaling. Protein kinase C-mediated NF-xB activation induces
expression of CXCR4 (C-X-C chemokine receptor type 4) in
hepatocytes and intracellular Ca** elevation, essential to EEF
development (Bando et al., 2019). The interplay between host
and parasite proteins, however, remains highly elusive.

CONCLUDING REMARKS

Plasmodium species contain distinctive features when compared
to other eukaryotes. Such characteristics define its phylum or
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genus, in which attachment to the host cell, motility, invasion
and egress are essential for survival and dissemination. Since
Ca®" signaling regulates important and specific Plasmodium
cellular processes such as microneme secretion, attachment,
gliding motility, invasion and egress, actors involved in these
pathways, which are regulated by this ion, could be considered
potential drug targets. Striking progress to achieve a broader
understanding of Ca** signaling in Plasmodium has been made,
including the potential involvement of host compounds in Ca**
uptake, such as K*, Na”, ionic strength and melatonin (Brand
et al., 2003; Gazarini et al., 2003; Singh et al., 2010; Pillai et al.,
2013; Pecenin et al., 2018).

However, several gaps in understanding remain in these
organisms, covering mechanisms involved in increased Ca**
uptaking by iRBCs, together with transport through PVM and
the parasite cellular membrane. Moreover, IP3R or alternative
functional protein identification in Plasmodium would be an
important breakthrough to explore Ca** mobilization and
storage, as well as backstage actors which support those
processes as promising therapeutic targets. Actually, a plethora
of Plasmodium proteins with standard and unusual Ca** binding
motifs, which are known or suspected to be involved in Ca**
signaling, could be explored to this end. This also includes
proteins without Ca®*-binding motifs acting as indirect effectors.

The association of classical techniques employed to study
permeability, protein channels and pumps, together with more
recent high-throughput approaches is a promise to fulfill these
gaps. Mass spectrometry-based proteomics (Garcia et al., 2018;
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Abstract

Chagas disease is caused by the protozoan Trypanosoma cruzi, affecting around 8 million
people worldwide. After host cell invasion, the infective trypomastigote form remains 2—4
hours inside acidic phagolysosomes to differentiate into replicative amastigote form. In vitro
acidic-pH-induced axenic amastigogenesis was used here to study this step of the parasite
life cycle. After three hours of trypomastigote incubation in amastigogenesis promoting
acidic medium (pH 5.0) or control physiological pH (7.4) medium samples were subjected to
three rounds of centrifugation followed by ultrafiltration of the supernatants. The resulting
exoproteome samples were trypsin digested and analysed by nano flow liquid chromatogra-
phy coupled to tandem mass spectrometry. Computational protein identification searches
yielded 271 and 483 protein groups in the exoproteome at pH 7.4 and pH 5.0, respectively,
with 180 common proteins between both conditions. The total amount and diversity of pro-
teins released by parasites almost doubled upon acidic incubation compared to control.
Overall, 76.5% of proteins were predicted to be secreted by classical or non-classical path-
ways and 35.1% of these proteins have predicted transmembrane domains. Classical
secretory pathway analysis showed an increased number of mucins and mucin-associated
surface proteins after acidic incubation. However, the number of released trans-sialidases
and surface GP63 peptidases was higher at pH 7.4. Trans-sialidases and mucins are
anchored to the membrane and exhibit an enzyme-substrate relationship. In general,
mucins are glycoproteins with immunomodulatory functions in Chagas disease, present
mainly in the epimastigote and trypomastigote surfaces and could be enzymatically cleaved
and released in the phagolysosome during amastigogenesis. Moreover, evidence for fla-
gella discard during amastigogenesis are addressed. This study provides the first compara-
tive analysis of the exoproteome during amastigogenesis, and the presented data evidence
the dynamism of its profile in response to acidic pH-induced differentiation.
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Introduction

Trypanosoma cruzi is the etiologic agent of Chagas disease in Central and South America, with
more than 10,000 deaths annually worldwide [1]. An increasing number of cases are being
reported in non-endemic regions including the United States and Europe due to intense
migration of individuals from endemic areas of Latin America [2-6]. In humans, T. cruzi
infection usually develops from an acute phase characterized by high parasitemia and a robust
immune response, into a clinically variable chronic phase. In the absence of treatment during
the chronic phase, parasite proliferation is highly contained by a humoral and cellular immune
response. However the infection remains persistent, particularly in the myocardium and
smooth muscle, which may lead to the development of cardiac and digestive complications
[7,8]. The treatment of Chagas disease is currently based around chemotherapy, since no effec-
tive vaccine is available. Only two drugs are available: nifurtimox and benznidazole. Benznida-
zole is considered the first-line treatment in most countries due to its effectiveness for the
treatment of acute, congenital, reactive and early chronic infections. In many cases, this drug
is able to reduce disease progression, but the high toxicity has the potential to cause serious
side effects, leading to interruption of patient treatment. Additionally, the low efficacy of the
current drugs is low in adult patients with the chronic disease [9,10].

In order to carry out its lifecycle, infective T. cruzi trypomastigotes invade nucleated mam-
malian host cells and differentiate intracellularly into replicative amastigote forms (amastigo-
genesis). After internalization, trypomastigotes remain 2—4 h inside acidic phagolysosomes
[11], escaping into the host cell cytoplasm to complete its differentiation. To facilitate the
escape process, the parasite recruits trans-sialidase proteins and release pore-forming mole-
cules called Tc-TOX [12,13]. It has also been recently reported that T. cruzi infection blocks
the expression of host cell immunoproteasome subunits, proteasome activator protein PA28b,
TAPI and MHC class I molecule by an unknown posttranscriptional control [14]. This indi-
cates that trypomastigotes release proteins and/or other molecules in response to processes
caused by or following the differentiation induction.

The secreted/excreted protein repertoire (here generically referred as exoproteome) plays
important roles in homeostasis, immune response, development, proteolysis, adhesion, cell
proliferation, cell differentiation, morphogenesis and cellular communication [15]. Further-
more, secreted/excreted proteins account for approximately 10% of the proteins encoded by a
genome [15-18]. Trypomastigotes are able to release membranous vesicles filled with virulent
factors such as trans-sialidases [19,20]. It is these extracellular vesicles that have been shown to
be involved in the pathogenesis of Chagas disease by increasing heart parasitism and inflam-
mation [20].

Classically secreted proteins can be identified by the presence of an N-terminal cleavable
signal peptide (SP) that is typically 15-30 amino acids long. Furthermore, a class of secretory
proteins, known as leaderless proteins, is exported from the cell without signal sequences
through non-classical secretion pathways. For example cell surface shedding and inclusion
into exosomes and other secretory vesicles [21], or even release from the plasma membrane
through the enzymatic cleavage of their lipid anchor [22].

The acidic milieu is a key step in triggering amastigogenesis and parasite molecular
response during this process and has been studied through high-throughput quantitative
proteomic and phosphoproteomic approaches [23]. Queiroz and colleagues, analysing intra-
cellular proteins 2 hours after induction, reported the overexpression of several proteins pre-
dicted to be secreted, indicating an increase in vesicular traffic. This observation leads us to
hypothesize a change in parasite exoproteome repertoire after acidic-pH induction. To address
this hypothesis, we evaluate the exoproteome changes of T. cruzi trypomastigote upon the first
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three hours of acidic-pH-induced axenic amastigogenesis compared to the exoproteome of
trypomastigote incubated at physiological pH for the same period.

Materials and methods
Trypomastigote cell culture

Trypomastigotes, Y strain [24], were maintained in monolayers of HeLa cells grown in
DMEM supplemented with 5% fetal bovine serum, at pH 7.4, according to [25,26]. The para-
sites of the outbreak from the 4th to 5th day after infection were carefully collected from the
supernatant, consisting of over 98% trypomastigotes [26].

Exoproteome samples

Trypomastigote cells were washed 3 times with DMEM, pH 7.4, without serum, by centrifuga-
tion at 2,500 x g for 10 min. Then, 1.0 x 10° washed parasites were resuspended in 5 mL
DMEM without serum at pH 7.4 or pH 5.0, (2.0 x 10 cells/mL final concentration) and incu-
bated in a 25 cm? culture flasks at 37°C for 3 h with gently shaking every 20 min. After incuba-
tion, the parasites motility was microscopically monitored and the samples were collected only
if ~ 95% of the cells remained mobile [27]. For pH 7.4 we obtained samples in duplicate and
for pH 5.0 in triplicate. In order to remove cells following incubation, the medium was centri-
fuged for 5 min at room temperature in 3 rounds to ensure complete removal of cells and
avoid mechanical cell lysis: firstly, at 2,000 x g, then at 4,000 x g and the last at 6,000 x g, with
the supernatants transferred to new tubes after each centrifugation. After cell removal, the
supernatants containing the exoproteomes were concentrated and buffer exchanged to 20 mM
triethylammonium bicarbonate using Amicon™™ filter units with 3 kDa cut-off membrane
(Millipore, Billerica, MA, USA), dried and stored at -20°C.

Sample preparation for LC-MS/MS

The exoproteome samples were resuspended in 20 mM triethylammonium bicarbonate,
reduced with 20 mM dithiothreitol at 56°C for 45 min, alkylated with 40 mM iodoacetamide
in the dark at room temperature for 60 min and digested overnight at 37°C with 1 pg modified
trypsin (Promega, Madison, USA). After digestion, the sample was acidified to 0.1% trifluora-
cetic acid (TFA), final concentration, and desalted with homemade microcolumns of Poros
Oligo R3 resin (PerSeptive Biosystems, Framingham, USA) packed (1 cm long) in p200 tips
(adapted from [28]). Prior to lyophilization, a Biochrom 30 amino acid analyzer (Biochrom,
Cambridge, U.K.) was employed to determine peptide concentration according to the manu-
facturers protocol [29].

LC-MS/MS and data analysis

Samples were analysed by an EASY-nano LC system (Proxeon Biosystems, Odense, Denmark)
coupled online to an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific, Waltham,
USA). The exoproteomes at physiological pH and acidic pH were analysed in duplicate and in
triplicate, respectively. Two pg of peptides from each fraction were loaded onto an 18 cm fused
silica emitter (75 pm inner diameter) manually packed with reverse phase capillary column
ReproSil-Pur C18-AQ 3 um resin (Dr. Maisch GmbH, Germany) and eluted using a gradient
from 100% phase A (0.1% formic acid) to 35% phase B (0.1% formic acid, 95% acetonitrile) for
210 min for each sample, 35% to 100% phase B for 5 min and 100% phase B for 8 min in (a
total of 223 min at 250 nL/min) [29]. After each run, the column was washed with 90% phase
B and re-equilibrated with phase A. Mass spectra were acquired in positive ion mode applying
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data-dependent automatic survey MS scan and tandem mass spectra (MS/MS) acquisition.
Each MS scan in the orbitrap (mass range of m/z of 400-1800 and resolution 60,000) was fol-
lowed by MS/MS of the seven most intense ions in the LTQ. Fragmentation in the LTQ was
performed by HCD and selected sequenced ions were dynamically excluded for 30 s. Raw data
were viewed in Xcalibur v.2.1 (Thermo Scientific, Waltham, USA). Data processing was per-
formed using Proteome Discoverer v.1.3 (Thermo Scientific, Waltham, USA). Raw files were
generated, and these were searched using Proteome Discoverer with SequestHT algorithm
against Trypanosoma cruzi database containing the proteins of the parasite reference proteome
database downloaded from UniProt (early 2017). Contaminant proteins (several types of
human keratins, BSA and porcine trypsin) were also added to the database and all contami-
nant proteins identified were manually removed from the result lists. The searches were per-
formed with the following parameters: MS accuracy 10 ppm, MS/MS accuracy 0.5 Da, trypsin
digestion with up to 2 missed cleavage allowed, fixed carbamidomethyl modification of cyste-
ine and variable modification of oxidized methionine. The number of proteins, protein groups
and number of peptides were filtered for a false discovery rate (FDR) less than 1%; peptides
with rank 1 and proteins with at least 3 peptides using Proteome Discoverer. ProteinCenter™
software (Thermo Scientific, Waltham, USA) was used to generate FASTA formatted files of
groups of proteins of interest, GO annotation and statistical analysis between conditions (Fish-
er’s exact test). Improved annotation of the identified proteins was acquired using Blast2GO
software (http://www.blast2go.com/b2ghome) using default parameters. SignalP v.4.1 (http://
www.cbs.dtu.dk/services/SignalP/) and SecretomeP v.2.0 (http://www.cbs.dtu.dk/services/
SecretomeP/) were used to predict proteins secreted by classical and non-classical pathways,
respectively. The parameters, eukaryotes/mammal, gram positive and gram negative were set
to predict the secretion pathways. The TMHMM algorithm (http://www.cbs.dtu.dk/services/
TMHMMY/) was used to predict the number of transmembrane helixes in the protein
sequences.

Results and discussion

In order to identify proteins secreted by T. cruzi during amastigogenesis, we performed a qual-
itative exoproteome analysis of trypomastigote in two different conditions. Thus, samples
from parasites incubated for 3 hours at pH 7.4 (control) or at pH 5.0 (amastigogenesis) were
investigated by shotgun/bottom-up proteomics (Fig 1). The computational analysis of LC-MS/
MS data identified 271 and 483 protein groups at pH 7.4 and pH 5.0 respectively, with 180
common protein groups being present in both conditions (Fig 2A; S1 Table).

The acidic pH-induced differentiation causes drastic metabolic and morphologic changes
in T. cruzi trypomastigotes [23], preparing the parasite for a replicative stage. As demonstrated
by Engel et al. (1985), the amastigote pre-replicative lag period spans from 18.2 to 34.2 hours,
depending on the cloned stock analyzed. In 1995, Tomlinson et al. showed that, 2 hours after
pH induction, almost no trypomastigotes were observed in culture and 4h after pH induction,
more than 90% of trypomastigotes were transformed into amastigotes. Focusing on the trans-
formation phase of this parasite, the exoproteome was analyzed at a time point of 3 hours after
pH-induced differentiation. After this time, the exoproteome reflects changes in the trypomas-
tigote transformation to amastigote and not the amastigote exoproteome "per se". In fact,
amastigogenesis dynamics after pH lowering was also evaluated by Hernandez-Osorio [30]
and they found that, after 3 hours, intermediate forms were predominant (over 80%). There-
fore, the exoproteome analysed here can be related to early trypomastigote morphological
changes, microenvironment modulation to the next replicative phase and host cell metabolism
modulation to parasite survival and replication. In 2013, Caradonna et al. [31], demonstrated
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Fig 1. Experimental setup. Tissue culture-derived trypomastigotes were harvested and washed before incubation in
DMEM without FBS at pH 7.4 or pH 5.0 for 3 h. After incubation, the parasites were removed by three cycles of
centrifugation and the proteins presented in the supernatant were TCA/acetone precipitated. Following protein
digestion, peptides were subjected to nanoLC-MS/MS analysis.

https://doi.org/10.1371/journal.pone.0225386.9001
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Fig 2. Comparison of T. cruzi trypomastigote exoproteome at pH 7.4 and pH 5.0. Venn diagram of protein groups identified in each condition (A). Protein
categorization by GO annotation for cell compartment (B), molecular function (C) and biological activity (D). Y-axis represents the number of proteins present in each
GO term.

https://doi.org/10.1371/journal.pone.0225386.9002

that several host metabolism and cytoskeleton modulations which support parasite intracellu-
lar growth. Energy production, nucleotide metabolism, pteridine metabolism and fat acid oxi-
dation were shown as interconnected pathways between host and parasite, regulated by host
Akt signaling. The capability of adaptation would be especially relevant in the context of a nat-
ural dynamic infection in the mammalian host as observed during amastigogenesis. Plasticity
within the same population could reflect the ability to change the environment in order to con-
trol growth rates. Some specific microenvironments can be a critical issue underlying tissue
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tropism and persistent infection [31]. An example of this can be observed during T. cruzi
infection in adipose tissue and muscle. The fatty acid rich environment and high metabolism
of energy production of these cells, provide a space against immune system [31]. The total
amount and diversity of proteins released by the parasites almost doubled upon acidic induc-
tion within the three hours of incubation (Fig 2A). While hundreds of proteins were identified
in both conditions, a significant number of identified proteins were specific for each one (Fig
2A). While 33.6% (91/271) of proteins were specific of pH 7.4 exoproteome, 62.7% (303/483)
were specific of pH 5.0 condition (S1 Table). It suggests that there is an increase in protein
diversity in exoproteome during amastigogenesis.

Overall, at pH 5.0 all GO categories increased except for proteasome complex and mito-
chondrion (cell compartment), cellular homeostasis (biological activity) and catalytic activity
and antioxidant activity (molecular function) (Fig 2B-2D). Fisher’s exact test between condi-
tions also showed proteins with catalytic activity and hydrolase activity (a subcategory of cata-
Iytic activity) under-represented at pH 5.0 (Table 1). Fig 2B highlights the common membrane
components in exoproteome, particularly at pH 5.0—indicating potential parasite surface
remodeling. Metabolic process, regulation of biological process, response to stimulus and
transport (Fig 2C) are the most represented term of the biological activity category. In terms of
molecular function, the high number of proteins with catalytic activity corroborate the myriad
of metabolic processes in the exoproteome (Fig 2D). Altogether, it is likely that the parasite
renews its metabolism during the first hours of amastigogenesis.

Secretome analysis of T. cruzi epimastigotes and metacyclic trypomastigotes reported a
considerable amount of microvesicles and exosomes [32]. The parasite has different strategies
to mediate intercellular communication [33,34], and these vesicles can be used to interact
directly with host cells by transferring several small molecules such as proteins, mRNAs,
microRNAs and small molecules [33]. Vesicles can transport proteins in soluble form, associ-
ated or as integral components of membranes. Transmembrane domains were predicted in
27% of proteins (155/574), with 33 proteins exclusively detected at pH 7.4, 70 at pH 5.0 and 52
in both conditions. These proteins presented up to four predicted transmembrane helices (Fig
3A). Based on this analysis, our results indicate that cell-derived trypomastigotes in both pH
conditions could also release vesicles. Moreover, the increased proportion of transmembrane
proteins in the exoproteome at pH 5.0, compared to pH 7.4 condition, indicates that transition
of trypomastigotes to the early stage of amastigotes may trigger other types of secretion/excre-
tion besides vesicles. However, further experiments to confirm this hypothesis are necessary.
All 155 proteins with predicted transmembrane domains were also predicted to be secreted
(Fig 3B), suggesting that these proteins could be present in vesicles or being secreted/excreted.

In silico screening of excreted/secreted proteins based on genomic information cannot be
considered self-sustaining evidence for its secretion as the prediction accuracy is highly depen-
dent on the tool performance and quality of the genomic annotations. Furthermore, predicted
secretory proteins may not be expressed in the particular cell/condition under examination or

Table 1. Under-represented GO terms in parasites incubated at pH 5.0 compared to pH 7.4.

Description Count * Ref. Count ” Raw p-value FDR p-value ?
Molecular Function catalytic activity 113 125 4.10E-07 2.75E-04
hydrolase activity 63 78 6.23E-05 2.09E-02

“ number of times this feature occurs in the analysis data set.
¥ number of times this feature occurs in the reference data set.
¢ raw p-value indicating the significance of this difference in feature occurrence between the data sets.

4 FDR corrected version of the raw p-value.

https://doi.org/10.1371/journal.pone.0225386.t001
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Fig 3. TMHMM analysis. Increased number of proteins predicted to possess transmembrane domain in pH 5.0 related to pH 7.4 (A) and all proteins with predicted
transmembrane domains are also predicted to be secreted/excreted (B).
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have a retention signal that prevents their secretion [15]. Integrating bioinformatic analysis to
predict secreted proteins with proteomic data reinforce the excreted/secreted status of a partic-
ular protein and provides validation for the subproteome enrichment and its quality. Herein,
in silico prediction of secretion through classical (SignalP) and non-classical pathways (Secre-
tomeP) of trypomastigote exoproteomes at pH 7.4 and pH 5.0 showed remarkably that 76.5%
(439/574) of all detected proteins are predicted to be secreted in both algorithms (Fig 4A).
Almost twice the number of proteins predicted to be secreted was identified in the acidic con-
dition (199 proteins at pH 7.4 versus 370 proteins at pH 5.0, Fig 4A). This corroborates the
hypothesis raised from previously published findings on over expression of several proteins
(e.g. some Rab proteins and ADP-ribosylation factors), within 2 hours of acidic induction,
indicating an increase in vesicular traffic [23]. In addition, most proteins were predicted to be
released through non-classical pathways at pH 5.0 (131 versus 109). While a modest difference,
it is in accordance with other findings for members of the kinetoplastidae order [35-37].
Despite computational prediction presents some issues (e.g. none of the algorithms were
designed specifically for Trypanosomatids), a very high percentage of predicted proteins
together with the GO annotation profiles are concordant synergic and ratify our sampling and
results.

Kinetoplastids database was explored with Blast2GO software in order to characterize the
total of proteins predicted to be secreted/excreted. The biological processes: translation,
response to stress, protein folding, biosynthetic process, generation of precursor metabolites
and energy displayed higher number of proteins at pH 5.0 (Fig 4B). DNA binding, ion binding,
structural constituent of ribosome and unfolded protein binding were molecular functions
predominantly represented at pH 5.0 and hydrolase activity acting on glycosyl bonds and pep-
tidase activity were under represented in this condition (Fig 4C). As expected, the most
assigned term was hydrolase activity on glycosyl bonds due to the extent of trans-sialidases fam-
ily members.

The most abundant proteins identified on classical secretory pathway analysis are shown
on Fig 5. Trans-sialidases (TS) are enzymes that transfer sialic acid to mucins and both macro-
molecules are anchored to the plasma membrane by glycosylphoshatidylinositol [38,39]. This
enzymatic reaction promotes protection to the parasite against the host immune system and
promotes cell invasion. TS function is also important for parasitic escape from parasitophor-
ous vacuole. The number of trans-sialidases identified in acidic conditions was lower than at
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Fig 4. Secretory pathway prediction. Total number of predicted proteins secreted and by classical (SignalP) and non-
classical pathways (SecretomeP) (A). Blast2GO annotation of T. cruzi trypomastigote exoproteome at pH 7.4 and pH
5.0 and comparison of most abundant biological activity (B) and molecular function GO terms (C) of annotated
secrete/excreted proteins.

https://doi.org/10.1371/journal.pone.0225386.9004

pH 7.4 (35 and 44, respectively) (Fig 5). Furthermore, specific trans-sialidases were identified
in each condition, as previously reported [40]. Specific trans-sialidases, at pH 5.0, could be
involved in parasitophorous escape and, at pH 7.4, could be involved in immune system escape
and cell invasion (Fig 5).

Mucins repertory changes along parasite cell cycle [22] and, as expected, striking identifica-
tion differences between both conditions for mucin and mucin-like proteins were observed.

M pH74
M pH5.0
B common

Mucins and mucin-like

number of proteins

Fig 5. Representative proteins from classical secretory pathway in T. cruzi. Most abundant proteins released through classical pathway within T. cruzi
trypomastigote exoproteome at pH 7.4 and pH 5.0.

https://doi.org/10.1371/journal.pone.0225386.9005
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These families jumped from 2 representatives in the exoproteome at pH 7.4 to 38 different pro-
teins at pH 5.0. Interestingly, a transcriptomic analysis showed a decrease in mRNA for
mucins during amastigogenesis and an increase of transcripts for membrane-bound/secreted
phospholipase Al [41] and for surface-localized phosphatidylinositol-phospholipase C
(PI-PLC) [42]. This increase in phospholipase transcripts may explain the increase of mucins
in this secretome analysis [43]. Similarly, a study performed an analysis of glycoconjugate
mucin secretion in cultured rat conjunctival goblet cells, and observed an increase of mucin
secretion directly related to the phospholipase C and phospholipase A2 dependent-Ca*" per-
formance under physiological conditions [43]. This mechanism may be employed as the same
manner in T. cruzi parasites, considering that many cellular processes are conserved among
eukaryotes. This data provides evidence that the parasite remodels the cell coat releasing sur-
face proteins during amastigogenesis.

Mucin-associated surface proteins (MASP) exhibited the same pattern of mucins with a
considerable increase in acidic pH, from 13 proteins identified specifically at pH 7.4 to 58 spe-
cifically at pH 5.0 and 56 in both conditions. The T. cruzi genome has approximately 1,300
clustered genes coding for MASPs and these proteins can be shed by circulating and infective
parasites [44,45]. Using anti-MASP antibodies, Bartholomeu et al., (2009), detected MASP in
the supernatant of PI-PLC treated trypomastigotes [44]. In this scenario, increased MASP lev-
els after acidification condition could be explained by increasing action of phospholipases, in
the same fashion for mucins, even with downregulation of MASP transcripts during early
amastigote development [46]. In addition, few members of these families (trans-sialidases,
mucins and MASP) were also predicted to be secreted through non-classical pathway.

In addition, some heat shock proteins (HSPs) and HSP-associated proteins, such as chaper-
onins, co-chaperones, prefoldins, calreticulin and cyclophilins or peptidyl prolyl isomerases
were found in both exoproteome conditions. In the acidic environment, 13 HSPs and HSP-
associated proteins were detected, and some of them playing important roles in the macro-
phage activity. For example, Hsp10 inhibits classical LPS-induced activation of macrophages
due to pro-inflammatory cytokine synthesis [47,48]. T. cruzi parasites also infect macrophages,
and require an ideal environment to replicate, nonetheless, this mechanism needs to be experi-
mentally demonstrated in this organism. Moreover (change), Hsp10 is considered a circulating
anti-inflammatory factor that possibly acts to contain macrophage activation [49].

Conversely, in both conditions, cyclophilins or peptidyl prolyl isomerases, Hsp70 and clus-
terin are involved in the classically activation of macrophages [50]. In Toxoplasma gondii,
cyclophilin-18 induced IL-12 production by dendritic cells and triggered cell signalling
through CCR5. This mechanism may provide a strong protective response to the parasite
allowing its transmission, avoiding host’s intermediates [51]. Interestingly, Hsp70 of Mycobac-
terium tuberculosis inhibits the infection of CD4+ T cells by HIV-1, blocking the CCRS5 co-
receptor [52] in other words, despite its role as a chaperone in the activation of macrophages
[50] and protein folding, this protein may help the parasite in its survival and proliferation,
inhibiting invasion of competitive microorganisms. Further, clusterin is known as a secreted
extracellular chaperone capable to bind unfolded proteins, which could promote receptor-
mediated endocytosis and intracellular lysosomal degradation [53]. Likewise, prefoldin, only
found at pH 5.0, seems to act as a co-chaperone mediating chaperone-substrate interactions
[54]. These observations seem to be feasible to occur in vivo, considering the high acidic envi-
ronment of phagolysosome and the whole arsenal of T. cruzi HSP and HSP-associated
proteins.

Since proteases are involved in crucial steps of the biological life cycle of T. cruzi including
aspects of host-parasite interaction, these enzymes are subjects of special attention [55-57].
The most studied zinc-dependent metalloproteases, also termed as GP63 family in
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trypanosomatids, are described as major surface glycoproteins with acid protease activity and
virulence factors [58,59]. GP63 genes are present at high-copy-number [60] and encode pro-
teins involved in parasite-host interaction. After 3 hours of incubation, the number of specific
identifications at pH 5.0 and pH 7.4 was 2 and 7, respectively and 2 were present in both con-
ditions. GP63, MASP, mucin-like proteins are surface membrane proteins that compose extra-
cellular vesicles of trypomastigote [61] and of the early stages of amastigote differentiation
accordingly to our data. Besides its ability to interact with the host extracellular matrix, GP63
is also able to inhibit NK cellular function. In trypanosomatids, this promotes resistance to
antimicrobial peptides, intracellular amastigote survival in macrophages and degradation of
cytosolic proteins of host cells. Altogether it demonstrates the versatility of GP63 in parasite
survival in conditions of stress [62-64].

Calpain-like proteins is another family of proteins with a large number of different genes
present in trypanosomatid genomes [65]. Calpains are found as microtubule-interacting pro-
teins in T. cruzi and T. brucei [56]. Two calpain-like cysteine peptidases were only released at
pH 7.4 as well as at pH 5.0, respectively, and 2 more in both conditions. One calpain peptidase
and the calpain-like CAP5.5 (cytoskeleton-associated protein 5.5) were recently described as
immunoreactive proteins recognized by serum immunoglobulin from chagasic patients with
early cardiomyopathy [66]. Moreover, CAP5.5 was shown to be secreted/excreted by metacyc-
lic trypomastigotes [32]. According to our data, calpain cysteine peptidases and CAP5.5 are
released (associated or not to vesicles) during the trypomastigote differentiation into
amastigote.

Several proteins related to ubiquitin signaling were identified from the exoproteome at pH
5.0 and pH 7.4 (52 Table). None of them were classified as secreted through classical pathway.
For the parasites, ubiquination and ubiquitin-proteasome pathway are crucial in key steps in
host colonization (proliferation and cell differentiation) [67] and for the host cells to modify
immunoregulatory functions [68]. Bacteria and viruses secrete ubiquitin signaling related pro-
teins into host cell. In T. cruzi, a protein related to ubiquitin signaling was shown to be secreted
into the host cell and to localize in the nucleus [69]. Our data suggests that such proteins may
function in the host cell nuclei orchestrating host regulatory elements towards parasite survival
inside the host cell.

Intraflagellar vesicle transport occurs via microtubules driven by motors such as proteins
belonging to the kinesin and the dynein family [70]. SNF-7 is a protein related to cargo trans-
port through cytoskeleton and vesicle coating, which was secreted at pH 5.0 conditions only.
Secretion profiles of transport and vesicle structures may indicate a dynamic parasite behav-
iour including an actively remodelling intracellular expression pattern related to the exporta-
tion of molecules during early stages of amastigogenesis. It fits with the idea that after cell
invasion, trypomastigote disassemble and discard their flagella into host cell cytoplasm where
it is degraded. This process releases flagellar proteins that enter the MHC-I processing pathway
and presentation to CD8+ T cells as demonstrated for paraflagellar rod protein PAR4. Addi-
tionally, it was demonstrated that TcPAR4 immunization in mice enhanced resistance to 7.
cruzi [71]. Our results corroborate previous observations that TcCPAR4 is released after parasite
cell invasion. Paraflagellar rod component Par4 putative (Q4CUMO) was found exclusively in
the parasite exoproteome at pH 5.0 (Table 2). This work provides 22 flagellar proteins exclu-
sively identified at pH 5.0 and 12 proteins shared at pH 5.0 and pH 7.4. Among these proteins,
kinesins and dyneins (or associated proteins) were found only at pH 5.0 or shared in both con-
ditions. Strikingly, no flagellar proteins were identified as being released exclusively at pH 7.4.
As demonstrated to TcPAR4, these proteins can be candidates for vaccines or good protein
targets for new chemotherapy strategies.
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Table 2. Flagellar and flagellar-associated proteins in the T. cruzi exoproteome.

UniProt Description pH7.4 pH5.0
Secreted proteins only detected from amastogogenesis early stages
Q4D214 putative ADP ribosylation factor 3 X
Q4DS99 paraflagellar rod component, putative X
Q4D0Q5 flagella associated protein X
Q4CQP1 putative STOP axonemal protein X
Q4DG71 putative Flagellar attachment zone protein 1 X
Q4D1B7 putative paraflagellar rod component X
Q4CUMO paraflagellar rod component Par4, putative X
Q4DRP5 flagellar pocket cytoskeletal protein bilbol X
Q4DWL5 paraflagellar rod component X
Q4D113 flagellar member 7 X
Q4D8M9 putative paraflagellar rod proteome component 9 X
Q4DHQ3 flagellar radial spoke protein-like, putative X
Q4DSB9 T. brucei spp.-specific protein X
Q4CR32 hypothetical protein X
Q4CUF2 flagellar protofilament ribbon protein, putative X
Q4DRF1 putative paraflagellar rod component X
Q4DZQ3 putative flagellar antigen X
Q4DG38 putative dynein-associated protein X
Q4DFG6 kinesin-like protein X
Q4E1M8 kinesin, putative X
Q4DYMO kinesin, putative X
Q4DWH2 dynein, putative X
Q4DCS6 outer dynein arm docking complex protein X
Secreted proteins detected from trypomastigote and amastogogenesis early stages
Q4DQ49 centrin, putative X X
Q4CTX0 flagellar calcium-binding 24 kDa protein X X
Q4DQS9 Flagellar attachment zone protein 10 X X
Q4D7Y4 kinetoplastid membrane protein 11 X X
Q4D634 paraflagellar rod protein 2 X X
Q4DGZ9 flagellar member 3 X X
Q4DUG1 flagellar member 3 X X
Q4DIP8 flagellar associated protein X X
Q4CP97 putative mitochondrial paraflagellar rod component (PFC16) X X
Q4DIF6 paraflagellar rod protein 2 X X
Q4D4E6 dynein intermediate chain, putative X X
Q4E2Q5 putative OSM3-like kinesin X X

https://doi.org/10.1371/journal.pone.0225386.t002

Conclusion

Acidic-pH-induced axenic amastigogenesis creates a lysosome-like environment, mimicking
conditions when the parasite enters into the host cell. Exploiting this model, exoproteome
analyses of early stages of amastigogenesis allowed the identification of several exclusive pro-

teins at pH 5.0 related to cell communication, response to stimulus, regulation of biological
process and cell division. In this scenario, exclusive proteins identified at pH 5.0 have the
potential to modulate host cellular metabolism, allowing parasite survival, differentiation and
proliferation. T. cruzi exoproteome changes during its life stage may provide advantages to
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parasites over host. Regarding trypomastigotes maintained in pH 7.4 or pH 5.0 for 3 hours,
this is the first study to investigate the T. cruzi exoproteome change during the amastigogen-
esis. Our data provide evidence and direction for further studies to explore exoproteome
changes during the first hours of amastigogenesis; highlighting the increase in number and
diversity of proteins in acidic condition. This corroborates previous studies on the increase in
vesicular trafficking during amastigogenesis. Furthermore, this work provides a list of vesicular
and flagellar proteins released after acidic induction that could be explored as potential candi-
dates to multitarget vaccines.
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reveal diversity in protein secretion contents” (Oliveira et al.,
2018). The proteomic data generated have been deposited to the
ProteomeXchange Consortium, via the PRIDE partner repository,
with a project number PXD008643, https://www.ebi.ac.uk/pride/
archive/projects/PXD008643.
© 2018 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Specifications table

Subject area

More specific subject area
Type of data

How data was acquired

Data format
Experimental factors

Experimental features

Data source location
Data accessibility

Related research article

Molecular Microbiology

Proteomic

Table; figure

Nanoscale LC separation of tryptic peptides was performed using a
ACQUITY UPLC" M-Class system (Waters Corporation, USA), and mass
spectrometry analysis was performed on a Synapt G1 MS™ (Waters,
USA)

Filtered and Analyzed

The secreted protein extract were obtained by TCA precipitation of
culture supernatant obtained after incubation of S.saprophyticus cells
in BHI medium. For protein identification, the samples were trypsin
digested.

The secreted proteins were identified by nano-ESI-UPLC-MSE; the
proteomic data was processed and analyzed by ProteinLynx Global
Server (PLGS), Uniprot and Pedant databases. Statistical analysis were
performed using R software.

Goiania, Goias, Brazil.

The analyzed data in excel format are available in this article, and raw
data are accessible in ProteomeXchange Consortium [1], via the PRIDE
partner repository, under Project number PXD008643 [https://www.
ebi.ac.uk/pride/archive/projects/PXD008643]

Oliveira AS, Rosa IIR, Novaes E, Oliveira LS, Baeza LC, Borges CL,
Marlinghaus L, Soares CMA, Giambiagi-deMarval M, A. P-R]. The
exoproteome profiles of three Staphylococcus saprophyticus strains
reveal diversity in protein secretion contents. Microbiol Res. 2018 216:
85-96 [2]

Value of the data

e This dataset is an important step towards understanding the variability in S. saprophyticus exo-
proteome profiles. The data presented from S.saprophyticus exoproteomes pointed that the protein
repertoire can be different among the strains showing metabolic flexibility can be involved in the

ability to survive.

® The proteomic data present in this article might be significant in explaining differences among
S. saprophyticus strains, since it will contribute in the identification of strain-specific virulence

factors of S. saprophyticus.

® These comparative proteomic data will also contribute to support analysis to elucidate if differ-
ences in protein secretion can be related to S. saprophyticus's ability to cause infection.
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1. Data

This article presents a dataset generated from a comparative analysis of the exoproteome of three
phenotypical different Staphylococcus saprophyticus strains (ATCC 15305, 7108 and 9325). The list of
all proteins identified are provided in Supplementary Table 1, which the fold change of each protein's
expression and protein relative abundance are shown. In this table, the amount of each protein
quantified is shown in ngram. Detection dynamic range, mass error and proteomic quality data are
shown in Fig. 1. This report presents data from the research article entitled “The exoproteome profiles
of three S. saprophyticus strains reveal diversity in protein secretion contents”, where the differences
encountered in the exoproteomes are described and validated [2].

2. Experimental design, materials and methods

The exoproteomes obtained from the three S. saprophyticus strains were submitted to nano-ESI-
UPLC-MSE for total protein identification, as described below. The data showed in this article were
generated by a comparative proteomic analysis performed using statistical tools from R software.
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Fig. 1. Data from mass spectrometry analysis. Columns 1 to 3 refers to data obtained from the samples ATCC 15305, 7108 and
9325, respectively. A: Detection dynamic range. Quantified fragments were sorted according to the fragment amount (Fmol)
and plotted in the graphics. Standard protein was indicated by black circle. A protein with a low coefficient of variance between
samples was used to normalize the expression data and allow comparisons. B: Mass error of the identified fragments. The
number of identified fragments according to the error range (x-axis). C: Nano-ESI-UPLC-MSE data quality analysis. PepFrag1
and PepFrag2 correspond to the peptides matches compared to the database by PLGS, VarMod corresponds to variable
modifications, In Source corresponds to fragmentation that occurred in the ionization source, Missed Cleavage indicates the
missed cleavage performed by trypsin and Neutral loss H20 and NH3 correspond to water and ammonia precursor losses.
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3. Protein identification by nano-ESI-UPLC-MSE

The extract of secreted proteins from three S. saprophyticus strains were obtained from the culture
supernatant in the stationary phase. The protein precipitation was performed by addiction of Tri-
chloroacetic acid (TCA) (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 10% (w/v). After
obtainment of a secreted protein extract of the three S. saprophyticus strains, a total of 500 ug of each
protein sample was used for enzymatic digestion by trypsin, that were processed according as
described [2]. ACQUITY UPLC" M-Class system (Waters Corporation, USA) was used for nanoscale LC
separation of digested peptides, and Synapt G1 MS™ (Waters, USA) used for analysis of mass spec-
trometry, as previous described [3]. All samples were analyzed from three experimental replicates.
The mass error tolerance for each peptide identified was under 50 ppm. The protein identification
criteria also included the detection of at least 2 fragment ions per peptide, 5 fragments per protein
and the determination of at least 1 peptide per protein, as showed in spectrometry data analysis
in Fig. 1.

4. Processing and proteomic data analysis

The data from mass spectrometry were processed by ProteinLynx Global Server (PLGS) version
3.0.2 (Waters, Manchester, UK), and Uniprot Database (http://www.uniprot.proteomes/), by searching
proteins sequences from S. saprophyticus. The annotation and functional classification of proteins
identified was made by Uniprot (http://www.uniprot.org), and Pedant in the MIPS (http://mips.
helmholtz-muenchen.de/funcatDB/) database. The NCBI database (https://www.ncbi.nlm.nih.gov)
was used for annotation of proteins that were not characterized.

In order to measure of protein expression, the n-gram of each protein identified in S. saprophyticus
was used. R software was used to combine the generated data into a matrix, where rows indicated the
proteins, and columns the samples (strains x replicates). Proteins were described as differentially
expressed using a threshold of 0.05 false discovery. The fold change of each protein's expression was
showed in logarithm scale and was calculated by comparison of the quantification in strains 7108 and
9325 with the level in the ATCC 15305 strain. The protein abundance was calculated by analyzing the
protein data from the technical replicate of the strains (Supplementary Table 1).
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ARTICLE INFO ABSTRACT

Keywords: Staphylococcus saprophyticus is a gram-positive microorganism responsible for urinary tract infections (UTIs).
Staphylococcus saprophyticus Although some virulence factors are characterized, such as urease, autolysins, adhesins and hemagglutinins,
E’fOPr‘fteome large-scale proteomic studies have not been performed within this species. We performed the characterization of
Diversity the exoproteome from three S. saprophyticus strains: the reference strain ATCC 15,305, a non-capsular strain
IS)sr(a)zt\e::z:etlon 7108 and the 9325 strain containing a thick capsule which were cultured in BHI medium and culture super-

natants were analysed by using mass spectrometry approach. We observed a core of 72 secreted proteins. In
addition, it was possible to detect diversity in the protein profiles of the exoproteomes. Interestingly, strain 7108
presented no secretion of three antigenic proteins, including the classical SsaA antigen. In addition, the level of
antigenic proteins secreted by strain 9325 was higher than in ATCC 15,305. This result was confirmed by
Western blot analysis using anti-SsaA polyclonal antibodies, and no production/ secretion of SsaA was detected
in strain 7108. Transcriptional data shows that 7108 strain produces transcripts encoding SsaA, suggesting post-
transcriptional regulation occurs in this strain. Moreover, when compared with the other strains that were
analyzed, it was possible to detect higher levels of proteases secreted by strain 7108 and higher levels of anti-
genic proteins and transglycosylases secreted by 9325 strain. The results reveal diversity in protein secretion
among strains. This research is an important first step towards understanding the variability in S. saprophyticus
exoproteome profile and could be significant in explaining differences among strains.

Antigenic proteins

1. Introduction

Staphylococcus saprophyticus is a gram-positive bacterium that
causes urinary tract infections (UTIs) (Gatermann et al., 1988). This
species is the causative agent of 40% of UTIs in young women (Raz
et al., 2005). The pathogenicity of S. saprophyticus is not completely
known, but some virulence factors have been described. Surface pro-
teins, such as Ssp protein and hemagglutinin, are described as being
active in the bacteria attachment in the bladder (Gatermann et al.,
1993). Urease has been known as a virulence factor in S. saprophyticus,
contributing to urophatogenicity in rats (Gatermann et al., 1989). The
inhibition of urease activity can delay S. saprophyticus growth in arti-
ficial urine medium (Loes et al., 2014). Another important virulence
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factor of S. saprophyticus is D-serine-deaminase protein (DSDA), since D-
serine is encountered in urine where it acts as a bacteriostatic. A mutant
for dsda gene, when exposed to the murine model, has presented atte-
nuated virulence (Korte-Berwanger et al., 2013). Despite the prognosis
in the majority of infections caused by S. saprophyticus, this bacterium
can be seen to spread in the environment without difficulty. Further-
more, S. saprophyticus presents temporal persistence and can carry
cassette resistance to other species, as the presence of erythromycin
cassette resistances to ermC, msrA, msrB, mphC, and linA were found in
93% of the strains isolated in Brazil (Sousa et al., 2017).

In Staphylococcus aureus, the pathogenicity results from the synth-
esis of cell surface-associated proteins and extracellular proteins influ-
encing a highly variable set of virulence factors (Kusch and Engelmann,
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2014). Proteins that are targeted for secretion by the classical pathway
generally possess a signal peptide at the N-terminal extremity. There
are seven known secretory systems in bacteria. They are known in-
dividually as a “Type Secretion System” (TSS), and each one secretes
particular toxins and other important proteins for pathogens (Tseng
et al., 2009). Non-classical pathways with unclear mechanisms also
occurs in bacteria (Wang et al., 2016).

One aspect that can influence the ability of S. aureus to cause in-
fection is the presence of capsular polysaccharide (CP). Strains con-
taining CP presents enhance virulence and survival in vivo in mice
model compared to non-capsular strain (Watts et al., 2005). S. sapro-
phyticus strains can present CP but is not required to cause infection
since capsular (such as ATCC 15,303 and 9325 strains) and non-cap-
sular (such as 7108 strain) strains were isolated from patients and can
be internalized into human bladder cells at similar rates (Szabados
et al., 2008). One study performed using 236 S. saprophyticus strains
osilated from patients demonstrated that capsule was presented in 1.3%
of the strains. The absence of capsule is related to a hydrophobic profile
and can confer adherence properties since surface adherent proteins,
such as Sdrl and UafA, are more exposed. The capsule confers a hy-
drophilic profile and absence of hemagglutination ability. The de-
gradation of the capsule of 9325 strain turned the cells hydrophobic,
suggesting the capsule is responsible for masking hydrophobic profile
(Kleine et al., 2010). In counterpart, the capsule is associated to a re-
sistant mechanism to shield its surface from recognition by the host
immune system (O’Riordan and Lee, 2004). In the same way, the cap-
sule can contribute inhibiting UafA-mediated adherence of S. sapro-
phyticus to the T24 cell line (Kuroda et al., 2005) and can increase the
resistant to complement-mediated opsonophagocytic killing by human
neutrophils (Park et al., 2010).

Other important aspect that can contribute to the ability to estab-
lishment of infection in the human host in the presence of genes en-
coding virulence factors. Several known virulence factors have been
tracked in S. saprophyticus strains, such as: ure (encoding urease), sdrl
(encoding collagen-binding protein), ssp (encoding surface associated
lipase), dsd (encoding D-serine deaminase), capD (encoding UDP-
GlcNAc 4,6-dehydratase), aas and uafA (encoding surface proteins) and
the regulatory genes agr, sarA and rot. Interestingly, studies performed
with 236 S. saprophyticus strains (including ATCC 15,305, 7108 and
9325 strains) demonstrated that 100% of the strains possess genes en-
coding urease, UafA, DsdA, Aas and regulatory genes agr, sarA and rot,
suggesting these genes are required to survival and/or infection. On the
other hand, gene encoding SdrI is detected in 10% of strains isolated
from patients and gene encoding Ssp in detected in around 87% of the
these strains (7108 possess both genes and ATCC 15,305 and 9325 are
negative for both genes) (Kleine et al., 2010).

Although a large amount of proteomic data from the Staphylococcus
species is available (Atshan et al., 2015; Carvalhais et al., 2015; Bonar
et al., 2016), no large-scale proteomic study has been performed with S.
saprophyticus. Added to this, the virulence factors described for S. sa-
prophyticus are mostly associated with cell wall and just urease protein
is a secreted protein characterized in this specie as virulence factor. In
this study, we performed identification and differential expression
analyses of secreted proteins profiles from three S. saprophyticus strains
presenting phenotypic differences in the capsule: ATCC 15,305, 7108
and 9325 The 9325 strain possess a thick capsule while ATCC 15,305
possess a lower capsule and 7108 is non-capsular strain. It was possible
to identify proteins secreted in all isolates, as well as specifically-se-
creted proteins. In order to validate the proteomic analyses, we selected
the SsaA protein, an antigenic protein whose homologous protein in S.
epidermidis was detected in high levels in patients presenting en-
docarditis (Lang et al., 2000). Western blot analysis was performed and
the results corroborate the proteomic data. The comparative analysis
between the S. saprophyticus exoproteomes will contribute to the elu-
cidation of the mechanisms that can be used by different strains to
promote pathogenesis in the genitourinary tract.
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2. Material and methods
2.1. Ethics statement

This study was approved by the Ethics in Research Committee of the
“Universidade Federal de Goias” (protocol N°047/13). The animal ex-
periments were conducted in accordance with legislation for the pro-
tection of animals used for scientific purposes (EU Directive 2010/63).

2.2. S. saprophyticus strains and culture conditions

Staphylococcus saprophyticus strains ATCC 15,305, 7108 and 9325
were used in this study. These strains were previously phenotypically
characterized and they differ in the presence of capsule (ATCC 15,305
possess capsule, 7108 is non-capsular and 9325 possess a thick capsule)
and in the presence of virulence factors (Kleine et al., 2010; Park et al.,
2010). S. saprophyticus cells were cultured in BHI medium (Sigma-Al-
drich, St. Louis, MO, USA) and stored at -80 °C in 50% (v/v) glycerol. In
order to obtain the exoproteome from the isolates, a single S. sapro-
phyticus colony of each strain was pre-incubated separately in BHI
medium until the stationary phase (after 18 h) with shaking at 36 °C.
The S. saprophyticus cells were harvested by centrifugation at 4000 g for
10 min, washed with PBS and transferred to the same volume of a fresh
BHI medium for 1, 3 and 6 h at 100 g and 36 °C to establish the best time
point for proteomic analysis. The supernatant was collected after this
period of incubation. Proteomic analyses were performed following 3 h
of incubation in BHI medium after the stationary phase was obtained.

2.3. Obtaining the secreted proteins by S. saprophyticus

The cultures were centrifuged at 4000 g for 10 min, and the super-
natant was filtered through 0.45-um and 0.22-um filters (Millipore®,
Bedford, MA, USA). Trichloroacetic acid (TCA) (Sigma-Aldrich, St.
Louis, MO, USA) at a final concentration of 10% (w/v) was added to the
supernatant, and protein precipitation was performed for 16 h at 4 °C. A
protein pellet was obtained by centrifuging the supernatant for 1h at
5000 g and 4 °C. The pellet was washed 3 times with cold acetone
(Sigma-Aldrich, St. Louis, MO, USA), resuspended in 50 mM ammonium
bicarbonate buffer (Sigma-Aldrich, St. Louis, MO, USA), pH 8.5 and
concentrated in a 3-kDa disposable Amicon ultrafilter (Millipore®,
Bedford, MA, USA).

2.4. Analysis of S. saprophyticus cell growth and viability

The S. saprophyticus cell growth was monitored by spectro-
photometry SpectraMax Paradigm (Molecular Devices,
Lagerhausstrasse, Austria) in 660 nm wavelength. The experiment was
performed with the three selected strains in duplicate. Standard error of
the mean was obtained. Cells presenting optical density (OD) higher
than 1.0 were diluted prior measuring of OD. The cells viability ex-
periment was performed by using flow cytometry with propidium io-
dide to label dead cells, as previously described (Grossklaus et al.,
2013). Control dead cells were obtained by boiling the samples during
10 min. A total of 1 mL of the culture in the same condition used for
proteomic analysis and control dead cells were incubated with 1 pg of
propidium iodide during 10 minutos before flow cytometry analysis. A
minimum of 5000 cells per sample was acquired and the instrument
used was Guava® easyCyte (Merck Millipore, Darmstadt, Germany).

2.5. Analysis of culture supernatant by polymerase chain reaction (PCR)

The PCR analysis of the culture supernatant was performed using
genomic DNA as control. Genomic DNA was extracted after cell lysis in
Bead Beater equipment (Biospec, Bartlesville, OK, USA) with glass
beads (Sigma-Aldrich, St. Louis, MO, USA) using a standard method
(Sambrook and Russel, 2001). The PCR reaction was performed using
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Green Taq Master Mix (Promega, Madison, WI, USA), with 2uL of
concentrated supernatant culture or genomic DNA and oligonucleotides
to amplify a 189-bp fragment of the rpsa gene (accession number
BAE18415.1) encoding the 30S ribosomal protein S1. The oligonu-
cleotides used were 30S sense: 5° GTCGTAAAGCAGTAGAGGCATT 3’
and 30S antisense: 5 AAACGTGAACAAGTCCATCAAC 3’. The reaction
was performed with 40 cycles at 94 °C for 30's, 50 °C for 30 s and 72 °C
for 30 s. The PCR amplicons were visualized in a 1% agarose gel stained
with Gel Red (Biotium, Hayward, CA, USA). The PCR sensitivity was
evaluated using genomic DNA as a template at concentrations of 50 ng
to 1 pg.

2.6. Digestion of protein extracts for nano-ESI-UPLC-MS® acquisition

Enzymatic digestion of proteins was processed according as de-
scribed (Murad et al., 2011; Murad and Rech, 2012) with some mod-
ifications. In brief, a total of 500 ug of protein extract was used for
trypsin digestion. The samples were treated with RapiGEST™ SF Sur-
factant (0.2% v/v) (Waters, Milford, MA, USA) in a dry bath at 80 °C for
15 min. The reduction of disulfide bonds was performed with 100 mM
dithiothreitol (DTT) (GE Healthcare, Piscataway, NJ, USA) at 60 °C for
30 min, and alkylation of cysteine with 300 mM iodocetamide (GE
Healthcare, Piscataway, NJ, USA) for 30 min at room temperature. The
proteins were subsequently digested with 5 U of trypsin (Promega,
Madison, WI, USA) at 37°C in a dry bath for 16 h. Afterwards, the
samples were treated with 5% trifluoracetic acid solution (Sigma-Al-
drich, St. Louis, MO, USA) incubated for 90 min at 37 °C in a dry bath,
and centrifuged at 18,000 g at 4 °C for 30 min. The supernatants were
dried in a speed vacuum (Eppendorf, Hamburg, Germany). All obtained
peptides were suspended in 80 pL of a solution containing 20 mM of
ammonium formiate and 150 fmol/uL of PHB (Rabbit Phosphorylase B)
(Waters Corporation, Manchester, UK) as internal standard.

Nanoscale LC separation of tryptic peptides was performed using a
ACQUITY UPLC® M-Class system (Waters Corporation, USA), as de-
scribed (de Oliveira et al., 2018). The lock mass was used for calibration
of the apparatus, using GFP ([Glul]-Fibrinopeptide B human (Sigma-
Aldrich, St. Louis, MO, USA). Mass spectrometry analysis was per-
formed on a Synapt G1 MS™ (Waters, USA). Samples were analyzed
from three replicates.

2.7. Data processing and protein identification

The mass spectrometer data obtained were processed using the
ProteinLynx Global Server version 3.0.2 (Waters, Manchester, UK). The
data were subjected to automatic background subtraction, deisotoping
and charge state deconvolution. The processed spectra were searched
against protein sequences from S. saprophyticus (http://www.uniprot.
proteomes/) and against a databank from reverse sequences. This pre-
dicted database from reversed proteins is used to calculate false positive
rate. The mass error tolerance for peptide identification was under
50 ppm. The identification of protein was allowed with a maximum 4%
false discovery rate in at least three technical replicate injections. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (Vizcaino et al., 2016) via the PRIDE
partner repository (Project number PXD008643).

2.8. Statistical analysis of proteomic data

The n-gram of each protein, from each S. saprophyticus strain and
replicate, was used as a measure of protein expression. The n-gram data
were put into the R software and combined into a matrix, where rows
indicated the proteins, and columns the samples (strains x replicates).
Expression data were log, transformed and quantile normalized with
the limma package (Ritchie et al., 2015) using the normal-
izeBetweenArrays function. Proteins with excessive missing data (more
than six of the nine total samples) were subtracted from the analyses.
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Differential expression analyses between the three S. saprophyticus
strains were performed with an empirical Bayes method implemented
in the limma package (Phipson et al., 2016). Proteins were declared
differentially expressed using a threshold of 0.05 false discovery.
Uniprot (http://www.uniprot.org), as well as Pedant in the MIPS
(http://mips.helmholtz-muenchen.de/funcatDB/) database, were used
for functional classification. The NCBI database was employed for an-
notation of uncharacterized proteins and for re-annotation of proteins
that presented annotation errors (https://www.ncbi.nlm.nih.gov/).

2.9. Cloning and heterologous expression of SsaA from S. saprophyticus

The complete gene sequence encoding the SsaA protein (ssaA) was
obtained in the NCBI database (accession number BAE17758.1) and
used to design oligonucleotides for the In-Fusion HD Cloning Kit
(Clontech) in the online Tool (http://www.clontech.com/US/Support/
xxclt_onlineToolsLoad.jsp?citemld = https://www.takara-bio.co.jp/
infusion_primer/infusion_primer_form.php&section =16260&
xxheight =1800). The restriction site for EcoRI was used to clone the
gene ssaA in the pGEX-4T-3 expression vector. The oligonucleotides
were synthesized (IDT-Integrated DNA Technology) and are shown in
the Supplementary Table 1. PCR amplification of the ssaA gene was
performed as follows: 94 °C for 5 min, followed by 40 cycles of 94 °C for
30s, 50°C for 30s, and 72 °C for 2 min. A final extension of 5min at
72 °C was also done. The cloning procedure was performed by using the
In-Fusion HD Cloning Kit (Clontech) according to the manufacturer’s
instructions. The pGEX-ssaA vector was used to transform Escherichia
coli BL21 (DE3) cells. The production of heterologous protein was
performed in E. coli cells cultured in LB medium until optical density of
0.4-0.45 at 660 nm was achieved by adding 0,5M of Isopropyl 3-D-1-
thiogalactopyranoside (IPTG) for 1 h. The heterologous expression was
evaluated in SDS-PAGE polyacrylamide gel stained with Coomassie
blue (Sigma Aldrich).

2.10. Generation of polyclonal antibodies against SsaA protein

Polyclonal antibodies were obtained through inoculation of the fu-
sion protein removed from SDS-PAGE in Balb/c mice, as previously
described (Brito et al., 2011). A total of three immunizations was per-
formed over an interval of 15 days. We used 100 pg of the SsaA fusion
protein for each inoculation. The experiment was performed in tripli-
cate, and pre-immune serum from each animal was obtained and stored
at -20 °C in 50% glycerol. After the immunizations, the animals were
euthanized in a CO, chamber and the sera containing polyclonal anti-
bodies against SsaA (anti-SsaA) were obtained.

2.11. Western blot analysis

For Western blot experiments we used a total of 40 ug of the total
protein extracts and of the exoproteomes from the isolates. The proteins
were applied in SDS-PAGE and transferred to a nitrocellulose mem-
brane.. The membrane was blocked with blocking solution (Phosphate
buffer containing 5% (w/v) skimmed milk, 0.01% (v/v) Tween 20) for
2 h. The membrane was washed with a phosphate buffer and incubated
with anti-SsaA at 1:1000 ratio, followed by incubation with anti-Mouse
IgG coupled with alcaline phosphatase at 1:5000 ratio for 1 h. The re-
action was revealed by Fast BCIP/NBT (5-bromo-4-cloro-3-indolylpho-
sphate/nitroblue tetrazolium - Sigma-Aldrich), as previously described
(Brito et al., 2011).

2.12. Amplification of ORF encoding SsaA from the S. saprophyticus
isolates and DNA sequencing

The ssaA ORFs from the three S. saprophyticus isolates were ampli-
fied by PCR, as described above, and purified using the QIAquick PCR
Purification (Qiagen). The PCR products were quantified by using
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NanoDrop 2000 (ThermoScientific), and 300 ng of each PCR product
was used for sequencing. DNA sequencing was performed with the
BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The samples
were sequenced using a 3500 XL platform (Thermo Fisher Scientific). The
reactions were performed in triplicate for each primer. The results were
analyzed in the Phred/Phrad/Consed package with a phred20 quality
threshold.

2.13. Real time PCR for quantification of SsaA transcripts (RT-PCRq)

The S. saprophyticus cells were cultured in the same condition used
for proteomic analysis before RNA extraction. The RNA extractions
were performed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The RNAs were treated with
DNAse I (Thermo Scientific, Foster City, CA, USA) prior the cDNA
synthesis. The reverse transcription was performed using the
RETROscript first strand synthesis kit (Thermo Scientific, Foster City,
CA, USA) following the manufacturer’s instructions. The cDNA target
specificity of each primer pair was confirmed by melting curve analysis.
The endogenous control of RT-PCRqQ reaction was performed using
oligonucleotides that amplify a fragment of 30S ribosomal ORF se-
quence (accession number in NCBI database: gi|73661309,
GenelD:3,615,961). The choice of the normalizing gene was evaluated
by NormFinder Visual Basic application for Microsoft Excel (Andersen
et al., 2004). The oligonucleotides used in this experiment are described
in the Supplementary Table 1. The RT-PCRq reactions were performed
in triplicate using a PowerUp SYBR Green Master Mix (Thermo Scien-
tific, Foster City, CA, USA). Standard curves were generated by a 1:5
cDNA dilution. The standard curve method was used for relative gene
quantification (Bookout et al., 2006).

3. Results
3.1. Evaluation of cell growth and viability

The cell growth was evaluated by monitoring optical density in
spectrophotometry. The Supplementary Fig. 1 shows that S. saprophy-
ticus cells remain in lag phase in the first 3h and exponential phase
occurs until around 9 h. After this point the cells remains in stationary
phase until the 18 h analyzed. S. saprophyticus cells after incubation in
BHI medium for 18 h were collected and incubated in fresh BHI medium
and OD was monitored for 1, 3 and 6 h. The cell growth occurs in the
first 3h and after 6h a reduction in OD occurs in the strain 9325,
probably due to cell lysis (Supplementary Fig. 1). The time of 3h was
chosen for proteomic analysis. In order to check cell viability, these
cells were evaluated by using flow cytometry. The S. saprophyticus cells
were incubated in BHI medium for 18 h and then were transferred to a
fresh BHI medium and cell viability was evaluated by flow cytometry
after 3h. Fig. 1 shows that culturing conditions used for proteomic
analysis allow to obtain cells with high cell viability.

3.2. Overview of proteins secreted by S. saprophyticus

The exoproteome of the three isolates listed above were obtained.
The protein samples were trypsin digested and peptides identified, as
described above. A total of 119 proteins were identified in the ATCC
15,305 strain, 118 proteins in the 7108 strain, and 105 proteins in the
9325 strain. The protein abundance was evaluated analyzing the pro-
tein data from the experimental triplicate of the three strains. The da-
taset of the exoproteomes is available and shows the proteins identified
by spectrometry analysis and the amount of protein quantified in
ngram, as well as the quality analysis of the data (Oliveira et al., 2018).

Analysis of the three exoproteomes identified a total of 72 proteins
secreted by all the three S. saprophyticus strains. Moreover, we identi-
fied proteins secreted by two isolates and other proteins secreted by
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only one of them. The number of proteins identified in each strain is
shown in Fig. 2, Panel A. Fig. 2, Panel B shows a schematic re-
presentation of the proteins identified in the strains. The core of pro-
teins identified in the analyzed strains includes proteins related to
glycolysis and the pentose phosphate pathway (shown as moonlighting
proteins), as well as proteins related to cell wall, iron capture and stress
response. It is worth noting that the characterized Uro-adherence factor
A (UroA) was not detected in the exoproteome of strain 9325 and the
antigenic protein SsaA was not detected as a secreted protein in strain
7108. In addition, 7108 secretes proteases that were not detected in the
other strains that were analyzed, and 9325 secretes proteins related to
stress response that were also not detected in the other strains.

The fold change (in logarithm scale) of each protein’s expression
was calculated comparing its quantification in strains 7108 and 9325
with its level in the ATCC 15,305 strain. The list of proteins identified in
the three S. saprophyticus isolates is laid out in Table 1. It was possible to
detect 7 proteins related to glycolysis in the exoproteomes of the three
S. saprophyticus isolates: enolase, glucose 6 phosphate isomerase, trio-
sephosphate isomerase (TPI), glyceraldhyde 3 phosphate dehy-
drogenase (GAPDH), phosphoglycerate kinase and two fructose bi-
phosphate aldolases (FBA), which were probably acting as
moonlighting proteins in the exoproteome. Furthermore, we detected
proteins related to the pentose phosphate pathway, such as transaldo-
lase, transketolase and 6-phosphogluconate dehydrogenase decarbox-
ilating protein.

Interestingly, we detected 7 proteins related to stress response in the
exoproteome from the isolate analyzed, such as alkyl hydroperoxide
reductase subunit C, catalase, thiol peroxidase, superoxide dismutase
(SOD) [Mn/Fe] and thioredoxins. This demonstrates that S. saprophy-
ticus presents a conserved machinery that is able to respond to stresses,
including the response to oxidative damage in the host.

Three transglycosylases (IsaA and SceD1-2) were detected in the
exoproteomes of the three S. saprophyticus strains. These proteins are
related to cell wall synthesis and remodeling. IsaA is an im-
munodominant antigen related to methicillin resistance (Cordwell
et al., 2002) and to the biofilm stabilization (Islam et al., 2015) in S.
aureus.

It is important to mention that although we identified several pro-
teins related to protein synthesis (33 ribosomal proteins and 7 other
proteins) they do not seem to be related to cell lysis, since we monitored
the cell viability (Fig. 1). Also, we calculated the percentage of proteins
related to protein synthesis and the values were 4.9%, 7.8% and 5.7%
in ATCC 15,305, 7108 and 9325, respectively (Oliveira et al., 2018).
Secretion of ribosomal proteins are described in S. aureus and. These
proteins do not possess signal peptides and they are probably secreted
by a non-classical pathway (Sibbald et al., 2006).

The secretion of the classical virulence factor urease was detected in
two strains in this proteomic analysis (ATCC 15,305 and 7108). It was
not expected since all S. saprophyticus strains exhibit urease activity
(Gatermann et al., 1989). However, since the S. saprophyticus cells were
cultured in rich medium before our proteomic analysis, it explain the
lower detection of this enzyme in the exoproteomes (0.25% of the ATCC
15,305 exoproteome and 0.77% of the 7108 exoproteome). In addition,
the secretion of urease is stimulated by urea and our analysis were
performed in BHI medium without this molecule and, for this reason,
urease was not the focus of this work.

3.3. Most secreted proteins identified in S. saprophyticus strains

In order to identify the most abundant proteins secreted by S. sa-
prophyticus strains, we evaluated the average amount (in nanograms) of
each of them within the three exoproteomes. We obtained the percen-
tages of the proteins that were secreted in the highest quantities, and
the results are listed in Table 2. The 15 most plentiful proteins in the
exoproteome of each strain corresponded to around 60-70% of the total
of protein secretion. There were six proteins with the highest rates of
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Fig. 1. Evaluation of S. saprophyticus cell viability, analysis of cell lysis and protein secretion profile of S. saprophyticus. The cell viability was evaluated to show the
majority of cells used for proteomic analysis was not dead, using propidium iodide as dead cell marker, as described above. A: Cell viability of ATCC 15,305 cells. B:
Cell viability of 7108 cells. C: Cell viability of 9325 cells. The grey peaks correspond to control dead cells and the clear peaks corresponds to the cells cultured in the
same conditions used for proteomic analysis. D: PCR sensitivity for the rpsa gene was assessed using S. saprophyticus genomic DNA from ATCC strain 15,305 as a
template (50 ng to 1 pg). PCR was performed with 5 concentrations of genomic DNA: 50 ng (lane 1), 5 ng (lane 2), 50 pg (lane 3), 5 pg (lane 4) and 1 pg (lane 5). A
negative control without genomic DNA was also performed (lane 6). E: PCR performed with the culture supernatant (2 uL) of S. saprophyticus concentrated by a 3-kDa
filter obtained after 1 h (lane 1), 3h (Lane 2) and 6 h (lane 3) of incubation in BHI medium. F: Exoproteome profile of S. saprophyticus after 1h (lane 1), 3 h (lane 2)

and 6 h (lane 3).
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Fig. 2. Venn diagrams containing the number of
proteins identified in the S. saprophyticus strains
ATCC 15,305, 7108 and 9325 and schematic re-
presentation of the proteins identified in the
exoproteomes. A: A total of 72 proteins were se-
creted by all the S. saprophyticus strains that were
analyzed, 20 proteins were identified in strains
ATCC 15,305 and 7108, 16 proteins were identi-
fied in strains ATCC 15,305 and 9325, and 13
proteins were identified in strains 7108 and 9325.
A total of 28 proteins were identified in just one
strain (13 proteins in 7108, 11 proteins in ATCC
15,305 and 4 proteins in 9325). B: ENO: enolase;
TPI: triose phosphate dehydrogenase; G6PI: glu-
cose 6 phosphate isomerase; TALD: transaldo-
lases; TAKET: transketolases; GPMA: 2.3-bispho-
sphoglycerate-dependent phosphoglycerate
mutase; PGK: phosphoglycerate kinase FBA:
fructose biphosphate aldolases; sceD 1: transgly-
cosylase sceD 1; sceD2: transglycosylase sceD 2;

Antigenic proteins

SsaA
Q4ozLs
Q49ZM2

FTN

Stress response
Alcaline shock protein

Organic hydroperoxide
resistance protein

sceD3: transglycosylase sceD 3; IsaA: Inmunogenic protein IsaA; ALT: autolysin; FTN: ferritin; CATA: catalase A; THIO: thioredoxin; TPX: thiol peroxidase; SODM:

superoxide dismutase (Mn/Fe); GDH: glucose-1-dehydrogenase.

secretion in all of the analyzed strains: bifunctional autolysin, a 60 kDa
chaperonin, transglycosylases IsA and sceD 2, and two uncharacterized
proteins (accession numbers Q49VF9 and Q49VV4). Autolysin is the
most secreted protein in the ATCC 15,305 and 9325 strains, corre-
sponding to around 30% of the protein species secreted by them. Au-
tolysin is also abundant in the exoproteome of strain 7108, corre-
sponding to around 10% of all the protein species secreted by this
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isolate. In S. aureus the secretion of bifunctional autolysin is higher in
virulent strains (Bonar et al., 2016). The role of autolysin in S. sapro-
phyticus has been associated with cell wall remodeling during separa-
tion, and in S. epidermidis this protein is also described as acting as a
binding protein (Heilmann et al., 1997; Hell et al., 1998).

The most abundant protein secreted by strain 7108 is uro-adherence
factor A, corresponding to around 23% of the proteins secreted by this
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Table 1
Proteins identified in all analyzed S. saprophyticus strains.

Accession number’ Protein description Log FC” t-statistic® p-value®

7108 9325 7108 9325 7108 9325
Glycolysis
ENO_STAS1 Enolase 0.64 0.54 3.07 2.59 0.03 0.09
G6PI_STAS1 Glucose-6-phosphate isomerase -1.28 —0.24 -9.5 -1.77 =< 0.01 0.25
TPIS_STAS1 Triosephosphate isomerase 0.37 -0.41 2.42 —2.67 0.07 0.09
Q49VZ9 _STAS1 Glyceraldehyde-3-phosphate dehydrogenase 1.26 -0.69 8.69 —-4.75 =< 0.01 0.01
PGK_STAS1 Phosphoglycerate kinase 1.08 -0.14 5.72 -0.72 = 0.01 0.63
Q4A0Q6_STAS1 Fructose-bisphosphate aldolase class I 0.19 0.34 0.9 1.62 0.48 0.29
Q49Z72_STAS1 Fructose-bisphosphate aldolase class I -0.12 0.34 -0.57 1.63 0.67 0.29
Piruvate dehydrogenase complex
Q49WM1_STAS1 Dihydrolipoyl dehydrogenase —2.02 -0.13 -7.39 —0.46 =< 0.01 0.80
Lactic fermentation
LDH_STAS1 L-lactate dehydrogenase 2.15 0.00 13.86 0.03 =< 0.01 1.00
Pentose phosphate pathway
Q49YLO_STAS1 Transaldolase —0.98 -0.15 —-8.27 -1.29 < 0.01 0.42
Q49XD6_STAS1 Transketolase 0.54 0.05 3.69 0.37 0.01 0.87
Q49XV6_STAS1 6-phosphogluconate dehydrogenase decarboxylating —0.66 0.62 -5.16 4.83 =< 0.01 0.01
C-compounds metabolism
GPMA _STAS1 2.3-bisphosphoglycerate-dependent phosphoglycerate mutase -1.70 -0.11 —9.59 —0.64 =< 0.01 0.68
Q49ZH5_STAS1 Glucose-1-dehydrogenase 0.06 —-0.84 0.13 -1.76 0.95 0.26
Fatty acid metabolism
ACP_STAS1 Acyl carrier protein —-1.53 —0.05 —-4.97 -0.16 =< 0.01 1.00
Q49WB7_STAS1 3-oxoacyl-[acyl-carrier-protein] synthase -1.38 —-0.92 —-4.29 —-2.85 0.01 0.07
Isoprenoid metabolism
ISPD_STAS1 2-c-methyl-d-erythritol 4-phosphate cytidylyltransferase -1.66 -1.37 —4.35 -3.6 =< 0.01 0.03
ATP synthesis
ATPA _STAS1 ATP synthase subunit alpha —0.81 —-0.29 —5.68 —2.02 < 0.01 0.18
ATPB_STAS1 ATP synthase subunit beta —1.46 0.43 —2.33 0.69 0.08 0.66
Nucleotide and nucleoside metabolism
Q49Z85_STAS1 Purine nucleoside phosphorylase DeoD —1.68 -0.19 —5.96 —0.66 =< 0.01 0.66
Q49XS7_STAS1 Bacterial nucleoid DNA-binding protein —1.66 —0.40 —14.07 -3.39 < 0.01 0.04
Amino acids metabolismo
GCSH_STAS1 Glycine cleavage system H protein —1.04 0.10 —4.4 0.42 0.01 0.83
Q49V22_STAS1 Cysteine synthase —0.42 0.15 —-0.88 0.32 0.49 0.90
Transcription
Q49WH6_STAS1 Putative transcriptional regulator 1.58 2.09 3.76 4.98 0.01 0.01
Cell signaling
Q49ZE7_STAS1 Adenylate kinase -1.29 0.08 —4.21 0.26 0.01 0.94
Cell wall synthesis
ISAA_STAS1 Probable transglycosylase IsaA 0.11 —0.36 0.23 —-0.75 0.87 0.62
SCED1_STAS1 Probable transglycosylase sceD 1 1.40 -0.34 10.32 —-25 =< 0.01 0.10
SCED2_STAS1 Probable transglycosylase sceD 2 0.49 -0.97 1.52 -3 0.23 0.06
Q49WH3_STAS1 Bifunctional autolysin 1.35 0.00 14.55 0 < 0.01 1.00
Protein synthesis
RS10_STAS1 30S ribosomal protein S10 1.25 0.05 2.58 0.1 0.06 1.00
RS16_STAS1 308S ribosomal protein S16 -0.79 0.32 -3.09 1.23 0.03 0.43
RL2 STAS1 508 ribosomal protein L2 -0.70 —1.06 —1.44 —-22 0.25 0.15
RL6_STAS1 508 ribosomal protein L6 0.10 0.53 0.35 1.8 0.81 0.25
RL7_STAS1 508 ribosomal protein L7/L12 -1.30 0.16 -11.18 1.41 = 0.01 0.37
RL11_STAS1 508 ribosomal protein L11 —-0.80 0.04 —-5.26 0.27 =< 0.01 0.93
RL15_STAS1 508 ribosomal protein L15 -0.58 0.38 -1.17 0.78 0.35 0.62
RL25_STAS1 50S ribosomal protein L25 -0.34 0.73 -1.87 4.07 0.15 0.02
RL29 _STAS1 508 ribosomal protein L29 —0.98 —-0.25 —-3.81 —-0.96 0.01 0.53
EFTS_STAS1 Elongation factor Ts —0.55 0.65 —-2.36 2.77 0.08 0.07
EFTU_STAS1 Elongation factor Tu 1.37 0.30 7.42 1.63 < 0.01 0.29
SYE STAS1 Glutamate-tRNA ligase -1.50 -1.32 -3.32 -291 0.02 0.06
RRF_STAS1 Ribosome-recycling factor -1.22 0.15 -9.1 1.12 =< 0.01 0.46
TIG_STAS1 Trigger fator —-0.51 0.12 -3.2 0.77 0.03 0.62
Protein folding. degradation and modification
Q4A0H6_STAS1 Glutamyl endopeptidase 1.05 —0.64 7.65 —4.7 =< 0.01 0.01
CLPP_STAS1 ATP-dependent Clp protease proteolytic subunit -0.85 0.09 —-8.23 0.9 =< 0.01 0.55
Q49WC9_STAS1 Oligopeptidase F -2.39 -1.09 -3.17 —1.45 0.03 0.36
CH10_STAS1 10 kDa chaperonin —1.89 0.82 -7.07 3.06 =< 0.01 0.06
CH60_STAS1 60 kDa chaperonin 0.48 1.27 2.72 7.12 0.05 =< 0.01
GRPE_STAS1 Protein grpE -1.12 0.84 -4.93 3.7 =< 0.01 0.03
DNAK_STAS1 Chaperone protein DnaK 0.22 3.15 0.3 4.33 0.83 0.01

(continued on next page)
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Accession number’ Protein description Log FC” t-statistic® p-value®
7108 9325 7108 9325 7108 9325
Iron metabolismo
FTN_STAS1 Ferritin —-1.45 0.52 —10.31 3.68 =< 0.01 0.03
HEM3_STAS1 Porphobilinogen deaminase 0.00 0.34 0 1.13 1.00 0.46
HEMH_STAS1 Ferrochelatase —0.64 —0.62 —-4.8 —4.64 =< 0.01 0.01
Transport
Q49ZK8_STAS1 ABC-type cobalamin Fe3 + siderophore transport system —0.80 -0.75 —-2.78 —-2.6 0.05 0.09
Stress response
AHPC_STAS1 Alkyl hydroperoxide reductase subunit C -1.88 —0.94 —15.42 -7.71 =< 0.01 =< 0.01
CATA _STAS1 Catalase 0.24 1.02 2.3 9.8 0.08 =< 0.01
TPX_STAS1 Probable thiol peroxidase —0.32 0.14 -1.59 0.68 0.21 0.66
Q49786_STAS1 Starvation-inducible DNA-binding protein -0.03 0.63 -0.33 6.48 0.82 =< 0.01
SODM_STAS1 Superoxide dismutase [Mn/Fe] -1.51 0.09 —15.24 0.88 < 0.01 0.55
THIO_STAS1 Thioredoxin -1.51 -0.28 -6.9 -1.3 < 0.01 0.42
Q49V79_STAS1 Beta lactamase 1.29 0.90 3.65 2.57 0.01 0.09
Virulence fator
Q49ZM2 _STAS1 Putative secretory antigen 0.99 —-1.44 1.24 —-1.81 0.33 0.25
Q4A0W2_STAS1 Immunodominant antigen 0.12 1.08 0.61 5.5 0.65 =< 0.01
Uncharacterized proteins
Q49ZY4_STAS1 Uncharacterized protein —-1.00 -1.10 —-3.61 —-3.98 0.02 0.02
Q49VC9_STAS1 Uncharacterized protein 0.62 —0.66 4.04 —4.26 0.01 0.01
Q49ZZ3_STAS1 Uncharacterized protein 0.48 —0.43 2.19 —-1.94 0.10 0.21
Q49VV4_STAS1 Uncharacterized protein —-0.85 -0.21 —-6.07 -1.49 = 0.01 0.34
Q49VF9_STAS1 Uncharacterized protein 0.19 —0.24 0.78 —-0.98 0.55 0.53
Q49WI5_STAS1 Uncharacterized protein 0.41 0.55 0.72 0.95 0.58 0.53
Y954 _STAS1 Uncharacterized protein —-1.45 —0.52 -11.75 —4.26 =< 0.01 0.01
UP355_STAS1 Uncharacterized protein -0.11 1.04 -0.34 3.34 0.81 0.04
Y2125_STAS1 Uncharacterized protein —0.54 0.35 —-2.12 1.38 0.11 0.38
1 Accession number provided by Uniprot Database (http://www.uniprot.org/).
2 Obtained from limma’s topTable by subtracting the average expression in log2 scale against that of ATCC 15,305 strain.
3 Estimate of the Student’s t statistic comparing expression against that of the ATCC 15,305 strain.
* p-value from the Student’s t distribution. Proteins with p-value < 0.05 were considered regulated among the strains.
Table 2
Most secreted proteins secreted by S. saprophyticus strains (ATCC 15,305, 7108 and 9325).

Accession number Protein description ATCC 15,305 strain 7108 strain 9325 strain

ng % in the ng % in the ng % in the exoproteome

exoproteome exoproteome
Q49WH3_STAS1 Bifunctional autolysin 315.99 27.79 114.24 9.92 220.15 30.10
UAFA_STAS1 Uro-adherence factor A 11491 10.11 259.04 22.49 - -
LTAS_STAS1 Lipoteichoic acid synthase 45.50  4.00 - - 17.77  2.43
CH60_STAS1 60 kDa chaperonin 45.33 3.99 30.29 2.63 15.89 2.17
ISAA_STAS1 Probable transglycosylase IsaA 41.50 3.65 29.66  2.58 4222  5.77
SCED2_STAS1 Probable transglycosylase sceD 2 33.89 298 16.98  1.47 40.78  5.58
Q49UH9 STAS1 Mannosyl-glycoprotein endo-beta-N- 3249 286 - - - -
acetylglucosamidase-like domain

Q49VF9 _STAS1 Uncharacterized protein 30.95 2.72 23.10 2.01 26.16 3.58
Q49VV4_STAS1 Uncharacterized protein 26.88 2.36 3485 3.03 22.67 3.10
Q49VC9_STAS1 Uncharacterized protein 2465 217 * * 27.10 3.71
DNAK STAS1 Chaperone protein DnaK 21.10 1.86 14.27 1.24 - -
LDH_STAS1 L-lactate dehydrogenase 19.02  1.67 * * 15.24  2.08
Q49XD6_STAS1 Transketolase 18.19 1.60 * * 13.31 1.82
Q49VZ9_STAS1 Glyceraldehyde-3-phosphate dehydrogenase 16.23 1.43 * 21.16  2.89
Q49XC4_STAS1 Uncharacterized protein 16.04 1.41 - - - -
Q49WC9_STAS1 Oligopeptidase F * * 55.98 4.86 10.67 1.46
Q49WM1_STAS1 Dihydrolipoyl dehydrogenase * 33.47 291
AHPC_STAS1 Alkyl hydroperoxide reductase subunit C * * 18.93 1.64 * *
Q49ZZ3_STAS1 Uncharacterized protein * * * * 14.10 1.93
EFTS_STAS1 Elongation factor Ts * * 16.56  1.44 * *
Q49YLO_STAS1 Transaldolase * * 15.35 1.33 * *
SCED1_STAS1 Probable transglycosylase sceD 1 * * * * 12.79 1.75
Q49VK7_STAS1 Secretory antigen SsaA-like protein * * - - 10.78  1.47
DNAK_STAS1 Chaperone protein DnaK * * 14.27 1.24 - -
SODM _STAS1 Superoxide dismutase [Mn/Fe] * * 1417 1.23 *
Total 802.67 70.59 691.16 60.01 510.78 69.85

“Detected but not included in the list of the 15 most abundant proteins in this strain.
Not detected in this strain.
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Fig. 3. Heterologous expression of SsaA protein from S. saprophyticus and
polyclonal antibodies obtainment. A: Heterologous expression of SsaA fused to
GST protein in the E. coli system. The protein extracts were obtained without
IPTG (lane 1), and then again later, after the addition of IPTG 0.5 mM (lanes
2-4). Extracts were taken after 30 min (lane 2), 1 h (lane 3) and 2 h (lane 4) of
incubation with IPTG. The black arrow indicates the band corresponding to
recombinant SsaA fused to GST protein used for polyclonal antibodies obtain-
ment. B: Western blot to test specificity of polyclonal antibodies. Anti-SsaA
were obtained after inoculation of recombinant protein in mice, as described.
Negative control performed with pre-immune sera was performed (lanes 1). The
specificity of the polyclonal antibodies was shown performing Western blot
with protein extract from S. saprophyticus ATCC 15,305 strain, showing reaction
with one protein specie with molecular weight compatible with the predicted
molecular size of SsaA (lane 2).

isolate. Uro-adherence factor A is also secreted by strain ATCC 15,305,
being the second most secreted protein in this strain (10.11% of the
exoproteome). However, uro-adherence factor A was not detected in
the exoproteome of strain 9325. Among all the proteins secreted in
abundance by each strain (15 proteins of each isolate), three were only
secreted by two isolates: uro-adherence factor A (not secreted by the
9325 strain), lipoteichoic acid synthase (not secreted in the 7108 strain)
and a chaperone DNA K protein (not secreted by the 9325 strain). These
results show that the secreted proteins vary in abundance, and, in some
cases, proteins are not secreted by all the isolates.

3.4. Validation of proteomic results — western blot to evaluate SsaA
secretion

In order to validate the proteomic results, we selected the SsaA
protein, which was detected in the exoproteome of two isolates (ATCC
15,305 and 9325) and was not detected in the exoproteome of the 7108
strain. The gene encoding the SsaA protein was obtained in GeneBank,
cloned and then the protein was expressed in a heterologous system.
The expressed protein was used to inoculate Balb/C mice to obtain
polyclonal antibodies (anti-SsaA). Fig. 3 shows the heterologous ex-
pression and the obtainment of anti-SsaA polyclonal antibodies. The
production of anti-SsaA polyclonal antibodies was performed in tripli-
cate. Three animals were used to obtain polyclonal antibodies anti-SsaA
and the sera were tested independently in three concentrations: 1:500
(lanes 2), 1:750 (lanes 3) and 1:1000 (lanes 4), showing similar results
(Supplementary Fig. 3).

Afterwards, we used the anti-SsaA antibodies to evaluate the pro-
duction and secretion of SsaA by the S. saprophyticus strains. Fig. 4
shows that SsaA is detected in strains ATCC 15,305 and 9325, both in
the cytoplasm (Panel C) and in the exoproteome (Panel D), but not in
the 7108 strain (neither in the cytoplasm nor in the exoproteome).
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Fig. 4. Western blot using anti-SsaA with exoproteome of S. saprophyticus
strains ATCC 15,305, 7108 and 9325. A: Total protein extract from S. sapro-
phyticus strains ATCC 15,305 (lane 1), 7108 (lane 2) and 9325 (lane 3). B:
Protein extract from culture supernatant obtained from the S. saprophyticus
strains ATCC 15,305 (lane 1), 7108 (lane 2) and 9325 (lane 3). C: Western blot
made by using anti-SsaA in total protein extract from S. saprophyticus strains
ATCC 15,305 (lane 1), 7108 (lane 2) and 9325 (lane 3). D: Western blot culture
supernatant obtained from the S. saprophyticus strains ATCC 15,305 (lane 1),
7108 (lane 2) and 9325 (lane 3).

These results corroborate the proteomic data. In addition, as evaluated
by the proteomic approach, strain 9325 was found to secrete higher
levels of SsaA compared with ATCC 15,305.

In order to evaluate if strain 7108 possess the ORF encoding SsaA
protein, we performed a PCR reaction to amplify this ORF. The am-
plified fragment was sequenced and the results show that all S. sapro-
phyticus strains analyzed (ATCC 15,305, 7108 and 9325) present am-
plification of the ORF encoding SsaA protein. The amplicons were
sequenced and no alteration in the nucleotide sequences were detected
among the strains (Supplementary Fig. 2). The NCBI database also
contains a previous draft from the 7108 genome and the gene encoding
SsaA is sequenced without mutation in this data (accession number
NZ_LMYQO00000000, Locus tag ASS79_RS03200). These data suggest
that the inability of the 7108 strain to produce and secrete SsaA protein
is not related to a coding sequence alteration, but is more likely related
to transcriptional and/or post-transcriptional events.

Since the gene encoding SsaA was encountered in the three S. sa-
prophyticus strains, we performed RT-PCRq experiment to evaluate the
production of transcripts encoding SsaA protein in the strains analyzed.
The result is shown in the Fig. 5. The S. saprophyticus ATC15305 pro-
duces lower amounts of the transcript encoding SsaA protein. On the
other hand, the strain 9325 produces higher amounts of the transcripts
(30-fold compared to ATCC 15,305). This result corroborates proteomic
analysis suggesting that the high secretion of SsaA in the strain 9325 is
a function of increased mRNA production or higher stability of this
molecule in this strain. The S. saprophyticus 7108 strain also produces
transcripts encoding SsaA at high level (20-fold compared to ATCC
15,305 strain). The result suggests post-transcriptional events regulates
the production and secretion of SsaA protein in the 7108 strain.
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Fig. 5. Quantitative real time PCR (RT-PCRq) to quantify transcripts encoding
SsaA in the S. saprophyticus strains. The RT-PCRq reactions were performed
with ¢cDNAs from three S. saprophyticus strains. The values were normalized
using transcripts encoding 30S ribosomal protein. The reactions were per-
formed in triplicate and standard deviation are shown.

3.5. Abundance of some proteins in the S. saprophyticus exoproteomes

We detected that strain 7108 secreted higher amounts of proteases
when compared with the other strains. In order to quantify the per-
centage of proteases secreted by each S. saprophyticus strain, we cal-
culated the percentage of proteases secreted by all three strains (iden-
tified in at least two replicates), as demonstrated in Fig. 6, Panel A. The
percentage values were obtained from the amount of proteins (in
ngram) identified in each strain. From the total number of proteins
secreted by ATCC 15,305, 1.25% are proteins classified as proteases and
peptidases; in strain 9325 we identified that 2.35% of the exoproteome
is composed of proteases and peptidases. On the other hand, strain 7108
secreted a higher content of proteins identified as proteases and pep-
tidases, with a percentage of 7.24.

In the same way, we also evaluated the percentage of proteins that
were classified as antigenic. These proteins were detected in higher
amounts in strain 9325, as shown in Fig. 6, Panel B. From the total
number of proteins secreted by strain 9325, 4.46% correspond to four
proteins described as antigenic (an immunodominant antigen Q4A0W2,
two secretory antigens Q49ZM2 and Q49ZL8 and the staphylococcal
secretory antigen SsaA). These same proteins were identified in strain
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ATCC 15,305, but only amounted to 1.89% of the total number of
proteins secreted by this strain. The amount of antigenic proteins se-
creted by strain 7108 is lower (0.26%), and this strain does not secrete
the SsaA protein in a detectable level, as is demonstrated by the Wes-
tern blot analysis (Fig. 4). The secretion of the antigenic proteins
Q49ZM2 and Q49ZL8 was also not detected by proteomic approach in
strain 7108.

The secretion of transglycosylases was also evaluated by comparing
the three S. saprophyticus strains. Three transglycosylases were detected
in the three isolates (IsaA and sceD1-2). However, IsaA, sceD 1 and
sceD2 were secreted in higher amounts in strain 9325. The analysis of
percentage of secretion is shown in Fig. 6, Panel C, and reveals that
from the total number of proteins secreted by the 9325 strain, 13.1%
corresponds to transglycosylases. In strains ATCC 15,305 and 7108 the
percentage of secretion of transglycosylases is 7.68 and 4.36, respec-
tively. The transglycosylase secretion content probably reflects the
polysaccharide content outside the cell, since strain 9325 possess the
highest polysaccharide capsule, followed by ATCC 15,305 and 7108,
respectively. It is important to point out that the presence of capsules in
different sizes is reported in S. saprophyticus strains, and that more than
one capsular serotype exists (Park et al., 2010).

4. Discussion

The heterogeneity of S. saprophyticus strains has been described in
terms of genotypic and phenotypic variations among strains isolated
from humans and animals. Analysis of animal and human S. saprophy-
ticus strains reveals that strains from both animal and clinical sources
presents classical virulence and adherence factors. However, the ability
to adhere to collagen I was higher in clinical strains (Kleine et al.,
2010). The genotypic variation among coagulase negative Staphylo-
coccus species strains isolated from inpatients and outpatients was also
reported by using pulsed-field gel electrophoresis typing (Talebi et al.,
2016).

The presence of capsule in S. saprophyticus strains have been re-
ported and it is attributed to the capsule gene cluster capsg,. However,
non-capsular clinical strains are also reported. Since clinical non-cap-
sular strains have been reported, the capsule is not essential for infec-
tion in human host and it is presented only in 1.3% of clinical S. sa-
prophyticus strains, suggesting other aspects can be involved during
pathogenesis. In order to enlarge the characterization of S. saprophyticus
strains, our study presents, for the first time, large-scale identification
of proteins secreted by three S. saprophyticus strains. In addition, we
compared the exoproteome profiles of the three strains and detected
diversity in them. Our study identified proteins secreted in the
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Fig. 6. Abundance of proteases, classical antigenic proteins and transglycosylases in the exoproteomes from S. saprophyticus strains ATCC 15,305, 7108 and 9325.
The total number of proteins identified (in nanogram) was calculated, and the amount of proteins corresponding to proteases, antigenic proteins and transglyco-
sylases was obtained. The error bars corresponds to standard error of mean. A: Percentage of proteins identified as proteases in the exoproteomes analyzed. B:
Percentage of proteins described and antigenic proteins in the exoproteomes analyzed. C: Percentage of transglycosylases in the exoproteomes analyzed.
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stationary phase of growth, and proteins related to several biological
functions were detected.

A core of secreted proteins was detected. These proteins have been
found in various studies on the S. aureus exoproteome (Burlak et al.,
2007; Muthukrishnan et al., 2011). These proteins can play different
roles extracellularly as moonlighting proteins and includes glycolytic
enzymes (GAPDH, TPI, ENO, FBA and phosphoglycerate kinase), pro-
teins related to pyruvate dehydrogenase complex and other enzymes
related to energy metabolism, such as glucose 1 dehydrogenase, from
Entner-Doudoroff pathway. For example, enolase is related to plasmi-
nogen binding in several streptococcal species such as Streptococcus
oralis (Kinnby et al., 2008). GAPDH is also encountered on the cell
surface and outside the cell in several bacterial species, including
Streptococcus pneumonie and Lactobacillus crispatus (Bergmann et al.,
2004; Antikainen et al., 2007). Recently, studies comparing S. aureus
community-associated (CA) and hospital-associated (HA) strains iden-
tified that HA strains secretes moonlighting proteins at higher levels
when compared to CA strains, suggesting the secretion of moonlighting
proteins increases the virulence and survival ability (Mekonnen et al.,
2017).

Other proteins were detected in two or one of the strains, suggesting
heterogeneity in the content of the exoproteome occur among the
strains (Fig. 2, Panel A). Differences in proteomic profiles in S. epi-
dermidis were also detected in cells cultured during biofilm formation
and in glucose-enriched medium (Carvalhais et al., 2015). Comparative
analysis using several S. aureus strains depicted a core of secreted
proteins and several proteins are secreted only by one or a few isolates,
showing that heterogeneity exists among isolates (Sibbald et al., 2006).

Other virulence factor detected in our analysis is the UafA protein,
associated to adherence event in the host. This protein was not detected
in the exoproteome from 9325 strain, but is included in the list of the
most secreted protein in the strains ATCC 15,305 and 7108 (Table 2).
Previous work shown that the strains ATCC 15,305, 7108 and 9325
possess the gene uafA (Kleine et al., 2010). We speculate that the
capsule can inhibit the secretion of UafA and it is supported by the fact
that the adherence mediated by UafA is inhibited by capsule (Kuroda
et al., 2005). Special note must be made of the fact that we identified
that the antigenic protein SsaA was secreted by the isolated strains
ATCC 15,305 and 9325, but not by 7108. This data was confirmed by
Western blot analysis (Fig. 4), and we also evaluated the presence of the
ORF encoding SsaA protein without mutation in the three strains
(Supplementary Fig. 2). Surprisingly 7108 produces transcripts en-
coding SsaA at high level (Fig. 5) suggesting the absence of production
of the SsaA protein occurs due post-transcriptional events. The post-
transcriptional regulation occurs in bacteria and can be regulated by
small RNAs (sRNA). Pseudomonas aeruginosa possess post-transcrip-
tional regulation mediated by one sRNA named RgsA and requires the
RNA chaperone Hfq to regulate some target, such as the alternative
sigma factor RposS (Lu et al., 2018). The function of SsaA is not com-
pletely clear. Transcripts encoding SsaA protein are overexpressed in S.
aureus and S. epidermidis during infection in Caenorhabditis elegans
(JebaMercy et al., 2015). Furthermore, the secretion of SsaA protein is
higher in planktonic S. aureus cells in comparison with cells recovered
from biofilm (Resch et al., 2006). In S. epidermidis, higher amounts of
anti-SsaA IgG are present in patients’ sera during endocarditis, but not
with other S. epidermidis infections (Lang et al., 2000). The evaluation
of SsaA secretion by other S. saprophyticus strains, and the comparison
with data obtained from experimental infection in animal models, are
necessary to contribute to the elucidation of the role of this protein
during the infective process in S. saprophyticus. The elucidation of post-
transcriptional regulation in S. saprophyticus is also needed and can
contribute to understand the metabolic flexibility in this model.

In order to evaluate the major differences occurring in the exopro-
teome profile we screened the most regulated proteins among the three
strains. We detected that they differs in the secretion of proteases, an-
tigenic proteins and transglycosylases (Fig. 6). The strain 7108 secretes
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higher content of proteases compared to the other two strains. Proteases
are specially important during infection and secreted proteases from S.
aureus are associated with degradation of host immune system proteins
(Stapels et al., 2017) and can be used during degradation of epithelial
cells (Murphy et al., 2018). The strain 9325 secretes higher level of
antigenic proteins and transglycosylases (followed by ATC 15,305 and
7108). The function of the antigenic proteins is not completely known
but the absence of these antigenic proteins can act as an immune system
evader while the presence of these antigenic proteins can enhance
phagocytosis by the host (that is especially important for intracellular
pathogens). Proteomic analysis comparing two Mycobacterium tubercu-
losis strains also detected differences in the secretion of antigenic pro-
tein. These proteins may play a role in evasion of host immune re-
sponses (antigenic variation) and the ability of secretion of antigenic
protein can reflect that different strains can use different mechanism to
interact with host immune system (Cornejo-Granados et al., 2017). In
addition, strain 9325 secretes higher level of transglycosylases. These
proteins besides act in the cell wall synthesis, and are crucial in the
complement activation mediated by IgG in S. aureus (Lee et al., 2015).
Together, these results show S. saprophyticus present variation in the
relative abundance of proteins related to host-interaction process and
suggest that strains can use more than one strategy during interaction
with human cells.

Heterogeneity in the exoproteome content described in this study
for S. saprophyticus uropatogenic strains is also reported in other species
such as S. aureus and S. epidermidis, and is associated with genomic
plasticity and variant gene regulation (Ziebandt et al., 2010). Proteomic
studies, using two-dimensional gel electrophoresis (2-DGE) with S.
aureus strains isolated from different sites of infection, identified 12
proteins detected only in isolates from bacteremia, suggesting that the
ability to secrete some proteins can be related to the ability to cause
infection in the host (Liew et al., 2015). The comparative exoproteome
was also performed using three S. epidermidis and several proteins
predicted to be secreted by classical and non-classical pathways were
detected. In addition, several strain-specific proteins were detected
(Siljamaki et al., 2014).

This study presents for the first time the proteomic approach to
investigate the exoproteome profile of S. saprophyticus. Furthermore, we
validate the proteomic data by using anti-SsaA polyclonal antibodies.
Differences detected among the proteins secreted by theses strains were
discussed and these data will contribute towards enlarging the knowl-
edge of S. saprophyticus biology, as well as in the identification of strain-
specific factors that are able to contribute to virulence and adaptation.
Further analysis is required in order to elucidate if the secretion process
used by these S. saprophyticus strains can explain differences in the
exoproteome profiles and whether secretion can be related to S. sa-
prophyticus’s ability to cause infection in its host.

5. Conclusions

The S. saprophyticus strains analyzed in this work presented a core of
secreted proteins, common in the strains. Otherwise, some proteins
related with adhesion (for example, Uro-adherence factor A), and
virulence factors, such as proteases and antigenic proteins, are not se-
creted by all the S. saprophyticus strains analyzed, demonstrating that
these strains possess versatility in the exoproteome profile.
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