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Abstract

Apicomplexan parasites are responsible for severe diseases such as malaria, which kills almost half
a million people yearly, and toxoplasmosis, which chronically infects nearly one-third of the
population worldwide. These infections affect humans and livestock and have serious social and
economic impacts, which are more important in developing countries. These diseases are caused
by unicellular and obligate intracellular parasites, whose proliferation depends on the acquisition
of lipids through the massive scavenging from their hosts and their own de novo synthesis
capabilities. These parasites use these two sources to form a lipidic "patchwork" essential for their
development. While the synthesis of both fatty acids and phospholipids is widely studied, little is
known about the transport of those lipids. Which transporters are involved in the lipidic transport
within the parasite and between these different intracellular compartments? To answer this
question, I focused my interest and PhD project on major Apicomplexa lipid transporters of the P-
type ATPase family: a PS5 ATPase, FLP12, which subgroup’s substrate affinity remains poorly
known, and a P4 ATPase, FLP2, predicted to "flip" phospholipids.

Most Apicomplexan parasites have a relic plant-like plastid called the apicoplast, a non-
photosynthetic organelle capable of synthesizing short fatty acids via its prokaryotic fatty acid
synthesis pathway (FASII). These fatty acids are either exported out of the apicoplast or directly
used to form lyso- or phosphatidic acid for parasite membrane biogenesis. How these different
lipids are exported outside the apicoplast remains unknown. During my thesis, I identified and
characterized a novel P5-ATPase in Toxoplasma, TgFLP12, which localizes in the apicoplast
membranes. Phylogenetic analysis of 7gFLP12 revealed that it belongs to a new subgroup of P5-
ATPase, P5C. The shutdown of 7gFLP12 expression was lethal to the parasite by slowing down
its intracellular replication. Analysis of the lipidome and lipid fluxes by GC-MS combined with
isotopic metabolic markers showed that 7gFLP12 is essential for the incorporation of myristic acid
from the FASII in the different classes of lipids used for membrane biogenesis. In the absence of
TeFLP12, the parasites lost most fatty acids derived from FASII. Only the complementation by
short fatty acids similar to those made by FASII restored the growth of the parasites. The data
obtained by these different approaches, and the presence of a 7gFLP12 homolog in most
Apicomplexa bearing an apicoplast point to 7gFLP12 being the apicoplast fatty exporter that likely

replaced the canonical chloroplast fatty acid exporter usually found in photosynthetic organisms.
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The second part of my project focused on the characterization of a P4 ATPase, named 7gFLP2,
present in the trans-Golgi network of the parasite, and essential for its survival. P4-ATPases are
known to be involved in the maintenance of membrane asymmetry allowing membrane curvatures
necessary for vesicular trafficking. I showed that in Toxoplasma, TgFLP2 plays an essential role in
most of the known trans-Golgi vesicular trafficking. Its deletion was notably critical for the import
of the content of micronemes, secretory organelles essential for the active invasion and egress of
the parasite from the host. Furthermore, we showed that 7gFLP2 also plays a central role in the
newly discovered endocytosis machinery of the parasite, allowing the trafficking of vesicles
essential for the completion of endocytosis. TgFLP2 was also shown to be essential for the lipid
homeostasis of the parasite and its deletion led to a rapid decrease of its phosphatidylethanolamine
(PE) composition. A similar phenotype was also observed after the deletion of Neolp and Drs2p,
the two P4-ATPases present in the yeast Golgi. All these elements demonstrated the central role of
TeFLP2 in the control of trans-Golgi vesicular trafficking and illustrated its central role in the

regulation of parasite intracellular trafficking.
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Résumé

Les parasites du phylum des Apicomplexe sont responsables de graves maladies telles que le
paludisme, qui tue encore presque un demi-million de personnes par an, ou la toxoplasmose dont
pres d’un tier de la population mondiale est chroniquement infecté. Ces infections touchent a la
fois les humains et les élevages et ont de forts impacts sociaux et économiques, plus importants
encore dans les pays en développement. Ces maladies sont causées par des parasites unicellulaires
et obligatoirement intracellulaires, dont la prolifération dépend de I’acquisition massive de lipides
par deux mécanismes : détournement des ressources lipidiques de 1’hote et synthése de novo. Ces
parasites utilisent ces deux sources pour former un « patchwork » essentiel a leur développement.
Alors que la synthése d’acides gras et de phospholipides a été largement étudiée, le transport de
ces lipides reste méconnu. Quels transporteurs sont impliqués dans le trafic de lipides au sein du
parasite et entre ses différent organites ? Pour répondre a cette question, j’ai étudié et caractérisé
durant ma theése différents transporteurs de lipides de la famille des P-type ATPases, une P5
ATPase, FLP12, sous-groupe dont I’affinité de substrat reste mal connue et une P4-ATPase, FLP2,

prédite pour « flipper » des phospholipides dans les membranes lipidiques.

La plupart des Apicomplexes possedent un organite dérivé d’un chloroplaste, nommé 1’apicoplaste,
capable de synthétiser des acides gras courts grace a sa voie procaryotique de synthése des acides
gras (FASII). Ces acides gras sont soit exportés hors de 1’apicoplaste, soit utilisés pour former de
I’acide lyso- ou phosphatidique, précurseur membranaire central. Le processus par lequel ces
différents lipides sont exportés hors de 1’apicoplaste reste inconnu. Au cours de ma these, j’ai étudié
le role d’une P5-ATPase TgFLP12 chez Toxoplasma. Cette P5-ATPase a été localisée dans les
membranes de ’apicoplaste. L’analyse phylogénétique de 7gFLP12 a révélé qu’elle appartient a
un nouveau sous-groupe de P5-ATPase, PSC. L’arrét de I’expression de 7gFLP12 s’est révélé 1étal
pour le parasite et ralentit sa réplication intracellulaire. L’analyse du lipidome par GC-MS
combinée a des marquages métaboliques ont montré que 7gFLP12 est une protéine essentiel pour
I’incorporation d’acide myristique issu de la FASII dans les différentes classes de lipides. Seule la
complémentation exogene par des acides gras similaires a ceux produits par la FASII a permis de
rétablir la croissance parasitaire. Les résultats de ces différentes approches, ainsi que la présence
de I’homologue de FLP12 chez tous les Apicomplexes portant un apicoplaste, pointent 7gFLP12
comme ¢tant I’exporteur d’acide gras de I’apicoplaste en 1’absence du transporteur canonique du

chloroplaste présent chez les organismes photosynthétiques.
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La seconde partie de mon projet de thése a porté sur la caractérisation d’'une P4-ATPase, T¢gFLP2,
présent dans le Golgi du parasite et qui est essentiel a sa survie. Les P4-ATPases sont impliquées
dans le maintien de l'asymétrie membranaire permettant la courbure membranaire nécessaire au
trafic vésiculaire. Chez Toxoplasma, j’ai montré que T¢FLP2 joue un role essentiel dans le contrdle
du trafic vésiculaire issu du réseau trans-Golgi. Sa délétion est néfaste au trafic du contenu des
micronémes, organelles de sécrétion essentiels pour I’invasion et la sortie active du parasite de son
hote. 7gFLP2 joue un role central dans les processus nouvellement découverts d’endocytose
parasitaire, permettant 1’acquisition de nutriments issus de 1’hote. TgFLP2 est essentielle pour
I’homéostasie lipidique du parasites et sa suppression entraine une rapide baisse dans sa
composition en phosphatidyléthanolamine (PE). Ce phénotype est similaire a celui observé lors de
I’inactivation de ses homologues chez la levure, Neolp et Drs2p, deux P4 également localisées
dans le Golgi. Tous ces éléments pointent le role central de 7gFLP2 dans le contrdle du trafic

vésiculaire trans-Golgi du parasite et illustre son importance pour sa survie.
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Abbreviations

Abbreviation:

5-ALA
ABC
ACATI1/2
ACBP
ACP
ACS
AGPAT
AIDS
AMALI
AP1/2
APR

Arfl
Arp2/3
ASP5
ATc
ATG
ATP
ATRx1
ATS1/ATS2
AV
C/EPT
CDC50
CDP
CDS2
cGMP
Chol

CIA

CL

CoA
COPI / COPII
CPB

CPL
CPN60
CPO
CPO-III
CRAL-TRIO
CRT
DAG
DAMPP
DG

Definition:
5-Aminolevulinic acid
ATP binding cassette
Acyl-CoA cholesterol acyl transferases 1/2
Acyl-CoA binding protein
Acyl-carrier protein
Acyl-CoA synthetase
Acyl glycerol-3-phosphate transferase
Acquired immunodeficiency syndrome
Apical membrane antigen 1
Clathrin adaptor 1/2
apical polar ring
ADP-ribosylation factor 1
Actin Related Protein 2/3 complex
Aspartyl protease 5
Anhydrotetracycline
Autophagy-related protein
Adenosine triphosphate
Apicoplast thioredoxin 1
Acyltransferase 1 & 2
Apical vesicle
Choline/ethanolamine phosphotransferase
Cell division control protein 50
Cytidine biphosphate
CDP-DAG synthase 2
Cyclic guanosine monophosphate
Cholesterol
Cytosolic iron-sulfur cluster assembly
Cardiolipin
Coenzyme A
Coat protein I/II
Cathepsin protease B
Cathepsin protease L
Chaperonin 60
Coproporphyrinogen III oxidase
Coproporphyrinogen II1
Cellular retinaldehyde-binding protein and TRIO guanine exchange factor
Chloramphenicol resistance transporter
Diacylglycerol
Dimethylallyl diphosphate
Dense granule
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DGAT Diacylglycerol acyltransferase

DHSM Dihydrosphingomyelin

DNA Deoxyribonucleic acid

DOXP 1-Deoxy-D-xylulose 5-phosphate (non-mevalonate) pathway
DrpB/C Dynamin B/C

DV Digestive vacuole

ELC Endosome-like compartment

ELO A/B/C Elongases A/B/C

EPC Ethanolaminephosphoryl-ceramide

Epsl15 Epidermal growth factor receptor protein substrate 15
ER Endoplasmic reticulum

ERAD ER-associated degradation

ESCRT Endosomal sorting complexes required for transport machinery
EXP2 Pore-forming protein 2

FA Fatty acid

FabB/F B-ketoacyl-ACP synthases /11

FabG B-ketoacyl-ACP reductase

Fabl Enoyl-ACP reductase

FABP Fatty acid binding protein

FabZ B-hydroxyacyl-ACP dehydratase

FASII Type fatty acid synthesis pathway

FAX Fatty acid exporter

Fe-S Iron-sulfur cluster

FFA Free fatty acid

FFAT Two phenylalanines in an acid tract motif
FLP Flippase

FRM1 Formin 1

GC-MS Gas chromatography-mass spectrometry
GFP Green fluorescent protein

GPAT Glycerol-3-phosphate acyltransferase
GPI-anchor Glycosylphosphatidylinositol-anchor

GRA Granule dense protein

GRASP Golgi reassembly and stacking protein
H.O.S.T. Host organelle—sequestering tubulostructures
HA Hemagglutinin

HCCU Host cell cytosol uptake

HDL High-density lipoprotein particles

HFF Human foreskin fibroblast

HP-TLC High performance thin layer chromatography
IAA Indole-3-acetic acid (auxin)

IFA Immunofluorescence assay

iKD Inducible knock-down

IMC inner membrane complex
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IMM
IP3
IPC
IPP
ISC
IVN
KICI1-9
LACS
LB

LD
LDL
Lem3
LPA
LPC
LPL
LTP
M2AP
MAF1
mAID
MCS
MDR
MEP
MHC
MIC
MID
MMV
MBCD
N-WASP
ORP
OSBP
PA

PC
PCR
PDH
PE

PG
PGP
PH

PI
PP
Pls5P2
Pl4)P
Pl,5P2

Inner membrane of mitochondria
inositol triphosphate
Inositolphosphoryl-ceramide
Isopentenyl pyrophosphate
[ron-sulfur cluster

Intravacuolar network

Kelch13 interaction candidates 1-9
Long-chain acyl-CoA synthetase
Lipid body

Lipid droplet

Low-density lipoprotein particles
Alkylphosphocholine resistance protein (CDC50)
Lysophosphatidic acid
Lysophosphatidylcholine
Lysophospholipid

Lipid transfer protein
MIC2-associated protein
Mitochondrial association factor 1
Mini auxin degron system
Membrane contact site

Multidrug resistance proteins
methylerythritol phosphate

Major histocompatibility complex
Microneme protein

Mass isotopomer distribution
Medicines for Malaria Venture
Methyl B-cyclodextran

Neural Wiskott-Aldrich syndrome protein
OSBP related protein

Oxysterol binding protein
Phosphatidic acid
Phosphatidylcholine

Preconoidal rings

Pyruvate dehydrogenase
Phosphatidylethanolamine
Phosphatidylglycerol
Phosphatidylglycerophosphate
Pleckstrin homology domain
Phosphatidylinositol
Phosphatidylinositol-3-monophosphate
Phosphatidylinositol-3,5-biphosphate
Phosphatidylinositol-4-monophosphate
Phosphatidylinositol-4,5-biphosphate
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PI-LPC
PIP
PIPKI
PITP
PL
PLSCR
PLVAC
PMT
PPIX
PS
PSDmt
PSDpv
PSS
PSS2
PT

PTS
PV
PVM
RBC
RFP
RGB
RNA
RON
ROP
RSA
SAFA
SAGI1
SCP
Secl4
SERCA
SL

SM
SNARE
SPT
Stx
SUF
TAG
TCA
TEM
TET
TEXEL
TGD
TIC
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PI -phospholipase C

Phosphatidylinositol phosphate

Type I phosphatidylinositol-4-phosphate 5-kinase
PI transfer protein

Phospholipid

Phospholipid scramblase

Plant-like vacuolar compartment

PE methyl transferase

Protoporphyrin IX

Phosphatidylserine

PS decarboxylase (mitochondrial)

PS decarboxylase (PV)

PS synthase

PS synthase 2

Phosphatidylthreonine

PT synthase

Parasitophorous vacuole

Parasitophorous vacuole membrane

Red blood cell

Red fluorescent protein

Repeating B-groove

Ribonucleic acid

Rhoptry neck protein

Rhoptry bulbous body protein

Rhoptry secretory apparatus

Saturated fatty acid

Surface antigen

Sterol carrier protein

CRAL-TRIO

sarco/endoplasmic reticulum Ca?>*-ATPase
Sphingolipid

Sphingomyelin

Soluble N-ethylmaleimide-sensitive-factor attachment protein receptor
Serine palmitoyl transferase

Syntaxin

Sulfur formation (Fe-S cluster biogenesis pathways)
Triacylglycerol

Tricarboxylic acid

Transmission electron microscopy
Tetracycline-controlled transcriptional activation
Toxoplasma export motif
Trigalactosyl-diacylglycerol

Translocon on the inner chloroplast membrane



™
TOC
TPT
UFA
VAMP4
VPS
WT

Transmembrane domain

Translocon on the outer chloroplast membrane
Triose phosphate transporter

Unsaturated fatty acid

Vesicle associated membrane protein 4
Vacuolar protein sorting-associated protein
Wild-type
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Introduction:

- Chapter I: Introduction to Apicomplexa parasites
- Chapter II: Lipids in Apicomplexa
- Chapter 1III: Membrane trafficking and lipid

transporters, how do lipids circulate within the cell?
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Chapter I: Introduction to Apicomplexa parasites

Apicomplexa belong to the superphylum of Alveolata

Apicomplexa belong to the superphylum of Alveolata, which groups unicellular protozoans that
are either free-living phototrophs or mixotrophs, free-living heterotrophs or parasitic symbiotes.
Alveolates are defined by the presence of flat vesicles underneath the plasma membrane as well as
mitochondria with tubular cristae. The phylum of Alveolata presents a wide range of organisms
divided into three major groups (Fast et al., 2002; Nash et al., 2008) (Figure 1A). (1) Ciliates
comprising over seven thousand species, are characterized by cilia that can beat synchronously or
in waves and participate to the coordination of directed movements or food ingestion. Ciliates
include the textbook case genus Paramecium, which possesses an oral groove for food acquisition
(bacteria ingestion). Ingested food is translocated to the food vacuole, and debris are eliminated via
the anal pore were exocytosis events take place. (2) Dinoflagellates that group photosynthetic,
heterotrophic, or mixotrophic protozoans. They are an important part of the plankton and play a
key role in ocean oxygenation being essential photosynthetic symbiotes of corals. And finally, (3)
Apicomplexa parasites that comprise more than six thousand species infecting a wide range of
intermediate and final hosts including humans and livestock, with a massive social and economic

burden. Apicomplexa comprise three major subgroups:

= Cryptosporidians which include Cryptosporidium infecting livestock and humans, are
responsible for severe childhood diarrhea (Pane and Putignani, 2022) (Figure 1B).

= QGregarines infect numerous insects and invertebrates which makes them successful
parasites. From a few micrometers, they can reach millimeters, making them one the largest
eukaryotic cells, and contrary to parasites from the two other families, they mostly develop
in an extracellular lifestyle (Boisard and Florent, 2020).

= (Coccidiomorphs to which belong Coccidians, including Toxoplasma gondii (Figure 1C)
and Haemosporidia, which include intraerythrocytic Alveolata parasites with the

Plasmodium subspecies (Figure 1D).
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Figure 1: Evolution of Apicomplexa and diversity
(A) Simplified diagram of the Alveolata superfamily including Apicomplexa parasites, adapted from Nash et al., 2008. (B) Electron
micrographs of different developmental stages of Cryptosporidium parvum infecting piglet gut (Tzipori and Ward, 2002). (C)

Toxoplasma gondii tachyzoite infecting human foreskin fibroblasts. (D) Plasmodium falciparum blood stage, all the parasites
(violet) that infect erythrocytes are synchronized in ring stage.

Toxoplasma gondii and toxoplasmosis

Toxoplasma gondii chronically infects about one-third of the human population worldwide and is
the pathogenic agent of toxoplasmosis. The prevalence of Toxoplasma-infected patients varies
according to cultural habits. Countries such as France or Brazil with high consumption of raw meat
have a high prevalence of Toxoplasma-positive persons close to 40 % and 60 % respectively.
Cultural changes such as the reduction of meat consumption affect these figures and tend to modify
them. Toxoplasma infection is usually harmless, asymptomatic, or may cause flu-like illness in
immunocompetent patients. However, the major problem is the ability of the parasite to chronically
infect non-dividing tissues such as muscle cells, brain neurons, or eye tissue. When the patient's
immune defenses decline, due to aging, immunosuppressive therapy (organ transplantation),
chemotherapy, or co-infection with AIDS, the parasites move from the chronic to the acute stage
and cause ocular or encephalitis toxoplasmosis, which can result in the patient's death (Edwards
and Dubey, 2013; Pawelczyk et al., 2022; Vittecoq et al., 2012). Toxoplasma infection can also be

fatal to the fetus of primo-infected women because the mother's immune system, confronted with
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the parasite for the first time, cannot prevent the parasite from infecting the fetus, and impairing its

brain development (Garweg et al., 2022).

There do not exist sub-species of Toxoplasma, but it exits several types of strains depending on
their ability to manipulate their hosts. Type I is highly virulent and does not convert to chronic
infection. Type II, mostly prevalent in Europe and North America, is less lethal than type I, instead,
it rapidly converts to a chronic phase and persists within its host during its lifespan. Type III is less
prevalent in humans and mainly infects livestock, and is mostly found in South America. Currently,
no vaccine exists against Toxoplasma, and current treatments are based on antiparasitic molecules
pyrimethamine associated with sulfadiazine or antibiotics targeting the essential prokaryotic-origin
organelle, the apicoplast. All have severe side effects such as allergies, nausea, stomach pain,
muscle weakness, and depression, and cannot treat all phases of the disease. Currently, there is

indeed no treatment available against the chronic bradyzoite stage.

Plasmodium spp and human malaria

Despite important efforts to eradicate malaria across the world, malaria cases and deaths that were
decreasing since 2000 are on the rise since 2014 with more than 245 million cases and close to 620
000 deaths in 2021 (World malaria report, 2022). Malaria is caused by Apicomplexa Plasmodium
subspecies, which are divided into more than 150 species but four are considered non-zoonotic
parasites: P. ovale, P. malariae, P. vivax and P. falciparum (“CDC Malaria,” 2020). The two last
species are the most predominant with vivax localized to South-East Asia, and representing around
40 to 50 % of malaria cases, and falciparum principally present in Africa, where it is responsible
for almost 100 % of malaria cases in the past 5 years. Plasmodium vivax is not as lethal as
falciparum but can form “dormant” hypnozoites within the liver, which causes a resurgence of the
disease years after the contagious mosquito bit. This creates a serious problem for malaria
eradication (Habtamu et al., 2022). Plasmodium falciparum contrary to vivax cannot form

hypnozoites.

Plasmodium spp are transmitted to humans via the bite of an infected Anopheles female mosquito.
However, ~100 species of mosquitoes can transmit malaria in endemic areas. Human malaria is
characterized by two phases, one asymptomatic, after the mosquito bit the parasite reaches the liver
to silently replicate, and one symptomatic, when parasites heavily infect red blood cells
(erythrocytes) causing their destruction and thus anemia, fever, headache, nausea, and diarrhea.
Treatments targeting the liver stage are considered prophylactic, and treatments targeting the blood
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stage are symptomatic. Malaria treatments are based on a combination of active compounds to
prevent the development of resistance. For the past century malaria treatments were based on
quinine and chloroquine but nowadays all endemic regions are affected by parasites resistant to
these compounds (Plowe, 2005; Uhlemann and Krishna, 2005; World Health Organization, 2006).
The problem was and is the abuse of quinine as a prophylactic treatment in the prevention of malaria
infection. Current treatments are based on the recent 2015 Nobel prize in physiology and medicine
molecule artemisinin identified in the Artemisia annua plant used in ancestral Chinese medicine as
an infusion to treat malaria-induced fever. The use of Artemisia infusion as a low-cost and efficient
treatment to cure malaria is still under debate: in vitro efficiency has been demonstrated on vivax
hypnozoite, vivax, and falciparum liver and blood stages (Ashraf et al., 2022), but the irregularity
in the infusion preparation and use of sublethal doses can lead to the rapid spread of resistances

that have already emerged in South-East Asia (Phyo and Nosten, 2018).

Life cycles

Apicomplexa parasites are obligate intracellular parasites. During invasion of the host, parasites
create a niche hidden from the immune system and distinct from host phagosomes or lysosomes
called the parasitophorous vacuole (PV). These parasites can either replicate sexually within their
final host, cats for 7. gondii or Anopheles mosquitoes for Plasmodium spp., or replicate asexually

within their intermediate hosts.

T. gondii life cycle (Figure 2)

Asexual development within the intermediate mammal host

Toxoplasma is virtually able to infect all nucleated cells of warm-blooded animals (Almeria and
Dubey, 2021). Intermediate hosts meaning humans, farm animals, birds, rodents, ... are infected
via the ingestion of oocysts excreted in felid feces and present in the environment, consumption of
not properly washed vegetables, or direct contact with domestic cat feces. Humans are also infected
directly by the consumption of cysts containing chronic-stage parasites called bradyzoites in
undercooked meat. Once in the intermediate host, sporozoites from oocysts or bradyzoites from
cysts convert to the acute, highly replicative stage known as tachyzoites. Tachyzoite parasites
divide by endodyogeny, meaning that two daughter cells are newly formed within the mother cell
and then burst out at the end of the division. Tachyzoites end up invading macrophages that they
use as a cab to travel around the body to reach muscles and brain nerves. Once within no-dividing

tissues parasites, tachyzoites convert into slow-dividing chronic stage bradyzoites and form latent
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tissue cysts protected from the immune system clearance by the cyst’s wall. Cysts persist within
the host during the lifespan until the host’s death, or until a weakening of the immune system allows

the conversion back to tachyzoites causing the disease.

Sexual development within the definitive felid host

Toxoplasma is known to control the behavior of its host. Studies on rodents demonstrated that
Toxoplasma-infected mice have repression of fear and were no longer discouraged by cat smell
(Vyas et al., 2007), concomitantly increasing the chance of cysts in mice to reach the final host,
cats. Cysts in rodents are ingested by cats (domestic or wild) and within the cat’s gut the cyst wall
bursts and releases trophozoites that invade the intestine epithelium and divide through schizogony.
The absence of the delta-6-desaturase in felines’ intestines leads to the accumulation of linoleic
acid, which induces Toxoplasma sexual commitment and trophozoites undergo gamogony with the
development of male and female gametes (Martorelli Di Genova et al., 2019). Male and female
gametes fuse to form oocysts and are released into the environment via the cat’s feces. Once in the
environment, the oocyst sporulates forming sporozoites, and can be ingested either by mammalians

in which the asexual cycle occurs, or can be ingested by other cats where the sexual cycle repeats.
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Figure 2: Toxoplasma life cycle

(1) Mammal and bird hosts are infected via the oral ingestion of sporulated oocysts or tissue cysts. Congenital transmission to the
fetus can occur in the case of primo-infected women. (2) Within the intermediate hosts, parasites undergo asexual reproduction.
Tachyzoites, the rapid replicative form responsible for the acute phase of the infection, rapidly invade the cell and replicate in their
parasitophorous vacuole by endodyogeny up to ~32 parasites. Tachyzoites egress from the cell and the lytic cycle re-starts. Parasites
migrate to slow-dividing tissues (muscles, neurons) and convert to the persistent slow-dividing bradyzoite form. Bradyzoites persist
within cysts during the host life-span and can convert to rapid replicative tachyzoites when the host immune system declines. (3)
Cysts within rodents are ingested by cats, the definitive host. Cats lack the A6-desaturase, normally present in mammal intestines,
creating an accumulation of linoleic acid, which is sensed by the parasite and induces sexual conversion. Parasites trophozoites
divide by schizogony (similar to endodyogeny but forming multiple daughter cells instead of 2), before proceeding the gamogony
forming male and female gametes. Fertilization leads to the formation of an oocyst that sporulates and is excreted within cat’s
feces. Oocysts are environmentally-resistant and can persist in nature for years before being ingested by a new intermediate host.
Parts of the figure were drawn using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Plasmodium life cycle (Figure 3)

Asexual development within the intermediate human host

In opposite to Toxoplasma, Plasmodium only infects and replicates within specific cell types,
namely hepatocytes and erythrocytes. Anopheles mosquitoes inject sporozoites into the
intermediate host during the blood meal through their salivary glands. They cross the derma to the
bloodstream and rapidly reach the liver, within 30-60 minutes (Phillips et al., 2017) where they
cross the sinusoidal barrier and undergo transversal invasion, which consists of the invasion of
several hepatocytes into a transient vacuole before switching to productive invasion (Arredondo e?
al.,2021; Loubens et al., 2021). Within hepatocytes, a single sporozoite rapidly divides, and forms
an hepatic schizont leading to thousands of progenies. This step is known as exoerythrocytic
schizogony (Tuteja, 2007). Then hepatic cells burst releasing merosomes into the bloodstream.
Merosomes reach the lungs with a high dioxygen concentration, and merosomes in turn burst to
release merozoites that are now able to invade erythrocytes and begin the intraerythrocytic cycle
that lasts for 4 to 8 days (Phillips et al., 2017). Parasites divide by schizogony (intraerythrocytic
schizogony) into erythrocytes. During this cycle the parasite development starts with the ring stage,
followed by the trophozoite stage which is the step of nuclear division and mitochondria/apicoplast
elongation/branching, and finally, the schizont stage where a single polynucleated cell divides
forming up to 32 individual merozoites that egress for the cell and re-invade a new erythrocyte and
the cycle continues. Each cycle lasts around 48 hours and this stage corresponds to the symptomatic
phase of the infection, causing severe anemia, nausea, diarrhea, headache, and fever that reaches a
peak every 36-72 hours corresponding to the erythrocyte lysis (Phillips ef al., 2017). When host
resources are running out, parasites are able to detect the lack of nutrients such as a decrease in
lysophosphatidylcholine (LPC), the main building block of phosphatidylcholine (PC), which is the

major component of the lipid membrane, and commit to gametogenesis (Brancucci et al., 2017).

Sexual development within the final Anopheles host

Male and female gametes are ingested by another Anopheles mosquito during a blood meal, similar
to Toxoplasma, Plasmodium also controls its host behavior by controlling its host smell, realizing
a cocktail of compounds increasing mosquito attraction and thus chances to reach its final host (De
Moraes et al., 2014). The male and female gametes mature within the mosquito's gut to form
flagellated microgametes and macrogametes. Gametes fuse and form a zygote that matures to an

ookinete now able to invade the gut epithelium and form an oocyst, in which parasites undergo
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several rounds of replication and form sporozoites. Sporozoites egress from the gut epithelium and
reach the salivary glands. During the next blood feed, the mosquito will infect a new human host

with mature sporozoites, and the asexual reproduction of the parasite will repeat itself.
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Figure 3: Plasmodium falciparum life cycle

(1) During a blood meal, the female Anopheles mosquito injects sporozoites that rapidly reach the liver through the bloodstream.
Sporozoites cross the sinusoidal barrier and transiently infect hepatocytes before switching to productive invasion. Exoerythrocytic
schizogony generates thousands of progenies from a single original sporozoite. (2) Merozoites are released in the bloodstream,
infect red blood cells (RBC), and start the intraerythrocytic cycle. Early trophozoites, or rings, undergo organelles elongation and
branching in parallel with DNA replication to form mature trophozoites. Poly-nucleated trophozoites divide to form schizonts that
release merozoites that re-invade new RBC. Parasites can sense the nutritional status of the host and under stress conditions, RBC-
stage parasites stop replicating and commit to sexual conversion forming male and female gametes. (4) During another blood meal,
anew Anopheles mosquito uptakes the parasite’s gametes. Within the gut, male and female gametes form flagellated microgametes
and macrogametes respectively, which fuse to form a zygote that evolves into an invasive ookinete. The ookinete invades the gut’s
epithelium, forming an oocyst dividing into sporozoites. Sporozoites burst from the gut’s epithelium and reach the mosquito’s
salivary glands before being injected into a new human host during the next blood meal. Parts of the figure were drawn using
pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported
License (https://creativecommons.org/licenses/by/3.0/).

28| Page



]
|
|

Micronemes Rhoptries

Apicoplast Mitochondria

~g\l;-

Dense granule =

E

- B
o

Figure 4: Apicomplexa ultrastructure

Conoid and dense granule structures are shown by electro micrographs realized on Toxoplasma gondii tachyzoite (this PhD). The
immunofluorescence images are made using different intracellular markers: rhoptries = RON2-4; mitochondria = TOM40; Golgi
= GRASP; endoplasmic reticulum (ER) = Derl; inner membrane complex (IMC) = IMCI1; apicoplast = CPN60; micronemes =
AMAL.
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Dissection of Apicomplexa’s ultrastructure

General structures (Figure 4)

Apicomplexa are eukaryotic parasites. As such, they are nucleated cells with common features like
the endoplasmic reticulum (smooth and rough), the Golgi apparatus, and a single mitochondrion.
A secretory pathway is present in Apicomplexa and goes through the ER and the Golgi apparatus,
but was repurposed mainly for parasites invasion and egress with the acquisition of apical secretory
organelles named micronemes and rhoptries. Apicomplexa, while intracellular replicate, within a
vacuole called the parasitophorous vacuole (PV) with a membrane (the PVM) made of a mix of
host and parasite membrane and maturated by parasite effectors named GRA proteins that originate
and are secreted from dense granules (DG). The plant origin of Apicomplexa left some relics: the
plant-like vacuolar compartment (PLVAC) in Toxoplasma, the food vacuole in Plasmodium, which
both play a similar role to the plant vacuole by being ion storage compartments (calcium, zinc).
The PLVAC and the food vacuole also play the role of lysosomal compartments and are involved
in endocytosis and nutrient acquisition (Dou et al., 2014; Stasic et al., 2022). All Apicomplexa,
except for the Cryptosporidium genus, possess a chloroplast-relic named apicoplast that has lost

the photosynthetic ability and is the resident place of essential metabolic pathways.

The inner membrane complex, an Alveolata specificity

The IMC is specific to the superphylum of Alveolata. The IMC corresponds to flattened vesicles
located beneath the plasma membrane and interconnected with the cytoskeleton. The IMC is
essential for cytokinesis. It covers the nascent parasites underneath the plasma membrane. Starting
at the apical pole, the forming IMCs are derived from the Golgi material and bind to the
centrosomes (Harding and Meissner, 2014; Kono et al., 2013). Then the IMCs form rings on the
apical pole of the daughter parasites and during the development of the cells the IMC recruits, in
At first, the glideosome machinery and then recruits the alveolin network (Kono et al., 2013) for
conoid assembly and subpellicular microtubules organization (Tosetti ef al., 2020). The IMC plays
an essential role in gliding motility as the glideosome machinery is located in between the IMC and
the plasma membrane and uses an actin-myosin motor to allow parasite motility (Harding and

Meissner, 2014).

The apical complex, big gun for a small parasite
Apicomplexa parasites are unicellular and polarized cells, with a basal pole and an apical pole.

Their ability to invade a host resides in the complex structure present in the apical region. The
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conoid is a complex cytoskeleton structure composed of spiraling tubulin fibers, subpellicular
microtubules, preconoidal rings (PCR), and apical polar ring (APR) 1 and 2 that connect the conoid
to the IMC and the subpellicular microtubules respectively, (Haase et al., 2022; Koreny et al., 2021;
Tosetti et al., 2020). Presence of a conoid is a shared feature among Coccidian and for a long time
it was presumed absent from Haemosporidia and their sister clade Myzozoa (dinoflagellate and
Chromera). However, conoids were recently identified in invasive forms of these taxa: sporozoites,
merozoites, ookinetes (Koreny et al., 2021). The conoid is extruded in extracellular parasites and
allows parasite attachment, motility, and entry into the host cell. Conoid extrusion is due to F-actin
attachment to the preconoidal rings and its polymerization by formin 1 (FRM1), then F-actin is
fluxed toward the APR by myosin H (MyoH), that it binds. MyoH then promotes conoid extrusion.
After conoid extrusion F-actin is fluxed to the pellicle by MyoA to promote parasite motility (Dos
Santos Pacheco et al., 2022). Conoid extrusion is sensitive to changes in the environment, the
presence of 3 % ethanol or pH acidification or exogenous phosphatidic acid (ePA) induce conoid
extrusion (Del Carmen et al., 2009; Katris ef al., 2020). These external signal trigger an intracellular
signaling through the cGMP pathway that leads to calcium release from the ER and induces

extrusion of the conoid (Bullen ez al., 2019).

Secretory organelles

Apicomplexa are weaponized with secretory organelles essential for parasite invasion, egress, and
host control. These organelles are known as (1) micronemes, (2) rhoptries, and (3) dense granules.
All are formed from the Golgi apparatus but then use divergent pathways to be maturated and

secreted.

(1) Micronemes. Their number and shape vary according to the parasite’s species or life stage. In
Toxoplasma, micronemes are divided into two categories, apical micronemes, and peripheral
micronemes (Kremer et al., 2013). They contain proteins called microneme proteins, which possess
a wide range of biological functions. Perforin-like proteins present in micronemes allow parasites
to egress by forming pores into the PVM of the host cell membrane (Deligianni et al., 2013;
Kafsack and Carruthers, 2010). Extracellular parasites attach to the host cell and secrete microneme
proteins that contain adhesins called MICs, which bind to host surface antigens such as collagen or
sialic acid and allow parasite gliding motility (Dubois and Soldati-Favre, 2019; Tomley and
Soldati, 2001). Once parasites tightly attach to the host cell, microneme proteins such as the

complexes MIC/M2AP or MIC1/4/6 bind to a host receptor and make the connection to the parasite
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glideosome (Zhu et al., 2021, p. 4), which is an Apicomplexa-specific machinery using a myosin
motor complex, cytoskeleton F-actin, and plasma membrane docking proteins, that generate the
forward movement (gliding motility), which allows parasite entry within the host cell (Frénal and
Soldati-Favre, 2013; Opitz and Soldati, 2002). Another microneme protein called AMA1 also
participates in the formation of the moving junction associated with RON proteins secreted by the
rhoptries into the host cell forming a complex at the interface of the host and the parasite, which
leads to the entry of the parasite and the formation of the PV (Fernandes et al., 2022, p. 1; Lamarque
etal.,2014).

(2) Rhoptries. They are shared among Apicomplexa and their number varies depending on the
organism: 1 in Cryptosporidium spp., 8-12 in Toxoplasma, 2 in Eimeria and Plasmodium spp.
(Burrell et al., 2022; Mageswaran et al., 2021; Martinez et al., 2022; Segev-Zarko et al., 2022).
They are composed of a neck and a bulb. Recent findings have shown that rhoptries dock to the
apical vesicle (AV). Toxoplasma and Eimeria opposite to Plasmodium possess several AV aligned
on the two intra-conoid microtubules but only the most apical one serves for rhoptry docking. Upon
calcium stimulation, the AV associates with another apical structure termed rhoptry secretory
apparatus (RSA) forming a rosette composed of a repetition of 8 complexes of anchor proteins (A-
I, A-II, A-III), the central density, an anterior and posterior central channels and radiating spokes
(Mageswaran et al., 2021), being the gatekeeper of rhoptry discharge through the fusion of the AV
with the plasma membrane. Rhoptry proteins are secreted only in extracellular parasites, after
microneme secretion, and attachment to the host cell surface that trigger intracellular signaling and
calcium release inducing rhoptry discharge. Sequentially, the neck content, aka RON proteins, is
discharged first and releases a set of proteins involved in the parasite’s invasion, such as formation
of the moving junction (RON2/4/5/8) (Ben Chaabene et al., 2021; Besteiro et al., 2011). Then the
bulb content, aka ROP proteins, is discharged and is composed of effectors for host behavior

manipulation (Hakimi et al., 2017; Thara and Nishikawa, 2021).

(3) Dense granules. Contrarily to rhoptries and micronemes, DGs are not apical organelles but are
spread around the cytoplasm and are not conserved throughout the phylum. DG are likely
conserved among cyst-forming apicomplexan parasites such as Toxoplasma gondii and Neospora
caninum. They have been named due to their electron-dense crystalline protein core, which means
that they appear as deep dark round-shape vesicles by transmission electron microscopy. DGs
contain and secrete GRA proteins involved in host behavior manipulation (IThara and Nishikawa,

2021), nutrient acquisition through the PV and PVM maturation (Griffith et al., 2022; Mayoral et
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al., 2022; Rivera-Cuevas et al., 2021; Romano et al., 2017). DGs find their origin in the canonical
secretory pathway: most GRA proteins possess a signal peptide, are translated ,and translocated
into the rough ER. GRA proteins inserted into the parasite plasma membrane possess a
transmembrane (TM) domain that allows their insertion into the ER membrane. Secreted GRAs
aggregate and may mask the TM domain, but can also count on chaperone proteins such as GRA45,
which has a similar structure to small heat shock protein, and prevent premature membrane
insertion (Braun et al., 2008; Griffith et al., 2022; Wang et al., 2020). GRA proteins transit to the
Golgi apparatus, where GRA with a TEXEL motif (Toxoplasma export motif) are maturated by the
aspartyl protease ASPS5 for correct targeting upon secretion (Coffey et al., 2018, 2015). Mature
DGs bud form the trans-Golgi network and traffic to the plasma membrane where the secretion
mechanism across the IMC and the plasma membrane remains unclear. It has been suggested that
apical annuli may play the exit gate for DG secretion (Griffith ef al., 2022). Once secreted GRA
proteins play an essential role in host control such as suppressing the antigen presentation by MHC-
I or MHC-II, by GRA2-9 (Leroux et al., 2015; Rommereim et al., 2019), parasite dissemination
into the host with GRA28 (ten Hoeve ef al., 2022) as well as an essential role in host nutrients
acquisition, example: GRA2, GRA6, and GRA7 are essential for host Rab vesicles scavenging
through the intravacuolar network (IVN) (Romano et al., 2017), GRA64 and GRA14 for the
recruitment of host ESCRT machinery at the PVM for nutrient acquisition (Mayoral et al., 2022;
Rivera-Cuevas et al., 2021), or host organelle recruitment like mitochondria via MAF1 (Blank et

al., 2021).

Mitochondria

Apicomplexa possess a single mitochondrion (except for the Cryptosporidium genus that possesses
a mitosome) with one of the smallest genomes in the eukaryotic realm, i.e. 6 kb, that encoded only
three proteins (Usey and Huet, 2022). The rest of the mitochondrial proteins are encoded within
the parasite nucleus. Apicomplexa mitochondria have conserved essential metabolic pathways,
divergent enough from their host to be druggable. As in other eukaryotes, Apicomplexa
mitochondria is the powerhouse of the cell, and the place of the respiratory chain. While complex
I is missing in Apicomplexa, complexes II, III, and IV are composed of more subunits than their
human homologs. It is also the case for the complex V, FiFo-ATP synthase, which is composed of
close to 30 subunits in Apicomplexa compared to 18 subunits for the human F1Fo-ATP synthase
(Maclean et al., 2022). The reason for this increased number of subunits remains unknown but the
characterization of specific Toxoplasma subunits has revealed their essentiality for the assembly of
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the different complexes and parasite survival (Maclean et al., 2021). The structure of Apicomplexa
complex V explains the tubular cristae structure of their mitochondria, forming a hexamer bending
the mitochondria's inner membrane, disrupting this hexameric structure and impairing the cristae
structure (Miihleip et al., 2021). In Plasmodium, intraerythrocytic asexual replication relies on
glycolytic fermentation and ATP synthesis by FiFo-ATP synthase is dispensable, but not in
mosquito sexual replication (Jacot et al., 2016; Sturm et al., 2015). This divergence of the
Apicomplexa respiratory chain makes it a perfect drug target in the fight against Apicomplexa
diseases. Atovaquone is an inhibitor of the Apicomplexa complex III and is already one of the main
drug used against Plasmodium infection (Siregar et al., 2015). The Apicomplexa mitochondrion is
the place of the heme synthesis pathway shared with the apicoplast, an iron-sulfur cluster synthesis
(ISC), the tricarboxylic acid (TCA) cycle that fuels the respiratory chain in reducing agents (Jacot
et al., 2016; Sheiner et al., 2013). Apicomplexa energy metabolism relies on glucose, glycolysis,
the TCA cycle, and the respiratory chain. As another source of energy, B-oxidation consumes fatty
acids to generate ATP. Toxoplasma possesses all enzymes of the B-oxidation except for the
mitochondrial transporter carnitine palmitoyltransferase, which allows the entry of palmitic acid
(C16:0) into the mitochondrion to fuel the B-oxidation, and the situation in Plasmodium is more
complex where another enzyme of the [B-oxidation is absent. Yet there is no evidence of
mitochondrial B-oxidation activity in Apicomplexa and its existence is still controversial (Figure

5).

Apicoplast, the memory of plant ascendence

The apicoplast is a non-photosynthetic organelle (that has been lost in the genus Cryptosporidium),
acquired from a primary endosymbiosis of a cyanobacterium to evolve as a chloroplast, then
Chromoalveolate acquired the apicoplast from a secondary endosymbiosis event of a red alga (van
Dooren and Striepen, 2013). The apicoplast thus possesses four membranes, the two innermost
membranes being those of the original chloroplast while the periplastid membrane originates from
the red alga plasma membrane and the outermost membrane comes from the endomembrane. The
apicoplast genome encodes approximately thirty genes, and to maintain the endosymbiont as a
novel organelle, gene transfer occurred between the plast and the nucleus. Nuclear-encoded
apicoplast proteins need to reach their final destination and are so addressed to the apicoplast. Most
of the apicoplast stromal proteins harbor a bipartite signal, which is composed of a signal peptide
for ER translocation, in the ER the signal peptide is cleaved revealing a transient peptide for
apicoplast localization (DeRocher et al., 2000; Waller et al., 2000). How apicoplast proteins reach
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the outermost membrane remains unclear, but vesicular trafficking between the ER and the
apicoplast is privileged. Indeed, disrupting the R-SNARE 7gVAMP4 blocks the entrance of the
stromal ACP and CPN60 as well as the membranous proteins ATrx1 and ATrx2 (Cao et al., 2021).
To cross the periplastid membrane, parasites possess a plastid-localized ER-associated degradation
(ERAD) system, and its disruption impairs the translocation of proteins to the apicoplast followed
by the loss of the plast and death of the parasite (Agrawal et al., 2009; Fellows et al., 2017; Spork
et al., 2009). However, localization of this ERAD complex to the periplastid membrane remains
uncertain. The two inner membranes of the apicoplast, which correspond to the ancestral
chloroplast, possess protein translocons at the outer and inner chloroplast membrane (TOC/TIC)
homologs, which recognize the transient peptide for the protein import into the stroma of the

apicoplast (Glaser et al., 2012; Glaser and Higgins, 2012; Sheiner et al., 2015, p. 75).

Despite the loss of photosynthesis, the apicoplast has conserved essential metabolic pathways and

its absence from the human host makes it a perfect drug target (Figure 5).

Heme synthesis pathway. Heme plays an essential role in redox reaction and the electron
transport chain. This pathway is essential for the development of Toxoplasma but can be
dispensable in Plasmodium depending on the life stage. In the intraerythrocytic life stage where the
parasite evolved in a heme-rich environment, the pathway is dispensable (Yeh and DeRisi, 2011).
By contrast, the heme synthesis pathway is critical in the liver (Kloehn ef al., 2021a; Rathnapala et
al., 2017) and the mosquito stages (Nagaraj et al., 2013). The pathway, as mentioned in the
mitochondria section, is shared between the two organelles, with the first step in the mitochondrion,
the next four steps are in the apicoplast and convert 5-aminolevulinic acid (5-ALA) to
coproporphyrinogen III, which exits the apicoplast into the cytosol via an unknown path, to be
converted to protoporphyrinogen IX by CPO. The two last steps into the mitochondrion allow the

formation of the heme (Dooren et al., 2012).

Iron-sulfur cluster synthesis pathway. Iron-sulfur (Fe-S) clusters are presumed to be one
of the oldest catalysts for the synthesis of metabolites, genome maintenance (DNA replication and
repair), and functionality of the translation machinery (biogenesis of ribosome and tRNAs
modification) (Lill, 2009). Apicomplexa, as plants and algae, possess the three eukaryotic
pathways, with the cytosolic CIA and the mitochondrial ISC while the apicoplast possesses the
SUF Fe-S cluster synthesis pathway. The three pathways are essential for parasite survival (Aw et
al., 2021; Pamukcu et al., 2021). In Toxoplasma and Plasmodium, the SUF pathway generates Fe-
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S clusters to the isoprenoid synthesis pathway (IspG and IspH), the FASII pathway (LipA), and
apicoplast protein translation (MiaB for tRNA modification) (Renaud et al., 2022; Swift et al.,
2022).

Isoprenoid synthesis pathway. Isoprenoids serve multi-biological functions in the cell:
protein, and tRNA prenylation, synthesis of the coenzyme Q for the mitochondrial electron
transport chain, vitamins. They also are critical components of membrane lipids (Guggisberg et al.,
2014). Apicomplexa harbor a plant-like methylerythritol phosphate (MEP) pathway, responsible
for the synthesis of the isoprenoid precursor isopentenyl pyrophosphate (IPP), which is critical for
both Toxoplasma and Plasmodium survival (Nair et al., 2011; Yeh and DeRisi, 2011).
Nevertheless, the IPP synthesis is the only apicoplast pathway essential during the blood stage (Yeh
and DeRisi, 2011) in a synthetic nutrient-rich environment, and parasite growth can be inhibited

by the action of fosmidomycin.

Fatty acid synthesis type Il pathway. Fatty acids (FA) are the building blocks of
phospholipids (PL) and neutral lipids, diacylglycerols (DAG), triacylglycerols (TAG), and
cholesteryl esters (Chol-FA). FA are either massively scavenged from the host or de novo
synthesized within the apicoplast, which possesses the prokaryotic fatty acid synthesis type II
pathway (FASII), and can synthesize both the saturated short fatty acid chains myristic, and
palmitic acids (C14:0, and C16:0, respectively).

FASII is a multi-enzymatic complex that uses acetyl-CoA generated from imported
phosphoenolpyruvate, converted back to pyruvate, which is dehydrogenated and associated with a
coenzyme A by pyruvate dehydrogenase (PDH) to form the acetyl-CoA pool. Then the CoA is
replaced by an acyl carrier protein (ACP) essential for the initiation and the elongation of the FA
chain by FASII. Elongation of the newly synthesized FA is performed by the B-ketoacyl-ACP
synthases I/Il (FabB/F), the B-ketoacyl-ACP reductase (FabG), the p-hydroxyacyl-ACP
dehydratase (FabZ), and the enoyl-ACP reductase (Fabl). After several rounds of elongation the
FASII generates a C8:0 FA (octanoyl-ACP) used for a positive feedback loop to activate the PDH,
and after a few other rounds, produces the short FAs C14:0 and C16:0 (Goodman and McFadden,
2007; Sharma et al., 2007; Shears et al., 2015).

Chloroplasts use de novo FAs for galactolipid synthesis and photosynthesis, but this pathway is
lost in Apicomplexa, and FASII fatty acid has been repurposed for the synthesis of
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lysophosphatidic acid (LPA) and phosphatidic acid (PA) via the conserved plant acyltransferases
called ATS1 and ATS2 that serve for bulk phospholipids and membrane biogenesis (Amiar et al.,
2020, 2016). FASII is essential for the integrity of the apicoplast and the survival of Toxoplasma,
but in Plasmodium the pathway has been shown to be dispensable during the acute blood stage
(Yeh and DeRaisi, 2011) and essential during liver (Yu et al., 2008) and mosquito stages (Vaughan
et al., 2009). Recent evidence re-questions the essentiality of the pathway during the blood stage
as growth assays on FASII mutants have shown that the parasites were no longer able to survive in
poor nutritional environment and may illustrate the FASII activity flexibility for parasite survival

during the acute infection (Amiar et al., 2020; Shunmugam et al., 2022).
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Scavenged glucose is the main carbon source for endosymbiotic organelle metabolism. The apicoplast hosts the type II fatty acid
synthesis pathway (FASII) providing FAs, the DOXP isoprenoid synthesis pathway providing IPP and DAMPP, the heme synthesis
pathway shared with the mitochondrion, and the iron-sulfur cluster synthesis pathway (SUF) providing Fe-S clusters essential for
the consertion of pyruvate to acyl-CoA, enzymes of the DOXP pathway but also for housekeeping functions (DNA replication,
transcription, and protein translation) and to form the heme. The mitochondrion hosts the tricarboxylic acid cycle (TCA) providing
reductive power to the electron transport chain (ETC) for ATP synthesis. It also possesses a Fe-S cluster synthesis pathway (ISC)
essential for the correct function of the TCA cycle and the ETC. Apicoplast exporters in grey are unknown.

Figure 5: Apicoplast and mitochondrion metabolic pathways
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Chapter II: Lipids in Apicomplexa

Lipid definition
Lipids are major metabolites of life. They are defined as organic compounds insoluble in water but
soluble in organic solvents. They include fats, vitamins, waxes, phospholipids, etc. Lipids are

involved in cell structural components, signaling, and energy storage.

Phospholipids are the major lipids of membranes

The plasma membrane and the organelle’s membranes and envelopes serve as barriers between the
extracellular environment, the cytosol, and the lumen of the different organelles, maintaining the
characteristics of each compartment such as ion gradients or metabolic pathways. Membranes are
made of a lipid bilayers mainly composed of phospholipids held together by noncovalent
interactions. They adopt this particular structure thanks to their physical properties and shapes. A
phospholipid is an amphiphilic molecule. It is a lipid that contains a hydrophobic tail made of two
fatty acid chains attached to the position 1 and 2 on a glycerol-3-phosphate (G3P) backbone via an
ester bond and a hydrophilic head that comprises the phosphate of the glycerol-3-phosphate
backbone, which is attached to different radicals depending on the nature of the considered
phospholipid. Because of the two FAs, they generally adopt a cylinder shape that forces them to
naturally assemble into a bilayer with their FA tails within the hydrophobic core of the membrane,
and their hydrophobic heads popping out into the hydrophilic compartment. Lysophospholipids,
which adopt an inverted cone shape naturally form micelles made of one single lipid layer.

Phospholipids’ bilayer properties depend on the nature of their phospholipids.

Phosphatidic acid (PA). PA is made of two FAs and a glycerol-3-phosphate. It constitutes the
sole precursor of each class of phospholipids, and plays an essential role in membrane biogenesis.
The absence of a radical group on the phosphate induces a trapezoid shape and generates positive
membrane curvature important for cytokinesis (Amiar et al., 2020) and vesicular trafficking. The
PA can be dephosphorylated to form diacylglycerol (DAG), which can be esterified with a third
FA and form a triacylglycerol (TAG) for lipid storage (Dass et al., 2021). PA can additionally play
a role as a signaling molecule (Arisz ef al., 2009; Bisio ef al., 2019; Katris et al., 2020; Wang et
al., 2006). Apicomplexa are able of PA de novo synthesis, the apicoplast possesses plant relics of
acyltransferases called ATS1 and ATS2. In the chloroplast, they are responsible for the synthesis
of galactolipids for the plast integrity and photosynthesis, while in the apicoplast, they have been
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repurposed for the synthesis of LPA and PA, respectively (Amiar et al., 2020, 2016). Apicomplexa

genomes also encode ER/cytosolic LPA/PA synthesis enzymes, glycerol-3-phosphate acyl
transferase (GPAT), and acyl glycerol-3-phosphate acyl transferase (AGPAT) (Amiar et al., 2020)

but their roles in parasite lipidome and survival remain unknown.
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Figure 6: Phospholipid’s structure

(A) General organization of a phospholipid, the phosphatidylcholine (PC) in which two FA chains are esterified on a glycerol-3-
phosphate backbone. The phosphate position sn3 is linked to a radical that defines the phospholipid species (adapted from
MacDonald et al., 2019). (B) Table of the different radicals defining the phospholipids (structures are from ChemSpider). (C)
Phospholipids spatial shape inducing membrane curvatures (adapted from Zhukovsky et al., 2019).
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Phosphatidylcholine (PC). PC is the major component of eukaryotic membranes and
corresponds to ~75 % of Toxoplasma and between 20 to 55 % of Plasmodium blood-stage
phospholipids. PC assembles to a planar bilayer (Figure 6A, B) and is crucial for parasite
proliferation. The ratio PC/LPC is important for apicoplast maintenance (Lévéque ef al. 2017), and
differentiation, low level of LPC during the blood stage reduces the number of merozoites and
triggers the expression of a transcription factor for sexual commitment (Brancucci ef al., 2017;
Kilian et al., 2018). PC is synthesized from scavenged resources (host PC/LPC or choline). Choline
is used through the Kennedy pathway where choline is CDP-activated and then transferred to a
DAG by a choline/ethanolamine phosphotransferase (C/EPT) (Gibellini and Smith, 2010; Kilian et
al., 2018; Sampels et al., 2012) (Figure 7). Mammalians can synthesize PC from PE by multiple
steps of methylation converting the ethanolamine to choline and Plasmodium has conserved a
functional PE methyl transferase (PMT) (Witola et al., 2008) important for growth and survival but
there is no PMT activity reported in Toxoplasma (Gupta et al., 2005) (Figure 7).

Phosphatidylethanolamine (PE): PE is the second most abundant phospholipid of
eukaryotic membranes. It can be de novo synthesized by the Kennedy pathway or the CDP-DAG
pathway (Figure 7). Toxoplasma and Plasmodium can form ethanolamine from serine but not from
ceramide like Kinetoplastida. Both Toxoplasma and Plasmodium phosphorylate the ethanolamine
and activate it with a CDP to be transferred on DAG by C/EPT to form PE and Toxoplasma
possesses a gene duplication EPT also responsible for ethanolamine transfer on a DAG
(Ramakrishnan et al., 2013). PE can also be sourced by the CDP-DAG pathway from which a PA
is converted to an activated CDP-DAG molecule used to synthesize phosphatidylserine (PS) and
PE is generated by PS decarboxylation (Figure 7). Toxoplasma possesses two PS decarboxylases
(one in the mitochondria and one in the PV), that have a compensatory activity depending on the
nutritional environment (Hartmann ef al., 2014). In both parasites, PE synthesis from the Kennedy
pathway is essential for parasite survival (Déchamps et al., 2010; Sampels et al., 2012), whereas
PE sourced by PS decarboxylation is important for parasite growth but not survival (Hartmann et
al.,2014; Vial et al., 1982) (Figure 7). As PA, PE also adopts a trapezoid shape inducing negative
membrane curvature (Peeters et al., 2022) and plays a role in vesicle budding, trafficking, and

membrane fusion (Wu et al., 2016) (Figure 6B and C).

Phosphatidylserine (PS): PS is one of the most abundant phospholipids in Apicomplexa (~5-
15 %). Within the human host, PS is localized on the cytosolic leaflet of the phospholipid bilayer
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and is actively maintained as such, PS exposure on the extracellular side is an apoptotic signal
recognized by the immune system, which induces the programmed cell death. Interestingly, it has
been shown that Plasmodium-infected hepatocytes showed a decreased exposure of PS to avoid
parasite phagocytic clearance (Burda et al., 2017), but in infected erythrocytes, PS exposure
increase causing red blood cell attachment within the blood vessel to avoid clearance by the spleen
(Eda and Sherman, 2002). Still, in Plasmodium, PS synthesis mainly occurs via the CDP-DAG
pathway from serine and CDP-DAG, by a bacterial-type PS synthase (PSS) (Elabbadi et al., 1997),
whereas PS synthesis in Toxoplasma likely occurred by head group exchange with PE by the PS
synthase 2 (PSS2) (Gupta et al., 2005) (Figure 7).

Phosphatidylinositol (PI): PI synthesis is conserved in all Eukaryotes including
Apicomplexa. PI is synthesized from myo-inositol, a cyclic sugar alcohol of six carbons, either
scavenged or de novo synthesized from glucose. Myo-inositol is then assembled to form PI through
the CDP-DAG pathway by PI synthase (1 in Plasmodium and 2 in Toxoplasma stage dependent)
(Séron et al., 2000; Wengelnik and Vial, 2007), and serves as a precursor for phosphatidylinositol
phosphate molecules (PIPs) (Figure 7).

PI and PIPs are essential lipids for signaling events. Phospholipase PI-LPC, recruited at the plasma
membrane after induction of the cGMP signaling pathway, cuts the Pl P2 releasing DAG and
IP3, which induces calcium release from the ER leading to microneme secretion (Bisio et al., 2019;
Tanzifi et al., 2020). PIPs are crucial for the synthesis of glycosylphosphatidylinositol-anchored
proteins, playing a major role in the immune system evasion with the rapid variation of surface
antigens (SAGs) (Lekutis et al., 2001), but also for organelle maintenance with the regulation of
the apicoplast homeostasis (Daher et al., 2016, 2015), or protein export in Plasmodium

(Bhattacharjee et al., 2012) and thus parasite survival.

Phosphatidylthreonine (PT): PT is only present in very low abundance in eukaryotic cells
and PT appears to be a by-product of PS synthesis due to the close similarity to serine and threonine.
However, coccidian parasites such as Toxoplasma, exclusively possess an ER-localized
phosphatidylthreonine synthase (PTS) evolved from the PSS, responsible for the transfer of a
threonine onto an activated CDP-DAG to form PT (Arroyo-Olarte et al., 2015) (Figure 7). In
Toxoplasma, PT appears to be more abundant than PS, its synthesis is essential for both acute and
chronic stage, and PT plays an essential role in parasite gliding motility and thus parasite egress
via the regulation of calcium homeostasis (Arroyo-Olarte ef al., 2015; Kuchipudi et al., 2016).
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Cardiolipin (CL) and phosphatidylglycerol (PG): cardiolipin is a unique phospholipid
synthesized and localized into the inner membrane of mitochondria (IMM) where its abundance
can reach 15-20 % of the phospholipids composing the IMM. CL plays an important role in the
different mitochondrial metabolic processes such as the assembly of supercomplexes of the ETC,
mitochondria biogenesis, protein import, IMM cristae formation, and ATP synthesis (Paradies et
al., 2019). CL synthesis is conserved among all Eukaryotes and starts from the PA, which is
activated to form a CDP-DAG, then a phosphatidyl group is added to the DAG by a
phosphatidylglycerophosphate (PGP) synthase to form PGP, which is dephosphorylated by a PGP
phosphatase to form phosphatidylglycerol (PG) (Figure 7). The prokaryotic CL synthesis pathway
assembles CL from two PGs with the release of glycerol (Schlame, 2008). PG and CL synthesis is
essential for parasite survival as the deletion of one of the CDP-DAG synthase, the prokaryotic one
TgCDS2, abrogates PG synthesis and illustrates the tight metabolite exchanges between the
apicoplast and the mitochondria as 7gCDS?2 localized to the apicoplast and the PG and PL synthesis
localized to the mitochondria (Kong et al., 2017) (Figure 7).

To sum up, the synthesis of phospholipids in Apicomplexa parasites possesses both the CDP-DAG
pathway and the Kennedy pathway. The Kennedy pathway is responsible for the assembly of PC
and PE, the major phospholipid classes from scavenged resources (choline, ethanolamine, LPC,
etc.) with the transfer of CDP-activated precursor on DAG. The CDP-DAG pathway fuels the
synthesis of the PS, PT, PI/PIP, and PG/CL via the activation of DAG with a CDP and further
assembly of the different phospholipids with the specific compartments with PS and PT in the ER,
PI, and PIPs in the Golgi apparatus and PG/CL within the mitochondria.

Phospholipids are not the only important lipids for membranes

While phospholipids are the major components of the membrane, other non-glyceride lipids play
an important structural role in the membrane. Sphingolipids represent near to 10 % of the
membrane lipids and sterols including cholesterol and cholesteryl esters that reach 20-30 % of the

lipid present in the membrane (Coones et al., 2021).

Sphingolipids (SL). SLs are different from PLs as the PLs possess a glycerol backbone,

whereas SLs possess a sphingoid base backbone made from aliphatic amino alcohols mainly serine
forming sphingosine. SLs are synthesized from ceramide sourced by the assembly of serine with a

palmitic acid (C16:0) by a serine palmitoyl transferase (SPT) to form 3-ketosphinganine, this
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compound is reduced to form sphinganine, which is esterified with a FA by a ceramide synthase
(CERS) and becomes dihydroceramide. The final step is catalyzed by desaturase to make ceramide,
which serves as the precursor for all sphingolipids, meaning sphingomyelin (SM),
inositolphosphoryl-ceramide (IPC), and ethanolaminephosphoryl-ceramide (EPC). In the lipidic
membrane, SLs play an essential role in the formation of lipid rafts or lipid microdomains that
control the membrane fluidity and membrane protein trafficking (Pike, 2009). Apicomplexa can
scavenge SL from their host but can also de novo synthesize SLs (Coppens, 2013). De novo
synthesis pathway of SLs is shared and conserved among Eukaryotes and Apicomplexa: Coccidia,
Haemosporidia, Cryptosporidia, but absent from Piroplasmida and Gregarina (Nyonda et al.,

2022).

In Toxoplasma, sphingolipids play an essential role in rhoptry secretion. Indeed rhoptry membranes
are enriched in SM compared to the whole tachyzoite with a ratio SM/PC that increases from 0.18
in tachyzoite to 0.32 in the fraction rhoptry-enriched (Besteiro et al., 2008). Disruption of SL
synthesis impairs tachyzoite growth and bradyzoite establishment as well as the secretion of
rhoptries and thus the formation of the e-vacuole, formed after parasite attachment and rhoptries

discharge into a new host cell and that precedes the formation of PV (Nyonda et al., 2022).

In Plasmodium, SL synthesis is important for both asexual and sexual parasites. However, gametes
present a sex-specific lipid composition and SLs are a central element of the differences. In asexual
parasites, SM is the main sphingolipid but in male and female gametes, there is an enrichment of
dihydrosphingomyelin (DHSM) from 2 % in asexual parasites to 20 % and 35 % in male and female
gametes respectively (Ridgway et al., 2022). While SM synthesis is not critical for males, it plays
an essential role in the survival of male gametes, which are killed selectively by the addition of the

SM synthase inhibitor GT11 (Ridgway et al., 2022).

Cholesterol (Chol). Cholesterol is a sterol made of a rigid ring structure, the gonane, a hydroxyl
group in position 3, and a short non-polar hydrocarbon tail. It is a key component of membranes of
eukaryotic cells. Cholesterol is inserted in the phospholipid bilayer with its hydroxyl group that
interacts with the polar head of phospholipids, while the ring structure and the hydrocarbon tail
interact with the FA chains. In abundance, cholesterol can go up to 30 %, which corresponds to a
ratio of Chol-PL close to 1-1 (van Meer et al., 2008). Cholesterol plays an important structural role
in modifying membrane fluidity. Together with sphingolipids, it is enriched in lipid rafts, and

generally helps in the organization of the lipid membrane, acts as a facilitator stabilizer of protein
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complexes (Coskun and Simons, 2011; Fantini and Barrantes, 2013). In Eukaryotes, cholesterol is
made from acetyl-CoA generated by the mitochondria, exported to the cytosol, and synthesized via

the mevalonate pathway in the cytosol and the ER (Sitaula and Burris, 2016).

Alveolates, including Apicomplexa have conserved the mevalonate pathway in the apicoplast but
they have lost the gene for sterol synthesis and are thus auxotroph for cholesterol (Desmond and
Gribaldo, 2009). Their survival thus relies on their capacity to scavenge cholesterol from the host
(Coppens, 2013; Maier and van Ooij, 2022; Romano et al., 2017). Plasmodium spp. niche in a
cholesterol-rich environment within the human host, i.e. the hepatic cells that synthesize large
quantities of cholesterol and recycle it from the circulating low-density lipoprotein particles (LDL),
and the erythrocytes where the parasite scavenges cholesterol from the high-density lipoprotein
particles (HDL) present in the blood (Grellier et al., 1990) or directly from the erythrocyte
membrane that contains up to 50 % of the circulating cholesterol (Chakrabarti et al., 2017; Turner
et al., 2012). Cholesterol in the malaria parasite plays an essential role in invasion and nutrient
uptake in hepatocytes and erythrocytes. Treatment with a cholesterol remover, methyl B-
cyclodextran (MBCD), blocks parasite cell entry as well as uptake of small molecules, probably by
affecting the fluidity of the PVM and affecting the correct assembly of the pore-forming protein
EXP2 (Ahiya et al., 2022; Bano et al., 2007; Dluzewski et al., 1985; Maier and van Ooij, 2022;
Silvie et al., 2006). Cholesterol is also essential for the sexual development of Plasmodium.
Gametes indeed contain around 20 % cholesterol compared to 13 % in asexual parasites and an
increase in the concentration of cholesteryl ester (cholesterol esterified with a FA chain) by 4 times
(Ridgway et al., 2022). This increase in cholesterol can be explained by the need of the parasite to
deform the membrane during the gamogony and to store this precious resource as access to
cholesterol in the mosquito is limited compared to the human host, mosquitos being like

Plasmodium, auxotroph for cholesterol (Maier and van Ooij, 2022; Ridgway et al., 2022).

Similar to the Plasmodium liver stage, intracellular Toxoplasma scavenges cholesterol from host
internalized LDL processed in the host endo-lysosomes (Coppens ef al., 2000) but also from the
host lipid droplets, which are the storage place of the cell for neutral lipids such as cholesteryl esters
(Nolan et al., 2017). Once internalized by the parasite via an ATP binding cassette (ABC)
transporter G subfamily present in the PV and the plasma membrane, and contrary to Plasmodium,
cholesterol is then stored in parasite lipid droplets after its esterification by two acyl-CoA
cholesterol acyl transferases (ACAT1 and ACAT2) present in the ER. Chemical blocked or genetic

ablation of the TgACATS lead to the inhibition of the parasite growth, reduction in lipid droplet s'
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number and size, decrease in cholesteryl ester, and an accumulation of free cholesterol in the

parasite’s plasma membrane that collapses (Lige et al., 2013).
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Figure 7: Schematic representation of overall phospholipid synthesis in Toxoplasma and Plasmodium parasites

Green enzymes are characterized in Toxoplasma while red enzymes are characterized in Plasmodium. Abbreviation used, PE =
phosphatidylethanolamine; PS = phosphatidylserine; PC = phosphatidylcholine; PT = phosphatidylthreonine; PI =
phosphatidylinositol; PIP = phosphatidylinositol phosphate; PG = phosphatidylglycerol; PGP = phosphatidylglycerol-phosphate;
CL = cardiolipin; PA = phosphatidic acid; DAG = diacylglycerol; Ch = choline; Ser = serine; Eth = ethanolamine; P-Eth =
phosphoethanolamine; P-Ch = phosphocholine; CDP = cytidine diphosphate; CDS1/2 = CDP-DAG synthetases 1/2; PSDmt /
PSDpv = PS decarboxylases mitochondrial / parasitophorous vacuole; CLS = cardiolipin synthase; PGPP = phosphatidylglycerol-
phosphate phosphatase; PGPS = phosphatidylglycerol-phosphate synthase; PIS = phosphatidylinositol synthase; PSS =
phosphatidylserine synthase; PSS2 = phosphatidylserine synthase 2; PTS = phosphatidylthreonine synthase; C/EPT = choline /
ethanolamine phosphate cytidylyltransferase; ECT = ethanolamine-phosphate cytidylyltransferase; CCT = choline-phosphate
cytidylyltransferase; PMT = phosphoethanolamine N- methyltransferase; SD = serine decarboxylase; CK = choline kinase. Boxes
colour code: yellow = endoplasmic reticulum; red = Golgi apparatus; brown = mitochondrion; green = apicoplast.
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Lipids can be stored

In eukaryotic cells, lipids are stored in lipid bodies (LBs) also known as lipid droplets (LDs). Lipid
bodies are micelles made of a monolayer of phospholipids, mainly PC composed of C18:1/C18:1
or C18:1/C16:1 FA chains and containing TAG, DAG, cholesteryl ester, that found their origins in
the ER membrane leaflet (Blanchette-Mackie ef al., 1995; Tauchi-Sato et al., 2002). LD biogenesis
starts in the ER membrane, place of the G3P pathway: FAs are first activated with the transfer of a
CoA on a free fatty acid chain by acyl-CoA synthase (ACS), and acyls-CoA are esterified on a G3P
backbone by acyl transferases recruited at the level of the ER membrane (GPAT, AGPAT) to form
LPA and PA (Agarwal et al., 2017). To produce the DAG storage molecules, cells possess a PA
phosphatase (PAP) called LIPIN that hydrolases the phosphate from the PA, thus releasing a DAG
(Fang et al., 2014). A third acyl transferase, a diacylglycerol acyl transferase (DGAT), esterifies a
third acyl chain on the DAG to form TAG fueling the LDs (Yen et al., 2008). LDs serve as lipid
storage for membrane biogenesis and cell division but also as energy storage. When needed, FAs
stored in the LD can be released via the action of lipases and channeled toward the mitochondria

or the peroxisome for processing by B-oxidation for energy production.

The Toxoplasma genome contains the genes of the prokaryotic PA synthesis localized within the
apicoplast (Amiar et al., 2020, 2016), as well as the eukaryotic G3P pathway, namely 7¢GPAT,
TgAGPAT, TgDGAT1/2, and TgLIPIN (Amiar et al., 2020; Dass et al., 2021; Quittnat et al., 2004).
Constant scavenged lipids are channeled toward lipid storage within LDs, and inducible ablation
of TgLIPIN illustrates its role in preventing parasite death from lipotoxicity: without LIPIN,
parasites over-produce phospholipids and membranes and contain a reduced TAG/DAG ratio and
LD numbers (Dass et al., 2021). Channeling this constant flux into LDs prevents parasite death.
Blocking the DGAT activity with the DGAT inhibitor T863 leads to a disruption of the normal ER
structure, results in ER swelling and membranous tubules, a phenotype that is exaggerated upon

the addition of exogenous unsaturated FAs (Nolan et al., 2018).
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Chapter III Membrane trafficking and lipid

transporters: how do lipids circulate within the cell?

Membranes are highly dynamic cell components

General introduction to eukaryote vesicular trafficking

Protein sorting, plasma membrane homeostasis, exocytosis, endocytosis, or signaling events are
biological processes that are all regulated by vesicular trafficking. Unlike LDs, vesicles are
composed of a phospholipid bilayer, that can transport solutes, soluble or membranous proteins,
vitamins, sugars, and nutrients in a general manner. They are responsible for trafficking between

different cellular compartments.

The secretion pathway is a vesicle-mediated trafficking that involves the rough ER, the Golgi
apparatus, post-Golgi vesicles, the early and late endosomes, the lysosomes, and the plasma
membrane. The vesicular trafficking starts from a donor compartment in which a membrane
curvature occurs, facilitated by the membrane asymmetry causing the accumulation of specific
phospholipids on one side of the phospholipid bilayer, creating positive and negative curvatures
that initiate the vesicle budding. As mentioned in chapter 2, phospholipid shapes and charges vary
depending on their classes. For example, the accumulation of PS on the cytosolic leaflet induces
curvature and the accumulation of negative charges recruits vesicle coating protein complexes
(Takeda et al., 2014). This budding is amplified by the recruitment of specific coatomer proteins,
also involved in the correct addressing of the vesicle (Figure 8). As such coatomers, COPII coats
vesicle budding from the rough ER and addressed to the cis Golgi. The return is ensured by COPI
which coats vesicle budding from the cis Golgi targeting the ER (Bonifacino and Glick, 2004).
Vesicles trafficking between the plasma membrane, the Golgi, and the endosomal compartments
are coated with clathrin (Bonifacino and Glick, 2004). The nascent vesicle is detached from the
donor compartment via the action of dynamins that polymerize around the vesicle neck and pinch
the membrane with the energy from GTP hydrolysis. As main actors of this vesicular trafficking
small GTPases called Rab proteins play an essential role in vesicle budding, and trafficking along
the microtubules via kinesin proteins. Rab proteins also facilitate the vesicle fusion with the correct
target membrane by directly interacting with the tethering proteins inserted in the receiving
membrane, thus facilitating the formation of the SNARE complex (Li and Marlin, 2015; Stenmark,

2009). SNAREsS (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) are also
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critical for the correct addressing of the vesicle of the membrane fusion with the right compartment.
The v-SNARE inserts in the cytosolic leaflet of the vesicles, after docking via the Rab and tethering
proteins, thus forming a complex with the t-SNARE inserted in the target membrane, which pulls
the two membranes in close vicinity and allows membrane fusion and release of the vesicle content

(Bonifacino and Glick, 2004; Koike and Jahn, 2019; Siidhof and Rothman, 2009) (Figure 8).
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Figure 8: Vesicle budding and fusion

(1) Membrane curvature induces the recruitment of small GTPases (in red), such as Arf proteins, and coat adaptor complex proteins
such as AP1 or AP2 (in blue). Transmembrane cargo proteins allow soluble cargo to be exported via the nascent vesicle and gathered
with v-SNARESs to the coat assembly. (2) The vesicle budding is ensured by the recruitment of coat proteins like COPI, COPII, and
clathrin. (3) The vesicle is released from the donor membrane by the action of dynamins that polymerized at the neck of the vesicle
and pinch the membrane. (4) The vesicle coat is disassembled by inactivation of small GTPases or the action of uncoating enzymes.
(5) Association of GTP-bound Rab proteins (on the vesicle) with tethering factors (on the acceptor membrane) initiates the docking
of the vesicle. (6) V-SNARESs on the vesicle associate with the t-SNAREs on the target membrane, and the complex triggers the
membrane fusion. (7) The vesicle content is released into the target compartment and v-SNARESs are recycled back to the donor
compartment. The figure is adapted from Bonifacino and Glick, 2004.

Phospholipids and more specifically PIPs are essential for intracellular vesicular trafficking. The
various organelles possess specific protein and lipid compositions responsible for the correct
addressing of intracellular vesicles, the Rab or the SNARE proteins, PI4P for the Golgi, PIsP and
PI3,5P> for the early and the late endosomes, respectively (Kim et al., 2011; McCrea and De Camilli,
2009). PIS localized at the ER and synthesized PI, which is exported to the Golgi and serves as
precursor for the synthesis of PI4P by a PI 4-kinase at the level of the cytosolic leaflet of the Golgi,
PI4P is then used either as a substrate for Pl4 5P synthesis or the recruitment of the vesicle budding
machinery comprising the small GTPase Arfl, the Epsin R involved in the retrograde trafficking

from the endosomes to the Golgi via the interaction to Golgi PI4P, and the clathrin adaptor protein
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AP1, recruiting the vesicle coating protein clathrin, which is responsible for the addressing from
the Golgi to the endosomes (Downes et al., 2005; Mills et al., 2003; Saint-Pol et al., 2004). Similar
to PI4P in the Golgi membrane, Pl sP> generated by PIPKIs at the plasma membrane, is responsible
for the recruitment of the AP2 complex, Espin 1-3, and dynamins at the sites of endocytosis for
endocytic vesicle budding and release (Ford et al., 2002; Itoh et al., 2001, 2001; Zheng et al., 1996).
PI4,sP; also regulates actin polymerization through the recruitment and the regulation of N-WASP
and the Arp2/3 complex, which drive the force for membrane deformation and vesicle budding

(Engqvist-Goldstein and Drubin, 2003).

Vesicular trafficking in Apicomplexa: exocytosis

Apicomplexa have repurposed the secretion for the synthesis of the apical secretory organelles,
namely rhoptries, and micronemes. Starting within the rough ER, secreted proteins are synthesized,
then exported toward the Golgi apparatus, probably via the Secl family protein SLY1, which is
known to interact with the Golgi core SNARE fusion complex syntaxin Sed5p, also known as Stx5.
Recent findings identified two important ER-resident SNARE proteins, Stx18 and Stx19 as being
critical for the secretory system (Cao et al., 2021). Microneme and rhoptry proteins traffic from the
Golgi to the endosome-like compartment (ELC) using vesicles budding from the trans-Golgi
network. Apicomplexa have conserved an AP1, which forms a complex recruiting Arfl and
clathrin. APlalso seems to mediate the traffic of lateral microneme and rhoptry proteins, essential
for the biogenesis the apical secretory organelles (Venugopal et al., 2017). Additionally, disruption
of TgAP1 highlighted the biogenesis of apical micronemes and supposedly clathrin-independent
trafficking. Newly formed vesicles are detached from the Golgi by the action of the dynamin
TgDrpB that disruption impairs rhoptry and microneme biogenesis (Breinich et al., 2009) (Figure
9).

The vacuolar protein sorting VPS45, the SNAREs Stx16, and Stx6 mediate and regulate the
vesicular trafficking between the trans-Golgi network and the ELC, and are critical for the nascent
IMC. The ELC then serves as a central hub for Apicomplexa vesicular trafficking and is the place
that crosses the endocytosis and the exocytosis events (McGovern et al., 2018). From ELC, rhoptry
and microneme proteins take different paths to reach their specific destinations: microneme
proteins somehow intersect with the ingested proteins and ended up in the micronemes (McGovern
et al., 2018), rthoptry proteins transit via their specific pre-rhoptry compartment before maturation

and are addressed to the rhoptries. Addressing of rhoptry and microneme contents seems to be
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dependent on Stx12. In contrast, the biogenesis of these apical organelles appears not affected by
transmission electron microscopy after deletion of Stx12 (Bisio et al., 2020; Cao et al., 2021)

(Figure 9).
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Figure 9: Schematic representation of Apicomplexa secretory pathway and endocytosis

Relevant proteins involved in the Toxoplasma gondii tachyzoite and the Plasmodium falciparum blood stage are annotated. In
Plasmodium blood stage, apical organelles biogenesis occurs only in late schizonts, whereas endocytosis through the cytosome
occurs in early, mid, and late trophozoites. Abbreviation used, ELC = endosome-like compartment; PLV = plant-like vacuolar
compartment; PR = pre-rhoptry; ER = endoplasmic reticulum; M = micronemes; R = rhoptries; Ap = apicoplast; DV = digestive
vacuole. Adapted from (Bisio et al., 2021; Spielmann et al., 2020).

Vesicular trafficking in Apicomplexa: the endocytosis.

Apicomplexa use endocytosis to acquire nutrients and resources from their hosts. Primarily,
endocytosis is known to happen in Plasmodium during the intraerythrocytic stage. The parasite
ingests a large quantity of hemoglobin from the RBC, up to two third of the RBC cytosol content,
to supply its need in material and space to properly develop. This process has been termed host cell
cytosol uptake (HCCU) (Francis ef al., 1997; Hanssen et al., 2012; Sherman, 1977; Spielmann et
al., 2020). The internalized material is then addressed to a lysosome-like compartment called the
digestive vacuole (DV) where the hemoglobin is digested by the parasite to release amino acids

used for its development, and the heme is neutralized into a non-toxic pigment, hemozoin
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(Sherman, 1977) (Figure 9). The mechanism surrounding this uptake remains unclear but two
structures frequently appear to be involved, the cytosome and the phagotroph. Both are host
cytosol-filled invaginations of the parasite plasma membrane and the PVM. The difference is that
the phagotroph is larger and with a wider neck than the cytosome and it does not have a collar
(Milani et al., 2015; Spielmann et al., 2020). Few proteins have been characterized to be directly
involved in Plasmodium endocytosis. Among them, PfVPS45 is critical for the correct addressing
of host cytosol-filled vesicles to the DV. Deletion of this protein induces the accumulation of
cytosol-filled vesicles, which are mistargeted and no longer reach the DV (Jonscher et al., 2019).
Other proteins such as SNAREs, dynamins, PIsP kinase, or Rab proteins are suspected to be
involved in the HCCU and addressing to the DV but experimental validations are needed to confirm
their roles (Spielmann et al., 2020). Recently, a donut-shape structure essential for the early
formation of the cytosome has been identified. It comprises surprisingly 1/ the Pf/AP2 homolog,
regardless the involvement of clathrin in the process, the Plasmodium 2/ Eps15, 3/ Kelch13 which
is known to be involved in artemisinin resistance, and 4/ unknown proteins associated to Kelch13,
named Kelch13 interaction candidates KIC1-9 (Birnbaum et al., 2020; Spielmann et al., 2020).
Plasmodium cytosome thus appears to be the closest endocytic structure present in its cousin

Toxoplasma, the micropore (Figure 9).

The Toxoplasma’s micropore has recently been shown to be related to endocytosis in both intra-
and extracellular tachyzoites. It is, as the cytosome, an invagination of the parasite’s plasma
membrane but filled with PV content instead of PVM and host cytosol. A structure similar to the
one of the Plasmodium cytosome neck is conserved in Toxoplasma. Klech13, AP2, and Eps15 have
also been localized to the micropore and shown to be essential for parasite endocytotic event and
survival (Koreny ef al., 2022). The dynamin DrpC, previously identified to localize at the basal
pole during endodyogeny suggests a role in pinching the individual daughter cells. This second
micropore-localization thus suggests a dual role of this highly divergent dynamin in pinching the
plasma membrane at the basal pole at the end of the endodyogeny (Amiar et al., 2020) and at the
micropore for material internalization (Koreny et al., 2022). As in Plasmodium, TgVPS45 deletion
impairs the ingestion of host material with the presence of enlarged micropores but it also affects
the homeostasis of the PLVAC and the ELC (Bisio ef al., 2020). Internalized materials transit
through the parasite ELC, and intersect with the microneme proteins, which traffic to the apical
pole and end up in the PLVAC. Ingested proteins are digested via the action of the proteases CPL
and CPB, which have been localized to the PLVAC, their deletion leading to the accumulation of
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host material within the PLVAC. Amino acids are then transferred to the cytosol via the CRT
transporter (McGovern et al., 2018). Endocytosis is poorly characterized in the Toxoplasma chronic
bradyzoite. Further investigation will be required to identify the mechanism involved in the

ingestion of host material (Kannan et al., 2021) (Figure 9).

Studying endocytosis in Apicomplexa reveals to be critical in the fight against Apicomplexa, firstly
because it is an essential pathway: the development of Plasmodium blood stages relies on
hemoglobin acquisition and all Toxoplasma life stages are dependent on massive host scavenging;
Secondly because the Apicomplexa endocytosis pathway is the battlefield between drugs fighting
Apicomplexa vs. the parasites' drug resistance development. Chloroquine is an anti-malaria
compound that blocks the polymerization of the heme into hemozoin within the DV. Hemozoin is
highly toxic for the parasite. As a response to chloroquine treatment, a mutation appeared to a DV
transporter now known as the chloroquine-resistant transporter (CRT). This mutation prevents the
accumulation of chloroquine and limits its action (Martin and Kirk, 2004). Kelch13, an essential
protein of both Plasmodium cytosome and Toxoplasma micropore has recently been shown to be
involved in the resistance against one the latest anti-malaria compound, artemisinin (Balikagala et

al., 2021; Kampoun ef al., 2022; Talundzic et al., 2018).

Non-vesicular lipid transfer via lipid transporters.

Because of their hydrophobicity and their solubility in solvents, the large majority of lipids cannot
circulate freely through the cell. Nevertheless, the smallest lipid, i.e., FAs can circulate freely. Lipid
transporters prevent circulating FAs, to act as detergents and cause damages to lipidic membranes,
by the creation of pores or micelles that could lead to cell death. Lipids can move around the cell
and between cells via vesicular trafficking as seen above but they can also be transported by specific
soluble or membranous lipid transporters to facilitate their exchange between the different

intracellular compartments.

Eukaryote cytosolic and luminal lipid transporters, roles, and

regulations (Figure 10)

Fatty acyl binding proteins (FABP)
FABPs are soluble lipid transporters that bind to FAs and also to other lipid compounds such as
eicosanoids. These are derivatives of the arachidonic acid. They play important signaling roles in

the inflammatory response. FABPs also transport retinoids which are derivatives of the vitamin A
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(Chmurzynska, 2006; Richieri et al., 2000; Smathers and Petersen, 2011). While a large number of
FABPs have been identified, they do not present a high degree of discrimination between FAs
within the same tissue. However, in different animals, a relative FA specificity exists depending
on the tissues suggesting different roles in FA metabolism (Richieri et al., 2000). These transporters
are responsible for the exchange of lipids between different intracellular compartments such as the
peroxisome, the mitochondria, or the ER. The human genome encodes close to ten FABP isoforms.
These have specific tissue localizations including liver, heart, intestine, adipocyte, brain, myelin,
testis, epidermis. As an example of FABP functions, three of the 10 identified in humans are
localized to the brain: FABP3, 5, and 7 with essential functions for brain development, FABP7 for
neuron migration, and FABP3/5 in neuron differentiation (Liu et al., 2010). FABPs are also
involved in pathologies such as 1/ glioblastoma in which FABP 7 plays an important role in
promoting the migration of the tumor cells, 2/ the Down Syndrome (DS) that presents the
characteristic phenotype of mental retardation and where patients suffering from DS show an

increased expression of FABP7 and a decreased expression of FABP3 (Cheon ef al., 2003).

Acyl-CoA binding proteins (ACBP)

As another acyl ester binding protein, ACBPs are small lipid carriers (~10 kDa), which bind with
a high affinity (C12:0-C26:0) FAs and they can be activated with a CoA by acyl-CoA synthetases
(ACS). ACBPs have versatile roles in cells as intermediates and regulators in lipid metabolism. For
examples, they provide FAs for B-oxidation, they allow glycerolipid and sphingolipid synthesis,
vesicle trafficking, and cell signaling (Lung and Chye, 2016). Depletion of the yeast ACBP
homolog ScAcblp leads to an important reduction in growth, accumulation of cytosolic vesicles,
multilayered membranes, and fragmented vacuoles (FERGEMAN et al., 2004). In plants, ACBPs
have been classified into four classes: small ACBPs (class I), ankyrin-repeat ACBPs (class II),
large ACBPs (class I11), and kelch-ACBPs (class 1V). The presence of at least one of each class in
plants indicates non-redundant functions. The four classes have been characterized as highly
conserved class I. One such class I ACBP is AtACBP6, which is involved in pollen, seed, and
seedling development. It also plays an important role in freezing resistance (Hsiao et al., 2014;
Liao et al., 2014; Lung and Chye, 2016). Class II ankyrin-ACBPs possess an N-terminal
transmembrane domain that allows an endomembrane localization, and the C-terminal ankyrin
domain for protein-protein interactions with proteins involved in abscisic acid, hypoxia, and heavy
metal stress responses (Du et al., 2013; Schmidt et al., 2018; Xiao et al., 2008a) but also in freezing
tolerance and embryo development (Chen et al., 2010; Du et al., 2010; Lung and Chye, 2016).
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Class III large ACBPs, localize to the endomembranes or the apoplast and contrary to the other
classes the class III ACBPs have their ACB domain in C-terminal instead of N-terminal. Large
AtACBP3 revealed itself not only to bind to acyl-CoA but also to PC and PE, which could explain
their role in leaf senescence by regulating phospholipid metabolism (Xiao et al., 2010). The last
family of ACBPs, the kelch-ACBPs, bind to C18:1 acyl-CoA and PC through the kelch domain in
addition to the ACB domain (Xiao et al., 2009). Like class II ACBPs with an ankyrin domain, the
kelch domain may also help to identify protein partners. Class IV ACBPs play different roles in
embryogenesis, lipid metabolism, and defense reaction (Hsiao et al., 2014; Li et al., 2008; Xiao et

al., 2008b).

Sterol carrier proteins (SCP)

SCPs are none specific lipid transporters. The SCP gene encodes two SCP proteins with different
roles in lipid metabolism. SCP-x is a peroxisomal 3-ketoacyl-CoA thiolase involved in the
oxidation of branched-chain lipids for bile acid formation from cholesterol and detoxification via
oxidation of branched-FA (Fuchs et al., 2001; Kannenberg et al., 1999). SCP2 is a small soluble
non-specific lipid transporter that can bind to cholesterol, free-FA, acyl-CoA, LPA, PI,
sphingolipids, or signaling molecules (leukotrienes, prostaglandins, ...). SCP2 regulates lipid rafts
and microdomains at the plasma membrane (Schroeder et al., 2007) and was originally identified

as being required for isoprenoid and cholesterol metabolisms (Ericsson et al., 1993; Kesav et al.,

1992).

Plant lipid transfer proteins (PLTP)

PLTPs also called non-specific LTPs (nsLTPs). They are also small proteins (~7-9 kDa), found in
plants that bind to a large range of lipids such as FA, (C10:0-C18:0) acyl-CoA, sterols, LPLs/PLs,
and galactolipids. They are divided in two categories, nsLTP1s and nsLTP2s (Arondel and Kader,
1990; Cheng et al., 2004; Dubiela et al., 2017; Han et al., 2001; Missaoui et al., 2022; Nazeer et
al., 2019; Shenkarev et al., 2017). The localization of these nsLTPs varies depending on the
developmental stage of the plant: nsLTP1s are expressed in the aerial organ while nsLTP2s are in
the roots, and both are expressed in the seed (Douliez et al., 2000). At the cellular level, the
localization is also dynamic: nsLTPs can be secreted, or attached to the external side of the plasma
membrane after post-translational modifications with the addition of a GPI anchor, being released
by the action of phospholipases (Ambrose et al., 2013; Edstam et al., 2013; Wei and Zhong, 2014).
Inside the cell, nsLTPs localization varies between the apoplast, the plasma membrane and the

cytosol but depending on the organism they can also localize to atypical compartments such as
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vacuoles or the glyoxysomes (Ambrose et al., 2013; Finkina et al., 2016; Kielbowicz-Matuk et al.,
2008). Still, in plants, nsLTPs play an important role in plant defenses against bacteria and fungi
(Ben Hsouna et al., 2021; Roy-Barman et al., 2006; Safi et al., 2015; Schmitt et al., 2021), in
response to abiotic stresses such as drought, cold, or oxidative stress but also during germination
and cuticle formation (Chen et al., 2017; Fang et al., 2020; Safi et al., 2015; Song et al., 2020). In
human health, nsLTPs are responsible for food allergies. Their resistance to high-temperature and
proteolysis protects them from denaturation (Palacin et al., 2010; Salminen et al., 2018) thus
preserving the specific binding of IgEs that trigger the allergic reaction (Costa et al., 2022;
Cuadrado et al., 2021).

Other small LTPs, Sec14, PITP, and ORP

Despite their specificities, all these transporters’ families have in common to act in the transport of
PI (Lipp et al., 2020), which is a crucial lipid for vesicular trafficking and signaling events as seen
in chapter 2. In yeast, Secl4p is a well-known lipid transporter that belongs to the CRAL-TRIO
super-family. It participates in the regulation of the Golgi PI4+P pool, furnishing PI to Pik1. It also
participates to the regulation of DAG abundance for vesicle fission (Shemesh ez al., 2003). While
Sec14 is mostly known for its interactions with PC and mainly PI, other members of the family
have been shown to bind to PE and PS. They members are Sthlp, which is proposed to be the
PS/PE exchanger between the ER and the endosomes (Mizuike et al., 2019). Sth3p binds to PI as
Sec14p. It binds also to sterols and is an actor of the ergosterol metabolism and it contribute to the

utilization of lipids stored in LD rich in TAG and Chol-ester (Ren et al., 2014).

As other transporters of PI, PI transfer proteins (the PITPs family) are divided in two classes (Lipp
et al., 2020). The class I PITPs comprise brain PITPa and liver PITPJ that can bind to PI and PC.
PIPTa is involved in exocytosis of secretory vesicles (Hay and Martin, 1993), providing PI for
Pl54,5P3 by PI3K (Kular et al., 1997). It is also involved in signaling cascades through PIP cleavage
by phospholipases (Kauffmann-Zeh et al., 1995). The PITPP function is still unclear but it seems
that it participates to sustain the PI4P pool in the Golgi, providing PI from the ER (Carvou ef al.,
2010). Class II PITPs do not bind to PC in addition to PI but they bind to PA (Garner et al., 2012),
and are essential for signaling cascades through PIPs cleavage. As such, they participate in the PI
cycle, recycling PA to the ER to be converted into PI, which is then transported back to the plasma
membrane to be phosphorylated (SoHui Kim et al., 2013; Kim et al., 2015).
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Oxysterol-binding proteins (OSBPs) were the first identified OSBP-related proteins (ORPs). They
are recruited to the Golgi via the recognition of PI4P by a pleckstrin-homology (PH) domain and
to the ER thanks to the presence of a FFAT motif that mediates interaction with ER-inserted VAP.
More recent ORPs have been identified. They have allowed subdivision in six sub-families. Based
on their conservation or class of their PH and their FFAT domain (Lehto et al., 2001; Lipp et al.,
2020). The ORP characterization has mainly been performed by the characterization of one of the
“simplest” ORP proteins, ie., Oshd4p, which can transfer sterols between membranes
(Raychaudhuri et al., 2006). In addition, Osh4p has been demonstrated to bind to PI4P and it has
been proposed to act as a sterol/PI exchanger following a PI4P gradient to regulate the sterol
distribution within the cell (de Saint-Jean et al., 2011; Lipp et al., 2020). This model is supported
by previous work that showed an opposite role of Osh4p to Sec14p by downregulating PI4P in the
Golgi membrane. The repression of Osh4p indeed abrogates the lethality of the Sec14p deletion
(Fairn et al., 2007; Fang et al., 1996). A deeper analysis of ORP family members has revealed that
ORP5/8 and their yeast homologs Osh6/7p play a role in distributing the PS from the ER to the
plasma membrane, and recycling back PI4P to the ER, thus preventing P14 sP2 accumulation (Chung

et al., 2015; Lipp et al., 2020; Maeda et al., 2013; Moser von Filseck et al., 2015).

Repeating B-groove (RBG) domain LTPs:

It is a recently identified family of large eukaryotic LTPs (above 2000 residues), with the
characteristic to form a large groove made of B-sheets (Neuman et al., 2022). This family comprises
VPS13, ATG2, SHIP164, hobbit, and tweek sub-families, which are present at membrane contact
sites. These proteins ensure the transfer of phospholipids between different intracellular organelles,
mostly from the ER, for de novo membrane generation (Guillén-Samander et al., 2021; Hanna et
al., 2022; Kumar et al., 2018; Neuman et al., 2022, 2021; Toulmay et al., 2022; Valverde ef al.,
2019). They are important for lipid homeostasis and correct vesicular trafficking events as the
disruption of such transporters impairs the subcellular distribution of Pl4sP2 in the hobbit and
tweek mutants (John Peter et al., 2022; Neuman et al., 2021), PE deliverance to ER by Csfl
(Toulmay et al., 2022). Furthermore, hobbit mutation results in the loss of exocytosis whereas
SHIP164 and tweek seem to be involved in endocytosis (Hanna et al., 2022; Verstreken et al.,
2009). One of the most characterized RGBs is ATG2, shown to bridge the ER and the
autophagosome at membrane contact sites. ATG2 fuels the autophagosome membrane
development with phospholipids via its interaction with the autophagosome receptor ATG9

(Ghanbarpour et al., 2021; Valverde et al., 2019). Mutations of VPS13 subfamily members have
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Identified soluble FABP ACBP SCP PLTP

been connected to neurological disorders such as the Cohen syndrome or the Parkinson’s disease.
In a general manner, disruption of RBGs severely impacts animal development and physiology

(Neuman et al., 2022).

SRR ARRR AR R AR AR ARRRRAR ARRRAATARR |

Sec14 PITP ORP

lipid transporters K > I;\ ' ‘ — U r,‘ f)
FFA  FA-CoA FFA FFA PP PIUPC  Plisterol - Cell cytosol
Identified PC  FA-CoA FA-CoA PE/PS PIIPS
. PE Sterol Sterol
transported lipids LPA LPL
Pl PL

T e T
N N R

Figure 10: Soluble lipid transporters

Lipid transporters: FABP = fatty acid binding protein; ACBP = acyl-CoA binding protein; SCP = sterol carrier protein; PLTP = plan
lipid transfer protein; PITP = phosphatidylinositol transfer protein; ORP = oxysterol binding protein (OSBP) related protein; RGE
= repeating P-groove domain. Lipid substrates: FFA = free fatty acid; FA-CoA = acyl-CoA; PC = phosphatidylcholine; PE =
phosphatidylethanolamine; PI = phosphatidylinositol; PS = phosphatidylserine; LPA = lysophosphatidic acid; LPL =
lysophospholipids; PL = phospholipids; SL = sphingolipids; GL = galactolipids. Parts of the figure were drawn using pictures fron
Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

To cross membranes, lipids require membranous transporters

(Figure 11)

The transporters/exchangers described above allow the non-vesicular transfer of lipids, namely
FAs, acyl-CoAs, phospholipids, sterols, etc., between organelles and/or the plasma membrane at
membrane contact sites. however, most de novo lipid synthesis pathways occur within
endocompartments, e.g.,, the ER, the Golgi, chloroplasts, or mitochondria. To maintain the
membrane homeostasis and correct cellular functions, such as vesicular trafficking, membrane
biogenesis, or cell division, lipids need to be distributed through the membrane bi-layers. As a brief
reminder of the plasma membrane structure, both luminal/cytosolic and extracellular faces are
hydrophilic. This is at these faces that polar heads of lipids aggregate. While the lipid tails form the

hydrophobic core of the membrane. Because of this structure, the natural flipping of lipids from a
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lipid leaflet to the other one happens spontaneously very slowly. To regulate this process, the cell

thus requires energy and specific transporters.

Flippases

They are two kinds of unidirectional transporters that use the energy from the hydrolysis of ATP
to flip phospholipids across the membrane: the flippases, which transport phospholipids from the
extracellular/luminal side toward the cytosol, and the floppases, which ensure the opposite
direction. Flippases are a group of large membranous transporters also known as P4-ATPases or
aminophospholipid ATPases, which belong to the superfamily of P-type ATPases. This
superfamily includes cation transporters P1-, P2-, and P3-ATPases, among which are found the
well-known P2-ATPases, the Sarco(endo)plasmic reticulum calcium-ATPases (SERCA)
(Berchtold et al., 2000; Nemirovskaya and Sharlo, 2022), and the Na/K" pump involved in action
potential formation in nerves (Jorgensen et al., 2003). Flippases or P4-ATPases are essential to
maintain the membrane asymmetry. In eukaryotic cells, the distribution of membrane lipids is
indeed unequal with a large accumulation of PC, SM, and few PE but no PS on the exoplasmic side
while the cytoplasmic side concentrates all the PS, a large proportion of PE and PC, the PI/PIP and
some SM (Paulusma and Oude Elferink, 2006). P4-ATPases are divided in three subfamilies: P4A
is conserved in all eukaryotes. P4B was lost in plants and seems to function as a monomer without
the usual P4-ATPase B-subunit CDC50. An intermediate P4C subfamily seems similar in function
to P4B but closer to P4A on the phylogenetic aspect (Palmgren et al., 2019). In erythrocytes,
disruption of the plasma membrane localized P4-ATPase, ATP81B, results in an abnormal
exposition of PS on the extracellular side of the cell, which is an apoptotic signal recognized by the
immune system to induce programmed cell death. In contrast in platelets, external exposition of PS
is a normal process that occurs during the coagulation allowing platelets to aggregate and be cleared
by macrophages. In addition to the plasma membrane, P4-ATPases also localize to the
endosomes/Golgi complexes (Andersen ef al., 2016). The majority of flippases flip PS, but some
can also flip PE or PC (Andersen et al., 2016; Bai et al., 2020; Roland and Graham, 2016; Wehman
et al., 2011). Work on the Saccharomyces model, which possesses five P4-ATPases, Drs2p,
Dnf1/2/3, and Neolp, have revealed the importance of the flippases. Drs2p was shown to be
involved in protein trafficking through vesicular budding at the trans-Golgi network. This
supported the previous model of flippases providing lipid imbalance on the cytosolic leaflet, thus
creating membrane curvatures for the recruitment of AP1 and coat proteins, such as clathrin, and

thus vesicle budding (Graham, 2004; Liu et al., 2008). Disruption of these P4-ATPases led to a
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decrease in membrane asymmetry, a defect in protein trafficking, exocytosis, and endocytosis
events (Alder-Baerens et al., 2006; Graham, 2004; Hua et al., 2002; Takeda et al., 2014). Drs2p
flipping activity was shown to be positively regulated by the interaction with PI4P, which is highly
abundant in the Golgi membrane. Drs2p was also shown to be regulated by Gea2p, an Arf-GEF
protein essential for vesicle budding: the C-terminal domain of Gea2p inhibits the Drs2p activity
(Natarajan et al., 2009) once in the endosome when recycled to the Golgi, Drs2p interacts with

Rcylp and the Arf-GAP protein Gsclp (Hanamatsu et al., 2014; Sakane et al., 2006).

ADP+Pi

Cytosol

Flippase Floppase Scramblase
P4-ATPase ABC transporter

Figure 11: Membrane lipid transporters

Flippases and floppases use the energy of the hydrolysis of ATP to flip lipids against their concentration gradient and they
participate in generating membrane asymmetry. Scramblases are bidirectional. They use the concentration gradient force to flip
lipids, and participate to distribute lipids across the membrane bilayer. Parts of the figure were drawn using pictures from Servier

Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

Floppases

ATP binding cassette (ABC) transporters have first been described as multidrug resistance proteins
(MDR) but they were also rapidly shown to bind to lipids (Borst et al., 2000). They catalyze the
transport of molecules in the opposite direction of flippases, meaning from the cytosol toward the
luminal or the extracellular space. ABC transporters can either secrete their substrate if the acceptor
is present, or, if the substrate is soluble in water, they can act as a floppase in the case of
lipids/phospholipids in the absence of acceptor. In that case, the lipids will just be translocated from
a membrane leaflet to the other. MDR3 or ABCB4 is shown to be a PC exporter involved in the
secretion of PC in the bile. Another ABC transporter, ABC1 or ACBAL, is involved in cholesterol
release for collection by HDL. The plant chloroplasts possess a prokaryotic-like ABC transporter
called trigalactosyl-diacylglycerol (TGD) involved in the import of PA from the ER to the
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chloroplast for galactolipid synthesis required for the photosynthesis (Fan et al., 2015; Li-Beisson
etal.,2017; Lu et al., 2007; Lu and Benning, 2009). Some ABC transporters such as the ABCD1
in plant peroxisome bind to FAs and present a supplementary function. They indeed also possess a
fatty acyl-CoA thioesterase activity essential for FA metabolism like B-oxidation (De Marcos
Lousa et al., 2013), or they are responsible for the import of FA into the ER (ACBA9) (Sangwoo
Kim et al., 2013).

Scramblases

Contrary to ABC and P4-ATPase transporters, scramblases are bidirectional lipid transporters.
They localize to the plasma membrane, the Golgi, and the ER. Still, in the erythrocyte membrane,
where ATP8B1 maintains PS on the cytosolic side, cell stimulation triggers calcium release, which
inhibits the action of ATP8B1 and activates PLSCR1, a scramblase located in diverse membranes
of the cell. Scramblases including PLSCR1 use the concentration gradient force to flip lipids. They
participate to counteract membrane asymmetry by redistributing PE and PS to the
exoplasmic/luminal leaflet of the membrane. Generally, scramblases are essential for membrane
expansion and thus for autophagy. As such, the autophagosome scramblase ATG9 redistributes
phospholipids from the ER via ATG2 (Noda, 2021) or TMEM41B and VMP1, two ER scramblases
that regulate the formation of autophagosomes but also regulate LD (Li et al., 2021).

Fatty acid exporters (FAX), FA exit door for plastids? (Figure 12)

All FAs in plants provide from the chloroplast. They can either be directly used in the plast for
LPA/PA and galactolipids synthesis or they can exit the chloroplast to reach the ER membrane for
phospholipid, sphingolipid synthesis for membrane biogenesis or synthesis of neutral lipids for
storage (Li et al., 2016). Seven fatty acid exporters (FAXs) have been identified and four were
predicted to localize to the chloroplast inner membrane (Li et al., 2015). FAX1, FAX2, and FAX4
have now been shown to indeed localize to the inner membrane of the apicoplast but also to bind
and facilitate the transport of FFAs from the chloroplast’s stroma to the ER (Li et al., 2020, 2015;
Tian et al., 2019). Once at the cytosolic side of the chloroplast membranes, FFAs are activated by
an acyl CoA synthetase, LACS9, which is attached to the outer membrane of the plast, and newly
formed acyl-CoAs are translocated into the ER via ABCA9 to be used by the eukaryotic lipid
synthesis pathway (Li et al., 2016; Li-Beisson et al., 2017).
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Figure 12: Lipid transfer through the chloroplast membranes

Chloroplast FASII generates FA chains C16:0 and C18:0. These FAs are exported to the ER via the fatty acid exporters (7 FAXs
exist, 4 are predicted to localize in the chloroplast membranes. FAX1, 2 and 4 have confirmed localization and function in FA
export). Exported FAs are activated by the long chain acyl-CoA synthetase 9 (LACS9) and imported into the ER by the ABC
transporter ABCA9. In the ER and the chloroplast, FAs are esterified on a glycerol backbone to form LPA and PA. PA generated
in the ER is imported back to the chloroplast via the ABC transporter trigalactosyldiacylglycerol (TGD1, 2, 3, 4 and 5), and is used
to form galactoglycerolipids. Parts of the figure were drawn using pictures from Servier Medical Art. Servier Medical Art by
Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Apicomplexa lipid transporters: what do we know so far?

All these transporters/exchangers described above highlight the tight control exerted by the cell on
the regulation of its membrane and lipid homeostasis via a large diversity of substrates. If some
transporters are redundant in function, their specific localization and expression profile make their

disruption lethal most of the time.

Despite the importance of lipid acquisition/scavenging and de novo synthesis, Apicomplexa
possess only a few identified and characterized lipid transporters. For instance, the Toxoplasma
genome encodes two ACBPs, one cytosolic and one recruited to the mitochondrial membrane and
essential for cardiolipin metabolism (Fu et al., 2019, 2018). In addition, an SCP2 is present in
Toxoplasma and plays a synergic role with 7gACBP1 in glycerides and phospholipids synthesis
(Fu et al., 2019). Plasmodium genomes encode five ACBPs but only one has been studied and has
shown that, compared to the bovine ACBP, PFACPB can bind to shorter acyl-CoA (van Aalten et
al., 2001). Surprisingly, no FATB nor PLTP have been identified in both Toxoplasma and
Plasmodium genomes (“PlasmoDB”; “ToxoDB”). However, the expression of the host FATB3 and
5 along with key enzymes involved in host TAG synthesis, is upregulated in the case of Toxoplasma

infection, increasing TAG acquisition to supply the parasite large need for lipids (Hu et al., 2017).

Parasite survival relies on the apicoplast-resident metabolic pathway, in which the prokaryotic
FASII synthesizes short-chain FAs, C14:0 and C16:0, that are used directly within the apicoplast
by plant-like ATS1 and ATS2 for LPA and PA synthesis (Amiar et al., 2020, 2016). Studies of the
ATS1 and 2 showed that only apicoplast LPA (over PA) is essential for parasite survival and that
LPA exits the apicoplast for bulk PL synthesis. These studies also revealed that, like in the
chloroplast, FAs must exit the apicoplast in a separate manner, but none of the canonical lipid
transporters present in the chloroplast, FAX or TGD transporters, are present in the apicoplast.
Several transporters have been identified in the apicoplast but only the apicoplast phosphate
translocator (APT) in Toxoplasma and its Plasmodium homolog triose phosphate transporter (TPT)
have been characterized (Kloehn et al., 2021b).

The autophagy pathway is partially conserved in Toxoplasma. Among the conserved proteins, the
RGB ATG9 and the scramblase ATG2 have been identified. While the ATG2 function remains
unclear, ATG9 was shown to be essential for both tachyzoites and bradyzoites, and its disruption
leads to severe morphological defects (Nguyen et al., 2017; Smith et al., 2021). None of
Toxoplasma’s scramblases have been characterized. One has been characterized in Plasmodium,
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PfPLSCR. It was shown to flip PE and PS. This scramblase has different intracellular localizations
depending on the life stage and it is not essential for the blood stages (Haase et al., 2020). A second
scramblase has been identified and shown to be important for sporozoites invasion within

hepatocytes but its flipping activity remains to be determined (Cha et al., 2021).

Among the different lipid transporter families, Apicomplexa conserved several aminophospholipid
flippases. Toxoplasma and Plasmodium possess respectively six and five P4-ATPases, and most of
them are crucial for the acute asexual development of both parasites (Bisio et al., 2021; Chen et
al.,2021; Weiner and Kooij, 2016). Three of the Toxoplasma flippases, ATP2A, ATP2B, and GC,
localize at the apical pole, the essential place for apical organelle secretion, and ATP2B along with
its CDC50 partner is crucial for correct microneme secretion by maintaining the PS asymmetry at
the plasma membrane and particularly at the apical pole (Bisio et al., 2021). GC, present in two
copies in Plasmodium, is a P4-ATPase fused to a guanylate cyclase, that acts as a PA sensor which
triggers GC ¢cGMP synthesis and, through the cGMP signaling cascade, leads to calcium release
from the ER and thus microneme secretion (Bisio et al., 2019; Nofal et al., 2021). Other flippases
are localized to the endo/plasma membrane, the Golgi. One is not expressed in tachyzoites
suggesting a function dependent on the parasite life stage (Bisio et al., 2021; Chen et al., 2021;
Katris et al., 2020). While their essentiality and localization have been assessed, flippases’ role in

Apicomplexa lipid metabolism and cellular function remains poorly known.
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Scientific questions and aims of my thesis

Apicomplexa development and survival are highly dependent on the parasite’s capacity to scavenge
lipid resources from their hosts and de novo synthesis. While assembly and synthesis pathways
focus most studies on Apicomplexa lipid metabolism, there still exists a significant knowledge gap
concerning the different metabolite transporters. Lipids above other metabolites cannot easily
circulate through the cell: they require specific transporters. Our team and others have established
that 1/ parasites are capable of FFA, LPA, and PA de novo synthesis via the prokaryotic FASII
pathway, and plant-like acyltransferases, all located in the apicoplast; 2/ that these lipids can exit
the apicoplast and participate in parasite membrane biogenesis by being incorporated and form the
lipidic patchwork made together with the scavenged FAs and lipids. The plant chloroplast possesses
different lipid transporters specific for FFA export and PA import but none of them are conserved
in the apicoplast. Nonetheless, different eukaryote models showed that membrane trafficking is
dependent on the action of phospholipid flippases but no such mechanism has yet been described

in Apicomplexa parasites.

My PhD project focused on better understanding how lipids circulate through the parasite and what
is the molecular mechanism behind the membrane biogenesis and trafficking. I thus investigated
essential-predicted lipid transporters among the P-type ATPase superfamily and more precisely,
two candidates: 1/ one from the poorly characterized P5-ATPase family, which was suggested from
the close homology to P4 to act as a lipid transporter in different endocompartments, i.e., the ER,
the vacuole, or the lysosome, and 2/ one canonical P4-ATPase. We hypothesized that these P-type
ATPases could be key components of parasites’ lipid metabolism and play crucial roles in parasite

membrane biogenesis.

To achieve these goals and elucidate the role of these two candidates, my PhD work followed the

objectives presented below:

- generation of tagged and inducible knock-down lines in Toxoplasma and Plasmodium;

- state-of-the-art phenotypic characterization (localization, essentiality, morphology, ...);

- functional characterization by performing comprehensive lipidomic analyses and
metabolite labeling by gas-chromatography mass-spectrometry;

- developing a strong scientific/professional network.
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Results

- Chapter 1V: Toxoplasma gondii apicoplast uses a new
type of PS-ATPase for fatty acid export, which is essential

for parasite survival

- Chapter V: TgFLP2, a lipid flippase that controls trans-
Golgi vesicular trafficking and endocytosis in

Toxoplasma gondii
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Author contributions:

My contribution for this project was as described below:

- Conceptualization (CSA, CYB, YYB, NJK)

- Generation of the mutants lines (CSA)

- Metabolite labeling, lipid extraction, lipidomics analysis (CSA, YYB)
- All phenotypic characterization (CSA)

- Phylogeny background (JJ)

- Microscopy imaging, EM sample preparation (CSA, LB)

- Results and interpretation (CSA, CYB, YYB)

- Manuscript writing and corrections (CSA, CYB, YYB)

More precisely, for this work, I personally generated the tagged and the inducible lines, performed
all the state-of-the-art phenotypic characterization (plaque assays, intracellular replication assays).
I performed all the lipidomics (lipid extraction, isotope labeling, extraction, analysis, and
interpretation), the fluorescence imaging and the growth complementation. TEM pictures were
acquired by Laurence Berry, and the phylogenetic analysis was performed by Jan Janouskovec. I

did the writing of the manuscript in parallel with corrections by my PlIs.
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Chapter 1IV: Toxoplasma gondii apicoplast uses a new
type of P5-ATPase for fatty acid export, which is

essential for parasite survival
Chapter IV Summary

Most apicomplexan parasites depend on a plast acquired by secondary endosymbiosis of a
photosynthetic red algae and named the apicoplast. This plast, which is derived from an ancestral
chloroplast, has conserved the capacity to synthesize fatty acids (FAs) and phospholipid precursors
lyso- and phosphatidic acids. These lipids are then exported outside of the apicoplast for elongation
and desaturation in the ER. Then, these lipids serve for membrane biogenesis or lipid storage to
sustain the parasite’s rapid replication rate. However, contrary to the chloroplast, none of the
apicoplast lipid transporters has been characterized or even identified. In this study, we
characterized a putative transporter of the apicoplast, T7¢gFLP12, in the Apicomplexa model

Toxoplasma gondii, and showed that it participates in short FAs export from the apicoplast.
Below are summarized the major findings of this study:

e TgFLPI12 belongs to a newly identified subfamily of P5-ATPases, P5C, conserved in
basic land plants, fungi, and SAR supergroup including alveolates;

e TgFLPI12 is essential for tachyzoite development and apicoplast integrity;

e Jlack of TgFLP12 reduces incorporation of apicoplast FASII main product, the myristic
acid (C14:0), into major lipid classes;

e parasite lipid labeling showed that early disruption of 7gFLP12 leads to an increase in
FASII activity, which is shut down on the long term;

e labeling of parasite elongation showed that 7gFLP12 activity is not altered by its
disruption and that lipids still exit the apicoplast by another route as a longer chain
palmitic acid (C16:0), probably as LPA or PA;

e finally, only medium complementation with exogenous lipids, mainly short FAs, partially

rescued the growth of parasites lacking TgFLP12.
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Abstract

Apicomplexan parasites are responsible for major human diseases such as toxoplasmosis and
malaria. These obligate intracellular parasites possess a relict non-photosynthetic chloroplast
named the apicoplast, which is essential for their survival. Although apicoplast de novo synthetic
capacities have been well studied, none of the metabolite exporters required for parasite survival
has been identified thus far. The absence of canonical chloroplast-like fatty acid, and more
generally, lipid transporters in the apicoplast of Apicomplexa raises the question of how can these
parasites allow the essential flux of fatty acids from the apicoplast. We thus searched for unusual
and/or orphan transporters in the P-type ATPase family from Toxoplasma gondii, a model
Apicomplexa. We identified an atypical P5-ATPase, which we named 7gFLP12, and which
belongs to a newly identified PSC-ATPase sub-clade. TgFLP12 localizes to the apicoplast
membranes and a comprehensive lipidomic characterization of a deletional mutant line revealed
that 7gFLP12 had a negative impact on the incorporation of apicoplast myristic acid into
phospholipids and neutral lipids. 7gFLP12 mutant fitness was increased by the addition of
exogenous free fatty acids or lysophosphatidic acid. This study underlines the essential role that
TgFLP12 plays in lipid export from apicoplast and starts to scratch the surface of the unanswered

question of what are the apicoplast metabolite exporters.
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Introduction

The phylum Apicomplexa includes unicellular infectious pathogens that are responsible for major
human diseases with heavy human and economic burdens (www.who.org). Toxoplasma gondii, the
agent of human toxoplasmosis, a global infectious chronic disease that affects about a third of the
world population, and Plasmodium falciparum, responsible for the most lethal human malaria,
affecting hundreds of millions and killing about half a million people every year, both belong to
the phylum Apicomplexa. Following their active and rapid invasion into a host cell using their
specialized apical complexes, these obligate intracellular parasites require large amounts of specific
nutrients to generate their daughter cells, propagate and survive. One such class of key nutrients
required for parasite survival are lipids, whose acquisition, synthesis, trafficking, and homeostasis

are critical for the intracellular development of parasitic Apicomplexa (Shunmugam et al., 2022).

To maintain intracellular development, as well as a high asexual division rate, Apicomplexa need
large amounts of lipids, which they obtain through a combination of host cell scavenging, and de
novo synthesis via the parasite’s metabolic pathways. Fatty acids (FA) are the pivotal lipid
buildings block at the center of all scavenging, synthesis, and trafficking pathways. The parasite
can sense and metabolically adapts the activity of each FA acquisition pathway (host scavenging

vs de novo synthesis).

The current consensus is that, on one hand, the parasite constantly and massively scavenges FA
directly from the host cell and its external environment (Dass et al., 2021b; Nolan et al., 2018,
2017; Shunmugam et al., 2022). This constant flux of host FA is channeled towards parasite lipids
storages, i.e. lipid droplets (LD), by TgLIPIN, in the form of triacylglycerol (TAG). LDs are then
timely mobilized specifically during parasite division to allow parasite propagation, and avoid

lipotoxic/lethal accumulation of FA in the parasite (Dass ef al., 2021b).

On the other hand, most Apicomplexa harbor a relict non-photosynthetic plastid named the
apicoplast, which was acquired by the secondary endosymbiosis of a red algal ancestor (Kohler et
al., 1997; McFadden et al., 1996; Wilson et al., 1996). The apicoplast harbors a prokaryotic type
IT fatty acid synthesis pathway (FASII) that is essential for parasite survival depending on the
parasite life stage and host nutrient content (Amiar et al., 2016b; Vaughan et al., 2009; Waller et
al., 1998; Yu et al., 2008). More particularly, the apicoplast FASII acts as the second pivotal
provider of FA for the parasite, it plays critical roles when host lipid content varies and becomes
lower: the parasite
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Figure 1: TgFLP12, a novel P5S-ATPase

Maximum likelihood phylogeny of P5-ATPases. The tree was derived by using the best-fit model (LG+F+R7) in IQ-TREE and
shows two sets of UFBoot2 supports at branches (1000 replicates). The first set corresponds to P5S-ATPase only (114 sequences
as shown here) and the second set corresponds to a global dataset of P-type ATPase (207 sequences; Figure S1). The rooting
of the P5 clade is shown by the dashed line. Black dots indicate 100/100 support. Dashes indicate supports <80 or a different
topology in one of the analyses (supports are not shown where <80 in both analyses). P5 in blue have been characterized and
TgFLP12 is in red.
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senses it and up-regulates apicoplast FASII activity so it becomes an essential provider of FA for
membrane biogenesis and parasite survival (Amiar et al., 2016b; Krishnan et al., 2020; Liang et

al., 2020; van Schaijk et al., 2014).

Unlike in photosynthetic plastids, where the FASII essentially provides FA for the de novo
synthesis of galactolipids that are essential for chloroplast biogenesis and photosynthesis
(Nakamura et al., 2007), the function of the apicoplast FASII has been repurposed to fit the obligate
intracellular lifestyle of apicomplexan parasites (Amiar et al., 2016b). We, and others, showed that
instead of fueling plastidial galactolipid synthesis, the apicoplast FASII provides FA for the bulk
synthesis of all parasite phospholipids, which then allows membrane biogenesis and parasite
survival (Amiar et al., 2016b). More precisely, stable isotope labeling and lipidomics showed that
the parasite uses glycolytic intermediates to generate short FA C12:0, C14:0, and C16:0 via the
apicoplast FASII. These FA are (i) used via a plant-like acyltransferase TgATS1/G3PAT to form
a central lysophosphatidic acid (LPA) precursor that is exported to the ER and combined with host
scavenged FA to form an “obligate patchwork PA”, as a central precursor for bulk phospholipid
synthesis. FA can also be (ii) directly exported from the apicoplast to the ER, for further elongation
and later incorporation for bulk phospholipid synthesis as well. Hence, FA (and LPA) have to be
exported from the apicoplast to reach ER and cytosol for further elongation and incorporation into

phospholipids.

Despite the apparent importance of trafficking metabolites to and from the apicoplast, only a
handful of apicoplast transporters have been identified thus far (Boucher et al., 2018; Kloehn et al.,
2021b; Mullin et al., 2006; Sayers et al., 2018a). Importantly, although essential chloroplast lipid
transporters have been identified and characterized in plants, such as ABC transporters for PA
export called TGDs (Fan et al., 2015; Lu et al., 2007; Roston et al., 2011), and fatty acid exporters
(FAXs) (Li et al., 2020, 2015). No homolog could be found in Apicomplexa, suggesting their
potential loss during evolution. Taken together, this leads to the central question: What is (are) the
transporter(s) responsible for exporting lipids and FA from the apicoplast of apicomplexan

parasites?

P-Type ATPases are ubiquitous membrane-bound and selective transporters that use the energy
from ATP hydrolysis to transport substrates to the cytosol across the plasma or organellar
membrane. They are divided into 5 sub-families based on their substrate specificities (Palmgren

and Nissen, 2011a). P1-, P2- and P3-ATPases are known as cationic transporters, one famous
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example of P2-ATPase being the SERCA protein that triggers calcium release from the ER in most
eukaryotes (Nemirovskaya and Sharlo, 2022). The two last families P4 and P5, are present only in
eukaryotic cells and have so-called “giant substrates”. P4-ATPases are known as amino-
phospholipid flippases that can transport lipids across biological membranes with key roles for lipid
trafficking, lipid homeostasis, and membrane asymmetry. Their presence and essential roles,
notably for microneme secretion and parasite invasion/egress, have recently been revealed in
Toxoplasma (Bisio et al., 2021, 2019; Bullen et al., 2016; Giinay-Esiyok et al., 2019; Giinay-
Esiyok and Gupta, 2020; Katris et al., 2020). The last and least characterized sub-family, the P5-
ATPase, is the most peculiar because it has no defined canonical substrate. The P5-ATPase is
currently divided into two clades: the PSA and P5B, which localize to the ER membranes, and the

vacuole or lysosome membrane respectively (Palmgren and Nissen, 2011a).

In this study, we identified a novel putative P5-ATPase transporter in Toxoplasma gondii, which
we named 7gFLP12. TgFLP12 localizes to the apicoplast and is critical for parasite survival. Using

lipidomics, lipid flux analyses by stable isotope labeling, and substrate complementation

A-domain P2-domain
TgFLP12 ESELTGETKPI FPFDYSLG ARWCFDKTGTLTQH VMITGDSVL TCMCGDGGNDCAA
HsATP8A1  TSNLDGETNLK LNFDAVRR VKYIFSDKTGTLTCN WILTGDKQE TLAIGDGANDVSM
HsATP1lc  TASLDGESNCK LEF TSARK VDYVFTDKTGTLTEN WVLT GDKME TLSIGDGANDVSM
PFGCB SFKIDGLFRKS HDF LRSNK VDLLATSRNGVLVKR WIFANECSK VLGIGT TLNDAYL
Motif DGET/S F DKTGT TGD GDGXND
Dephosphorylation ATP binding Phosphorylation ~ site Mg?* coordination ATP binding
(o4 MERGE /
CPN60 FLP12-HA  PHASE / DAPI

.- 1pm

ATRX1 FLP12-HA MERGE

Figure 2: TgFLP12, a putative transporter of the apicoplast

(A) Cytosolic P-type ATPase conserved domains, A-domain = Actuator domain (blue), N-domain = Nucleotide domain
(orange), and P1- and P2-domains = Phosphorylation domain (green and black). (B) Phyre2 3D model based on yeast P5-
ATPase homology and obtained with ChimeraX 1.2.5, blue = A-domain, orange = N-domain, and green = phosphorylation
site. (C) TgFLP12-HA apicoplast localization was determined by IFA with intracellular markers and observed by
epifluorescence (top panel) or confocal (lower panel) microscopy. Blue = Hoechst, Red = apicoplast markers (Stromal CPN60
and outer-most membrane ATRx1), and green = 3xHA tag.
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approaches on an inducible 7¢gFLP12 knock-down parasite line, we reveal that, unlike plant and
algal chloroplasts, the apicoplast of 7. gondii uses TgFLP12 as its FA exporter to maintain lipid
synthesis, membrane biogenesis, and parasite survival. This further reveals the complex metabolic
pathways put in place by Apicomplexa through their evolution as obligate intracellular parasites to

provide the lipids essential for their propagation.

Results

TgFLP12 belongs to a new clade of PS-ATPase

We hypothesized that apicoplast FA transporter might fall in the P-type ATPase transporter family.
To identify such possible ATPase involved in the apicoplast lipid transfer in Toxoplasma gondii,
we screened its genome for P-type ATPase transporters, using the sequence of known P-type
ATPases from Saccharomyces. Several P-type transporters have already been identified and
characterized in Toxoplasma, such as the ER-resident P2-ATPase transporter 7gSERCA, located
in the ER membrane for calcium storage (Nagamune ef al., 2008), the P3-ATPase PMAI1 involved
in bradyzoite differentiation (Holpert et al., 2006), as well as several lipid P4-ATPases involved in

parasite microneme secretion, invasion, and egress (Bisio ef al., 2021, 2019; Chen et al., 2021).

This allowed us to identify a total of 18 putative P-Type ATPases in T. gondii (Figure 1, Figure
Supp 1): 8 putative cation transporters belonging to families P1, 2, and 3 Types ATPases, 6 putative
P4-ATPAses/lipid flippases, and two putative PSA/B ATPases. Interestingly, the phylogenetic
screening allowed us to identify two peculiar P-type ATPases of which, TGME49 289070, which
we named 7gFLP12 due to its twelve transmembrane domains. 7gFLP12 bore all typical cytosolic
domains found in P-Type ATPases, the actuator (A)-domain (Figure 2 A, B, light blue), the
nucleotide-binding domain (orange), and support domain (green) (N-domain and P2-domain
respectively) and the Phosphorylation domain (P1-domain) (Figure 2 A, B). Phylogenetic analysis
of TgFLP12, which allowed the identification of its homolog in Plasmodium falciparum
(PF3D7_0504000), showed that both proteins belong to the P5-ATPase subfamily. Interestingly, it
seemed that the gene has independently duplicated in Cryptosporidium (an Apicomplexan parasite
devoid of apicoplast) and coccidians, both bearing different copies of the gene with different
predicted localization (Barylyuk et al., 2020). P5-ATPases are known to be subdivided into two
clades. The P5A clade members have been localized into the ER membrane where they can export
mistargeted mitochondrial (McKenna et al., 2020) or import small Wnt proteins (T. Li et al.,
2021a).
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Figure 3: TgFLP12 disruption is detrimental to tachyzoite development and apicoplast maintenance

(A) Inducible knockdown of TgFLP12 in the 7gFLP12-HA line after promoter replacement. 7gFLP12 was detected by western-bot
using Rt anti-HA antibody, and complete shutdown of the protein occurred after 48h of ATc treatment (Numbers indicate hours of
culture). TOM40 (lower panel) served as a loading control. (B) Detrimental effect of 7gFLP12 loss shown by plaque assays
performed in the absence (-) or presence (+) of ATc and with different FBS concentrations (0, 1, and 10%) and fixed after 7 days.
(C) Plaque size quantification and statistics from plaque assay panel (B), two-way Anova, and means are compared from 3
independent experiments. (D) The absence of 7gFLP12 reduced the intracellular replication of Toxoplasma tachyzoites, two-way
Anova multiple comparisons, error bars represent +/- SD from 4 independent experiments. (E) Apicoplast disruption in absence of
TgFLP12 revealed by IFA and using an anti-CPN60 antibody, Blue = Hoechst, Red = apicoplast marker CPN60, and green = 3xHA
tag. (F) Statistical analysis of the apicoplast disruption after complete shutdown of 7gFLP12 expression, error bars represent +/-
SD from 3 independent experiments. (G) Transmission electron microscopy showing apicoplast morphology after 48 h of ATc
treatment on 7gFLP12-iKD, apicoplast appeared swelling and accumulating electron light material in the stroma (redhead arrows)
as well as in the intermembrane spaces (red arrows).

ns p >0.05, *p <0.05, **p < 0.01, ***p < 0.001, and ****p <0.0001.
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The P5B clade ATPases, usually localize at vacuolar or lysosomal membranes, and recent data
show that one member could transport polyamine-containing molecules (spermidine/spermine)
from the lysosome to the cytosol (De La Hera et al., 2013; Van Veen ef al., 2021). Surprisingly,
TeFLP12 does not cluster to any of the previously mentioned P5A- or PSB-ATPases but rather to
a third and newly identified clade that we called PSC-ATPase. The P5C clade is absent from

animals, yeasts, and

flowering plants, but is present in a range of other eukaryotes including fungi, basal land plants
such as mosses, and numerous protists such as diatoms, oomycetes and alveolates (Figure 1). This
data suggests that 7gFLP12 is a novel PSC-ATPase in Toxoplasma gondii that could transport some

type of macromolecule.

TgFLP12 is an apicoplast membrane protein

The localization of TgFLP12 was unclear based on existing information. 7gFLP12 has no predicted
N-terminal targeting sequence, such as the bipartite signal characteristic of apicoplast targeting. Its
predicted localization by HyperLOPIT (Barylyuk et al. 2020, ToxoDB.org) suggests that it would
be a Golgi and/or Plasma membrane protein whereas immunofluorescence assay (IFA) on its
murine malaria agent (P. berghei) homolog revealed an apicoplast localization (Sayers ef al. 2018).
Thus, to determine the actual localization of 7gFLP12 in vivo in Toxoplasma, we generated an
HA-tagged TgFLP12 parasite line by inserting the coding sequencing of a triple hemagglutinin
(3xHA) epitope-tag to the 3° end of 7gFLP12 gene using the pLIC strategy (Huynh and Carruthers,
2009), all validated by a PCR screen (Figure Supp 2 A, B). Immunofluorescence assays (IFAs)
revealed that, 7gFLP12-HA co-localized with the apicoplast stromal marker, chaperonin 60
(CPN60) (Figure 2 C) similar to the P. berghei homolog (Sayers et al., 2018b). More specifically,
we observed an accumulation of the HA signal on the periphery of the apicoplast (Figure 2 C),
suggesting localization in the apicoplast membranes. To confirm this hypothesis, we performed
further IFAs with the apicoplast outermost membrane marker, Apicoplast Thioredoxin 1 (ATRx1)
using confocal microscopy. This confirmed the apicoplast localization and revealed a robust
colocalization of ATRx1 with the 3xHA signal (Figure 2 C, lower panel), strongly pointing at an
apicoplast membrane localization of 7gFLP12. Western-blot analysis further confirmed the

predicted molecular weight of 7gFLP12 at ~220 KDa (Figure Supp 2 E).
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TgFLP12 is essential for tachyzoite development and apicoplast integrity

To investigate the functional role of 7gFLP12, and following its negative phenotypic score of -3.25
(Sidik et al. 2016, ToxoDB.org), an inducible knock-down strain was generated. Using the
promotor replacement TATi-TET system facilitated by a CRISPR-Cas9 approach (Bullen et al.,
2016) (Fig Supp 2 A) in the 7gFLP12-HA strain we obtained the 7gFLP12-HA-iKD strain.
Integration of the exogenous promoter to the correct locus was confirmed by PCR (Figure Supp 2
D, E). The depletion of the 7gFLP12 protein was confirmed by western blot after 48 h of
anhydrotetracycline (ATc) treatment (Figure 3 A).

We then performed a plaque assay on the inducible KD strain to assess its role in parasite
development. The disruption of 7¢FLP12 induced a drastic reduction of the plaque size in the
presence of ATc, demonstrating the importance of the protein for intracellular development
(Figure 3 B, C). As a negative control, the ATc treatment showed no effect on parasite
development and plaque size in the parental strain (Figure Supp 2 F). We, and others, have recently
revealed that the parasite can adapt its metabolic program to host nutrient content and that some
proteins become more or less important if the host corresponding nutrient is high or low (Amiar et
al.,2020b; Dass et al., 2021b; Krishnan et al., 2020; Shunmugam et al., 2022; Walsh et al., 2022).
To assess whether TgFLP12 had a more specific role in cases under fluctuating nutrient content,
TgFLP12-iKD was grown under high, normal, or low nutrient/lipid content at 10%, 1%, or 0% FBS
content, respectively, as previously described (Dass et al., 2021b). We performed plaque assays
and found no significant change in plaque size between the different nutrient conditions despite a
slight trend to size increase with increasing concentration of FBS (Figure 3 B, C). All parasite
lines lacking TgFLP12 displayed very low or almost absence of growth in any nutrient conditions
compared to the WT, suggesting that 7gFLP12 essentiality is directly not dependent on nutrient

availability.

To further assess the importance and role and 7gFLP12 for parasite intracellular development, we
conducted replication assays in the 7gFLP12-HA-1KD line and compared it to the WT. Tachyzoite
replication was likewise significantly impacted upon the disruption of 7gFLP12: there was a
significant decrease in the number of large vacuoles with a drop from ~65% to ~45% for vacuoles
with 8-stage parasites and ~20% to ~6% for vacuoles with 16 parasites, and a significant
accumulation in small vacuoles (1-, 2- and 4-stage parasites) in the absence of 7gFLP12 by 3 days
pre-treatment and 24 h for the assay of ATc treatment (Figure 3 D). These data further demonstrate

that 7gFLP12 depletion reduces Toxoplasma division rate and therefore reduces parasite fitness.
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Since TgFLP12 is essential and localizes to the apicoplast, we sought to determine whether the
depletion of 7gFLP12 could impact the biogenesis, morphology, or presence of the organelle. To
do so, we conducted IFA using the stromal apicoplast marker CPN60 to scrutinize the apicoplast
(Figure 3 E). In WT parasites (i.e. TeFLP12-HA-iKD in absence of ATc), the apicoplast forms a
single dot per parasite located on the apical part of the parasite. The addition of ATc, which
suppresses TgFLP12, led to the loss of the apicoplast in most parasites within the same vacuole
and/or a swelling of the few ones remaining (Figure 3 E, lower panel red head arrow). Furthermore,
the apicoplast was also sometimes found as a signal at the residual body (Figure 3 D, lower panel
red arrows). This mislocalization of fluorescence in the T¢gFLP12-depleted parasites was quantified
and 60% of vacuoles presented a CPN60 signal that localized to the residual body (Figure 3 F).
Together, this data demonstrates that 7gFLP12 is essential for Toxoplasma tachyzoite development
and the maintenance of the apicoplast. While the apicoplast is disrupted by 7gFLP12 deletion,
Toxoplasma mitochondria was not affected after ATc treatment and 7gFLP12 loss, as the
intracellular parasites have conserved their lasso shape-like form (Figure Supp 3). Similar results
were previously obtained in the apicoplast ACP (a key enzyme of the FASII pathway) mutant
deletion of the protein led to the disruption of the apicoplast but the mitochondria remained

unchanged (Mazumdar et al., 2006).

Transmission electron microscopy was performed on parasites treated and untreated with ATc for
48h. Parasites depleted for 7gFLP12 were mostly similar to WT parasites with soundly shaped
apical machinery (micronemes, rhoptries, and conoid), and no visible change in the mitochondria,
ER, nucleus, or Golgi apparatus. The only change observed was an enlarged apicoplast with the
accumulation of low-density material within the stroma (redhead arrows) as well as between the
membranes (red arrows; Figure 3 G). Down-regulation of 7gFLP12 rapidly led to a morphological
change of the apicoplast within 48 h (Figure 3 G) that resulted in the longer-term, to the loss of

the plast (Figure 3Error! Reference source not found. E, lower panel).

Because TgFLP12 belongs to a family of macromolecule transporters, its disruption leads to an
alteration of the apicoplast within a short time after repression, and the apicoplast is a place of de
novo lipid synthesis, we decided to determine the impact of 7gFLP12 loss on the parasite lipid

content.
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TgFLP12 deletion alters parasite short FA chain content

Since TgFLP12 could act as a lipid transporter of the apicoplast, we investigated the lipidome of
TgFLP12-depleted parasites. 7gFLP12-HA-iKD parasites were grown for three days with ATc
(+ATc, green bars) and harvested to compare to the untreated one (-ATc, grey bars). The total lipid
was extracted and its total fatty acid was determined by gas chromatography and mass spectrometry
(GC-MS, Agilent 7890B-5977A). The total fatty acids abundance did not significantly change
between parasites with and without ATc (Figure 4 A). However, their fatty acid composition had

significant differences, FA species are commonly labeled Cx:y, x being the number of carbon that
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Figure 4: Lipidomic analysis of 7gFLP12 revealed a general decrease in the composition of myristic acid

(A) FA total amount, quantified by GC-MS is unchanged after 7gFLP12 repression, error bars represent +/- SD of 4 independent
experiments. (B) FA composition in Mol% of TgFLP12 lacking parasites (+ATc) compared to parasites harboring 7gFLP12,
error bars represent +/- SD of 4 independent experiments. (C) Lipid composition revealed by one dimension TLC and GC-MS
showed a decrease in phospholipids and an increase in neutral lipid TAG and DAG in parasites without 7gFLP12 (+ATc)
compared to parasites with 7gFLP12, error bars represent +/- SD of 4 independent experiments. Major FA relative abundance
of (D) triacylglycerols (TAG), (E) free fatty acids (FFA), (F) diacylglycerols (DAG), and (G) phospholipids (PL), error bars
represent +/- SD of 4 independent experiments.

ns p>0.05, ¥*p <0.05, ¥**p <0.01, ¥***p <0.001, and ****p <0.0001.
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made the chain and y the number of unsaturation. The relative abundance of myristic acid (C14:0)
decreased and that of palmitic acid (C16:0) increased (Figure 4 B). Since C14:0 originate from de
novo fatty acid synthesis by FASII in the apicoplast, 7gFLP12 may be involved in the export of
lipid products containing short-chain fatty acid C14:0.

We also observed a slight but significant increase in the relative abundance for C18:0, C20:0, and
20:1 and a decrease in C20:5, 22:6 FA. These results were the impact of 7gFLP12 deletion as the
parental strain AKu80 TATi showed no change in the FA quantity (Figure Supp 4 A) and FA

composition (Figure Supp 4 B) upon ATc treatment.

In order to see the detailed difference of fatty acids in each lipid species, total lipid was separated
by high-performance thin layer chromatography (HPTLC). 7gFLP12 mutant had a different
composition of lipids that a slight but significant decrease in phospholipids compared to WT
parasites (Figure 4 C) and a ~2.5-fold increase in the composition of TAG as well as a significant
increase in diacylglycerol (DAQG) (Figure 4 C). Free fatty acids (FFA) seemed to be more abundant
in 7gFLP12+ATc compared to 7gFLP12-ATc but the difference was not significant. We next
measured how TgFLP12-depleted tachyzoites differ in individual phospholipid species, which are
known to have different structural and signaling roles. Using a targeted phospholipid-specific
analysis, we found that levels of most phospholipids were not significantly different between
TgFLP12-ATc and TgFLP12+ATc parasites. However, there was a significant decrease in
phosphatidylcholine (PC) the major membrane phospholipid in 7gFLP12-depleted parasites
compared to 7gFLP12-ATc (Figure Supp 4 C). This decreased PC supported the previously
observed decrease in total PLs (Figure 4 C).

TAG had a significant decrease in its composition of C14:0 and C18:0 in 7gFLP12+ATc compared
to 7gFLP12-ATc and an increase in the composition of C16:1, 18:1, and C20:1 after the shutdown
of TgFLP12 (Figure 4 E). Building blocks of the different classes of lipids, FFA had a composition
in FA almost identical to TAG, with a significant decrease in the composition of C14:0 and C18:0,
and a significant increase in C16:1, 18:1 (Figure 4 F). DAG had a significant decrease in C14:0
and an increase in C16:0 relative abundance (Figure 4 G). Despite previously observing a
significant reduction in phospholipid composition (Figure 4 C), all phospholipids together only
showed a small yet significant decrease in C14:0 while all other FA species composition did not
seem affected by the depletion of 7gFLP12 (Figure 4 H). The common feature we observed for

all the different lipid families was a significant decrease in myristic acid C14:0 composition which
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was also observed in the global lipid FA composition. Myristic acid is known to be made by the
apicoplast which is consistent with our apicoplast localization of 7gFLP12. The general decrease
in short FA C14:0 suggested an inhibition of the apicoplast FASII activity while the increase in

TAG suggested an increase in FA scavenging.

Disruption of TgFLP12 causes a defect in apicoplast FASII activity as revealed by *C lipid
flux analysis

Since the loss of 7gFLP12 leads to a decrease in the composition of C14:0 which are produced in
the apicoplast, FASII may have lower activity in the absence of TgFLP12. To determine if the
FASII activity in the apicoplast was reduced in the absence of 7gFLP12, we performed state-of-
the-art stable isotope labeling. Briefly, 7gFLP12-iKD parasites were grown 72 h in presence of 8
mM 3C-U-Glucose and in the presence or absence of ATc, and FA content in harvested parasites
was analyzed by GC-MS. FAs made by the parasite appeared to have a mass shift of M+1 for each
Bcarbon incorporated within the chain. First, the real abundance of '3carbon labeled FA to each FA
species was determined. The abundance of labeled FA was similar in both WT and 7gFLP12
mutants suggesting that FASII is still active in the 7¢gFLP12 mutant during the 72 h of incubation
with 1*C-U-Glucose (Figure 5 A). Surprisingly, in some fatty acid species such as C16:0, C18:0,
and 18:1, the abundance of '*C labeled FA was higher in the mutant while the abundance of C14:0
did not change suggesting there is some alteration of FASII activity or the fate of FAs from the
FASII (Figure 5 A).

Although the abundance of C14:0 made by FASII during 72 h did not alter, its mass isotopomer
distribution (MID) changed importantly (Figure 5 B). Both WT and mutant had the ’C
incorporation up to the M+14, fully labeled with *C, suggesting the FASII is fully active in both
with a two by two increase of the mass typical from the FASII activity. However, in the mutant,
the species fully labeled, i.e. C14:0 M+14 is lower than that of WT. This is consistent with the
lower abundance of C14:0 in the total fatty acids (Figure 4 B). In C16:0 MID, the mutant contained
a higher abundance of C16:0 M+14 than that of WT (Figure 5 C). This suggests two possibilities:
FAs myristic acid, C14:0 underwent another round of elongation through the FASII pathway and
then was exported outside of the apicoplast as palmitic acid C16:0 to be elongated. Parasites could
also have been incubated for too long with *C-U-Glucose, with the increased activity in the mutant
the culture was running out of labeled glucose and the last steps of elongation within the apicoplast
occurred with unlabeled carbons. Also, the increased activity could have occurred during the loss

of TgFLP12 as the total protein shutdown happened after 48 h of ATc treatment.
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To test these hypotheses, we treated the parasite culture with ATc for 48 h (two-day pre-treatment)
before the addition of '*C-U-Glucose and further incubation for 24 h before parasites harvest, lipid
extraction, and analysis (Figure Supp 5 B). Interestingly, labeled FA abundance of each FA
species showed a general decrease of labeled FA in the mutant yet significant for C16:0 and C18:1
(Figure 5 D). This confirmed that the increase in FASII activity previously observed for 72 h was
certainly happening during the loss of 7gFLP12. Labeling after the complete loss of the protein
showed a decrease in the FASII activity. MID profiles of C14:0 (Figure 5 E) and C16:0 (Figure 5
F) revealed a significant decrease in the *C incorporation within all FA chains for both products,

consistent with the drop in C14:0 composition.

Previous studies illustrated that FASII products exit the apicoplast to reach the ER to be elongated.
To determine if 7gFLP12 had an impact on FA elongation into the ER, we measured parasite
elongation activity by complementing the culture media with 8 mM !*C-U-Acetate, which is used
by the ER elongases (ELO A, B, and C) to elongate/desaturate FA (Figure Supp 5 A). Elongated
FAs were measured and quantified by GC-MS (Dubois et al., 2018a; Ramakrishnan et al., 2012a).
After complete repression of TgFLP12 for 48 h and 24 h of incubation with '*C-U-Acetate, we
observed that parasite elongation was still active. While FAs made by FASII were affected, the real
abundance of the elongated FAs showed no difference between the WT and the mutant (Figure 5
G). As for the measurement of FASII activity, the elongation had been measured for 24 h after
complete repression of 7gFLP12, to avoid acetate degradation. MID of long-chain FAs C20:0
(Figure 5 H) and C24:0 (Figure 5 I) showed an accumulation of M+4 and M+8 products
respectively in the mutant, meaning that more C20:0 and 24:0 have been elongated from C16:0
chains, which probably originated in the apicoplast. This was also observed for other elongation

products like C18:0, C18:2, C20:1, and C22:0 (Figure supp 7 D, F, G, and H respectively).
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Figure 5: 13C labeling revealed a decrease in FASII activity and an increase in lipid scavenging in absence of TgFLP12

(A) TgFLP12-iKD FA abundances with '*Carbon incorporated by parasite de novo FASII in the presence and absence of ATc after
72 h incubation 8 mM '*C-U-Glucose, error bars represent +/- SD from 4 independent experiments. Mass isotopomer distribution
of (B) C14:0 and (C) C16:0 showing the incorporation of '3C by FASII 72 h into the FA chains, M+ indicates the number of '3carbon
incorporated per chain, error bars represent +/- SD from 4 independent experiments. (D) 7gFLP12-iKD FA abundances with
3Carbon incorporated by parasite de novo FASII in the presence and absence of ATc after 24 h incubation with 8 mM 3C-U-
Glucose after complete loss of TgFLP12 = 48 h incubation with AT¢ before '3C-U-Glucose addition, error bars represent +/- SD
from 7 independent experiments. Mass isotopomer distribution of (E) C14:0 and (F) C16:0 showing the incorporation of 3C by
FASII 24 h into the FA chains, M+ indicates the number of '3carbon incorporated per chain, error bars represent +/- SD from 7
independent experiments. (G) 7gFLP12-iKD FA abundances with '*Carbon incorporated by parasite elongation in the presence and
absence of ATc after 24 h incubation with § mM '3C-U-Acetate, error bars represent +/- SD from 4 independent experiments. Mass
isotopomer distribution of (H) C20:0 and (I) C24:0 showing the incorporation of '3C by elongation 24 h into the FA chains, M+
indicates the number of '3carbon incorporated per chain, error bars represent +/- SD from 4 independent experiments. (J) TgFLP12-
iKD FA abundances with '3Carbon incorporated by the host and scavenged by the parasite in the presence and absence of ATc, error
bars represent +/- SD from 4 independent experiments.

ns p>0.05, ¥*p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.

As previously reported in Amiar ef al. 2020 and Shunmugam, Dass ef al. 2021, de novo FASII and
host lipid scavenging work as a balance, each being increased when the other is decreased and vice-
versa. To examine the contribution of host scavenging to 7gFLP12 depleted parasites and
specifically examine if host scavenging is altered during 7gFLP12 shutdown, we used a novel
labeling experiment in which tachyzoites are grown on host fibroblasts pre-fed with '*C-U-Glucose
(Dass et al., 2021b). The host cells are seeded into new flasks and are grown in the presence of *C-
U-Glucose which was then incorporated into host lipids via the mammalian cytosolic FASI system.
We analyzed the global fatty acid abundance of 7gFLP12-iKD -ATc or +ATc grown on pre-labeled
HFF, and we found that T7¢gFLP12 depleted parasites scavenged significantly more C14:0, C16:0,
Cl6:1, C18:1 and C20:1 (Figure 5 J), which is broadly the opposite of the general decrease
observed in FASII after total loss of 7gFLP12, and consistent with the complementary roles of the
two lipid sources. Analysis of the major lipid classes PLs, TAGs, DAGs, and FFAs sourced by host
scavenging revealed that 7gFLP12+ATc had a nearly 6-fold increase in neutral lipid TAG and FFA
(Figure Supp 4 D). Global increase in neutral lipids (Figure 4 C) is supported by increased
scavenging fluxed toward neutral lipids (Figure S J, Figure Supp 4D) and is correlated with the
previous work on 7TgLIPIN (Dass et al., 2021) showing that scavenged lipids are fluxed to lipid
storage (Figure Supp 4 D). The apicoplast is the sole place for de novo FA synthesis, lipid products
i.e. FFA, LPA, and PA need to be exported outside of the apicoplast for lipid reshuffle,
phospholipid synthesis and thus membrane biogenesis (Amiar ef al., 2016b).

TgFLP12 is responsible for free fatty acid export from the apicoplast

TgFLP12 depletion impacts the global lipid composition of the parasite, particularly C14:0 the

main product of the apicoplast. P5- as P4-ATPases are known to be giant substrate transporters. To

determine which lipid classes were affected by TgFLP12 depletion, lipids labeled with 3C by
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FASII for 72 h were separated by 1D HP-TLC and quantified by GC-MS. No difference was
observed in the abundance of PL, TAG, and DAG originating from FASII. Despite the FASII
activity increases at 72 h, the abundance of FFA sourced by FASII was reduced by 30 % in the
TgFLP12 mutant (Figure 6 A). Moreover, the incorporation of '*C by FASII in only C14:0 from
FFA was significantly reduced in the mutant (Figure 6 B), the same feature was observed on DAG
and PL from FASII but not on TAG (Figure Supp 8 A, B, and C). These different elements
suggested a default for short apicoplast C14:0 to exit the apicoplast and fueled the bulk of FFA for

membrane synthesis as well as lipid storage.

As mentioned previously, the apicoplast is the place of essential metabolic pathways, like FASII
or heme synthesis, which require yet unknown exporters for their final metabolites to exit the
apicoplast (Kloehn et al., 2021b). Recent findings on P5-ATPases have shown some of them to be
polyamine transporters (De La Hera et al., 2013; Van Veen et al., 2021). Based on the flexibility
of Toxoplasma to rescue essential enzymatic pathways by scavenging, we decided to perform
plaque assays supplemented with known scavenged metabolites and observe if we rescued the

ATgFLP12 death phenotype.

Previous data from this study collectively strongly suggests that T¢eFLP12 plays a role in facilitating
the export of lipid products from the apicoplast. Specifically, 7gFLP12 seems to have a role in the
export of lipids with C14:0 FA chains or the C14:0 chain itself. To test this, we attempted to
complement, or rescue the phenotype of TgFLP12 depleted parasites with possible substrates, 60
uM FFA C14:0, 60 uM FFA C16:0, 60 uM LPA C14:0 and 60 uM LPA C16:0, similar to previous
studies (Amiar et al., 2016b; Krishnan ef al., 2020). The addition of LPA C14:0 or LPA C16:0 or
FFA C14:0 or FFA C16:0 is not detrimental for the parasite growth as plaques appeared in
complemented cultures of 7gFLP12-ATc like in the uncomplemented one. LPA C16:0 seemed to
benefit the parasites’ growth (Figures 6 C and D).

The addition of exogenous C14:0, C16:0 FFA, or LPA, improved the growth of parasites lacking
for TgFLP12 as plaques were observed in culture complemented with either FFA or LPA (Figure
6 C, D). A stronger rescue was observed for FFA C14:0 as more and bigger plaques were observed
compared to the other lipid species tested. The number and size of plaques decreased gradually for

FFA C16:0, LPA C14:0, and LPA C16:0 in this order (Figure 6 D, E).
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Figure 6: TgFLP12 is responsible for the exit of FFA from the apicoplast

(A) Relative abundance of TAG, DAG, PL, and FFA originated from parasite FASII, error bars represent +/- SD from 4 independent
experiments. (B) Percentage of '3C incorporation in major FA species of FFA made by parasite FASII in presence (-ATc) and
absence (+ATc) of TgFLP12, error bars represent +/- SD from 4 independent experiments. (C) Plaque assays complemented with
possible TgFLP12 substrates, FFA C14:0 or C16:0, and LPA C14:0 or C16:0. (D) Plaque size quantification and statistics from

plaque assay panel (C), two-way Anova, and means are compared from 3 independent experiments.
ns p > 0.05, *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.

To assess the heme synthesis pathway, we complemented the culture media with 5-ALA (5-
aminolevulinic acid) 300 puM, already use to complement the CPO mutant, the enzyme that
catalyzes the cytosolic step of the heme synthesis after the apicoplast exit (Krishnan et al., 2020),
or PPIX (protoporphyrin IX) 300 uM. Neither 5-ALA nor PPIX was able to restore the growth in
TgFLP12 treated with ATc compared to the 7gFLP12 treated with ATc but not complemented
(Figure Sup 7 D).
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P5B-ATPases the closest PS5 subfamily to the new clade to which TgFLP12 belongs, have been
shown to regulate polyamine trafficking from lysosomes. To assess if 7gFLP12 plays a role in
polyamine synthesis, we have cultured 7gFLP12 in the absence or presence of ATc and
supplemented the media with spermidine 30 uM or spermine 30 uM in 1 mM aminoguanidine to
prevent ROS generation from polyamines. Polyamines showed no toxicity as 7gFLP12 -ATc
complemented and uncomplemented with polyamines showed similar plaques sizes. Similarly to
5-ALA and PPIX neither spermidine nor spermine was able to complement 7gFLP12 (Figure
Supp 7 D).
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Figure 7: Proposed model for 7gFLP12 function in Toxoplasma gondii lipid metabolism

Scavenged glucose is proceeded through the parasite glycolysis pathway. Glycolysis products PEP and DHAP are imported to the
apicoplast stroma via APT transporters. DHAP is used to form G3P and PEP is converted back to pyruvate and then proceeded to
finally form acetate-CoA, which is used by the FASII pathway to generate short FA chains, C14:0. From Amiar et al, 2016, we
know that apicoplast FAs can be esterified on a G3P backbone by ATS1 to form LPA, that exit the apicoplast to reach the ER via
an unknown pathway. This exported LPA serves for phospholipids synthesis and FAs are elongated by the three ER elongases ELO
A/B/C. This study suggests the role of TgFLP12 as an FFA exporter that allows the exit of C14:0 from the apicoplast to be used by
the cytosolic acyl-transferases GPAT, AGPAT, etc., and participates to fuel the bulk of phospholipids. PEP = phosphoenolpyrivic
acid; DHAP = dihydroxyacetone phosphate; G3P = glycerol-3-phosphate; APTs = apicoplast phosphate transporter; FASII = fatty
acid synthesis pathway type II; ACP = acyl-carrier protein; FFA = free fatty acid; ATS1=acyl-transferase 1; LPA = lysophosphatidic
acid; ELO = elongase; GPAT = glycerol acyl-transferase; acyl glycerol acyl-transferase.
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These results consolidate the lipidomics data which indicate that 7gFLP12 plays a role in exporting
lipids from the FASII pathway outside of the apicoplast, with a higher affinity for FFA than LPA
and a higher affinity for C14:0 length chain compare to C16:0 chain.

Discussion

P-type ATPases are transporters that export their substrate from the extracellular or lumen space to
the cytosol. This study focuses on an essential apicoplast exporter, 7gFLP12 that belongs to a newly
identified clade from the sub-family of P5-ATPase never described before, which we called P5C-
ATPases. Although absent in most laboratory model species, the new P5C-ATPase family is
present in a broad range of eukaryotes and is strongly resolved in the phylogeny pointing to a
potentially conserved substrate specificity different from the other P5 clades (Figure 1, Figure
Supp 1). The relationship between P5SB-ATPases and PSC-ATPases remains unclear because P5B-
ATPases do not form a strongly supported clade and members of neither group have been
functionally characterized in different taxa. The PSC-ATPase family shows several examples of
secondary gene duplication events, including two specific to Cryptosporidium. The origin of the
coccidian PSC-ATPase duplication is more difficult to pinpoint because deep relationships between
apicomplexan sequences are not confidently resolved (support >95). While TgFLP12 colocalized
with ATRx1 at the outermost membrane of the apicoplast (Figure 2 C), a LOPIT experiment in
Toxoplasma predicted its paralog to localize to the rhoptries. Rhoptries are present in all
apicomplexans, which may help to explain why P5SC-ATPase is present in the apicoplast-lacking
Cryptosporidium. Indeed, since PSC-ATPase is found in many non-photosynthetic eukaryotes
(Figure 1), the apicoplast FA transport in apicomplexans is apparently a derived state. Notably,
P5A has been recently shown to transport proteins across the ER membrane (T. Li et al., 2021a)
and P5B to export polyamines from the lysosome to cytosol (De La Hera et al., 2013; Van Veen et
al.,2021). Given that the ER and lysosomal membranes are topologically equivalent with both, the
membrane of (Golgi-derived) rhoptries and the outermost membrane of the apicoplast, it appears
likely that PS5 and P5C-ATPases were both ancestrally functionally connected with the

endomembrane system.

Despite the essentiality of the apicoplast metabolic pathways, little is known about metabolite
importers and exporters involved in these pathways as summarized in a recent review (Kloehn e?
al.,2021b). TgFLP12 is a putative transporter of the apicoplast, and our data demonstrate that its

disruption is deleterious for the apicoplast integrity (Figure 3 D, E) as well as the parasite survival
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(Figure 3 B, C). From this, we wanted to elucidate the metabolic pathway in, which 7gFLP12 was

involved.

In Plasmodium, putative transporters have been localized or predicted to localize to the apicoplast
(Boucher et al., 2018; Sayers et al., 2018b). Among these transporters, is a 7gFLP12 homolog
(Pf3D7_0504000, PPANKA 1103600) with a confirmed apicoplast localization by endogenous
tagging. Straight KO of Plasmodium berghei FLP12 homolog demonstrated that its absence did
not affect parasite growth during the erythrocytic life cycle (Sayers et al., 2018b). Investigation
from Yeh et al 2011 (Yeh and DeRisi, 2011), showed the only apicoplast pathway essential for
Plasmodium blood stage survival was the isoprenoid synthesis pathway as the addition of
exogenous IPP was sufficient to maintain an apicoplast-free parasite culture indefinitely. In
Toxoplasma, intermediate elements of this isoprenoid synthesis pathway (FPP and GGPP) are
scavenged from the host (Li ef al., 2013), which reduces the essentiality of this pathway in
Toxoplasma tachyzoite compare to Plasmodium blood stage. Plus the essentiality of 7gFLP12 for
Toxoplasma survival (this study), these elements indicate that 7¢FLP12 and its Plasmodium

homologs are not involved in the isoprenoid metabolite transportation.

Toxoplasma possesses three iron-sulfur cluster pathways, the mitochondria iron-sulfur cluster
(ISC) pathway which delivers Fe-S clusters to mitochondrial apoproteins and also fuels with
precursors the cytosolic Fe-S cluster assembly machinery (CIA) (Aw et al., 2021; Pamukcu ef al.,
2021b). Like plants and algae, the Apicomplexa plastid apicoplast also harbors a Fe-S cluster
synthesis pathway known as the SUF pathway. All three pathways are essential for normal parasite
growth. While the ISC pathway needs a transporter (ATP binding cassette: ABC.B7 in Yeast) to
deliver the CIA pathway precursor from the mitochondria to the cytosol, the apicoplast SUF
pathway seems to not exporter metabolite and act as an apicoplast housekeeping pathway
regulating isoprenoid synthesis (via TglspH and 7glIspQG), the FASII pathway (via TgLipA), redox
state (via TgFd) and apicoplast gene transcription (via TgMiaB) (Renaud ef al., 2022b). Meaning
that 7gFLP12 does not seem to be a transporter involved in this pathway.

Despite the photosynthetic origin of the apicoplast, the organelle lacks the canonical chloroplast
lipid transporters such as fatty acid exporters FAX1 (Li ef al., 2015) and FAX2 or the ABC
transporter, TGDs (Fan et al., 2015; Lu et al., 2007; Lu and Benning, 2009; Roston et al., 2011),
for the import of PA to the chloroplast from ER for galactoglycerolipid synthesis. The close
proximity of P5-ATPases to P4-ATPases on the phylogenetic aspect already raised the question of
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PS5 being involved in lipid transfer. In this study, we deeply investigated the lipidome of parasites
lacking TgFLP12, and we found a decrease in short fatty acid chains myristic acid, C14:0 in the
mutant (Figure 4 B). Myristic acid, is one of the main products of the apicoplast FASII. We
investigated FASII activity with stable isotope labeling coupled with mass spectrometry and
revealed that during the loss of 7gFLP12, labeling for 72 h without ATc pre-treatment, the FASII
activity increased (Figure 5 A), while after the complete loss, 48h ATc pre-treatment followed by
24 h activity labeling, the FASII activity was reduced (Figure 5 D). MID analysis of C14:0 and
16:0 labeled over 72 h showed an accumulation of total chain length M-2 products (Figure 5 B
and C). One explanation could be that in absence of TgFLP12 lipidic products from the apicoplast
FASII were no longer exported outside of the plast and their availability in the cytosol was reduced.
So the parasite increased the activity of FASII trying the compensate. However, the increased
activity led to the accumulation of the potential 7gFLP12 substrate within the apicoplast (Figure 3
G) that caused the loss of the organelle (Figure 3 E) and so a drop of the FASII activity after the
complete loss of the transporter (Figure 5 D). Lipid separation combined with FASII labeling
revealed that only FFA were decreased upon 7gFLP12 disruption (Figure 6 A). Toxoplasma
growth flexibility has already been illustrated in different mutants of the FASII pathway or lipid
synthesis within the apicoplast. The addition of exogenous lipid products, short-chain FFA
(Krishnan et al., 2020), or LPA (Amiar et al., 2016b) have successfully restored parasite growth.
Both FFA (C14:0 and C16:0) and LPA (C14:0 and C16:0) were able to partially restore the growth
in 7gFLP12 mutant, but a specificity appeared for FFA over LPA and C14:0 over C16:0 (Figure
6 B and C). These results suggest that 7gFLP12 substitutes FAX proteins present in the chloroplast
and preferentially exports C14:0 FFA outside of the apicoplast.

This study reveals the essential role of short FFA originating from FASII to be exported outside of
the apicoplast. We propose that 7gFLP12 plays the role of the missing fatty acid exporter in the
apicoplast, these exported FA can then be used by cytosolic/ER acyl-transferases (Amiar et al.,
2020b; Quittnat ef al., 2004) such as GPAT for LPA synthesis, AGPAT for PA synthesis or DGAT
for TAG synthesis and plays a role in forming the lipidic patchwork previously reported in 7gATS1
(Figure 7). Our data from parasite elongation also revealed that in the mutant, more elongation
products originated from C16:0 FA (Figure S H, I, Figure supp 7). Linked to previous data
obtained for the TgATS1 mutant, we suggest that accumulated FFA C14:0 into the apicoplast
undergo another cycle of elongation by the FASII and are then used by 7gATSI to produce LPA.
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Our elongation measurements support that LPA generated by 7gATS1 can exit the apicoplast the
reach the ER where FA chains are elongated by ELO A/B/C (Figure 7).

The apicoplast is a perfect drug target because of its specificity to the Apicomplexa phylum and
absence from the human host and the conservation of essential metabolic pathways derived from a
prokaryotic origin. While essential metabolite synthesis has been well studied over the last two
decades since the apicoplast discovery, little is known about the transportation and trafficking of
these metabolites. The characterization of 7gFLP12 illustrates the importance of such transporters
for parasite survival. Its conservation among Apicomplexa and the total absence of this new clade
of P5-ATPase from the human host make FLP12 a potential new target for the development of

treatment against Apicomplexa-caused diseases.
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Material and Methods

Toxoplasma gondii strains and cultures:

Human foreskin fibroblasts (HFF) are cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technologies) supplemented with 10 % fetal bovine serum (FBS) (Gibco), 2 mM
glutamine (Gibco) and 25 pg/mL gentamicin (Gibco) at 37°C and 5% CO2.

T. gondii tachyzoites (RH-Aku80, HA strains, and inducible knock-down strains) were maintained
in human foreskin fibroblasts (HFF) using Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies) supplemented with 1% fetal bovine serum (FBS) (Life Technologies), 2 mM
glutamine and 25 pg/mL gentamicin at 37°C and 5% CO2.

Generation of inducible knockdown FLP12 line in 7. gondii:
To introduce the endogenous tag at the 3’ end of the genes of interest, the open reading frames of

TgFLP12 were amplified by PCR. Amplicons were cloned into the plasmid LIC-HA3-CAT vector.
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After those plasmids were linearized with Xbal and transfected into the RH-Aku80 strain. Inducible
KD strains have been generated 7gFLP12 by amplification of a mycophenolic acid resistance
cassette, TATi sequence, and the inducible promoter TET from the plasmid pT8TATil-HX-
tetO7S1. For tag insertion or iKD, 50 pg of PCR products were co-transfected with 50 pug plasmid
Sibley Cas9 coding for the endonuclease CRISPR-Cas9 and the appropriate protospacer (guide
RNA) generated on the platform CHOP-CHOP (chopchop.cbu.uib.no). RH-Aku80 strains were
transfected with pLIC-7gFLP12-HA. The promoter replacements for inducible knockouts were
then transfected into cells with their respective 3’ HA tags. Electroporations were performed in a
2-mm cuvette in a BTX ECM 630 (Harvard Apparatus, at 1,100 V, 25 Q, and 25 puF). Stable lines
expressing the constructs (endogenous tagging or exogenous promoter) were selected in media with
30 pug/ml chloramphenicol or 25 pg/ml mycophenolic acid and 50 pg/ml xanthine according to the

resistance cassette of the insert transfected and cloned by limiting dilution.

Screenings of the parasite clones with correct HA element insertion and promoter replacement
were done using primers pair in Table 1, Figure supp 2. PCRs were performed with TaKara

primestar max polymerase.

Immunofluorescence assay:

Primary rabbit anti-CPN60 antibodies were used at a dilution of 1:500, rabbit anti-IMC1 at 1:500,
rat anti-HA (Roche) at 1:500, and mouse anti-ATRx1 at 1:500. Secondary AlexaFluor 488- and
546-conjugated goat anti-rat and anti-rabbit antibodies (Life Technologies) were used at 1:1000
dilutions, respectively. Parasites were fixed in PBS containing 2% paraformaldehyde for 15 min at
room temperature. Samples were permeabilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature before blocking in PBS containing 2% FBS and incubation with primary antibodies
then secondary antibodies diluted in the blocking solution. Labeled parasites were stained with
Hoechst (1:10,000, Life Technologies) for 20 min and then washed three times in PBS then H-O.

Coverslips were mounted onto slides before observation using a Zeiss epifluorescent microscope.

Phylogenetic analysis of P5-ATPases:

We first used the 7gFLP12 sequence to retrieve related entries from Uniprot by BLASTP and
complemented this set by characterized P-ATPases from the literature (Axelsen and Palmgren,
1998; Benito et al., 2004; Rodriguez-Navarro and Benito, 2010). The preliminary dataset was
expanded by additional BLASTP searches against GenBank nr and VEuPathDb. The sampling of
the global P-ATPase dataset was optimized to 207 sequences (Figure S1) by several rounds of tree
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reconstruction in FastTree v2.1.11 (-Ig -gamma parameters). A subset of 114 sequences comprising
only P5-ATPases was then created from the global dataset (Figure 1). All species present in this
subset (except Thermochaetoides thermophila whose P5B sequence was added later from PDB)
had their genomes exhaustively searched for P5-ATPase sequences. Final matrices for the global
P-ATPase and P5-ATPase datasets were prepared by using the local pair alignment (-linsi) in
MAFFT v7.505 and hypervariable site removal in BMGE v1.12 under relaxed criteria (-m
BLOSUM30 -b 3 -g 0.4). Best maximum likelihood trees were computed by using the best fits
models (LG+F+R8 for P-ATPase and LG+F+R7 for P5-ATPase) in IQ-TREE v2.2.0, each with
1000 UFBoot2 supports.

Western blot analysis:

Proteins were harvested from scraped, needled (G26 needle), and filtered parasite cultures before
counting by hemocytometer. Proteins were normalized and extracted by the addition of sample
buffer to the parasite and boiled at 95°C for 5 min. Equal volumes of protein samples were loaded
and separated on a 4-12% gradient SDS-polyacrylamide (Life Technologies) and transferred to a
nitrocellulose membrane. Incubation of the membrane with primary antibodies rat anti-HA (Roche)
and rabbit anti-TOM40 followed by incubation with Horse radish peroxidase (HRP) goat anti-rat
and anti-rabbit conjugated antibodies (Thermo Scientific). Revelation was done using the Biorad
Chemidoc imager after incubation membrane staining with Luminata Crescendo Western HRP

detection kit (Millipore).

Plaque assays in 7. gondii mutants:

The extracellular parasites were harvested after filtration and counted by hemocytometer. HFF
monolayers were infected with ~1,000 mutant parasites and allowed to develop under normal
culture conditions or culture medium supplemented with 0.5 pg/ml anhydrotetracycline (ATc) for
10 days untouched before staining with Crystal Violet (Sigma) and cell growth assessment by light
microscopy for the presence of intact HFF. The average plaque

areas (particles) were analyzed using ImageJ software.

Replication assay in 7. gondii mutants:

TgFLP12-HA-iKD mutants were pre-treated 3 days with 0.5 pug/ml ATc before replication assay.
In 4-well plates (with coverslips) equal numbers of parasites were allowed to invade confluent
HFF cells for 2h. After invasion, the plates were washed (x3) with ED1 (DMEM, 1%
FBS) and parasites were grown for 24h with or without ATc (0.5 pg/ml). These coverslips were
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then processed for IFA and the number of parasites per vacuole was calculated (n =4 independent

experiments).

Electron microscopy:

TgFLP12-iKD parasites were grown 48 h in the presence and absence of ATc, in labteks (Nunk,
Thermofisher). The labteks containing parasite-infected HFF were fixed in 0.1 M cacodylate buffer
with 2.5 % glutaraldehyde for 2 h and kept at 4°C until further processing. During processing,
samples were fixed again for 1 h with 1 % osmium tetroxide in cacodylate buffer followed by
overnight treatment in 2 % uranyl acetate in distilled water. After dehydration in graded series of
acetonitrile, samples were progressively impregnated in Epon812, the wells were then filled with
fresh resin and allowed to polymerize for 48 h at 60°C. Ultrathin 70 nm sections were obtained
with a Leica UCT Ultramicrotome and collected on copper grids. Grids were poststained with
uranyl acetate and lead citrate before their observation on a Jeol1200EXII Transmission Electron

Microscope. All chemicals were from Electron Microscopy Sciences.

Lipidomic analysis:

To extract lipids, 7. gondii tachyzoites were grown on 175 cm? HFF cultures. Freshly egressed
parasites (~108 parasites equivalent) were quenched in a bath of pure ethanol/dry ice, then needled,
filtered, and counted by hemocytometer before centrifugation. Pellets were washed 3x times in cold
PBS to eliminate lipids from the culture media before conservation at -80°C. Internal standard 10
umol FFA C13:0 and 10 umol PC C21:0 (Avanti Polar lipids) are added to samples and lipids are
extracted following the Bligh and Dyer modified by Folch protocol (Ramakrishnan S, ez al; 2012),
FAs are methanolized by Trimethylsulfonium hydroxide (TMSH) by gas-chromatography coupled
with mass-spectrometry (Agilent 5977A-7890B) (GC-MS), fatty acid methyl esters were identified

by their mass spectrum and retention time compared to authentic standards.

Phospholipid, DAG/TAG/FFA analyses: The extracted total lipid extracted (as above) was
separated by one-dimensional silica gel high-performance thin-layer chromatography (HPTLC,
Merck). The 1st and 2nd solvent systems used were chloroform/methanol/water/ acetic acid,
25:15:2:4 (v/v/v/v) and hexane/MTBE/acetic acid, 35:15:0.5 (v/v/v), respectively. For DAG, TAG,
FFA, and PL analysis, the total lipid fraction was separated by 1D-HPTLC using hexane/diethyl
ether/formic acid, 80:20:2 (v/v/v) as solvent system. The spots correlating to DAG, TAG, FFA,
and PL on the HPTLC plate were scraped off, and lipids were methanolized with 200 uL 0.5 M
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methanolic HCI in the presence of 1 nmol pentadecanoic acid (C15:0) as internal standard at 85 °C

for 4 h. The resulting FAMEs were extracted with hexane and analyzed by GC-MS (Agilent).

Fluxomic analysis:

Confluent T175 HFF cultures are set up for FASII *Carbon labeling, the culture medium is
discarded and replaced with ED1% (-) Glucose complemented with 500 pL 800 mM U-'3C-
Glucose or 500 uL 800 mM U-'2C-Glucose as a control for '*C natural abundance. Freshly egressed
parasites are loaded on the previous HFF U-'3C-Glucose / U-'?C-Glucose and incubated for 72
hours before parasites harvest and lipid extraction for GC-MS analysis. Scavenging was assessed
as described in Dass et al. 2021, T175 are set up with HFF grown for 5 days in D10% (-)Glucose
complemented with 500 uL 800 mM U-'*C-Glucose. Confluent T175 HFF pre-labeled cultures are
set up for scavenging assay, the culture medium is discarded, cells are washed with ED1% (3x) and
new ED1% is added. Freshly egressed parasites are loaded on the previous HFF pre-labeled with
U-3C-Glucose and incubated for 72 h before parasites harvest and lipid extraction for GC-MS

analysis.

Statistics and graphs:

Graphs and statistical analysis were made using GraphPad Prism8. Graphs represent means and
error bars represent standard errors of means. All data were analyzed with the two-tailed unpaired
student’s t-test (except when mentioned). All p values are represented by asterisks in figures as
follows: ns = p > 0.05, * = p <0.05, ** =p <0.01, *** =p <0.001, and **** =p <(0.0001. We

consider all p-values lower than 0.05 to be significant.
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Table 1: Oligonucleotide sequences used in this study.

Oligo ID: Sequence:

TgFLP12 pLIC Forward TACTTCCAATCCAATTTAGCgaagccggtaaagtttc
gatcge

TgFLP12 pLIC Reverse aaccatgagattatcagactctccagg

TeFLP12 HR1 promoter Tggtactcgatccttctcgacagetgaatggtgtcgg

replacement cctcegecatgtttgeggatecgggg

TgFLP12 HR2 promoter Cggaggcggageggagggaggatctgttgatggcetge

replacement tccatCATtttgatatccctaggaattcactcgt

Reverse Cas9 plasmid

AACTTGACATCCCCATTTAC

TgFLP12 gRNA Forward
Cas9 plasmid

gcggctttgtcatgggagteGTTTTAGAGCTAGAAAT
AGCAAG

TgFLP12 Forward screen #1

caggcttggtggatgaggtac

TgFLP12 Reverse screen #2

GTCGATGTAATATACATTCGCAGACGG

TgFLP12 Forward screen #3

cggggagtagtcaccatgt

TeFLP12 Reverse screen #4

ccgatccagctccgacgatac
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Supplementary figures
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Figure Supp 1: Phylogeny of the P-Type ATPases family

Maximum likelihood phylogeny of P-type ATPases. The tree was derived by using the best-fit model (LG+F+R8) in IQ-TREE
and UFBoot2 supports at branches (1000 replicates). The supports from the compacted P5-ATPase are shown in Figure 1. Black
dots indicate 100 support. Supports <80 are no shown.
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Figure Supp 2: Molecular constructions of 7gFLP12 tagged and inducible knock-down line

(A) Triple HA tag insertion by double homologous recombination using the pLIC system. HR = homologous region; CAT =
chloramphenicol acetyltransferase. (B) Confirmation by PCR of the tag integration using pair of primers 1 and 2. Transgenic element
is absent from the parental strain AKu80. (C) Visualization of 7gFLP12-HA by western blot. Molecular weight around ~220 KDa.
(D) Gene promoter replacement using the TET system, CRISPR approach, and homologous recombination. (E) Confirmation by
PCR of promoter replacement using pair of primers 3 and 4. Size shift of promoter integration is present in the 7gFLP12-HA-iKD
different from the parental strain AKu80. (F) Plaque assay and plaque size quantification of parental strain Ku80 TATi, showing no
difference after treatment or not with ATc.

ns p>0.05, *p <0.05, **p < 0.01, ***p < 0.001, and ****p <0.0001.
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Figure Supp 3: TgFLP12 absence does not impact the morphological shape of the mitochondria

(A) Mitochondria IFA revealed no effect of 7gFLP12 deletion, Blue = Hoechst, Red = mitochondria marker TOM40, and green
= 3xHA tag.
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Figure Supp 4: Lipidomic on parental strain that shows no difference upon ATc treatment

(A) FA total amount, quantified by GC-MS is unchanged after ATc treatment on the parental line AKu80 TATi, error bars
represent +/- SD of 4 independent experiments. (B) FA composition in Mol% of parental line AKu80 TATi treated with +ATc,
compared to parasites untreated, error bars represent +/- SD of 4 independent experiments. (C) Lipid classes, from parasites
TgFLP12-iKD treated with ATc or not, separated by 2D-TLC and analyzed by GC-MS, error bars represent +/- SD of 3
independent experiments. (D) Relative abundance of the different lipid classes made from scavenged lipids, revealed that
neutral lipids TAG and FFA from scavenged lipids increase after addition of ATc, error bars represent +/- SD from 4
independent experiments.

ns p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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Figure Supp 5: Schematic of stable isotope labelling to measure FASII activity, parasite elongation or scavenging from

the host

(A) Labelling of FA made by FASII, confluent HFF are infected with 7gFLP12-iKD with
free. Cultures are complemented with 8 mM U-'3C-Glucose and grown for 72 h. Labelling

by 8 mM U-3C-Acetate.
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or without ATc, in media glucose-
of FA made by the host to measure
scavenging capacities, HFF are cultured with media glucose-free and complemented with 8 mM U-'3C-Glucose until they
reached full confluency. Media with labelled glucose is washed out and cells are infected with 7gFLP12-iKD with or without
ATec, in regular media and grown for 72 h. (B) FASII labelling on 24 h after total loss of 7gFLP12. Confluent HFF are infected
with TgFLP12-iKD with or without ATc for 48 h, then media is replaced by media glucose-free complemented with 8§ mM U-
13C-Glucose and cultured for an extra 24 h. Parasite elongation is measured in the same manner, but U-'3C-Glucose is replaced
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Figure Supp 6: Isotopologue distribution profile of FAs de novo synthesized by apicoplast FASII

(A) Cl16:1, (B) C18:0, (C) C18:1, and (D) C20:1 show the incorporation of '3C by parasite FASII 72 h into the FA chains, M+
indicates the number of '3carbon incorporated per chain, error bars represent +/- SD from 4 independent experiments. (E) C16:1,
(F) C18:0, (G) C18:1, and (H) C20:1 show the incorporation of '*C by parasite FASII 24 h into the FA chains, M+ indicates the
number of Bcarbon incorporated per chain, error bars represent +/- SD from 4 independent experiments.

ns p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.
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Figure Supp 7: Isotopologue distribution profile of FAs elongated by the parasite

(A) C14:0, (B) C16:0, (C) C16:1, (D) C18:0, (E) C18:1, (F) C18:2, (G) C20:1 and (H) C22:0 showing the incorporation of *C by
elongation 24 h into the FA chains, M+ indicates the number of *carbon incorporated per chain, error bars represent +/- SD from 4
independent experiments.

ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure Supp 8: 7gFLP12-iKD, complementation assay

Percentage of 3C incorporation in major FA species of PL (A), TAG (B), and DAG (C) made by parasite FASII in presence (-
ATc) and absence (+ATc) of TgFLP12, error bars represent +/- SD from 4 independent experiments. (D) Plaque assays
complemented with possible 7gFLP12 substrates, spermidine, spermine, 5-ALA, and PPIX.

ns p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.
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Chapter V: TgFLP2, a flippase that controls trans-
Golgi vesicular trafficking and endocytosis iIn

Toxoplasma gondii
Chapter V Summary

P4-ATPases are phospholipid transporters involved in creating membrane phospholipid asymmetry
inducing membrane curvatures. They are important for correct vesicular trafficking and thus for
membrane recycling, exocytosis, and endocytosis. The parasitic lifestyle of Apicomplexa has
repurposed the secretion pathway for the synthesis of secretory organelles, essential for egress,
invasion, scavenging, and host control. Parasites also possess specific places for endocytosis events
and ingestion of host material, the micropore in Toxoplasma gondii or the cytosome in Plasmodium.
T. gondii possesses six flippases. One is not expressed in the tachyzoite life stage, three are located
at the apical pole and play a role in microneme secretion, or environmental sensing, and two are
localized to the parasite endomembrane system. This study revealed the importance of the Golgi

flippase, TgFLP2, for correct vesicular trafficking within the parasite.
Below are summarized the major findings of the study:

e TgFLP2 belongs to the subfamily of PAB-ATPases, and structural prediction suggests that
its substrate specificity could be the same as the yeast flippase ScNeolp;

e TgFLP2 is localized to the Golgi apparatus and is essential for parasite survival and
intracellular replication. The parasite fitness cannot be increased by changing the nutritional
status of the host;

e deletion of TgFLP2 impacts microneme proteins localization but not the biogenesis of the
organelles;

e Jlack of TgFLP2 is deleterious for endocytosis, vesicles formed at the micropore can no
longer detach from the plasma membrane;

e disruption of 7gFLP2 also impacts the general lipid homeostasis of the parasite with a

negative impact on both scavenging and FASII activity.
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Abstract

The parasitic lifestyle of Apicomplexa, such as Toxoplasma gondii or Plasmodium falciparum, is
ensured by extremely efficient capacities to scavenge resources from the host. Parasites secrete
effectors through apical organelles, micronemes, and rhoptries, which allow the fast exit and entry
of the host cell. Scavenged resources actively get into the parasitophorous vacuole, and are then
ingested by endocytosis into the parasite. However, little is known about this last step. P4-ATPases
are known to be involved in generating membrane curvatures for vesicular trafficking and are
involved in both exo- and endocytosis. Here, the role of a Golgi P4AB-ATPase, TgFLP2, was shown
to control parasite lipid homeostasis and regulate the formation of endocytosis vesicles at the level
of the micropore. Depletion of 7gFLP2 has also shown its importance for the correct addressing of
micronemes proteins but not rhoptries. This study illustrates the central position of 7gFLP2, which
presumably generates membrane curvatures in the Golgi, controlling parasite post-Golgi vesicular

trafficking with a role in exo- and endocytosis.
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Introduction

Toxoplasma gondii and Plasmodium falciparum, which belong to the superphylum of
Apicomplexa, are obligate intracellular parasites and represent a severe threat to humans by leading
to the death of hundreds of thousands each year. To ensure their intracellular propagation
Apicomplexa parasites require large amounts of lipids, which are acquired from two sources: (i)
host scavenging, and (ii) de novo synthesis, recycling and assembly by the parasite de novo
synthesis machinery. Both pathways for lipid acquisition and synthesis are essential for parasite

membrane biogenesis.

Parasites are able to de novo fatty acid (FA) synthesis, thanks to a vegetal relic-plastid named the
apicoplast, obtained from the secondary endosymbiosis of ancestral red algae. This organelle has
lost the photosynthesis ability but essential metabolic pathways remained (heme synthesis pathway,
DOXP pathway, iron-sulfur cluster synthesis pathway, and type Il fatty acid synthesis pathway
(FASII)). Previous studies on the apicoplast have demonstrated the presence of two plant-like
acyltransferases named ATS1 and ATS2, involved in the synthesis of lysophosphatidic acid (LPA)
(Amiar et al., 2016a) and phosphatidic acid (PA) (Amiar et al., 2020a) respectively, by adding fatty
acid chains (made by the FASII) onto a glycerol-3-phosphate backbone. The LPA and PA serve as
the major precursors for the de novo synthesis of all phospholipid classes and need to be exported
toward the endoplasmic reticulum (ER), where the fatty acid chains can be elongated and
desaturated by the three elongases (ELO A/B/C) found in the ER (Dubois et al., 2018b;
Ramakrishnan et al., 2012b, 2015a).

These parasites also acquire lipids, proteins, and other nutrients by massive scavenging from the
host, using their parasitophorous vacuole membrane (PVM) and effectors sent to the host to
manipulate its behavior. To ensure its survival, the parasite recruits host organelles (mitochondria,
Rab vesicles, ER, etc.) and internalized their content in the parasitophorous vacuole (PV) by several
mechanisms like the recruitment of the host ESCRT machinery, or the intravacuolar network. Once
in the PV, the host material is ingested by the parasite by endocytosis and targeted to a lysosome-
like compartment called the plant-like vacuolar compartment (PLVAC), to be proceeded and
digested by lipases and proteases for nutrient acquisition. Lipid scavenging is constant and used to
form the lipidic patchwork, with parasite de novo lipids, essential for the bulk of phospholipids and
membrane biogenesis (Amiar ef al., 2016a). Moreover, this constant flux is also forwarded to lipid

storage via the metabolic switch TgLIPIN, which senses the host’s nutritional status and catalyzes
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the dephosphorylation of PA, forming diacylglycerol (DAG) used via the glycerolipid pathway for
triacylglycerol (TAG) and lipid droplet synthesis (Dass et al., 2021a).

In Apicomplexa parasites, the mechanism that controls endocytosis remains poorly known. This
process is extremely fast and depends on well-orchestrated vesicular trafficking. The admitted
hypothesis to describe those endocytic events is that in Toxoplasma, the micropore and its
equivalent in Plasmodium the cytosome, are assumed to be the place for endocytosis. Recent works
revealed the recruitment of proteins related to endocytosis at the level of these structures, such as
coated protein clathrin adaptor protein AP2, Kelch13, ESP15, and the dynamin DrpC (Koreny et
al.,2022; Ma et al., 2016; Spielmann et al., 2020; Wan et al., 2023). Internalized material transits
through the endosome-like compartments (ELCs) to reach the digestive vacuole or the PLVAC,
and disruption of the trans-Golgi/ELC VPS45 impairs endocytosis in Plasmodium (Jonscher et al.,
2019) and induces enlarged micropore in Toxoplasma (Bisio et al., 2020). While endocytosis and
exocytosis adopt distinct trafficking pathways in mammalian and model systems, Apicomplexa

endocytosis and exocytosis do intersect at the level of the ELCs.

To invade their hosts, Apicomplexa do not rely on phagocytosis like other intracellular pathogens
but instead actively enter the host thanks to the secretion of effectors, that allow their attachment,
the active entry with the formation of the PV, the shutdown of the host immune response and the
nutrient acquisition (Ben Chaabene ef al., 2021; Dubois and Soldati-Favre, 2019). Such effectors
are located within secretory organelles namely, micronemes, rhoptries, and dense granules, which
are the result of parasites re-wiring the exocytosis pathway. Rhoptry and microneme immature
proteins enter the secretory pathway in the ER and follow the anterograde trafficking to the Golgi,
then they are translocated to the ELCs using 7gSORTL where the pro-peptides are cleaved and the
proteins become mature (Venugopal and Marion, 2018). Rhoptries and micronemes are both apical
organelles but from the ELCs, their contents traffic through different pathways (McGovern et al.,
2018; Venugopal et al., 2017). Micronemes have been shown to intersect the ingested material
addressed to the PLVAC, whereas rhoptry proteins transit through the pre-rhoptry compartments
before reaching the rhoptries without crossing the ingested material (McGovern ef al., 2018). The
process by which microneme sorting differs from material addressed to the PLVAC remains

unclear.

Membrane trafficking/recycling along with endocytosis and exocytosis are dependent on cell

vesicular trafficking. Vesicles bud from a donor membrane, travel within the cell using the
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cytoskeleton, and fuse with the target membrane. The initial step in the vesicle budding is the
membrane curvature, which is then amplified by the recruitment of proteins involved in coating the
vesicles, such as Arf-GTPase, AP1, and clathrin (Liu et al., 2008). The accumulation of certain
species of lipids induces membrane curvatures due to their spatial shape, conical or trapezoid
creating positive or negative curvatures respectively (McMahon and Boucrot, 2015). Anionic
phospholipids accumulation like phosphatidylserine (PS) participates in the formation of
membrane curvature via the recruitment of Arfl for clathrin assembly, or Gscl for trafficking to

the Golgi from the endosome in yeast (Xu et al., 2013).

The accumulation of charged lipids and specific shapes, both depend on membrane phospholipid
asymmetry. Phospholipids are the major component of lipidic membranes which are formed of two
layers of phospholipids, the FA tails facing each other’s forming the hydrophobic core and the polar
head being exposed to the cytosol or luminal or extracellular space. But phospholipids flipping
from one layer to the other one is a high-energy demanding process or occurs very slowly. To
catalyze this transfer, cells bear specific phospholipid transporters. Flippases use the energy of the
hydrolysis of ATP and catalyze the phospholipid transfer toward the cytosolic face. Floppases also
use the energy of the ATP consumption and catalyze in the opposite direction. Finally, the
scramblases are bidirectional and participate in membrane symmetry using the concentration

gradient force of the different lipid species (Daleke, 2003; van Meer, 2011).

Flippases or P4-ATPases, are aminophospholipid transporters and are essential for vesicular
trafficking. Their principal substrates are PS and phosphatidylethanolamine (PE) (Andersen et al.,
2016; Bai et al., 2021; Wehman et al., 2011), which are two important lipids for membrane
curvatures. The yeast model Saccharomyces possesses five flippases, Golgi Drs2p and Neolp, and
plasma membrane, endosomes Dnfl, 2, and 3. All are important in endocytosis and exocytosis,
with Drs2p, and Dnfl, 2, and 3 presenting some redundant functions while Neolp is essential on
its own. Toxoplasma and Plasmodium encode respectively six and five P4-ATPases, some are
essential to maintain the plasma membrane asymmetry, and play an essential role in environmental
sensing and microneme secretion (Bisio et al., 2021, 2019; Katris et al., 2020) but none of them
has yet been shown to participate in the endomembrane vesicular trafficking that are crucial for

many pathways including organelle biogenesis, and/or parasite exocytosis and endocytosis.

In this study, we reveal the roles of an essential P4-ATPase, TgFLP2, in Toxoplasma gondii as the

central regulator for Trans-Golgi vesicular trafficking. We show that T¢FLP2 is essential for the
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proper trafficking and localization of microneme proteins. We further show that the ELCs
morphologies are also dependent on the activity of 7gFLP2. Furthermore, our work reveal that
TgFLP2 is absolutely required for the endocytosis pathway. Lipidomics reveal that 7gFLP2 is
important to maintain proper parasite lipid homeostasis, and more particularly with PE. Taken,
together, our study an essential component for the post-Golgi vesicular trafficking and plays a role
in both endocytosis and correct addressing of microneme contents, but not rhoptries illustrating

once more the divergent trafficking paths between micronemes and rhoptries.
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Figure 1: TgFLP2, a parasite PAB-ATPase

(A) Toxoplasma gondii PA-ATPases and their homologs in Plasmodium falciparum, along with associated fitness scores predicted
in Sidik et al, 2016, predicted localization by the LOPIT in Barylyuk ef al, 2020, and confirmed localization in Chen ef al, 2021
and Bisio et al, 2022. PM: plasma membrane, ER: endoplasmic reticulum, Sp: secretory pathway. (B) Maximum likelihood
phylogeny of Apicomplexa P4-type ATPases with homologs from yeast (Saccharomyces cerevisiae and Schizosaccharomyces
pombe), human (Homo sapiens), plant (Arabidopsis thaliana), and worm (Caenorhabditis elegans). Node support values are
indicated. (C) Crystal structure of ScNeol (Bai et al., 2021), (D) Alphafold2 predicted structure of T7gFLP2, (E) Crystal structure
of ScDrs2 (Timceenko et al., 2019), for (C), (D), and (E) cyan arrow: actuator domain, green arrow: nucleotide binding site, yellow
arrow: phosphorylation site, TM: transmembrane domains. (F-G) Overlay of Alphafold FLP2 predicted transmembrane domains
(in green) on crystal structures of Saccharomyces Neol in red (F), or Drs2 in blue (G) transmembrane domains and essential residues

for Neol activity of TM1, TM2, and TM4.
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Results

TgFLP2 belongs to the sub-family of P4B-ATPases

Toxoplasma genome encodes for five P4-ATPases (Bisio ef al., 2021; Chen et al., 2021) plus one
atypical flippase coupled to a guanylate cyclase called GC (Figure 1A), all have conserved the
different essential domains for the flippase activity namely, the phosphorylation domain, the
actuator domain, and the nucleotide-binding domain. Two P4-ATPases were localized to the apical
pole and characterized to be essential for plasma membrane lipid asymmetry and parasite invasion
(Bisio et al., 2021). One did not appear to be expressed in Toxoplasma tachyzoite life stage and
two remained poorly characterized. In the present study, we decided to investigate the role of ATPS,
also named 7gFLP2 (TGME49 224190). The phylogenetic analysis illustrated the common
evolution of flippases in Toxoplasma and Plasmodium as they cluster together in two distinct
groups, ATP2s, ATP7s belong to P4AA-ATPases, and TgFLP2 and its Plasmodium homolog belong
to P4B-ATPases (Figure 1B). Plasmodium genome encodes for two GC, a and B, and Toxoplasma
genome encodes for one, but it appears to be the opposite for ATP8 and 2 for which Toxoplasma
possesses two gene copies of each while Plasmodium possesses only one (Figure 1B). Concerning
FLP2, both parasites possess only one copy. This divergence between the two parasites could be
explained by the two distinct life cycles and the different cell types they encounter. For example,
Plasmodium had not conserved all proteins that form the conoid and apical flippases could play an
important role in invasive forms (merozoite, sporozoite, or ookinete) that require the secretion of

apical organelles but could become unnecessary in non-invasive forms (Koreny et al., 2021).

The predicted 3-dimensional structure of 7gFLP2 was obtained using Colabfold (Mirdita et al.,
2022), which is based on the AlphaFold2 algorithm (Jumper et al., 2021; Varadi et al., 2022), and
molecular graphics were made using ChimeraX (Goddard et al., 2018; Pettersen et al., 2021)
(Figures 1D, F, G). TgFLP2 structure was compared to the crystal structures of P4B-ATPase
Neolp (Bai et al., 2021) (Figures 1C and 1F) and P4A-ATPase Drs2p (Timcenko et al., 2019)
(Figures 1E and G). Structure comparison revealed that TgFLP2 predicted structure matches
Neolp and Drs2p crystal structures, and possessed the characteristic domains shared between all
P-type ATPases (Figure 1D), the actuator domain (cyan arrow), the nucleotide-binding domain
(green arrow), and the phosphorylation domain (yellow arrow). The notable difference of 7gFLP2
compared to yeast flippases was the presence of a long N-terminal tail for which the structure

prediction generated a low b-factor, 19.9 out of 100 (orange), indicating a poor structural prediction
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confidence (Figure supp 1A). The electrostatic surface potential of this N-terminal tail revealed
two domains electrically charged, one negatively which seemed placed close to the nucleotide-
binding site and the actuator domain, and one positively at the opposite closer to the
phosphorylation domain (Figure supp 1B). These two domains could presumably play a role as
regulators of the TgFLP2 activity. Comparison of the transmembrane domains (TMs) of TgFLP2
with the TMs from ScNeolp (Figure 1F) and ScDrs2p (Figure 1G), more precisely the TM1, TM2,
and TM4 showed that 7gFLP2 TMs have conserved essential residues essential for ScNeolp
activity and specificity (Figure 1F). TgFLP2 possesses the entry gate residues GLN231 and
LEU232 that the match spatial position of ScNeolp GLN209 and ALA210, SER540, and VAL545
corresponding to ScNeolp SER454 and VAL457, which are essential to maintain membrane
asymmetry. And TgFLP2 also conserved the residues PHE250 and GLU259 matching with
ScNeolp PHE228 and GLU237 important for cold resistance, and the TYR244 that corresponds to
the TYR222 which defines the specificity of Neolp. In Yeast, the substitution of TYR222 with a
SER can rescue membrane asymmetry defects in the Adrs2p strain (Huang et al., 2020). Almost
all these residues are not conserved in ScDrs2p (Figure 1G), which is coherent with the
phylogenetic background of TgFLP2 that placed it in the P4B-ATPase sub-family to which
ScNeolp belongs.

TgFLP2 is an essential putative Golgi flippase

To elucidate the role of 7gFLP2 in Toxoplasma, we generated an inducible knock-down and tagged
line by fusing the endogenous locus with the recent HA mini auxin degron system within a Ku80
knockout strain expressing the transgenic element TIR (Brown et al., 2018), and correct genomic
insertion was confirmed by PCR (Figure supp 2A). 7gFLP2-HA-mAID transgenic line efficiently
expressed the HA-tagged which revealed a punctate signal by immunofluorescence assay (IFA)
localized above the nucleus (Figures 2A and B). To determine the localization of 7¢FLP2, IFAs
coupled to co-staining with anti-HA and different intracellular markers were performed and
revealed that 7gFLP2 did not colocalize with the apicoplast stromal marker CPN60, or the ER
marker SERCA, or the PLVAC marker CPL (Figure 2A). The HA-signal did seem to be in close
vicinity with the ELC’s marker pro-M2AP but did not colocalize properly (Figure 2A), although
the HA-signal best match was the Golgi marker GRASP-RFP expressed on a transient vector
(Figures 2B and C) confirming the Golgi localization predicted by the hyperLOPIT (Barylyuk et
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Figure 2: TgFLP2 is an essential Golgi protein

(A) Immunofluorescence assays of TgFLP2-HA-mAID using anti-HA along with antibodies targeting different intracellular
markers, CPN60: apicoplast, SERCA: endoplasmic reticulum, CPL: plant-like vacuolar compartment, pro-M2AP: endosomes-like
compartments, scale bar =2 um. (B) Confirmation of the Golgi localization of 7gFLP2 with the transient expression of the Golgi
marker GRASP-RFP in TgFLP2-HA-mAID and revealed by immunofluorescence assay using anti-HA, scale bar=2 um. (C) Zoom
of merge (B). (D) Inducible knockdown of TgFLP2 after IAA addition. 7gFLP2 was detected by western-bot using Rt anti-HA
antibody, and a complete shutdown of the protein occurred after 2 h of [AA treatment (numbers indicate hours of culture). TOM40
(lower panel) served as a loading control. (E) Detrimental effect of 7gFLP2 loss shown by plaque assays performed in the absence
(-) or presence (+) of IAA and with different FBS concentrations (0, 1, and 10%) and fixed after 7 days. (F) Plaque size quantification
and statistic from plaque assay panel (E), unpaired t-test, mean +/- SD from 3 independent experiments. *p < 0.05, **p <0.01, ***p
<0.001, and ****p < 0.0001. (G) Absence of TgFLP2 reduced the intracellular replication of Toxoplasma tachyzoites, two-way
Anova multiple comparisons, and mean +/- SD from 4 independent experiments.

al., 2020), and the localization previously reported (Chen ef al., 2021). The mAID system rapidly

led to protein degradation within 2 h after auxin addition (Figure 2D). To assess the essentiality of
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TeFLP2 and determine if the nutrient environment can rescue a potential growth defect, plaque
assays were performed in different FBS concentrations (starve condition 0%, poor condition 1%,
and rich condition 10%). Independently from the FBS concentration, deletion of 7gFLP2 is
deleterious for the parasite growth as no plaque was detected after 7 days (Figures 2E and F). This
data illustrates the critical role of TgFLP2 for parasite survival regardless of the increased fitness
in a nutrient-rich environment observed in WT (Figure 2F). For the rest of this study, the reference
culture media used was 1% FBS. TgFLP2 disruption also impaired parasite intracellular
development. Replication assay showed a significant accumulation of small vacuoles of 2- and 4-
stage parasites, while the large vacuoles of 8-stage parasites drastically dropped from 30 % to less

than 1 % in presence of IAA (Figure 2G).

The Golgi apparatus is the central place of vesicular trafficking and flippases have been shown to
play critical roles to control exocytosis and endocytosis events. In Saccharomyces model, the two
flippases Neolp and Drs2p, regulates the vesicular traffic around the Golgi and the endosomes,
however, in Toxoplasma, the secretion pathway has been repurposed for the biogenesis of apical
organelles and the presence of a single essential flippase FLP2 suggests that it could play a dual

role in both endocytosis and apical organelle biogenesis.

Disruption of 7gFLP2 impairs the trafficking of microneme content

Micronemes and rhoptries ae both generated from the Golgi apparatus, pro-microneme, and pro-
rhoptry proteins transit to the ELCs where they are processed to form mature microneme and
rhoptry proteins. Both microneme and rhoptry biogenesis pathways share common effectors as
T¢SORTLR, a GPI-anchor, or the clathrin-adaptor protein AP1 located in the trans-Golgi network
and essential for both apical organelles biogenesis (Sloves et al., 2012; Venugopal et al., 2017).
But the two pathways also possess divergences, as micronemes’ journey to the apical pole intersects
with internalized material in the ELCs, while rhoptry content transit through the pre-rhoptries
before reaching the mature rhoptries. Flippases are known to facilitate vesicular trafficking, and
thus we investigated the impact of 7gFLP2 depletion on the parasite micronemes and rhoptries.
ELCs, rhoptries, and micronemes were assessed by IFA using antibodies targeting specific markers

of these organelles.

The ELCs are the crossing-rode of rhoptries, micronemes, and internalized materials, and are the
first step after the trans-Golgi network. To determine if ELCs were affected by the depletion of
TeFLP2, we realized IFA using the antibody targeting pro-M2AP, a pro-microneme protein,
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maturated in the ELCs to become M2AP and reach the micronemes. Observation by epifluorescent
microscopy revealed that, in untreated parasites, ELCs mostly appeared as a punctuate signal in the
apical area but in about 10 % of the counted parasites, appeared diffused (Figures 3A top panel
and B). This proportion trended to change upon 24 h of [AA treatment, with a ratio closer to 50:50,
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Figure 3: TgFLP2 controls microneme content targeting

(A) Morphology of ELCs observed by IFA upon 7gFLP2 downregulation +IAA, pro-M2AP: ELCs, scale bar = 2 um. (B)
Quantification of pro-M2AP signal shape in A, punctuate (upper panel) or diffused (lower panel), unpaired t-test, mean +/- SD from
3 independent experiments, ***p < 0.001. (C) Localization of Rhoptries observed by IFA upon TgFLP2 downregulation, +IAA,
RON2-4: rhoptry’s neck, scale bar = 5 um. (D) Quantification of RON2-4 signal position in C, unpaired t-test, mean +/- SD from
3 independent experiments, ns p > 0.05. (E-G) Localization of micronemes observed by IFA upon 7gFLP2 downregulation, +IAA,
AMAL1 (E), red arrows showing signal in the PV, and MIC3 (G), scale bar = 2 pm. (F-H) Quantification of AMA1 (F) and MIC3
(H) signal position in E and G respectively, unpaired t-test, mean +/- SD from minimum 3 independent experiments, ****p <
0.0001. (I) Microneme secretion of extracellular 7gFLP2-HA-mAID stimulated with A23187, or BIPPO of DMSO, and treated or
not with TAA for 24 h. ESA: excreted-secreted antigens, Pellet: pellet fraction, MIC2: microneme ESA, GRA1: dense granules
ESA, CAT: catalase (cytosolic marker), HA: TgFLP2-HA-mAID. (J) Egress assay of 7gFLP2-HA-mAID grown for 30 h with or
without IAA and before stimulation with DMSO or A23187 for 5 min. The percentage of egressed vacuoles is determined, unpaired
t-test, mean +/- SD from minimum 4 independent experiments, ns p > 0.05, ****p < 0.0001

revealing that 7gFLP2 is important for the correct morphology of the ELCs (Figures 3A lower
panel and B).

Rhoptries are elongated eggplant-like shaped organelles composed of a bulb connected to the apical
pole via the neck. The impact of 7gFLP2 on rhoptries was assessed the same way as for the ELCs,
using instead an antibody targeting the rhoptry-neck protein RON2-4. Surprisingly, localization of
the RON2-4 signal remained unchanged despite the absence of 7gFLP2 (Figures 3D and E).

Finally, to assess the impact of TgFLP2 on the micronemes, we performed IFA using different
antibodies targeting microneme proteins (MIC3 and AMA1) and looked by fluorescent microscopy
at transgenic parasites treated or not with IAA for 24 h. Microneme signals were normally localized
at the apex of the parasites with signals that were close to the parasite plasma membrane (Figure
3E and G top panels). Once TgFLP2 depleted, the AMAI signal appeared to be diffused /
perinuclear in ~80 % of the counted parasites and even localized in the PV (Figures 3E and F).
MIC3 localization compared to AMA1 localization is timely regulated and is known to accumulate
as pro-MIC3 within the secretory pathway in recently replicated parasites (El Hajj ef al., 2008). In
untreated parasites, ~15 % presented a retained signal with the ER/Golgi but this was further
exaggerated up to ~70 % after 24 h of IAA treatment (Figures 3G and H). To confirm the defect
in micronemes reaching the correct localization, direct microneme secretion on extracellular
parasites and parasite active egress from its host, which depends on microneme secretion, were
tested. Secretion assay revealed that microneme secretion was affected upon IAA treatment, with
no MIC2 band detected by western blot after secretion stimulation with A23187 that induced Ca*"
release from the ER or a reduced band intensity after stimulation with BIPPO that leads to cGMP
accumulation, compare to 7gFLP2 harboring parasites (-IAA) (Figure 3I). In addition to the defect
in microneme secretion, 7gFLP2 depleted parasites also presented a severe reduction of the egress

efficiency with a total of egressed vacuoles ~3-fold less in cultures treated with IAA compared to
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Figure 4: TgFLP2 regulates endocytosis vesicle formation

(A) Transmission electron microscopy on 7gFLP2-HA-mAID treated or not with IAA for 24 h. White arrows indicate enlarged
structures containing similar materials found in the PV. Scale bar = 1 um for —-IAA, and 500 nm for +IAA. (B) TgFLP2-HA-mAID
parasites expressing a cytosolic GFP and observed by IFA after 24 h with or without IAA treatment. Lower panels are the zoom of
the white dotted square on upper panels, white arrows indicate light spots in the GFP visible in brightfield. Scale bar =2 pm top
panels, and 1 um lower panels. (C) Representative picture of the 7gFLP2-HA-mAID control (-IAA) and knock-down (+IAA) at
different stages of replication. Scale bar = 1 um. (D) Illustration of the different localization quantified in (E), with the endocytic
vesicles touching the PM and the fully cytosolic one. Scale bar = 1 um. (E) Localization percentage of the endocytic vesicles.
Black: Cytoplasm localization, Bleu: In contact with the plasma membrane (PM). Unpaired t-test, mean +/- SD from minimum 3
independent experiments, ****p < 0.0001. (F) Percentage of vacuole with observable endocytic event between 7gFLP2-HA-mAID
control (-IAA) and knock-down (+IAA). Unpaired t-test, mean +/- SD from minimum 3 independent experiments, **p < 0.01. (G)
Percentage of vacuole with visible enlarged endocytic vesicles between FLP2-HA-mAID control (-IAA) and knock-down (+IAA).
Unpaired t-test, mean +/- SD from minimum 3 independent experiments, ns p > 0.05. (H) Average endocytic vesicle area between
TgFLP2-HA-mAID control (-IAA) and knock-down (+IAA). Unpaired t-test, mean +/- SD from minimum 3 independent
experiments, ****p < (0.0001. (I) Average endocytic vesicle diameter between 7gFLP2 control and knock-down. Unpaired t-test,
mean +/- SD from minimum 3 independent experiments, ****p < (0.0001.

cultures untreated (Figure 3J). Together, these results indicate that 7gFLP2 plays an important role

in addressing micronemes proteins to the apical pole through the ELCs. However, this is not the
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case for rhoptry proteins illustrating the divergence in reaching their mature organelles.

TgFLP2 is essential for endocytosis trafficking

Because of the impact of TgFLP2-HA-mAID down-regulation on micronemes, it was expected to
observe a morphological impact on the micronemes. To assess their morphology, transmission
electron microscopy (TEM) was performed on parasites treated for 24 h with IAA and control.
Surprisingly, no visible change was observed on rhoptries as expected, but also on micronemes that
still appeared rod-shaped and clustered around the conoid (Figure Supp 3A). This observation
suggests that TgFLP2 plays a role in the correct import of the microneme content but not directly

in the biogenesis of the organelles.

The most interesting observation was the presence of abnormal membranous structures, filled with
electron light materials vesicles in absence of 7gFLP2, which were absent from control parasites
(Figure 4A). These structures could have been vesicles involved in exocytosis or endocytosis. The
first element of response was that the materials inside these structures were similar to the
internalized vesicles present in the PV. The second was that the number of events per parasite was
comprised between one to three, and their positions in the parasite close to the apical pole suggested
that it could be enlarged micropores, the proposed place for endocytosis in Toxoplasma (Spielmann
et al., 2020; Wan et al., 2023). This was further supported by the transfection of a cytosolic GFP
in the 7gFLP2-HA-mAID strain and revelations by IFA. Untreated parasites showed a diffused
homogenous GFP signal in the parasite’s cytosol. But in treated parasites, some lighter dots were
visible with a lighter GFP signal (white arrows), which matches light dots also visible in brightfield
(Figure 4B). These observations reminded the membranous structures observed by TEM. The fact
that these dots were not filled with GFP signal also indicated that these vesicles were probably

issued from endocytosis.

Close homology to ScNeolp and conservation of essential residues already suggested that 7gFLP2
could play a similar role in Toxoplasma than the yeast flippase. ScNeolp is involved in endocytosis
events and vesicle recycling to the Golgi from the early endosome (Hua ef al., 2002; Wicky et al.,
2004). To confirm, the involvement of 7gFLP2 in endocytosis was assessed via an endocytosis
assay which consist to grief a Halo-tag to SAG1, a plasma membrane surface marker, in the
TgFLP2-HA-mAID strain and to measure the formation of endocytosis vesicle through the
internalization of SAG1-Halo by fluorescent microscopy. Both IAA-treated and untreated parasites

expressed the Halo tag at the plasma membrane, and both showed doted signals which were the

146 |Page



endocytosis vesicles (Figure 4C, Figure Supp 3B). Using this new strain, endocytosis vesicle
localization and size can be quantified. Two localizations were discriminated, vesicles attached to
the plasma membrane or internalized in the cytosol (Figure 4D). In control parasites (-IAA), 80 %
of the vesicles were localized in the cytosol vs ~70 % that stayed attached to the plasma membrane
after IAA treatment (Figure 4E). Deletion of 7gFLP2 did not affect the formation of endocytosis
vesicles as these events occurred in knock-down parasites as frequently as in the control (Figure
4F). However, TgFLP2 deletion did affect the size of these vesicles, 30 % of the vacuoles presented
enlarged vesicles (Figure 4G), with an increased area from 2800 nm? to 8000 nm?* and an increased
diameter from 60 to 101 nm (Figure 4H and I). This assay confirmed the nature of the membrane
structures observed by TEM, and highlight the role of 7gFLP2 in regulating the endocytosis

vesicles that stay blocked at the plasma membrane and are expanding in its absence.

TgFLP2 is essential for correct membrane homeostasis

Vesicular trafficking, endo- and, exocytosis are regulated by lipidic microdomains and membrane
asymmetry generated by flippases. TgFLP2 is a putative P4-ATPase and to determine its role in
Toxoplasma lipidome, we performed lipidomic analysis on parasites treated or not with IAA for 12
h and analyzed their FA content by GC-MS. Total FA content was unchanged upon 7gFLP2
repression (Figure SA), however, looking at the detailed FA composition we observed several
significant changes. Short FA chains C16:0, and C18:0 increased while long FA chains C18:2,
C20:1, C22:1, and C22:6 decreased, this is also the case for C12:0 and C16:1 (Figure 5B). The
notable point was that the composition in unsaturated FA (UFA) trended to decrease compared to
the composition in saturated FA (SAFA), which can alter the physical properties of the membrane
and certainly impairs the vesicular trafficking, thus SAFA and UFA percentages were determined
and revealed a slight but significant decrease of the UFA in the absence of 7gFLP2 (Figure S5C).
This change not that impressive remained visible at the parasite scale while 7gFLP2 was restricted
to the Golgi apparatus, and the decrease of the UFA composition suggested that the membrane
fluidity was reduced, which can also reduce the formation of membrane curvatures. These
observations were specific to 7gFLP2 deletion and not due to IAA addition as the parental line
osTIR was treated for 48 h with IAA and no change was observable in the total FA amount as well

as the FA composition (Figures Supp 4A and B).
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Figure 5: TgFLP2 deletion impacts Toxoplasma lipidic homeostasis

(A) TgFLP2-HA-mAID FA total amount, quantified by GC-MS is unchanged after 12 h with or without IAA treatment Unpaired
t-test, mean +/- SD of 4 independent experiments, ns p > 0.05. (B) 7gFLP2-HA-mAID FA composition in Mol% after 12 h with
or without IAA treatment, Unpaired t-test, mean +/- SD of 4 independent experiments, *p < 0.05; **p < 0.01. (C) TgFLP2-HA-
mAID Mol% of saturated FA (SAFA) vs unsaturated (UFA) after 12 h with or without IAA treatment, Unpaired t-test, mean +/-
SD of 4 independent experiments, ***p < 0.001. (D) Lipid classes, from TgFLP2-HA-mAID, treated with IAA or not for 12 h,
separated by 2D-TLC and analyzed by GC-MS, Unpaired t-test, mean +/- SD of 3 independent experiments, *p <0.05. (E) 7gFLP2-
HA-mAID "*Carbon incorporation % in FA by parasite de novo FASII grown in 8 mM '3C-U-Glucose for 48 h and treated for 24
h with or without IAA before the harvest, Unpaired t-test, mean +/- SD of 4 independent experiments, *p < 0.05; **p < 0.01. (F)
TgFLP2-HA-mAID "3Carbon incorporation % in FA from host scavenged lipids, host cells grown in 8 mM *C-U-Glucose until
full confluency, cultures were infected with parasites for 24 h and treated for an extra 24 h with or without IAA before the harvest,
Unpaired t-test, mean +/- SD of 4 independent experiments, ****p < 0.0001.

P4-ATPases are inserted into the membrane and catalyze the flipping of aminophospholipids, to
assess the impact of 7gFLP2 on the phospholipid content of the parasites treated with IAA or not
for 12 h, we separated the different lipid classes by two dimensions of high-performance thin-layer

chromatography and analyzed them by mass spectrometry. None of the phospholipids were

148|Page



affected except for the phosphatidylethanolamine (PE), which significantly decreased in the FLP2
over a short period of 12 h (Figure 5D) that dropped by almost 10 % compared to -IAA (Figure
Supp 4C). PC tended to increase as the counterpart of PE decreased and a significant drop in FFA
was also observed (Figure 5D, Figure Supp 4C).

The impact of the TgFLP2 deletion on parasite capacities to scavenge lipids from the host and to
synthesize de novo within the apicoplast were measured. Briefly, to assess the scavenging
capacities, parasites were inoculated on HFF prior grown with 8 mM '3C-U-glucose until they
reached confluency and the labeled glucose was washed out, parasites were grown for 24 h before
the addition of IAA in the +IAA cultures and grown for another 24 h before harvest, lipid extraction
and GC-MS analysis (Figure Supp 4D). TgFLP2-HA-mAID treated with IAA showed a decrease
in carbon incorporation in scavenged C14:0, 18:0, and C20:1 indicating a reduction of the
scavenging in the mutant (Figure SE). FASII had been shown to work as a balance to the lipid
scavenging, and when the scavenging decrease, the FASII activity is upregulated. Here, FASII was
assessed after inoculation of parasites on confluent HFF along with 8 mM '*C-U-glucose and grown
for 24 h before the addition of IAA in the +IAA cultures and grown for another 24 h before harvest,
lipid extraction, and GC-MS analysis (Figure Supp 4D). Surprisingly, FASII activity was severely
impacted by the repression of TgFLP2, as all FA showed a large decrease of *carbon incorporation
(Figure 5F). The mass isotopomer distribution (MID) of the different FA species revealed a normal

or higher 3

carbon incorporation until a length of M+8 carbons which then drastically fall in
parasites without 7gFLP2 compared to parasites with (Figure Supp 5). These unexpected
observations combined with the impact on scavenging and PE composition highlight the

importance of 7gFLP2 for Toxoplasma lipidic homeostasis.

Discussion

P4B-ATPases such as the yeast ScNeolp or the human ATP9A play a critical role in controlling
endosomal recycling (Dalton et al., 2017; T et al., 2023), membrane asymmetry (Takar et al., 2016)
and endocytosis event (Wicky et al., 2004). The present study highlights the role of PAB-ATPase
in Toxoplasma gondii, in regulating the parasite vesicular trafficking, controlling the endocytosis

as well as the vesicular addressing of secretive apical organelle contents (Figure 6).
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Figure 6: Model to sum up the role of 7gFLP2 as a central element for Toxoplasma vesicular trafficking

(A) Correct vesicular trafficking from the trans-Golgi network toward the endosome-like compartments (ELC), for microneme and
rhoptry contents addressing to the apical pole. Endocytosis events happening at the level of the micropore are correctly internalized
within the parasite allowing the correct entry of scavenged materials from the host and the apicoplast functions/activities are assured
in the presence of TgFLP2. (B) Absence of TgFLP2 severely impairs the vesicular trafficking of Toxoplasma, ELC appeared
affected and microneme contents addressing is dependent on 7gFLP2 as in its absence microneme signals were diffused in the
cytosol or stuck in the ER/Golgi compartments. Rhoptries, however, seem to take another path independent from 7gFLP2 as their
morphology and localization remained unchanged in the absence of TgFLP2. Endocytosis that intercrosses with the micronemes
content within the ELC, did not occur properly without 7gFLP2, and the internalization of the endocytosis vesicles was blocked at
the level of the plasma membrane and expanded abnormally. Wan et al., 2023 showed that ER ceramide de novo synthesis is
essential for endocytosis, 7gFLP2 is probably responsible for sending ceramide-rich vesicles to the plasma membrane for the correct
function of the micropore. M = micronemes, R = rhoptries, PR = pre-rhoptries, Ap = apicoplast, ELC = endosome-like
compartments, PLV = plant-like vacuolar compartment.

TgFLP2 could act as a PE/PS flippases like ScNeolp

TgFLP2 was demonstrated to localize to the Golgi apparatus and its deletion drastically impacts
the intracellular development of the parasite, in concordance with the previous study (Chen et al.,
2021). In silico analysis of TgFLP2 structure revealed that FLP2 shares critical residues present in
the ScNeolp but not ScDrs2p, suggesting that 7gFLP2 has the same substrate as Neolp meaning
PE and PS (Bai et al., 2021; Huang et al., 2020; Wu et al., 2016). However, further investigations

are required to confirm the substrate affinity.

Analysis of the parasite lipidome revealed that 7gFLP2 is crucial for the parasite’s lipidic
homeostasis. Indeed, depleted parasites observe a rapid decrease in PE one potential substrate of

TgFLP2. Precedent works on yeast flippases of the Golgi, aka Drs2p and Neolp, have shown the
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crucial role of PE in vesicular trafficking (Takar et al., 2016; Takeda et al., 2014). It also has been
shown that PS was not important for the vesicular trafficking opposite to PE, for which the over-
production can rescue Drs2p deficient yeast (Graham, 2004). In Toxoplasma, PE synthesis occurs
in the mitochondria where PS decarboxylase 1 (7gPSD1mt) converts PS into PE, but Toxoplasma
also secretes a PSD (7gPSD1pv) into the PV and both PSDs can play a redundant role (Hartmann
et al., 2014). Decreased PE in our mutant can be explained by default to flip PS/PE at the level of
the Golgi apparatus which impairs phospholipids microdomains essential for the recruitment of
lipid transfer proteins (Voelker, 2005), and block the addressing of PS to the mitochondria. Another
possibility is that PE generated from the secreted 7gPSDpv from external PS is no longer imported
into the parasite as supported by the decrease of lipid scavenging (Figure 5E) and the inability of
the endocytosis vesicles to detach from the plasma membrane (Figure 4). Moreover, these results
are supported by the deletion of the Golgi SNARE protein 7gGS27 in which a noticeable decrease
in unsaturated PE was observed (Cao et al., 2021), which corroborates the decreased PE and the

decrease in unsaturated FA species shown in this study (Figures SC and D).

P4A-ATPases are the alpha subunit of a dimer associated with a beta subunit that belongs to the
CDC50/Lem3 family essential for the flipping activity. On the other hand, P4B-ATPases to which
belong ScNeolp, HsATP9A, and HsATP9B, are known to be functional as a monomer
independently from CDC50 (Bai et al., 2021; Takatsu et al., 2011) and 7gFLP2 belongs to this
sub-family. Despite the predicted structural homology with ScNeolp, the Toxoplasma genome
encodes for four CDC50 and one has been reported to localize to the Golgi apparatus (Bisio ef al.,
2021; Chen et al., 2021). The role of this Golgi CDC50 in Toxoplasma remains unknown, but the
Golgi localization suggests that it could interact with 7gFLP2. Yeast possesses two Golgi flippases,
while in humans, six of the fourteen P4-ATPases have been reported to localize to the Golgi to
ensure the PS internalization, the correct membrane asymmetry, and the correct endosomes or
plasma membrane to Golgi recycling (Andersen et al., 2016). In contrast, Toxoplasma possesses
only one, and the presence of the CDC50 could explain the dual role of 7gFLP2 in the regulation
of the endo- and the exocytosis in the parasite, the hypothesis is that interaction or not with the

CDC50 defines the TgFLP2 function.

Toxoplasma vesicular trafficking is dependent on 7gFLP2
TeFLP2 was implicated in the correct trafficking of micronemes content to the apical pole but not
directly in the biogenesis of the organelles. Similar observations were made in the mutant 7gStx12,

a SNARE protein located in the ELC and for which the disruption impairs the micronemes contents
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but not the morphology of the organelles observed by TEM (Bisio et al., 2020). But in contrast to
TgFLP2, TgStx12 also impaired the rhoptry contents. Micronemes and rhoptries paths to the apical
pole diverge after their exit of the trans-Golgi, in an unclear manner. McGovern ef al., 2018 showed
that microneme contents intersect with internalized material from the ingestion pathway, this is not
the case for rhoptry proteins, this supports the idea that 7gFLP2 located in the trans-Golgi network
regulates both microneme proteins addressing (Figure 3) and endocytosis (Figure 4) whereas

rhoptry proteins traffic through a distinct pathway 7gFLP2-independent.

The enlarged structures observed attached to the plasma membrane were demonstrated to be
endocytosis vesicles (Figure 4). Similar structures were reported in the case of the 7gVPS45
mutant, a protein involved in the vesicular trafficking between the plasma membrane of the ELCs
and the Golgi, and it was suggested that these structures were enlarged micropores (Bisio et al.,
2020). The latest work of Wan et al., 2023, studied the impact of the deletion of different
components of the micropore. The deletion of 7gKelch13 led to the formation of similar structures
filled with the PV content. The work form Wan et al., 2023 also showed the importance of de novo
ceramide synthesis in the ER for the endocytosis of host material. 7gFLP2 located in the Golgi
probably ensures the transfer of ceramide-rich vesicles to the plasma membrane and the ELCs for

correct endocytosis.

One of the most unexpected results was the severe reduction of the FASII activity upon deletion of
TgFLP2 (Figure SF, Figure Supp 5), which usually acts as a balance with the host scavenging and
upregulates its activity if scavenging decrease (Amiar et al., 2020a; Dass et al., 2021a). In the case
of TgFLP2, both scavenging and FASII decrease at the same time. We demonstrated the importance
of TgFLP2 for parasite endocytosis which explains the decrease in host scavenging. Concerning
the FASII activity, It is known that stromal proteins possess a bipartite signal composed of a
transient signal to enter the secretory pathway and a chloroplast addressing sequence recognized
by the TIC/TOC complex localized in the two innermost membranes of the apicoplast. But the
process by which the apicoplast resident proteins reach the outermost membrane remains unclear.
The recent work of Cao et al., 2021 highlighted the importance of the secretion pathway for the
correct localization of the apicoplast proteins. Disruption of the SNARE 7TgVAMP4-2 present in
the apicoplast membranes, impaired the correct localization of apicoplast proteins such as 7gACP
essential for the FASII FA elongation (Mazumdar et al., 2006), showing the importance of the
vesicular trafficking for nuclear-encoded apicoplast resident proteins. So the first hypothesis is that,

because 7gFLP2 regulates the vesicular trafficking in Toxoplasma, its disruption can also affect in
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consequence the addressing of apicoplast proteins to their final destination. The second hypothesis,
supported by the recent work of Wan et al., 2023, showing the essentiality of the micropore for
glucose scavenging and utilization, is that 7gFLP2 is also an essential element for the integrity of
the micropore maybe by sending ceramide-rich vesicles to the plasma membrane, and its disruption
impairs the micropore and so the entry of external glucose explaining the drastic decrease in FASII

carbon labeling.

Plasmodium homolog PfATPS could play a similar role as 7gFLP2

The pleiotropic effects of 7gFLP2 disruption on nutrient acquisition, lipid synthesis, and
micronemes show its central role in parasites’ tachyzoite survival. Plasmodium falciparum, one of
the causative agents of human malaria, encodes for one 7gFLP2 homolog named PfATP8 or
PfFLP2 (Figures 1A and B) and is predicted to be essential for the parasite blood stage (Zhang et
al., 2018). To characterize its role in Plasmodium, an inducible HA-tagged transgenic line was
generated using the GImS system. The sequence coding for the GImS-HA element was added on
the endogenous 3’ end of the Pf/ATPS coding sequence and correct insertion was confirmed by
PCR (Figures Supp 6A and B). HA tag was successfully expressed in PfFLP2 and appeared
compartmentalized close to the nucleus (Figure Supp 6C), it could be the Golgi/ER of Plasmodium
but this need to be confirmed. 7gFLP2 plays a critical role in endocytosis and so P/FLP2 impact
on Plasmodium uptake from the host was assessed using fluorescent lipids (NBD-PC, NBD-PS,
and NBD-PE) and analyzed by flow cytometry. Synchronous parasites were treated or not with N-
Acetylglucosamine (GlcNac) for 36 h before being incubated with the different fluorescent lipids
or DMSO as control, preliminary data showed that import of both PS and PE were reduced in
infected red blood cells compared to PC that remained unchanged after addition of GlcNac (Figure
Supp 6C). This suggests that P/FLP2 as TgFLP2 could play a role in the import of material from
the host, probably via the cytosome, a structure similar to 7oxoplasma micropore. Further
investigations are required to fully decipher the role of PfATP8 in Plasmodium blood-stage

infection.

Altogether, the data presented in this study highlight the importance of a P4AB-ATPase as a central
element for Toxoplasma gondii vesicular trafficking, regulating nutrient acquisition, apical

organelle biogenesis, and membrane homeostasis.
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Material and Methods

Toxoplasma gondii strains and cultures:

Human foreskin fibroblasts (HFF) are cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Life Technologies) supplemented with 10 % fetal bovine serum (FBS) (Gibco), 2 mM glutamine
(Gibco) and 25 pg/mL gentamicin (Gibco) at 37°C and 5% CO2.

T. gondii tachyzoites (RH-Aku80 osTIR, and inducible knock-down strains) were maintained in
human foreskin fibroblasts (HFF) using Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies) supplemented with 1 % fetal bovine serum (FBS) (Gibco), 2 mM glutamine (Gibco)
and 25 pg/mL gentamicin (Gibco) at 37°C and 5% CO2.

Generation of inducible knockdown 7gFLP2 line:

To introduce the endogenous tag (3xHA) along with the mini auxin-inducible degron system,
mAID, (Brown et al., 2018) at the 3° end of the genes of interest, the mycophenolic acid resistance
cassette, 3xHA, and mAID element were amplified from the plasmid pTUBI1:YFP-mAID-3HA
HXGPRT using oligos in Table 1. For the transfection, 50 pg of PCR products were co-transfected
with 50 pg plasmid Sibley Cas9 coding for the endonuclease CRISPR-Cas9 and the appropriate
protospacer (guide RNA) generated on the platform CHOP-CHOP (chopchop.cbu.uib.no). RH-
Aku80 osTIR strain was transfected. Electroporations were performed in a 2-mm cuvette in a BTX
ECM 630 (Harvard Apparatus, at 1,100 V, 25 Q, and 25 pF). Stable lines expressing the constructs
were selected in media with 25 pg/ml mycophenolic acid and 50 pg/ml xanthine according to the

resistance cassette of the insert transfected and cloned by limiting dilution.

Screening of the parasite clones with correct HA-mAID element insertion was done using primers

pair in Table 1, Figure supp 2. PCR was performed with TaKara primestar max polymerase.
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Immunofluorescence assay:

Primary rabbit anti-CPN60 antibodies were used at a dilution of 1:500, rabbit anti-IMCI1 at 1:500,
rat anti-HA (Roche) at 1:500, mouse anti-ATRx1 at 1:500, rabbit anti-pro-M2AP 1:500
(Carruthers’ lab), mouse anti-SERCA 1:500 (Carruthers’ lab), rabbit anti-AMA1 1:500 (Lebrun’s
lab), mouse anti-RON2-4 1:500 (Lebrun’s lab), and mouse anti-MIC3 1:500. Secondary
AlexaFluor 488- and 546-conjugated goat anti-rat and anti-rabbit antibodies (Life Technologies)
were used at 1:1000 dilutions, respectively. GRASP-RFP is transiently expressed on a transfected
plasmid. After 24 h of growth with or without 5 mM [AA, parasites were fixed in PBS containing
4 % paraformaldehyde for 15 min at room temperature. Samples were permeabilized with 0.2 %
Triton X-100 in PBS for 10 min at room temperature before blocking in PBS containing 3 % FBS
and incubation with primary antibodies then secondary antibodies diluted in the blocking solution.
Labeled parasites were stained with Hoechst (1:50,000, Life Technologies) for 20 min and then
washed three times in PBS then H,O. Coverslips were mounted onto slides before observation

using a Zeiss epifluorescent microscope.

Prediction of protein structure:

TgFLP2 structure was predicted using the Alphafold2 algorithm (Jumper et al., 2021; Varadi et al.,
2022). Alphafold was run through the Colabfold on Google Collaboratory (Mirdita et al., 2022),
combining the fast homology search of MMseqs2 with Alphafold2. Molecular graphics and
analyses performed with UCSF ChimeraX, developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, with support from
National Institutes of Health RO1-GM129325 and the Office of Cyber Infrastructure and

Computational Biology, National Institute of Allergy and Infectious Diseases.

Egress assay:

Freshly egressed parasites were added to new HFF and invasion was allowed for 1 h before washes
and growth for 30 h. Media were washed out and replaced with either ED1% containing 5 uM
A23187 or DMSO and incubated for 5 min at 37°C. Parasites were fixed after the addition of 2x
solution of paraformaldehyde 4 % and glutaraldehyde 0.04 % for 15 min. Samples were processed
by IFA using an anti-SAG1 antibody. Vacuoles were counted and the percentage of egressed or

non-egressed vacuoles were determined. A minimum of 65 vacuoles were counted per replicate.
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Microneme secretion assay:

Freshly egressed parasites were washed and resuspended in an equal volume of intracellular buffer
(Dulbecco’s Modified Eagle’s Medium supplemented with 3 % FBS, 10 mM HEPES, pH 7.5).
Treatment with A23187 5 uM, BIPPO 2.5 uM, or DMSO was performed for 20 min at 37°C.
Parasites were pelleted, at 8000 RPM for 2 min at 4 °C, and supernatant (excreted secreted antigens,
ESA) was transferred to new Eppendorf tubes. Pellets were washed with cold PBS and re-pelleted.
The excreted secreted antigens and pellet fractions were resuspended in sample buffer (50 mM
Tris-HCI, pH 6.8, 10% glycerol, 2 mM EDTA, 2% SDS, 0.05% bromophenol blue, 100 mM
dithiothreitol (DTT)) and boiled before analysis by western-blot.

Phylogenetic analysis of P4-ATPases:

P4-ATPase sequences from yeast (Saccharomyces cerevisiae and Schizosaccharomyces pombe),
humans (Homo sapiens), plants (Arabidopsis thaliana), worms (Caenorhabditis elegans) or
Apicomplexa parasites (Toxoplasma gondii and Plasmodium falciparum) have been analyzed and
phylogram made on Phylogeny.fr. Alignment was performed with MUSCLE, phylogeny with
PhyML v3.0 + Alrt using the WAG model of amino acids substitution with NNI topology search,
and the tree was generated with TreeDyn. (Anisimova and Gascuel, 2006; Castresana, 2000;

Chevenet et al., 2006; Dereeper et al., 2010, 2008; Edgar, 2004; Guindon and Gascuel, 2003).

Western blot analysis:

Proteins were harvested from scraped, needled (G26 needle), and filtered parasite cultures before
counting by hemocytometer. Proteins were normalized and extracted by the addition of sample
buffer to the parasite and boiled at 95°C for 5 min. Equal volumes of protein samples were loaded
and separated on a 4-12% gradient SDS-polyacrylamide (Life Technologies) and transferred to a
nitrocellulose membrane. Incubation of the membrane with primary antibodies rat anti-HA (Roche)
and rabbit anti-TOM40 followed by incubation with Horse radish peroxidase (HRP) goat anti-rat
and anti-rabbit conjugated antibodies (Thermo Scientific). Revelation was done using the Biorad
Chemidoc imager after incubation membrane staining with Luminata Crescendo Western HRP

detection kit (Millipore).

Plaque assays in 7. gondii mutants:
The extracellular parasites were harvested after filtration and counted by a hemocytometer. HFF
monolayers were infected with ~1,000 mutant parasites and allowed to develop under normal

culture conditions or culture medium supplemented with 5 mM indole-3-acetic acid (IAA) for 8
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days untouched before staining with Crystal Violet (Sigma) and cell growth assessment by light
microscopy for the presence of intact HFF. The average plaque
areas (particles) were analyzed using ImageJ software (at least 45 plaques were counted by

replicates)

Replication assay in 7. gondii mutants:

In 4-well plates (with coverslips) equal numbers of 7gFLP2-HA-mAID parasites were allowed
to invade confluent ~HFF  cells for 2h. After the invasion,the plates were
washed (x3) with ED1 (DMEM, 1% FBS) and parasites were grown for 30 h with or without TAA
(5 mM). These coverslips were then processed for IFA and the number of parasites per vacuole was

calculated (n = 4 independent experiments).

Electron microscopy:

TeFLP2-HA-mAID parasites were grown 24 h in the presence and absence of IAA, in labteks
(Nunk, Thermofisher). The labteks containing parasite infected HFF were fixed in 0.1 M cacodylate
buffer with 2.5 % glutaraldehyde for 2 h and kept at 4°C until further processing. During
processing, samples were fixed again for 1 h with 1 % osmium tetroxide in cacodylate buffer
followed by overnight treatment in 2 % uranyl acetate in distilled water. After dehydration in
graded series of acetonitrile, samples were progressively impregnated in Epon812, the wells were
then filled with fresh resin and allowed to polymerize for 48 h at 60°C. Ultrathin 70 nm sections
were obtained with a Leica UCT Ultramicrotome and collected on copper grids. Grids were
poststained with uranyl acetate and lead citrate before their observation on a Jeol1200EXII

Transmission Electron Microscope. All chemicals were from Electron Microscopy Sciences.

Lipidomic analysis:

To extract lipids, 7. gondii tachyzoites were grown on 175 cm? HFF cultures. Freshly egressed
parasites (~108 parasites equivalent) were quenched in a bath of pure ethanol/dry ice, then needled,
filtered, and counted by hemocytometer before centrifugation. Pellets were washed 3x times in cold
PBS to eliminate lipids from the culture media before conservation at -80°C. Internal standard 10
umol FFA C13:0 and 10 umol PC C21:0 (Avanti Polar lipids) are added to samples and lipids are
extracted following the Bligh and Dyer modified by Folch protocol (Ramakrishnan et al., 2015a),
FAs are methanolized by Trimethylsulfonium hydroxide (TMSH) by gas-chromatography coupled
with mass-spectrometry (Agilent 5977A-7890B) (GC-MYS), fatty acid methyl esters were identified

by their mass spectrum and retention time compared to authentic standards.
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Phospholipid analyses: The extracted total lipid extracted (as above) was separated by one-
dimensional silica gel high-performance thin-layer chromatography (HPTLC, Merck). The 1st and
2nd solvent systems used were chloroform/methanol/water/ acetic acid, 25:15:2:4 (v/v/v/v) and
hexane/MTBE/acetic acid, 35:15:0.5 (v/v/v), respectively. The spots correlating to FFA, and PL
on the HPTLC plates were scraped off, and lipids were methanolized with 200 pl 0.5 M methanolic
HCl in the presence of 1 nmol pentadecanoic acid (C15:0) as internal standard at 85 °C for 4 h. The
resulting FAMEs were extracted with hexane and analyzed by GC-MS (Agilent).

Fluxomic analysis:

Lipid scavenging is assessed as described by Dass ef al., 2021. T175 are set up with HFF grown
for 5 days in D10% (-)Glucose complemented with 500 uL 800 mM U-'*C-Glucose. Confluent
T175 HFF pre-labeled cultures are set up for scavenging assay, the culture medium is discarded,
cells are washed with ED1% (3x) and new ED1% is added. Freshly egressed parasites are loaded
on the previous HFF pre-labeled with U-*C-Glucose and incubated for 48 h and IAA is added 24
h before parasites harvest and lipid extraction for GC-MS analysis. FASII activity is assessed as
follows: confluent T175 HFF cultures are set up for FASII *Carbon labeling, the culture medium
is discarded and replaced ED1% (-)Glucose complemented with 500 pL 800 mM U-'*C-Glucose.
Freshly egressed parasites are loaded on the previous HFF U-!*C-Glucose and incubated for 48 h
and IAA is added 24 h before parasites harvest and lipid extraction for GC-MS analysis.

Generation of inducible knockdown PfFLP2 line in Plasmodium falciparum:

A transgenic P. falciparum 3D7 line was generated using riboswitch based GImS system along
with a 3xHA tag. The construct used for transfection, pTEX-HA-GImS, contained 988 bp of
homology sequence (3’ homology region) immediately upstream of the stop codon of PfFLP2
(Pf3D7_1223400). The 3° homology flank was PCR amplified from P. falciparum 3D7 genomic
DNA (gDNA) with the primers pair Table 1 and cloned into the BglII and PstI sites of pTEX-HA-
GImS using neb assembly reaction mix (Counihan et al., 2017). Asexual ring stage 3D7 parasites
were transfected with the final construct pTEX-HA-GImS-PfFLP2. Transgenic parasites were
selected with 2.5 nM WR99210 (Jacobus).

The positive parasite population was screened using the primer pair Table 1, in the combinations

described in Figure Supp 6. PCR was performed using TaKara primestar GXL polymerase.

Fluorescent lipid labeling was performed as described by Patel ef al., 2022. Briefly, parasites were
tightly synchronized and treated or not with N-Acetylglucosamine (GlcNac) 2.5 mM for 36 h.
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Parasites were incubated with the different NBD-lipids for 30 min under agitation, then washed
with RPMI 5 % BSA FA-free, fixed, permeabilized, and labeled with propidium iodide (PI, Life
Technologies) before analyzing the fluorescence by flow cytometry (BD Accuri C6 Plus flow

cytometer).

Statistics and graphs:

Graphs and statistical analysis were made using GraphPad Prism8. Graphs represent means and
error bars represent the standard deviation. All data were analyzed with the two-tailed unpaired
student’s t-test (except when mentioned). All p values are represented by asterisks in figures as

follows: ns = p > 0.05, * = p < 0.05, ** =p <0.01, *** =p <0.001, and **** =p < 0.0001. We

consider all p-values lower than 0.05 to be significant.

Table 1: Oligonucleotide sequences used in this study.

Oligo ID: Sequence:
Gaccctccagecgectcageatgegaagetegegt

TgFLP2 mAID Forward cgccgGGCAGTGGCGGCCgagaagagegegtgtect
aaagatccce

TgFLP2 mAID Reverse Caaggcgcctttccteccgggaattccactegetgt

catattggacggattcagcggtcgc

Reverse Cas9 plasmid Sibley

AACTTGACATCCCCATTTAC

gRNA Forward Cas9 plasmid

agacaaaggacggttcagtgGTTTTAGAGCTAGAA
ATAGCAAG

TeFLP2 Forward screen #1 gctgetgtcaacagaggagg

TgFLP2 Reverse screen #2 cgaacggcggtcaaacga
acgtaacagacttaggaggaTTTATTTACAGTTAT

F/FLP2 Forward glmS ATATTTTTCAGTATACC
ggacgtcgtacgggtaagctgcaAGCAAGCTTGAA

PfFLP2 Reverse glmS AAACTG
TAAGTATATAATATTattaacggatgcctaaaaca

F/FLP2 Forward gRNA GTTTTAGAGCTAGAA
TTCTAGCTCTAAAACtgttttaggcatccgttaat

F/FLP2 Reverse gRNA AATATTATATACTTA

PfFLP2 Forward screen #3 aataattcagacaatgtcaaatcaag

PfFLP2 Reverse screen #4 aaaattgctcaaagtattagtgtaac
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Supplementary figures

Figure Supp 1: TgFLP2 predicted structure with Alphafold2

(A) B-factor indicates the confidence of the predicted model, with orange being a very flexible structure, and blue being very well
organized. (B) Electrostatic surface potential determines using the Adaptive Poisson-Boltzmann Solver (APBS) software.
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Figure Supp 2: Molecular constructions of 7gFLP2 tagged and inducible knock-down line

(A) mAID-3xHA element integration in 3’ of 7gFLP2 coding sequence, CRISPR approach, and homologous recombination. HR =
homologous region, HXGPRT = mycophenolic acid resistance cassette. (B) Confirmation by PCR of promoter replacement using

pair of primers 1 and 2. Size shift of mAID-3xHA integration is present in the 7gFLP2-HA-mAID different from the parental strain
osTIR.
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Figure Supp 3: TgFLP2 is involved in endocytosis
(A) Transmission electron microscopy on 7gFLP2-HA-mAID treated or not with IAA for 24 h. Scale bar i and ii = 500 nm for; iii

=200 nm. (B) Overall picture of TgFLP2-HA-mAID SAGI Halo parasites with or without auxin treatment (figure 4). Scale bar =
5 pm.
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Figure Supp 4: Lipidomic on the parental strain that shows no difference upon IAA treatment

(A) FA total amount, quantified by GC-MS is unchanged after IAA treatment on the parental line AKu80 osTIR, error bars represent
+/- SD of 4 independent experiments. (B) FA composition in Mol% of parental line AKu80 osTIR treated with IAA, compared to
parasites untreated, error bars represent +/- SD of 4 independent experiments. (C) Lipid classes ratio from 7gFLP2-HA-mAID
treated with IAA for 12 h on parasites untreated, separated by 2D-TLC and analyzed by GC-MS, Unpaired t-test, mean +/- SD of 3
independent experiments. (D) Labeling of FA made by FASII, confluent HFF are infected with 7gFLP2-HA-mAID, in media
glucose-free. Cultures are complemented with 8 mM U-13C-Glucose and grown for 24 h before the addition of IAA, then grown for
an extra 24 h. Labeling of FA made by the host to measure scavenging capacities, HFF are cultured with media glucose-free and
complemented with 8 mM U-'3C-Glucose until they reached full confluency. Media with labeled glucose is washed out and cells
are infected with 7gFLP2-HA-mAID, in regular media and grown for 24 h before the addition of IAA, then grown for an extra 24
h.
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Figure Supp 5: Isotopologue distribution profile of FAs de novo synthesized by apicoplast FASII
(A) C14:0, (B) C16:0, (C) C16:1, (D) C18:0, (E) C18:1, and (F) C20:1 showing the incorporation of '3C by parasite FASII into the

FA chains, M+ indicates the number of *carbon incorporated per chain, error bars represent +/- SD from 4 independent experiments,
*p <0.05, ¥**p <0.01, ¥**p < 0.001, and ****p < 0.0001.
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Figure Supp 6: PfFLP2 could play a similar function as 7gFLP2

(A) GImS-3xHA element integration in 3’ of PfFLP2 coding sequence, CRISPR approach, and homologous recombination. HR =
homologous region, hdhfr = WR99210 resistance cassette. (B) Confirmation by PCR of promoter replacement using pair of primers
3 and 4. Size shift of GImS-3xHA integration is present in the P/FLP2-GImS-HA different from the parental strain 3D7. (C)
Immunofluorescence assays of P/FLP2-HA-GImS using anti-HA, troph = trophozoite. Scale bar = 3 um. (D) Fluorescent lipid
import assay on Plasmodium blood stage, parasites tightly synchronized and treated with GlcNac for 36 h. Parasites are incubated
with the different NBD-lipids for 30 min under agitation, then washed with RPMI 5 % BSA FA-free, fixed, permeabilized, and
labeled with PI before analyzing the fluorescence by flow cytometry. (E) Illustrating of gating for fluorescence signal acquisition
by flow cytometry, in P1 are measured infected red blood cells with a positive PI (propidium iodide binds to DNA of parasites),
gate P6 = signal at 670 nm emission > 103, and NBD emission signal at 560 nm is measured.
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Lipid metabolism 1is critical for Apicomplexa parasite development. These parasites rely on
massive resource scavenging from the host. However, this scavenging is modulated with their own
de novo synthesis capacities. Parasites use these lipids to sustain their rapid division rates and
generate the material for their plasma membrane and their intracellular organelles. The constant
flux of lipids from the host is tightly controlled and oversupply is channeled toward lipid storage
by the molecular switch TgLIPIN. The apicoplast is the sole place of the FASII synthesis pathway,
producing the short FA chains myristic and palmitic acid (C14:0 and C16:0). These chains can
either be exported outside of the plast or directly be used by the plant-like acyl-transferases ATS1
and 2 to produce LPA and PA, which are exported toward the ER to be elongated by the elongases
ELO A/B/C (Ramakrishnan et al., 2015b). Parasites and host lipids are then mixed to form a lipidic
patchwork essential for the parasite. Lipids, obliged by their physical properties cannot circulate
freely within the cell or will cause lipotoxic effects that could be observed after the loss of
regulation, e.g., in the TgLIPIN mutant (Dass et al., 2021a) or overfeeding with oleic acid (C18:1)
(Nolan et al., 2018). Despite the need for tight control of the lipid flux, general knowledge about
metabolites, and specifically lipid transporters in Apicomplexa parasites is limited. To start unravel
the mechanism behind lipid flux and transfer in Apicomplexa, my PhD focused on identifying and
characterizing two essential transporters putatively involved in lipid metabolism. The first
transporter, an unusual P5-ATPase, TgFLP12, was shown to be involved in the exit of FASII lipid
products from the apicoplast, and the second transporter, a single Golgi P4-ATPase, TgFLP2, was
revealed to be a central element controlling the vesicular transport for parasite endo- and

exocytosis.

TgFLP12, a FA exporter of the apicoplast

Cellular and lipidic characterization of 7gFLP12 demonstrated its involvement in the exit of short
FA chains of the apicoplast, a plant-relic plastid evolved from an ancestral chloroplast. During its
evolution, the apicoplast has lost the photosynthetic capacity and has repurposed the FASII and the
plant ATSs, initially dedicated to the synthesis of galactoglycerolipids for chloroplast maintenance
and function (Amiar et al., 2016a; Botté et al., 2011), for LPA/PA synthesis for bulk phospholipids
and membrane biogenesis. Contrary to FASII and ATSs, known chloroplast lipid transporters have
been lost, such as the FA exporters FAX1 and 2 or PA import TGDs. We identify 7gFLP12, a
putative transporter that we have shown to localize to the apicoplast membranes. Interestingly, this
transporter belongs to the poorly characterized P5-ATPase family closely related to the lipid

transporter family, P4-ATPase, which both have macro-molecule substrates (Palmgren and Nissen,
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2011b). Lipidomic characterization of 7¢gFLP12 revealed its role in sorting short FAs made by the
FASII out of the apicoplast, and this pathway was revealed to be essential for parasite tachyzoite

development.

Apicoplast lipid products have been shown to exit the plast and reach the ER to be elongated and
desaturated (Ramakrishnan ef al., 2012b). A previous study from our lab on 7gATS1, responsible
for the synthesis of LPA in the apicoplast, revealed that LPA was exported to the ER to be elongated
in long FAs (Amiar et al., 2016a). In this thesis, we have shown that disruption of 7gFLP12 did
not impact the abundance of ER elongated FAs, but did change the mass isotopomer distribution
(MID) with a significant increase of FAs made from C16:0, one of the main products of the FASII
pathway, while FAs such as C16:0, C18:1 and C20:1 (product of the ER elongation/desaturation),
have a significant decrease in fractional abundance of M+2, M+4, and M+6 respectively, meaning
that less C14:0 sourced those lipids. Combined with the stronger growth rescue of FAs
supplementation compare to LPA supplementation in parasites depleted for 7gFLP12, we
concluded that 7gFLP12 has a higher specificity for myristic acid and that the exported FAs via
TeFLP12, are not directly forwarded to the ER contrary to LPA. This pathway certainly participates
in fueling the lipidic patchwork previously reported in Amiar ef al., 2016, offering short FAs to be
used by the cytosolic acyltransferases GPAT, AGPAT (ToxoDB), or DGAT (Quittnat et al., 2004).

TgFLP2, a pivotal element of Toxoplasma vesicular trafficking

The Golgi apparatus is an intense place of vesicle budding facilitated by P4-ATPases that play a
critical role in eukaryotic vesicular trafficking, generating the membrane asymmetry and the lipid
domains necessary for membrane curvatures and thus vesicle budding. Apicomplexa parasites have
adapted their secretory pathway for the biogenesis of apical organelles, micronemes, and rhoptries
essential for their pathogenicity allowing the entry and the exit of the host. Parasites have conserved
essential transport factors known to be involved in the secretion pathway or endocytosis in model
organisms, such as Rab-GTPases (Rab5, Rab7), SNAREs (Stx12, Stx16, VAMP4), vacuolar
sorting proteins (VPS45), and vesicle coat proteins (clathrin). From the Golgi, microneme, and
rhoptry proteins (MICs and ROPs/RONSs) are exported to the ELCs thanks to the presence of a
sorting motif present in membranous ROPs/RONs or MICs or via the association with other MIC
or ROP/RON bearing the motif or with the interaction with SORTLR (Sheiner and Soldati-Favre,
2008; Sloves et al., 2012). The sorting motif in the Golgi participates in the recruitment of the
clathrin adaptor complex API, interacting with Arfl, Espin-like protein (EspL), and clathrin
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mediating vesicular budding (Venugopal et al., 2017). Then ROPs/RONs are sorted to the pre-
rhoptry associated with Rab5 to be maturated and form the mature rhoptries. MICs are sorted to
the ELCs, which are Rab5/Rab7 positive compartments where they are maturated, before being
addressed to the mature micronemes (Venugopal and Marion, 2018). The work of Venugopal et
al., 2017, suggest the existence of two Golgi sorting pathways, one dependent on AP1 and another
independent. Regarding our data on the impact of 7gFLP2 deletion on micronemes and ELCs but
not rhoptries, we suggest that 7gFLP2 could be involved in MICs sorting independently of AP1.
As such TgFLP2 would thus participate in the discrimination between microneme and rhoptry

sortings.

Nutrient acquisition from the environment or the host is crucial for parasites’ survival and
development. Apicomplexa secrete effectors to control their host immune response, reprogram
their metabolic activities, and de-route host organelles, and vesicles to the membrane of the
parasitophorous vacuole (PVM). Exogenous material is internalized through the intravacuolar
network (IVN), the H.O.S.T. (host organelle—sequestering tubulostructures), or via the recruitment
of the host ESCRT machinery. Apicomplexa endocytosis remains poorly understood but it occurs
in virulent and avirulent Toxoplasma strains (Dou et al., 2014; Gras et al., 2019), during the rapid
tachyzoite stage and metabolically slow bradyzoite stage (Kannan et al., 2021). In Plasmodium
blood stages, endocytosis is essential for amino acid acquisition via the hemoglobin (Jonscher et
al., 2019). Endocytosis seems to happen through the Toxoplasma micropore and its Plasmodium
homolog cytosome. Two recent work by Koreny et al., (2022) and Wan et al., (2023), revealed the
importance of the micropore for Toxoplasma survival and nutrient acquisition from the host.
TgFLP2 deletion seriously impacted parasite endocytosis, blocking the detachment of vesicles from
the plasma membrane. A similar observation was made in the triple knockdown strain of the
constitutive elements of the micropore, 7gESP15, TgKelchl3, and 7gPPG1 (Wan et al., 2023). The
same study also showed the importance of ER de novo synthesis of ceramide for host material
internalization. 7gFLP2 in the Golgi could be responsible for addressing vesicles rich in ceramide
necessary to regulate the vesicle budding at the plasma membrane either directly via affecting the
membrane curvatures or affecting the recruitment of micropore components. Preliminary data from
the Plasmodium homolog suggest that P/FLP2 could also be important for internalization of

external material, but this will need further investigation to be confirmed.

Open questions persist regarding the flippase complex B-subunit CDC50/Lem3 present in the

Toxoplasma Golgi apparatus. Does it interact with 7gFLP2? Does it define TgFLP2 specificity? Is
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it essential for 7gFLP2 activity or to be addressed to the Golgi? Does its function been repurposed
in Toxoplasma and in Apicomplexa more generally? Characterizing this potential partner of
TgFLP2 may provide a better understanding of Toxoplasma vesicular trafficking regulation.
Toxoplasma and Plasmodium encode respectively 4 and 3 CDC50 orthologs. 7gCDC50.1, which
interacts with 7gGC localizes at the apical pole (Bisio et al., 2019). It is also the case for
TgCDC50.2, and TgCDCS50.4, which both interact with the apical 7gATP2B. Identification of
proteins co-precipitated with 7gCDC50.4 revealed that it mainly interacts with 7gATP2B and both
together are responsible for PS flipping (Bisio ef al., 2021). TgCDC50.3, the potential 7gFLP2
partner, is important for Toxoplasma intercellular development as reported by Chen et al., (2023),
but it is not essential as TgFLP2, supporting the hypothesis that 7gFLP2 activity could not be
entirely dependent on the presence of 7gCDC50.3. In Plasmodium, CDC50A is the partner of GCP.
Both partners are essential for the motility of ookinetes in the mosquito’s gut (Gao et al., 2018).
CDC50B was shown to be required for GCa function (Patel et al., 2022), and CDCS50C is the
partner of ATP2 (Lamy et al., 2020; Patel et al., 2022). However, none of these three proteins was
reported to interact with ATP8, aka FLP2, also supporting the hypothesis that FLP2 as a P4B-
ATPase, like ScNeolp, does not require a CDC50 partner.

Apicoplast transporters remain poorly known

The first part of this study allowed the identification of a new sub-family of P5-ATPases, which
were previously divided into two sub-families: PSA and P5B. PSA-ATPases localize to the ER and
are proposed to transport small peptides as Wnt proteins (T. Li et al., 2021b) or be a-helix
dislocases of mistargeted membrane proteins (McKenna ef al., 2020). PSB-ATPases localize to the
lysosome and the human ATP13A has been shown to transport polyamines (Van Veen et al., 2021).
The Toxoplasma genome encodes one PSA-ATPase (TGME49 318460) predicted to localize to
the ER by the LOPIT and one P5B-ATPase (TGME49 219260) that could play the role of
polyamine transporter in the PLVAC. However, Toxoplasma and more generally Alveolata, along
with some lower plants and fungi, encode P5-ATPases that do not cluster with the two known
groups but form a new subgroup that we called PSC-ATPases and which are absent from humans,
yeasts, and Arabidopsis. Substrate affinity of this new group remains to be determined but the
present study suggests that at least one of them, 7gFLP12, is involved in FA export from the
plastidial organelle. Further investigations will be required to confirm the substrate nature, which
could be done by structure determination by NMR or cryo-EM tomography similar to what has

been done to reveal the Toxoplasma ATPase synthase structure (Miihleip ef al., 2021).
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TeFLP12 starts to unravel the apicoplastic transporters. The apicoplast hosts essential metabolic
pathways for the parasite’s survival such as the FASII pathway, the isoprenoid DOXP pathway, or
the heme synthesis pathway. Nevertheless, the apicoplast also needs resources for housekeeping
functions. As summarized in the recent review by Kloehn et al., (2021), little is known about the
different importers or exporters, and identifying them could offer a promising drug target in the
fight against Apicomplexa. Parasites as such candidate, 7gFLP12 is divergent enough to be absent
from the host. It is essential independently of the nutritional status of the host and, as suggested by
Kloehn, the rescue observed after exogenous FAs addition, is limited because of the accumulation
of the substrate accumulating in the apicoplast and leading to its loss. Exporters for LPA/PA,
isoprenoids IPP and DAMPP, or CPO-III remain to be determined. Kloehn et al., (2021) and Sayers
et al., (2018) provide an exhaustive list of potential transporters that localize or are predicted to
localize to the apicoplast membranes but their roles and substrates are still understudied. Further
study of these transporters should reveal efficient drug targets in the fight against Apicomplexa

diseases.

Parasite’s transportome, the Achille heel of Apicomplexa?

Martin, (2020) nicely illustrated the Plasmodium spp membrane transportome and showed the
important size reduction of transportome that occurred in Plasmodium: ~2.5 % of the genome,
compared to the genomes of multi- / unicellular eukaryotes that oscillate between 3 and 5.5 % or
prokaryotes that dedicate more than 11 % of their genomes to encode membrane transporters.
Parasites, during their evolution and certainly because of their parasitic life, have discarded the
unnecessary transporters and de facto, the remaining part should be almost all essential for their
survival. This review also summed up the findings about the transportome involvement in drug
resistance showing that those transporters could indeed be used as targets for drug development as
some of them are already the target of some MMV compounds. The limitation of this review is that
it does not include cytosolic transporters such as ACBPs, LPTs, etc. We know from PlasmoDB and
ToxoDB that Plasmodium and Toxoplasma also have a reduced number of cytosolic lipid
transporters. Their genomes do not code for fatty acid binding proteins (FABP) or plant lipid
transfer proteins (PLTP). Toxoplasma codes for 2 acyl-CoA binding proteins (ACBP), Plasmodium
for 4 compared to 6 for Arabidopsis. Pl and its derivatives are essential in regulating protein
functions, signaling events, and membrane identity. Their transport and regulation must be tightly
controlled by specific transporters such as ORPs/OSBPs, Sec14/CRAL-TRIO domains, or PITPs.

The Toxoplasma genome codes for 3 ORPs/OSBPs, 1 PITP, and 4 Sec14. These numbers even
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more reduced in Plasmodium with only 1 ORP/OSBP, 1 PITP, and 2 Secl4. None of these
transporters has been characterized yet (PlasmoDB and ToxoDB). If their functions are relatively
conserved, they could be important for the maintenance of the lipid homeostasis in the different
intercellular compartments and the plasma membrane, as well as the maintenance of correct
signaling events by controlling the PI, PIPs, and cholesterol distribution in the cell (Lipp et al.,
2020).

Membrane contact sites in Apicomplexa

Characterization of the aforementioned lipid transporters will, on a larger scale, increase our
knowledge on parasite membrane contact sites (MCSs). MCSs are defined as areas of close
apposition between membranes of two or more organelles that are physically connected via
proteinaceous tethers but do not fuse (Venditti et al., 2021). They are places of active exchanges
of metabolites such as lipids or cations. They are also essential for signaling, organelle trafficking,
and inheritance. ORPs/OSPBs via their FFAT (phenylalanines in an acid tract) motif and pleckstrin
homology (PH) domain interact with the ER tether protein VAP and PIPs from the plasma
membrane or the Golgi facilitating the formation of MCSs (Prinz, 2014). MCSs in Apicomplexa
are poorly investigated and understood but could be involved in major processes such as the exit
of LPA from the apicoplast to the ER, or lipid droplet biogenesis and mobilization for energy
metabolism (Renne and Hariri, 2021), or autophagy with the recruitment of ATG2 and ATG9
(Zwilling and Reggiori, 2022), or lipid transfer to the mitochondria for PE synthesis from PS
(Vance, 2020). My thesis illustrated the role of 7gFLP12 in FA export from the apicoplast and
TeFLP2 in regulating parasite vesicular trafficking. In the bigger perspective, the two transporters
could be involved in such MCSs, TgFLP12 facilitating the transfer of FA to acyl-CoA synthetases,
similar to the plant LACS9, which provides activated FA to the ER/cytosolic acyltransferases
recruited at the level of the ER membrane and as such, is part of MCSs between the ER and the
apicoplast. TgFLP2 could be the generator of lipid microdomains responsible for the formation of
MCSs between the Golgi and the mitochondria, the ELCs, the ER, or the plasma membrane

facilitating lipid transfer and controlling lipid homeostasis for correct vesicular budding.

Last word

During my PhD, I had the opportunity to be part of several collaborative work related to the
development of anti-malaria compounds targeting the Plasmodium falciparum blood stages. I also
studied the anti-malaria properties of plant extracts from 1/ Artemisia annua, from which
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artemisinin is extracted (artemisinin is the current first line treatment against Plasmodium) and 2/
Artemisia afra that does not contain artemisinin but shows promising results against artemisinin-
resistant strains. [ was in charge of determining the impact of the different compounds and infusions
on Plasmodium clinically relevant blood stages and the impact on the apicoplast (see Annex). These
collaborative studies have been really important in developing my professional network and
enlarging my knowledge and expertise in the field of Apicomplexa. In the same spirit, I also had
the chance to participate in several international conferences, where I presented my PhD work and

developed collaborative partnerships to achieve the characterization of my protein candidates.
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SUMMARY

Apicomplexan parasites are unicellular eukaryotic
pathogens that must obtain and combine lipids
from both host cell scavenging and de novo synthe-
sis to maintain parasite propagation and survival
within their human host. Major questions on the
role and regulation of each lipid source upon fluctu-
ating host nutritional conditions remain unanswered.
Characterization of an apicoplast acyltransferase,
TgATS2, shows that the apicoplast provides (lyso)
phosphatidic acid, required for the recruitment of a
critical dynamin (TgDrpC) during parasite cytoki-
nesis. Disruption of TgATS2 also leads parasites to
shift metabolic lipid acquisition from de novo synthe-
sis toward host scavenging. We show that both lipid
scavenging and de novo synthesis pathways in wild-
type parasites exhibit major metabolic and cellular
plasticity upon sensing host lipid-deprived environ-
ments through concomitant (1) upregulation of de
novo fatty acid synthesis capacities in the apicoplast
and (2) parasite-driven host remodeling to generate
multi-membrane-bound structures from host organ-
elles that are imported toward the parasite.

INTRODUCTION

Apicomplexa are intracellular protozoan parasites that cause
serious infectious diseases in humans, including malaria and
toxoplasmosis. Most Apicomplexa harbor a relict non-photosyn-
thetic plastid, the apicoplast, acquired by the secondary
endosymbiosis of a red alga (Janouskovec et al., 2010). The api-
coplast lost photosynthetic capability during the conversion to a
parasitic lifestyle (Botté et al., 2013). However, it still contains
plant-like pathways, including a prokaryotic type |l fatty acid syn-
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thesis pathway (FASII) (Waller et al., 1998). The apicoplast
is essential for parasite survival in both T. gondii and
P. falciparum (MacRae et al., 2012).

However, the FASII pathway is thought to be essential only
during specific life stages. Indeed, in Plasmodium, disruption
of FASII was demonstrated to be dispensable in asexual blood
stages but essential for late liver stage in rodent malaria para-
sites and for sporozoite schizogony during mosquito stages
(Vaughan et al., 2009). Nevertheless, changes in P. falciparum
blood stage growth conditions, such as lipid starvation during
in vitro growth and physiological stress in human patients,
induced re-activation of apicoplast FASII (Daily et al., 2007; Botté
et al., 2013), suggesting plasticity of FASII in response to nutri-
tional environment. In T. gondii, FASII is essential during tachy-
zoite development (Mazumdar et al., 2006).

Apicomplexan parasite membranes are constituted of up to
80% phospholipid (PL), primarily phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylinositol (PI; Welti et al., 2007; Gulati et al., 2015).
T. gondii can readily scavenge PL and triacylglycerols (TAGs)
from the host but is also capable of, and dependent on, de
novo synthesis of several PL classes (Hu et al., 2017; Amiar
et al., 2016; Nolan et al., 2017). Like other eukaryotes, apicom-
plexan de novo PL synthesis is initiated by the assembly of fatty
acid (FA) (i.e., esterification onto a glycerol-phosphate back-
bone) into specific PL precursors. In T. gondii, FAs to be used
for PLs synthesis derive from three sources: (1) apicoplast FASII
generating short FA chains (C12:0, C14:0, and C16:0) (Ramak-
rishnan et al., 2012), (2) FA elongases located on the parasite
endoplasmic reticulum (ER) generating C16:1, C18:1, C20:1,
C22:1, and C26:1 (Dubois et al., 2018), and (3) FAs directly scav-
enged from the host cell (Bisanz et al., 2006). Lipidomics reveals
that most T. gondii PLs are hybrid/patchwork molecules,
comprising one FA moiety from the apicoplast de novo synthesis
pathway and a second one scavenged from the host (Amiar
et al., 2016). Thus, both scavenging and de novo synthesis of
FA are critical for intracellular development.
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Typically, phosphatidic acid (PA) is the central precursor for
the de novo synthesis of all PL classes by the two-step esterifi-
cation of FAs onto a glycerol-3-phosphate backbone; first by
glycerol-3-phosphate acyltransferases (GPATs) to form lyso-
phosphatidic acid (LPA) and then by acyl-glycerol-3-phosphate
acyltransferases (AGPATSs) to convert LPA to PA. In eukaryotic
cells, GPATs and AGPATSs of diverse origins work as a set at
several locations within the cell. Apicomplexans have two sets
of acyltransferases: one plastid-like set putatively in the apico-
plast (prokaryotic pathway) (Amiar et al., 2016) and another
pair predicted to be in the ER (the so-called eukaryotic pathway).
In T. gondii, the apicoplast GPAT, TgATS1 is essential for tachy-
zoite development, where it generates LPA from apicoplast-FA
for the bulk synthesis of PL (Amiar et al., 2016). The role of para-
site AGPATSs for lipid synthesis is yet to be determined. Beyond
their roles as lipid precursors, PA (and LPA) also have important
biophysical properties by controlling the formation of positive or
negative membrane curvatures, and thereby influence the
recruitment of proteins involved in membrane fusion/fission
events such as endocytosis in other eukaryotic models (Schmidt
et al., 1999; Kooijman et al., 2005; Brown et al., 2008).

Here we characterize T. gondii AGPATSs, focusing on one
localized to the apicoplast, TgATS2. We confirm that TgATS2
is an acyltransferase by heterologous complemention of a bac-
terial mutant. We then generate a knockout (KO) mutant, which
was defective parasite cytokinesis and normal lipid profile.
Particularly, the impact of LPA/PA changes on the localization
of a dynamin-related protein (Drp), TgDrpC, in the TgATS2
mutant is described and provides a rationale for cytokinesis de-
fects associated with drug inhibition of apicoplast FASII (Mar-
tins-Duarte et al., 2015). Finally, changes in parasite lipid compo-
sition and lipid fluxes led us to subject parasites to lipid
starvation to explore how host nutritional environment affects
parasite growth. Analysis of lipid fluxes and growth screening
under adverse lipid conditions show that parasites can sense
the environment and respond by (1) upregulation of de novo lipid
synthesis in the apicoplast and (2) manipulation of the human
host through vesiculation from host organelles and import of
such material to the parasitophorous vacuole (PVM) mediated
by export of parasite effectors to improve their lipid scavenging.
Our analysis provides unprecedented mechanistic insights into
parasite metabolic adaption under host nutritional challenge,
which was poorly understood until now.

RESULTS

Deletion of Toxoplasma gondii Apicoplast
Acyltransferase TgATS2 Results in Aberrant

Cytokinesis and Residual Body Formation during
Replication

To explore de novo PA synthesis in T. gondii, we searched the
genome for AGPATs capable of catalyzing the esterification of
an activated FA (i.e., acyl-CoA or acyl-ACP) onto LPA to make
PA. We found two AGPAT candidates with conserved motifs:
ToxoDB: TGME49_297640 and ToxoDB: TGME49_240860.
Phylogenetic analyses reveal that TGME49_297640 clusters
with the prokaryotic clade of the pathway with plant and algal se-
quences and that TGME49_240860 clusters with the eukaryotic

clade of the pathway (Figure S1). We termed these enzymes
TgATS2 and TgAGPAT on the basis of the plant and eukaryotic
terminology, respectively. We generated parasite lines express-
ing TgATS2 and TgAGPAT endogenously tagged at the C termi-
nus with a triple HA tag, under control of their respective pro-
moters (Figures S2A-S2C). Immunofluorescence assays (IFAs)
confirmed TgATS2 targets to the apicoplast (Figure 1A), and
transient expression of TgAGPAT-HA showed a perinuclear
structure corresponding to the parasite ER (Figure 1B).

To test if TgATS2 and TgAGPAT are functional AGPAT, we
complemented an E. coli temperature-sensitive mutant SM2-1
AplsC lacking AGPAT activity (Coleman, 1990) with recombinant
TgATS2 and TJAGPAT. All transformants grew at the permissive
temperature of 30°C (Figure 1C). Only those complemented with
bacterial EcPIsC and TgATS2 grew at the non-permissive 42°C
(Figure 1C). Constructs with TgAGPAT including or not its
long N-Ter extension did not grow at 42°C, likely because of
TgAGPAT eukaryotic origin (Figure S1). Indeed, eukaryotic
AGPATSs favor acyl-CoA substrates over acyl-ACP substrates
used in bacterial and plastid systems. Thus, it is unclear if
TgAGPAT has acyltransferase activity, but TgATS2 comple-
ments defective E. coli SM2-1 AGPAT enzymatic activity in vivo,
confirming LPA-to-PA synthetic capability.

To investigate the importance of apicoplast TgATS2 during ta-
chyzoite life stages, the TgJATS2 locus was disrupted to generate
knock-in (Kl) and KO mutants of TgATS2 using CRISPR-Cas9
strategies (Figures S2D-S2F). Loss of the protein product was
confirmed by western blot (Figures 1D and 1E), IFA (Figure 1F),
and PCR (Figures S2E and S2F). Both ATgATS2 mutants were
viable, but plague and replication assays revealed that
ATgATS2 had a mild yet significant growth defect with signifi-
cantly more small (two to four parasites) vacuoles and signifi-
cantly fewer large vacuoles (Figures 1G-1l).

Parasite egress was significantly affected in the ATgATS2
mutant (Figure S2G), but invasion ability showed no difference
with the parental line, nor was there a defect in microneme secre-
tion (Figures S2H and S2l). Morphology of different intracellular
tachyzoite organelles showed no obvious defects except the
apicoplast displaying a mild biogenesis defect (Figures S2J
and S2K).

Upon closer inspection of parasite morphology, ATgATS2
parasites appeared fused to each other at their basal poles (Fig-
ure 2A), suggesting a cytokinesis defect, which provided a ratio-
nale for the egress defect (Figure S2G). Cytokinesis was moni-
tored by localizing MORN1, which curiously displayed no
obvious basal mis-localization (Figure 2B). However, ATgATS2
parasites showed important enlargement of the residual body
(Figure 2C). Residual body size was quantified by IFA using
GAP45 antibody as a marker for the inner membrane complex
(IMC). ATgATS2 parasites displayed a significantly larger resid-
ual body at the center of big vacuoles (more than four parasites),
(Figures 2B and 2C). Accordingly, egressed extracellular para-
sites often remained tethered at their basal pole via a plasma
membrane (PM) structure (Figure 2D). Electron microscopy
(EM) of ATQATS2 parasites supported the segregation defects
seen by IFA (Figure 2E). In dividing parasites, it is commonly
seen that the PM is kept connected between two recently
divided cells so that the cells are stuck together and distributed
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Figure 1. TgATS2 Is an Apicoplast Lysophosphatidic Acid Acyltransferase Important for Parasite Proliferation
(A and B) IFA of stable TgATS2-HA expressing parasites (A) and transient TJAGPAT-HA expression (B). CPN60, apicoplast marker; TOM40, mitochondrial

marker. Scale bars, 2 um.

(C) Expression of TgATS2 and TgAGPAT in LPAAT-deficient E. coli strain SM2-1. SM2-1ApIsC E. coli mutant transformed with TgATS2 (1, 2), TgAGPAT (1, 2),
TYAGPAT anter1-72, EcplsC, or empty pQE30Xa expression vector were grown at 30°C (permissive) or 42°C (non-permissive) for 20 h (n = 3).

(D and E) Confirmation of TgATS2-HA loss by western blot analysis in TgATS2-KI (D) and TgATS2-KO (E) using anti-HA (anti-Gra1, loading control).

(F) Confirmation of TgATS2-HA signal loss in ATgATS2 by IFA using anti-HA. Scale bars, 2 um.

(G) Plague assay showing a mild growth defect in ATgATS2 mutants.

(H) Cell-based growth fitness assay confirmed the growth defect in the ATgATS2 mutants 30 h post-infection (n = 3).

(I) Proliferation assay confirmed a replication defect in ATgATS2 mutants (n = 3).

*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

to daughter cells during cytokinesis. Very little is known on the
molecular mechanisms of PM segregation during cytokinesis.
In the parental parasites, initial steps of endodyogeny showed
the formation of the daughter cell apical pole along with organelle
division before the formation of the daughter cells within the
mother cell (Figure 2E). Emergence of the daughter cells initiates
the apical-to-basal biogenesis of their PM, partly recycled from
the mother (Figures 2E1-2E5), and ends by a constriction of
both IMC and PM at the basal poles, leaving a small basal resid-
ual body (Figure 2E6). In contrast, there were many division and
cytokinesis defects in ATgATS2, which were unable to separate,
although a new round of daughter formation could be initiated
(Figure 2E1). Furthermore, parasite organelles were frequently
found in the residual body as if ejected from improper segrega-
tion, likely contributing to the enlarged residual body phenotype
(Figure 2E). Affected vacuoles thus displayed enlarged residual
bodies that often contained various organelles—including the
nucleus, mitochondrion, acidocalcisome vesicles, and other
cytosolic material —that appeared to be ejected from the dividing
cells because of improper segregation (Figures 2E3 and 2E4).
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Pieces of mitochondria were a particular feature within enlarged
residual bodies (Figures 2E5 and 2E6).

We attempted to disrupt TQAGPAT using CRISPR-Cas9 as per
ATgATS2 in wild-type (WT) (ATgAGPAT) and ATgATS2
(ATgAGPAT-ATQATS2) genetic backgrounds, but parasites
were not viable (Figures S2L-S20), suggesting that TgAGPAT
is indispensable, consistent with its phenotype score (Sidik
et al., 2016).

TgATS2 Disruption Reduces C14:0 FA Incorporation into
T. gondii Lipids, Skews the LPA/PA Ratio, and Alters PL
Abundance and Composition

To investigate the role of TgATS2 in lipid metabolism, we per-
formed lipidomic analysis on the ATgQATS2 mutant. Disruption
of TgATS2 resulted in a large significant reduction of the relative
amount of C14:0, the main product of the apicoplast FASII (Fig-
ures 3A and 3B). Significant decreases in C18:1 and C20:1 were
also observed (Figures 3A and 3B). In contrast, there were signif-
icant increases in the abundance of C18:0, C22:1, C24:1, C20:4,
C20:5, and C22:6 (Figures 3A-3C), most of which can be
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Figure 2. Disruption of TgATS2 Induces Parasite Cytokinetic Defect, Residual Body Enlargement, and Organelle Segregation Deficiency
(A) IFA of ATgATS2-HA and parental line using anti-HA and anti-IMC1 shows that ATgATS2-HA has a cytokinetic defect phenotype (scale bars, 2 pm).

(B) IFA of ATgATS2 and parental line transiently expressing MORN1-mCherry (IMC basal tip) and anti-IMC1 (scale bars, 2 um).

(C and D) Confirmation of enlarged residual bodies in ATgATS2 by IFA using anti-GAP45 (IMC marker) (C) and by statistical analysis of residual body size (D). Scale

bars, 2 um.

(E) IFA observation of extracellular parasites using anti-SAG1 reveals egressed parasites tethered at their basal ends (white arrowhead, PM tether). Scale

bars, 2 um.

(F) Electron microscopic image of ATgATS2 mutants reveals important cytokinesis defects: major enlargement of the PM, defects in mother cell membrane
constriction and cell daughter attachment at the basal pole (F1 and F2; enlarged in F1’, F1”, and F2’, white arrows), and IMC fragmentation at the separation sites
between dividing parasites (F2"’). Residual bodies containing unevenly separated nuclei (F1, F3, F3’, F4, and F5), mitochondria (F4, F5, F6, and F6'), and
acidocalcisomes (F5). N, nucleus; Mt, mitochondria; rb, residual body; Ac, acidocalcisome. Scale bars, 1 um.

scavenged from the host, such as C20:4 and C20:5 (Welti et al.,
2007; Ramakrishnan et al., 2012; Amiar et al., 2016; Figures SSA
and S3B). Comparison of the relative FA abundance between
ATQATS2 and its parental line showed significant decreases of
C14:0, C20:0, C20:1, and C22:2 (Figure 3C). These results indi-
cate that in addition to the aforementioned cytokinesis defect,
ATgATS2 has a highly modified lipid content that relies more
on long-chain FAs scavenged from the host (Figures 3A-3C).
To further investigate ATgATS?2 lipid defects, we analyzed and
quantified each PL class and its individual FA content. The
ATQATS2 mutant accumulates significantly more LPA compared
with the control parental line and significantly less PA (Figures 3D
and 3E), consistent given that LPA and PA are the likely substrate
and product, respectively, of ATS2 (Figure 1C). The slight reduc-
tion in PA suggests that TgATS2 is not responsible for the bulk
PA synthesis but rather for a specialist function. Importantly,
the LPA/PA ratio was significantly affected in ATgATS2 (Fig-
ure 3E). We investigated diacylglycerol (DAG) and other related
PLs, namely PC, PE, PI, PS, phosphatidylglycerol (PG) and car-
diolipin (CL; Figure 3D). The relative abundance of both DAG and
PG significantly decreased in ATgATS2 (Figure 3D). This is rele-
vant because DAG can be a direct product of PA, and PG is the

sole PL made from PA in plant chloroplasts (Ohlrogge and
Browse, 1995). In contrast, the relative abundance of PS, PI,
and PE increased in the mutant (Figure 3D).

We then examined the FA profiles of each of these lipid clas-
ses. LPA had significant increases in the amounts of C16:0 and
C18:0 in ATgATS2 parasites, whereas significant decreases in
the apicoplast-specific FAs C12:0 and C14:0 were measured
in the mutant (Figure 3F). No major difference was observed in
PA composition in ATgATS2 parasites (Figure 3G). Strikingly,
though, DAG, PC, PIl, and PE all had significantly reduced
C14:0 content (Figures 3D and S3C-S3H), which is the main
product of FASII and is used by TgATS1 for bulk de novo synthe-
sis of PC, PI, and PE (Amiar et al., 2016). This indicates that
TgATS2 likely uses apicoplast-generated C14:0 as its major sub-
strate to make these lipids. In contrast, the levels of two long
polyunsaturated FAs (PUFAs), C20:4 and C20:5, in all three ma-
jor PLs (PC, PI, and PE) were significantly increased in ATgATS2
(Figures S3C-S3H), which is again consistent with mutant para-
sites compensating for the lack of de novo-made FAs by
increasing scavenging long-chain FAs from the host. The FA
composition of fetal bovine serum (FBS) and HFF host cells (Fig-
ures S3C-S3H) confirmed that C20:4 and C20:5 PUFAs were
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Figure 3. Lipidomic Analysis of ATgATS2 Mutant

(A) Fatty acid composition of total lipid extracted 72 h post-infection.
(B) is enlargement of A.

(C) Relative fatty acid abundance of ATgATS? to the parental line.

(D) Relative major phospholipid abundance of ATgATS2 to parental line.
(E) LPA/PA ratio.

(F-H) Individual molecular species of LPA (F), PA (G), and DAG (H). Fatty acids are shown as Cx:y, where x is the number of carbons and y is the number of

unsaturations.
n=4;p < 0.05, “p < 0.01, ™p < 0.001, and ***p < 0.0001.

present from the host environment. This is consistent with the
ATQATS2 mutants’ increasing scavenging of these PUFAs to
make PC, PI, and PE. We complemented ATgATS2 and WT par-
asites (Figure S3I) using exogenous PA(14:0;14:0), the putative
product of TgATS2, and PA(16:0;18:1) as host-derived PAs. Pro-
liferation assays showed that both exogenous PA sources could
significantly boost parasite growth (Figures S3I and S3J) but
could not rescue ATgATS2 growth phenotype. This indicates
that the PA source needs to be made de novo via TgATS2 for
proper division. Because parasites are capable of scavenging
lipids from the host and medium, we determined whether the
ATgATS2 imported more PA, using PC as a control. ATgATS2
imported significantly more PA and PC than the parental control
line (Figure S3K). Together these data on extracellular ATgATS2
corroborate our lipidomic analyses (Figure 3), indicating that the
mutant scavenges more lipids to compensate for reduced de
novo synthesis.
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Disruption of TgATS2 Induces a Mis-localization of the
Parasite DrpC Perturbing Parasite Cytokinesis, IMC
Formation, and PM Stability

Lipidomic analyses revealed a drastic LPA/PA imbalance in the
ATQATS2 mutant (Figure 3E). LPA and PA have important
structural influences on membrane architecture and endocy-
tosis by inducing local membrane curvatures, which can affect
the recruitment and functions of specific dynamins at precise
membrane domains for organelle/vesicle fission (Adachi et al.,
2016; Schmidt et al., 1999; Gras et al., 2019). For example, syn-
aptic vesicle transport between neurons requires a protein
complex composed of a dynamin and an endophilin that exert
acyltransferase activity to create the proper membrane groove
where the dynamin can pinch and release the synaptic vesicle,
or in human mitochondrial fission by the protein Dynamin-like 1,
HsDrp1, which requires insertion, recruitment, and regulation
through PA. In T. gondii, there are three known dynamin-related
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Figure 4. ATgATS2 Induces the Specific Mis-localization of TgDrpC, a Dynamin-Related Protein Involved in Endodyogeny, Leading to
Cytokinetic Defects during Tachyzoite Division

(A) IFA localization of TgDrpC-HA expressed in parental line shows ring structures at the growing ends of daughter cells during division (top panel) but fails to do so
when expressed in ATgATS2 (bottom panel). Scale bars, 2 pm.

(B) TgDrpC-HA localization during tachyzoite division cycle in the parental line (top panel) and its mis-localization in ATgATS2 mutant. Scale bars, 2 pm.

(C) IFA localization of TJESP15, a known interactor of TgDrpC, in ATgATS2 and parental line using anti-HA and anti-IMC1. Scale bars, 2 um.

(D) IFA localization of TgDrpC and TgDrpC-APA domain-Cas9-RFP using anti-HA and anti-IMC1 (scale bars, 2 um) reveals the mis-localization of TgDrpCAPA
domain during endodyogeny.

(legend continued on next page)
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proteins (Drps): TgDrpA, TgDrpB, and TgDrpC. TgDrpA and
TgDrpB have roles in apicoplast fission and secretory organelle
biogenesis, respectively (van Dooren et al., 2009; Breinich
et al., 2009). TgDrpC was recently localized to the basal poles
of dividing daughter cells (Heredero-Bermejo et al., 2019). We
generated a parasite line expressing TgDrpC fused to a 3xHA
tag under the control of its endogenous promoter using
CRISPR-Cas9 (Figures S4A and S4B) and localized TgDrpC-
HA during the tachyzoite intracellular division cycle in
ATgATS2 and its parental line (Figure 4A). In parental-line
parasites, TgDrpC-HA clustered in small punctate-like com-
partments in the apical post-Golgi area during interphase (Fig-
ure 4A). During daughter budding, TgDrpC re-localized to form
two distinct ring-like structures coinciding with the growing
ends of the IMC from the budding daughter cells, which con-
stricted at the base of the mother cell during cytokinesis and
eventually formed basal caps on the each newly divided para-
site (Figures 4A and 4B).

In ATgATS2, localization of TgDrpC-HA was only mildly
affected during interphase but was drastically affected during
division (Figures 4A and 4B). Indeed, TgDrpC-HA frequently
failed to form the typical ring structures at daughter cells (Fig-
ures 4A and 4B). Instead, DrpC-HA was scattered in the
cytosol, or formed rings pushing on the side of mother IMC,
or improperly constricted at the daughter basal pole (Figures
4A and 4B). This contrasted with the normal localization of
MORN?1, which appears to be a more cytoskeletal component,
as its localization remains unaffected during endodyogeny (Fig-
ure 2B). We further examined other known interactors of DrpC
and thus localized the dynamin-like protein EPS15 (Heredero-
Bermejo et al., 2019) by C-terminally tagging by CRISPR-
Cas9 (Figures 4C and 4D). In parental strains, EPS15-HA
localized to clear punctate dots during interphase similarly to
DrpC. During endodyogeny, EPS15 remained as punctate
dots and did not re-localize to the daughter rings like DrpC (Fig-
ure 4C). In ATgATS2 background, EPS15 was unaffected dur-
ing interphase though more scattered than in the parental
line. However, during endodyogeny, EPS15-HA mis-localized
in the cytosol of the parasite when expressed in the
ATQATS2 background (Figure 4C), consistent with its role as
a DrpC interactor (Heredero-Bermejo et al., 2019).

In silico sequence alignment showed that (1) TgDrpC is the
closest TgDrp homolog to the HsDrp1, which allows mitochon-
drial fission through its interaction with PA via its Stalk domain
including a loop with specific hydrophobic residues (Adachi
et al., 2016, 2018), and (2) the Stalk domain and the PA binding
loop seem conserved in TgDrC (3) but are absent in TgDrpA

and TgDrpB (Figures S4C-S4E). To confirm this, we tagged
and monitored the localization of other TgDrps in the ATgATS2
background. No obvious change in localization of TgDrpA was
observed in ATgATS2 parasites, even during the fission of the
apicoplast (Figure S4B).

On the basis of homology with HsDrp1, we disrupted the
putative PA-binding region of TgDrpC. We expressed this
TgDrpC-APA version of the protein in the parasite to test the
importance of the putative PA-binding domain for the localiza-
tion of TgDrpC. To do so, we transfected a WT TgDrpC-HA
cell line with a Cas9-RFP and a PCR product targeting the
DrpC PA domain. IFAs on parasites with no Cas9-RFP had
typical DrpC-HA localization (Figure 4D). However, parasites
with positive Cas9-RFP expression showed that DrpC was
mis-localized and scattered throughout the cytosol in a similar
manner as in Tg4ATS2 parasites. These results are also
consistent with the cytosolic mis-localization of truncated
TgDrpC, excluding the putative PA-binding domain recently
reported (Melatti et al., 2019).

Further detailed evidence of improper cytokinesis could be
observed under EM. In the parental line, initial steps of endo-
dyogeny showed the formation of the daughter cell apical pole
along with organelle division before the formation of the
daughter cells within the mother cell (Figure 4E). Emergence
of the daughter cells initiates the apical-to-basal biogenesis
of their PM, partly recycled from the mother (Figures 4E1-
4E5), and ends by a constriction of both IMC and PM at the
basal poles, leaving a small basal residual body (Figure 3F6).
IMC biogenesis and aberrant endocytosis can be seen in
Tg4ATS2 cells upon closer inspection under EM. In contrast
ATgATS2 were unable to separate, although a new round of
daughter formation could be initiated (Figure 4F1). Daughter
cells were found tightly apposed at normal emergence sites,
and their PMs were often missing between daughter IMCs.
Instead, interconnection of PM, vesicles, or cisternae could
be observed at these apposition sites and at the basal end
of dividing cells (Figures 4F1 and 4F2). Mother cells were
frequently observed to be fused to each other, with vesicle
fusion frequently occurring between the two at the site of
the PM (Figure 4F2). These defects suggested issues at the
PM composition and/or problems in membrane fusion/fission
sites. Furthermore, there was no constriction of both IMC and
PM from daughter cells, resulting in enlarged residual bodies
containing organelles and cytosol portions (Figures 4F3 and
4F4). In particular, these membrane invaginations were
frequently seen at the junction between two parasites in a pro-
cess resembling endocytosis.

(E and F) Electron microscopic observation of endodyogenic division in parental line (E) and ATgATS2 (F). (E1-E3) Endodyogeny starts with the formation of
daughter cells (dc) by growth of IMC (white arrows) and organelle segregation. IMC scaffolding then grows toward the basal pole (white arrows) encompassing
divided organelles (e.g., nucleus N). (E4-E5’) Recycling and biogenesis of PM (black arrow) ends daughter cell emergence from mother cell (mc). (E6 and E6')
Division ends by cytokinesis through constriction of both IMC and PM at basal pole (black arrows) to form a small residual body (rb). (F) ATgATS2 shows an
incomplete separation of daughter cells during cytokinesis with absence of PM biogenesis between closely apposed IMC (F1 and F3 and insets, white arrows),
presence of vesicle/cisternae inside membrane structures at the inter-IMC space (F2’, white arrows), absence of mother IMC (F3', black arrow), absence of basal
constriction forming large residual bodies leaving floating daughter IMC (F3, F4, and 4', white arrows). Scale bar, 1 um.

(G and H) Proposed molecular model for TgDrpC function during endodyogeny and cytokinesis in WT parasite (G) and ATgATS2 (H). LPA and PA molecules
induce positive and negative curvature, creating grooves in membranes for TgDrpC to insert at specific sites during division for a pinching function during

endodyogeny (G).
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Nutrient Starvation Enhances the Synthesis of FA by
Apicoplast FASII in T. gondii and Blocks Intracellular
Proliferation of P. falciparum Blood Stages Lacking a
Functional FASII

Because TgATS2 has a role in maintaining parasite lipid homeo-
stasis, we set out to determine the balance of de novo synthe-
sized versus scavenged lipids in ATgATS2 using a stable isotope
precursor of apicoplast synthesized FAs, U-'3C-glucose. (Ram-
akrishnan et al., 2012; Amiar et al., 2016; Dubois et al., 2018).
Incorporation of '3C within FA is detected by increase of mass
and determined in relation to non-labeled FA. Distribution of
3C incorporation to each FA isotopologue is shown as its own
mass (M) plus number of '3C carbon incorporation (i.e., M + x).
In both parental and ATgATS2 mutant lines, we observed signif-
icant differences of '*C incorporation in C14:0, C16:1, C18:0,
and C18:1 (Figure 5A). Isotopologue distribution of apicoplast-
signature C14:0 showed that ATgATS2 had '3C incorporation
up to M + 14, but major incorporation occurred at lower masses
(M + 8, M + 10) than the parental (M + 12, M + 14; Figure 5B). This
indicates that FASII is active in ATgATS2 but slowed down in the
process of making C14:0, thus explaining the C14:0 reduction
previously detected (Figure 3A). Similar significant results were
observed for C16:0 isotopologue distribution, although overall
incorporation was similar between parental and ATgATS2 (Fig-
ure 5C). C18:0 in ATgATS2 had higher *C incorporation than
the parental, and its isotopologue distribution showed more
short FA from the apicoplast (Figure 5D).

Lipidomic analyses thus indicate that both scavenged and de
novo lipid fluxes are modified in ATgATS2. To tease out the
impact of host nutritional environment on both pathways, we
sought to measure parasite lipid fluxes under adverse host nutri-
tional/lipid conditions, through limitations in FBS concentrations
in parasite culture media. Interestingly, gas chromatography-
mass spectrometry (GC-MS) analysis revealed that '3C incorpo-
ration into all FASII-generated and further ER-elongated FA
products (i.e., C14:0, C16:0, C16:1, C18:0, C18:1, and C20:1)
was significantly higher by 5%-15% under FBS starvation in
the parental line (Figures 5E, 5F, and S5A). In addition, '3C incor-
poration into most FAs is increased in the WT parental line (Fig-
ure 5F). These results suggest that apicoplast de novo FA/lipid
synthesis can be upregulated during FBS starvation to compen-
sate for the lack of nutrients in the external environment. How-
ever, in ATgATS2, the '3C incorporation into each FA was
decreased by FBS starvation (Figure 5F). No morphological
changes could be observed by IFA in the FBS-starved WT or
ATgATS2 mutant (Figure S5B). Both parental line and
ATgATS2 mutant showed a significant reduction in the synthesis
of C18:0 in FBS-starved conditions, suggesting that C18:0 is ob-
tained predominantly by scavenging from the host cell (Fig-
ure 5F). Because the availability of lipids from the environment
is limited, the FA abundance in the parental line was decreased
(Figure 5G). Interestingly however, the FA abundance in
ATgATS2 was increased in most of its FA species during FBS
starvation (Figure 5G).

Although we observed a defect in the activation of FASII in
ATgATS2, FASII was nevertheless viable during FBS starvation.
This suggests that if FASII is active, regardless of the level of
FASII activity, the parasites are viable under FBS starvation,

consistent with its essential role in tachyzoites. However, in
P. falciparum, FASII is not essential during nutrient-replete blood
stage but is activated under lipid starvation, apparently to
compensate for reduced availability of scavenge-able lipids
(Yu et al., 2008; Botté et al., 2013). Our results in T. gondii led
us to re-think the current hypothesis regarding the dispensability
of the apicoplast FASII in P. falciparum blood stages and to test
the essentiality of malaria parasite apicoplast FASIl under
nutrient/lipid-starved conditions. We grew P. falciparum FASII
KO, APfFabl (Yu et al., 2008), and its parental line (NF54) in either
regular (i.e., lipid-rich) culture medium or in “lipid-starved” min-
imal medium (Mi-Ichi et al., 2007; Botté et al., 2013). Both NF54
and APfFabl grew normally in the regular culture medium (Fig-
ure 5H). In the lipid-starved medium, NF54 was viable but grew
significantly slower than in lipid-replete conditions, as previously
reported (Shears et al., 2017). However, APfFabl grew only for
the first 2 days in lipid-starved media, but after 4 days, a sharp
decrease in growth occurred, and this led to a complete loss
of detectable parasites after 8 days and showed no sign of
further recovery in the next monitored cycles (Figure 5H). This
shows that FASII is required for the malaria parasite blood stages
to adapt its lipid metabolism in response to an adverse host lipid
environment, a similar situation to that revealed here for
T. gondii.

Because environmental FBS starvation induces an increase of
de novo lipid synthesis, we investigated the effect the lipid-
nutrient-depleted conditions (i.e., 0%, 1%, and 10% of FBS)
on various mutants involved in lipid metabolism in T. gondii.
We assessed parasite growth by plaque assay and quantified
plague area. The WT and parental parasite lines could grow
equally well in DMEM supplemented with 0%, 1%, or 10%
FBS (Figures 51-5R and S5C), without affecting the integrity of
HFF host cells. FBS starvation reduced growth of ATgATS2 un-
der 0% FBS (Figure 51). TgATS1-depleted cells grew sharply less
in the regular culture conditions (i.e., 1% FBS), but starvation un-
der 0% FBS led to the quasi-absence of plaques, whereas an in-
crease to 10% FBS partially rescued the growth defect seen in
1% FBS (Figure 5J). This suggested that in the absence of the
major de novo PL precursor synthesis pathway, the parasite
could partially compensate the growth defect by accessing
more host lipid resources. The acetyl-CoA synthetase TgACS
(Dubois et al., 2018) was adequately responsive to FBS starva-
tion (Figure 5K). Interestingly, proteins not involved in bulk mem-
brane/lipid synthesis, such as TgPKA-iKO, could not be rescued
by excess nutrients (Figure 5L; Uboldi et al., 2018).

Because host FA binding proteins (FABPs) are upregulated
upon tachyzoite invasion (Hu et al., 2017), we searched the
genome of T. gondii for homologs of FABPs that could be
responsible for the transport of FAs in the parasite during starva-
tion but found none. Instead, we found two proteins belonging to
the closely related family of acyl-CoA binding protein (ACBP):
TgACBP1 and TgACBP2. We found that TgACBP1 and
TgACBP?2 localized at the parasite cytosol and mitochondrion,
respectively (Figures S5D-S5G). We generated inducible knock-
down parasite lines for both (Figures S5D and S5E). However,
plaque assays showed that both proteins were dispensable dur-
ing tachyzoite life stages, and neither was responding to FBS
starvation (Figures 5M and 5N), suggesting that neither of the
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Figure 5. Changes in Host Nutritional Environment Induces an Upregulation of the Apicoplast FASII Metabolic Capacities in T. gondii
Tachyzoites and P. falciparum Blood Stages and Are Pivotal for Enzymes Involved in Metabolic Adaptation

(A-G) U-"3C-glucose labeling for 72 h to monitor apicoplast FA synthesis by '3C incorporation to fatty acids (blue, parental line; red, ATgATS2). (A) '*C incor-
poration to each fatty acid in 1% FBS. (B-D) Mass isotopologue distribution in 1% FBS for C14:0 (B), C16:0 (C), and C18:0 (D). The x axis shown as “M + X”
represents mass with “X” '3C atoms incorporated during the FA synthesis. (E) '3C incorporation to each fatty acid in 0.2% FBS. FASII metabolic activity increased
upon FBS starvation in the parental line but not in ATgATS2. (F) Change in °C incorporation between 0.2% FBS and 1% FBS (—FBS/+FBS). (G) The relative
abundance of each FA (—FBS/+FBS).

(H) Asexual blood stage growth assay of P. falciparum Fabl-KO and its parental line (NF54) in regular (lipid-rich) culture medium and lipid-starved medium reveals
that FASII is essential in blood stage in low-lipid environment.

(I-T) Growth assays conducted in 0%, 1%, or 10% FBS in different T. gondii mutants and strains: TgATS2 (I), TgATS1 (J), TgACS (K), TgPKA (L), T9ACBP1 (M),
TgACBP2 (N), TgASP5 (0), TgMyr1 (P), T9gGRA16 (Q), T9ARO1 (R), type Il PRU (S), and type Il ME49 (T).

n > 3. ns, not significant; “p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.

TgACBPs is involved as an effector for the adaptation to nutri-
tional environment. We generated a TgACBP1 and TgABCP2
double KO and a double ACBP1iKD/sterol carrier protein
(SCP2) KO cell line, which we also found to be viable and not
responsive to starvation (Figures S5H and S5l).

We then hypothesized that parasite effectors putatively ex-
ported into the PVM or toward the host cell could be used by
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the parasite to collect putative host membrane material gener-
ated during FBS starvation. To test this, we investigated
TgASP5, a Golgi-resident aspartyl protease that controls the
non-canonical trafficking pathway of parasite effectors toward
the PVM and the host cell, during FBS starvation (Bougdour
et al., 2014). Strikingly, FBS starvation significantly exacerbated
the growth defect in ATgASP5 (Figures 50 and S5). By contrast,



the mutant cell line ATgMYR1 (the canonical system to export ef-
fectors toward the host; Franco et al., 2016) showed overall less
growth than the parental cell line, although ATgMYR1 grew
equally well among the 0%, 1%, and 10% FBS conditions (Fig-
ure 5P). To examine the effects of some specific GRA effectors,
we examined a GRA16-KO cell line, which we observed to have a
minor but significant growth defect under FBS starvation, sug-
gesting that at least some GRA proteins are important, likely in
combination (Figure 50). We also examined a mutant for rhoptry
secretion TgARO-iKO (Mueller et al., 2013) but found that under
ATc treatment, the mutant died regardless of FBS concentration
(Figure 5R), suggesting a primary role in host invasion prior to
host re-wiring.

Last, we explored strain-specific differences between in Toxo-
plasma between the hypervirulent type | RH strain and type I
strains (Prugniaud, ME49) capable of forming chronic stages
(bradyzoites). Both type Il strains showed significantly reduced
growth in lipid-depleted medium (Figures 5S and 5T), unlike
type | strain.

Together, these data provide evidence that in response to
nutrient starvation, parasite effectors can be trafficked to the
host cell, primarily via the TgASP5 export pathway, likely to
enhance the ability to scavenge resources.

Nutrient Starvation Induces the Formation of Multi-
membrane-Bound Vesicles in Host Cells that Are Taken
up by the Parasite

To investigate potential changes to the host cell and hence host-
parasite interactions during lipid starvation, we performed EM on
starved (0%, 1%, or 10% FBS) HFF host cells infected with either
the parental parasite line or ATgATS2. Growth in 10% FBS led to
no obvious phenotype changes in the hosts cells or the parental
parasite line or the ATgATS2 mutant (Figures 6A and 6B), but
reduction to 1% and 0% FBS induced striking changes in the
host cells, which became extensively vesiculated irrespective
of whether they were infected with the parental line or
ATgATS2 (Figures 6A and 6B). Such vesiculation was not
observed in uninfected HFF host cells put under nutrient starva-
tion. Giant multi-vesicular bodies (QMVBs; i.e., large membrane-
bound compartments containing various smaller vesicles) were
frequent in 1% FBS-grown cells (Figures 6A and 6B) and very
numerous at 0% FBS (Figures 6A and 6B). The gMVBs are
distinct from host autophagosome, as they lack the typical dou-
ble/multiple surrounding membranes and the cytosolic material
defining autophagosomes (Yla-Anttila et al., 2009). This was
confirmed by IFA using the typical autophagosome marker
anti-LC3, which showed no accumulation of autophagosome
under 10%, 1%, or 0% FBS (Figure S6). The gMVBs could arise
from the host ER, as the ER could be seen swelling and forming
networks containing large lipid bodies (Figure 6B3). gMVBs were
also often seen in close apposition or contact with the mitochon-
dria and/or ER network, indicating that material could also be
transferred from both (Figures 6B3 and 6B5). However, gMVBs
were more often observed arising directly from the host nuclear
envelope, potentially a major contributor to their formation (Fig-
ures 6B6-6B8). The gMVB accumulated in close vicinity with
the PVM, which houses the parasite during its intracellular devel-
opment and serves as the exchange interphase between the

host and the parasite. The gMVBs were not only close to the
PVM but appeared to be interacting with the PVM with host ma-
terial and vesicles from the gMVB, apparently “percolating”
through the PVM (Figure 6B4) or directly from their originating or-
ganelles (Figure 6B5) to eventually be found in the PVM (Figures
6A and 6B1). These vesicles appeared in both WT and ATgATS2,
suggesting that the host cell is responding to the nutrient defi-
ciency in the same way. The ATQATS2 parasite cytokinesis
phenotype (e.g., Figure 2A) was still observed and apparently
exacerbated in 0% and 1% FBS growth medium (Figure 6B).
This vesicle/gMVB formation and trafficking to and within the
PVM was not apparent in high (10%) FBS medium, suggesting
that host gMVBs somehow allow the parasite to increase its lipid
scavenging in the absence of nutrient rich serum. Together this
indicates that gMVBs contain multiple vesicles that (1) are
dependent and induced by nutrient availability and (2) originate
directly from diverse host organelles. The gMVBs are distinct
from lipid droplets of host cell origin used as a lipid source by
T. gondii (Nolan et al., 2017; Romano et al., 2017).

However, it is possible that FBS starvation leads to increased
host cell lipid droplet import. Nile red staining confirmed that FBS
starvation induced a significant increase of the amount of lipid
droplets into the parasites and its PVM (Figure 6C). In contrast,
low FBS content resulted in a reduced amount of lipid droplets
in uninfected host cells, while high FBS content increased their
presence in the host cells alone (Figure 6D). This further indicates
that increase of import of lipid droplets to the parasite is upregu-
lated by the parasite during FBS starvation.

Because gMVBs also seem to arise from host mitochondria,
we used an anti-lyso-bi-PA (LBPA; i.e., a degradation product
of mitochondrial CL) antibody (Kobayashi et al., 1998), a lipid
that can also be scavenged by intracellular parasites (Romano
et al., 2017; Figure 6E). LBPA was found surrounding the PVM
in the host cell, within the PV and the parasite, but its localization
and intensity remained unchanged in response to reduced FBS
content (Figure 6E). Direct salvage of mitochondrial CL per se
might not be the primary upregulated scavenging pathway dur-
ing lipid starvation.

To determine whether host mitochondrial sequestration could
affect parasite adaptation to low host nutrient, we measured the
levels of mitochondrial sequestration in type | parasites (prone to
host mitochondrial sequestration) and type Il parasites (not
sequestering host mitochondria) (Pernas et al., 2014). Host mito-
chondria was monitored with MitoTracker. Both RH type | and
type Il ME49 parasites showed no major difference in host mito-
chondrial sequestration after FBS starvation (Figure S6).

DISCUSSION

We have shown that TgATS2 is an apicoplast acyltransferase
able to esterify FAs on LPA to generate PA, a precursor for a
wide range of parasite lipids. KO of TgATS2 resulted in perturbed
lipid fluxes, which affects LPA/PA lipid balance, causing mis-
localization of TgDrpC and vesiculation during cytokinesis.
Furthermore, changes in lipid profiles of ATQATS2 showed the
capacity of WT parasites to exhibit considerable metabolic plas-
ticity at both de novo FA synthesis in the apicoplast and host
modification for organelle membrane scavenging, together
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Figure 6. Nutrient Starvation Unveils the Formation of Multi-vesicular Bodies from Host Cell Organelles, Whose Content Is Imported toward
Parasites

(A and B) Transmission electron micrographs of intracellular WT tachyzoites (A) and ATgATS2 mutant parasites (B) grown in 0%, 1%, and 10% FBS. Nutrient
starvation (i.e., 0% and 1% FBS) induces formation of giant multi-vesicular bodies (JMVBs) in the host cell (hc), containing various vesicles, including lipid body-
like (white stars). In starvation, gMVBs localized in the cytosol (cyt) in contact with the parasitophorous vacuole (pv) (A1, A2, A4, B1, and B2), and their content was
imported through and into the PV (A1, black stars; B2 and B6, black arrows); gMVBs were arising from host endoplasmic reticulum (ER; A2), mitochondria (mt; A2
and A3), and mainly swollen nuclear envelope (N; B3-B5). Ten percent FBS did not induce gMVB formation in both parental and ATgATS2. Scale bar, 1 um.
(C) Nutrient starvation induces a significant increase of lipid droplets within the parasite and its PV as measured by IFA using Nile red (Nile red dots were counted

for 100 or more parasites; n = 3; ns, not significant; “*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001). Scale bar, 2 um.

(D) Nutrient starvation induces a decrease of lipid bodies in uninfected HFF host cells as measured by IFA using Nile red. Scale bar, 2 um.

(E) IFA shows that import into parasites of LBPA (anti-LBPA) is not affected by nutrient starvation. Scale bar, 2 pm.

(F) Nutrient starvation induces a significant growth defect in T. gondlii tachyzoites ME49 type Il strain compared with RH type | strain. p values are as mentioned as

above.

critical for adaptation to nutrient-limiting conditions in the host
(Figure 7; Table S1).

Roles of PA and LPA in Membrane Curvature and Cell
Division
Membrane PLs have different physical shapes according to the
relative sizes between the polar head and the FA tails. Most
PLs are cylindrical, while PA is cone shaped and LPA adopts an
inverted cone shape; thus their insertion into membrane bilayers
facilitates curvature and in- or evagination (Kooijman et al., 2005).
Furthermore, in human cells, dynamin pinching requires endo-
philin-1, an ATS2 homolog, as a partner to create LPA/PA curva-
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tures (Burger et al., 2000; Shin and Loewen, 2011), improving
penetration of a larger part of dynamin into the lipid monolayer
(Burger et al., 2000; Shin and Loewen, 2011), similar to the rela-
tionship between TgATS2 and TgDrpC. Our results reveal the
previously unrecognized importance of the apicoplast in main-
taining internal lipid homeostasis. Furthermore, the functional
role of TgATS2 for PA synthesis during division provides a mech-
anism for the long-standing question of why drugs targeting the
apicoplast display a secondary cytokinetic defect (Martins-
Duarte et al., 2015).

Our results nicely complement those of a recent study that
identified the basal complex as a major site of endocytosis in
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Figure 7. Proposed Model for Cytokinesis, Lipid Acquisition, and Metabolic Adaptation under Adverse Host Lipid Environment in T. gondii
Left: under lipid-rich environment, T. gondii can readily acquire FAs and lipids by de novo synthesis (apicoplast) and host cell scavenging. The apicoplast ATS2
generates PA and regulates the balance of LPA/PA, necessary for DrpC. Right: in a host lipid-starved environment, the parasite adapts its metabolism by
increasing FASII to produce more fatty acids to compensate their absence from the host cell. Concomitantly, the parasite induces morphological changes in the

host to increase scavenged resources, including the nucleus, ER, and gMVBs.

motile tachyzoites, consistent with the basal complex localiza-
tion of DrpC (Figure 4; (Heredero-Bermejo et al., 2019). Our re-
sults show that endocytosis occurs during intracellular stages
and that aberrant LPA/PA ratios caused by the loss of ATS2
disrupt this process.

Furthermore, many DrpC-interacting proteins have been iden-
tified as part of a larger endocytic protein complex, including
EPS15, AP2 adaptins, and, intriguingly, Kelch13 (Heredero-Ber-
mejo et al., 2019). Kelch13 is the infamous protein found mutated
in artemisinin-resistant malaria spreading throughout Asia (Me-
nard and Dondorp, 2017). Kelch13 therefore likely has a role in
endocytosis consistent with DrpC and other interacting partners
(Heredero-Bermejo et al., 2019). Intriguingly, it has been shown
that FASII activity is often increased in artemisinin-resistant par-
asites (Chen et al., 2014). Our evidence here demonstrates that
the upregulation of FASII produces LPA that modulates cytoki-
nesis and endocytosis processes. Again, this highlights the
previously unrecognized importance of the apicoplast in main-
taining internal lipid homeostasis in parasites.

Environmental and Nutritional Conditions Drive the
Adaptation of the Apicoplast Metabolic Capacities as
Well as the Scavenging Capacities

Importantly, Toxoplasma could increase production of FA in the
FASIlI pathway in nutrient/lipid-deprived medium similarly to
P. falciparum (Botté et al., 2013). Hence, apicomplexan parasites
show high metabolic flexibility to obtain FA for the major mem-
brane building blocks required for growth, as pointed out by
recent studies exploring Plasmodium survival in nutrient-
depleted conditions (Mancio-Silva et al., 2017; Zuzarte-Luis
et al, 2017). Importantly, our results demonstrate that
P. falciparum lacking a FASII and grown in lipid-deprived condi-
tions was unable to properly proliferate, ultimately dying. This

suggests that apicoplast FASII is facultative rather than totally
dispensable in malaria parasite blood stage and can be activated
during lipid starvation to meet PL needs. This FASII flexibility is
consistent with a growing pool of evidence including the upregu-
lation of FASII and the apicoplast acyltransferase PfG3apiGPAt
(a homolog of TgATS1) transcripts in starved patients (Daily
et al.,, 2007) and the essentiality of most FASIl enzymes,
including the central acyl-carrier protein ACP in both T. gondii
and P. falciparum (Sidik et al., 2016; Zhang et al., 2018), summa-
rized in Table S1. Therefore, environmental factors could have
important consequences in treating patients. Indeed, if patients
are under stress, nutrient deprivation, or malnourished condi-
tions, the FASII pathway could become a secondary target of
choice to help eradicate the parasites. Altogether these data
question whether isopentenyl pyrophosphate (IPP) synthesis is
the sole essential function of the apicoplast during Plasmodium
blood stage (Yeh and DeRisi, 2011). Rather, our data put the
parasite back into its physiological context, where nutrient avail-
ability and environmental conditions drive the requirement and
regulation of a given metabolic pathway. Furthermore, the scav-
enging of Toxoplasma can also be seen to be upregulated
through exported effectors by evidence that ASP5 KO is partially
rescued by excess host lipids and the induction of host remod-
eling to make gMVBs, although the identity of these gMVBs
warrants further investigation. This redefines what we call an
essential gene, where phenotypes might only be seen under
starvation conditions.

A major question raised here is the nature the signaling fac-
tor(s) responsible for environmental sensing and metabolic
adaption of both apicoplast de novo synthesis and scavenging
pathways. Both T. gondii and P. falciparum lack the canonical
mTOR-based nutrient-sensing pathways present in other eu-
karyotes, but a recent study showed that P. berghei is capable
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of sensing nutrient deprivation by a SNF1-related kinase, KIN1
(Mancio-Silva et al., 2017).

Together, our results reveal the central role of the apicoplast to
provide specific precursors for membrane biogenesis during
cytokinesis and, most important, to be a central metabolic hub
to adapt the parasite metabolic capacities upon nutrient avail-
ability and environmental changes. The data also point to major
modifications in vesiculation and the use and scavenging of
these membrane structures by the parasite upon such environ-
mental changes. The data also corroborate recent results
showing that the mosquito lipid environment regulates the meta-
bolic activity of transmissible sporozoites (Costa et al., 2018).
The fundamental role of these physiological changes induced
by the parasite in response to host environment provides novel
insights into parasite biology and offers new avenues to explore
in the fight against toxoplasmosis and malaria.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-HA Roche Cat#: 11867423001; RRID:AB_390918
anti-CPN60 Boris Striepen N/A

anti-LBPA Echelon Biosciences Cati#: 117Z-PLBPA-50ug

Mouse anti-Sag1

Anti-LC3B antibody produced in rabbit
Rabbit anti-TOM40

rabbit anti-GAP45

rabbit polyclonal anti-IMC1
Anti-MIC2

Anti-GRA1

Rabbit anti-ACP

Rabbit polyclonal anti-MIC4
rabbit anti-Sumo21

Goat a Mouse Alexa 488
Goat a Rb Alexa 546

Goat a Mouse Alexa 546
Goat a Rb Alexa 488

Abcam

Sigma

Giel van Dooren
Dominique Soldati Lab
Gary Ward Lab

David Sibley
Cesbron-Delauw Lab
McFadden lab
Dominique Soldati Lab
Hakimi lab
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

N/A

Cat#: L7543; RRID:AB_796155
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat#: A11001; RRID:AB_2534069
Cat#: A11003; RRID:AB_141370
Cat#: A11010; RRID:AB_2534077
Cat#: A11008; RRID:AB_143165

Bacterial and Virus Strains

E. coli SM2-1 ApIsC

Coleman, 1990

Coli Genetic Stock Center #7587,
Yale University

Biological Samples

Red Blood Cells

Etablissement francais du sang (EFS)

N/A

Chemicals, Peptides, and Recombinant Proteins

DMEM, High Glucose
DMEM, no Glucose
RPMI 1640 Medium, HEPES

Fetal Calf Serum, Sourced from South
America (EU Approved).

AlbuMAX® Il
GLUCOSE-D U-13C6 99%13C 10 g

Sorbitol

Giemsa’s azur eosin methylene blue solution
fatty acid free bovine serum albumin
palmitic acid (C16:0)

oleic acid (C18:1)

tridecanoic acid (C13:0)
pentadecanoic acid C15:0
MethPrep Il (Alltech)

HCI

1-butanol

Chloroform

Hexane

Methanol

GIBCO, ThermoFisher Scientific
GIBCO, ThermoFisher Scientific
GIBCO, ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

Cambridge Isotope Laboratories
(Eurisotop)

Sigma
Merck
Sigma
Sigma
Sigma
Sigma
Sigma
Alltech
Sigma
Sigma
Sigma
Sigma
Sigma

Cat#: 41965-062
Cat#: 11966-025
Cat#: 52400-025
Cat#: 10270-106

Cat#: 11021-045
Cat#: CLM-1396-10

Cati#: S1876

Cat#: MEF1092040500

Cat#: A8806

Cat#: P0500-10G

Cat#: 75090-5ML

Catt: 91988-5G

Catt#: P6125-1G

Grace 5122149

Cati: 258148

N/A

Cat#: 34854

Cati: 34484

Cat#: 34860
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Acetone Sigma Cat#: 34850
Ammonium hydroxie Sigma Cati: 221228
Acetic acid Sigma Cat#: 27221
Fluorescent NBD PA18:1, 12:0 Avanti Polar Lipids Cat#: 810176P-1mg

Fluorescent NBD PC 18:1, 12:0 Avanti Polar Lipids Cat#: 810133P-1mg
PA 18:1, 16:0 Avanti Polar Lipids Cat#: 840857
PA 14:0, 14:0 Avanti Polar Lipids Catit: 830845
PA(C17:0/C17:0) Avanti Polar lipids Cat#: 830856
HPTLC60 Merck Cat#: MEF1056330001
Nile red Sigma Catif: 72485
Chloramphenicol Sigma Cat#: C0378-5G
Pyrimethamine Sigma Catt: 46706
Mycophenolic acid Sigma Cat#: M3536
Xanthine Sigma Cati: X3627
Fluoro-Gel, (with Tris Buffer) Electron Micrsoscopy Sciences Cat#: 17985-10
0.1 M cacodylate buffer Electron Micrsoscopy Sciences Cat#: 11650
25% glutaraldehyde Electron Microscopy Sciences Cati#: 16220

4% osmium tetroxide Electron Micrsoscopy Sciences Cat#: 191507
uranyl acetate Electron Micrsoscopy Sciences Cat#: 22400
Epon812 Electron Micrsoscopy Sciences Cati: 13940
Crystal Violet Sigma Cat#: C0775
Hoechst 33342 ThermoFisher Scientific Cat#: 1015-0888
A23187 Sigma Catt: C7522
DIMETHYL SULFOXIDE, Sigma Cat#: D2438
16% Paraformaldehyde Electron Microscopy Sciences Cati#: 15710
Triton X-100 Sigma Cat#: T9284-100ML
K>S0, Sigma Cat#: 60528
MgSO, Sigma Cati#: M2643
sucrose Sigma Cat#: 84100
glucose Sigma Catt#: G5400
Tris Dutscher Cat#: 091572
BSA Sigma Cat#: A9418
HEPES Sigma Cat#: H4034
DAPI Sigma Cat #: D9542
Critical Commercial Assays

NucleoSpin Gel and PCR Clean-up Macherey-Nagel Cat #: 740609
NucleoSpin Plasmid Macherey-Nagel Cat #: 740588
NucleoBond Xtra Midi Macherey-Nagel Cat #: 740410
Nucleo spin RNA I Macherey-Nagel Cat #: 740955
DNA sequencing Eurofins Genomics N/A

Oligo nucleotide synthesis Sigma N/A

Q5® Site-Directed Mutagenesis Kit NEB Cat#: E0554S
Experimental Models: Cell Lines

Human Foreskin fibroblasts ATCC® CCL-171 N/A
Experimental Models: Organisms/Strains

T. gondii RH TATi1-4Ku80 Sheiner et al., 2011 N/A

T. gondii RHAKu80 Huynh and Carruthers, 2009 N/A

T. gondii PRU Type Il Marie-France Cesbron Delauw N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
T. gondii ME49 Type I Jeroen Saeij N/A
T. gondii ASPV KO Curt-Varesano et al., 2016 N/A
T. gondii MYR1 KO Braun et al., 2019 N/A
T. gondii ACASIKD Dubois et al., 2018 N/A
T. gondii ARO-iKD Mueller et al., 2013 N/A
T. gondii PKA-iIKD Uboldi et al., 2018 N/A
T. gondii GRA16 Bougdour et al., 2013 N/A
T. gondii ATS1 Amiar et al., 2016 N/A
P. falciparum PfFabl KO Vaughan et al., 2009 N/A
P. falciparum NF54 Walter and Eliza Hall Institute N/A
T. gondii ACBP1 iKD This study N/A
T. gondii ACBP2 iKD This study N/A
T. gondii ACBP1/ACBP3 double KO This study N/A
T. gondii ACBP1/SCP2 double KO This study N/A
T. gondii ATS2-HA This study N/A
T. gondii ATS2-KI This study N/A
T. gondii ATS2-KO This study N/A
Oligonucleotides

All primers outlined in materials and methods section. N/A
Recombinant DNA

U6-Unversal Plasmid Sidik et al., 2014 (Addgene) N/A
Cas9-RFP plasmid Dominique Soldati N/A
pTOXO_Cas9-CRISPR Hakimi Lab, Grenoble, France N/A
pTOXO_Cas9-CRISPR::gTgATS2-KI This study N/A
pTOXO_Cas9-CRISPR::gTgATS2-KO This study N/A
pTOXO_Cas9-CRISPR::gTgAGPAT-KO This study N/A
graCAT-sagMcherry This study N/A
pLIC HA3 DHFR Huynh and Carruthers, 2009 N/A
pLIC HA3 CAT Sheiner et al., 2011 N/A
ATS2 KO plasmid MAH This Study N/A
pPR2 HA3 DHFR Katris et al., 2014 N/A
graCAT sagmCherry KO plasmid This study N/A
Morn1-myc Marc-Jan Gubbels N/A
pLIC-TgATS2-3HA-DHFR This study N/A
pLIC-TgAGPAT-3HA-DHFR This study N/A
PMORN1-CherryRFP-MORN1/SagCAT This study N/A
pQE30Xa vector Quiagen 33203
Software and Algorithms

Prism software GraphPad N/A
ImageJ NIH N/A
Mass Hunter Quantification software Agilent N/A
Other

Gas chromatography-mass spectrometry Agilent 5977A-7890B

MATERIALS AND METHODS

See STAR Methods KEY RESOURCES Table
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LEAD CONTACT AND MATERIALS AVAILABILITY

Materials generated in this study are available upon request. Information and requests for resources and reagents should be directed
to the Lead Contact, Cyrille Botte (cyrille.botte@univ-grenoble-alpes.fr). Plasmids and parasite lines generated in this study will be
made freely available by the Lead Contact upon request which may require the completion of a Material Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

T. gondii culture

Toxoplasma gondii parental lines RH TATi1-AKu80 (Sheiner et al., 2011) and RH-AKu80 (Huynh and Carruthers, 2009) and derived
transgenic cell lines were grown in confluent human foreskin fibroblasts (HFFs) in high glucose DMEM supplemented with 1% Foetal
Bovine Serum, as described (Amiar et al., 2016). ME49 parental cell cultures were additionally supplemented with 10 mM HEPES.

P. falciparum culture

P. falciparum NF54 wild-type parasites were maintained as previously described (Trager and Jensen, 1976). Briefly, Plasmodium
blood stage parasites were maintained at 2% hematocrit in 1640 RPMI-HEPES supplemented with 10% AlbuMAX Il (GIBCO) and
0.25% gentamycin. Parasites were grown sealed Perspex chambers gassed with beta mix gas (1%0, 5%CO,, 94% N,) at 37°C
and maintained on 48-hour cycles.

METHOD DETAILS

Gene identification and sequence analysis
T.gondii plasmid constructs

T.gondli transfection

T.gondii growth assays

T.gondii Red/Green parasite invasion assay:
Plasmodium falciparum growth assays:
Immunofluorescence assay and Microscopy

Nile red staining of lipid droplets

Activity analysis in LPAAT-deficient E. coli strains
Transmission electron microscopy:

Lipidomic analysis by GCMS extraction from T. gondii tachyzoites
Stable isotope labeling of T. gondii

Phospholipid import assay:

Quantification and statistical analysis

Gene identification and sequence analysis

Arabidopsis thaliana sequence of ATS2 (GenBankTM and TAIRTM IDs: NP_194787 and AT4G30580 respectively) was used as a
query sequences for BLAST searches against the Toxoplasma gondii genome on ToxoDB database (https://www.toxodb.org/).
Phylogenetic analysis of AGPAT related proteins was performed on the Phylogeny.fr platform (Dereeper et al., 2008). Protein se-
quences were then aligned by ClustalW software (Larkin et al., 2007) and the maximum likelihood phylogeny was generated using
the PhyML (Guindon et al., 2010). We generated multiple sequence alignment using Clustal Omega (Li et al., 2015).

T. gondii plasmid constructs

Plasmid LIC-3HA-DHFR was used to generate a 3' endogenous tagging with 3xHA coding sequence of ToxoDB: TGME49_297640
(TgATS2) and ToxoDB: TGME49_240860 (TgAGPAT). A 2229 bp fragment corresponding to the 3’ of TgATS2 was amplified
from genomic DNA using primer sets 5-TCCTCCACTTCCAATTTTAGCGTTCGTCTCGGTGGCGGC-3' and 5-TACTTCCAATC
CAATGCTTCAGACACTCGGTGCAAA-3. A 5466 bp fragment corresponding to promoter and gene sequence of TQJAGPAT was
amplified using primer sets 5'-TACTTCCAATCCAATGCAGCCAGCAAAGGACGAAAGG-3' and 5'-TCCTCCACTTCCAATTTTAGC
GAGACCGTGGCCTCGGTGGG-3'. These fragments were cloned into pLIC-3HA-DHFR vector as described previously (Huynh
and Carruthers, 2009). Vectors LIC-TgATS2-3HA-DHFR and LIC-TgAGPAT-3HA-DHFR were confirmed by PCR screen using primer
sets 5'-GCATAATCGGGCACATCATA-3' and 5-ATACGCATAATCGGGCACATCATA-3'and by sequencing (Eurofin genomicsTM).
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Plasmid pTOXO_Cas9-CRISPR (gift from Hakimi Lab, Grenoble, France) was used to integrate a gRNA within Bsal restriction site
as previously described (Sidik et al., 2014). Briefly, Crisp-Fwd and Crisp-Rv primer sets were phosphorylated and annealed: TgATS2-
Kl: 5-AAGTTACGGGTGTGCGCCGCCTTGCG-3' and 5'-AAAACGCAAGGCGGCGCACACCCGTA-3, TgATS2-KO: 5'-AAGTTG
GAGCGCCGACGGGCGACTGG-3" and 5'-AAAACCAGTCGCCCGTCGGCGCTCCA-3, TgJAGPAT-KO: 5'-AAGTTCTCTGCCGAGT
TCCAATCGCG-3' and 5-AAAACGCGATTGGAACTCGGCAGAGA-3'. The gRNAs were then ligated into pTOXO_Cas9-
CRISPR plasmid linearized with Bsal, yielding pTOXO_Cas9-CRISPR::gTgATS2-KlI, pTOXO_Cas9-CRISPR::gTgATS2-KO and
pTOXO_Cas9-CRISPR::gTgAGPAT-KO, respectively.

For TgATS2 knockout by CRISPR-CAs9, an appropriate HXGPRT cassette amplified by PCR from pMini (kind gift from the Hakimi
laboratory) using those primer sets, TgATS2-Kl: 5'-GAGGCCCTGCGTCTCCTCAAGCG- AAAGGCGCCGCCACAGTCGACGGGTGT
GCGCC-GCCTCAGCACGAAACCT-TGCATTCAAACC-3' and 5'-GCTACTCCTTCTTCCCCTCTCG- CGTTGTGTGTCTCCCCGTCG
CGTTCTGCGTCGCCAGCAGTGTCACTGTAGCCTGCCAGAACA-3’; TgATS2-KO: 5'-GACACACAACGCGAGAGGGGAAGAAGGA
GTAGCTCTCG-TCGCCTTTCCAGAAGGTACTCCAGCACGAAACCTTGCATTCAAACC —3 and 5'-CTTCG- CTGCTCGTTCGTCTTC
ATGTGGGGAAGGAGCAGCACGAAACCTTG- CATTCAAACC-3'.

DrpA and DrpC were localized by CRISPR Cas9 strategy. Guides were inserted into Cas9 U6 universal plasmid (Sidik et al., 2014)
by either standard ligation of annealed primers or Q5 mutagenesis. Cells were transfected together with PCR product encoding either
HA3-CAT and DrpC homology flanks, for DrpC or GFP sequence without selection and DrpA homology flanks for DrpA.

For DrpC HA3 CAT CRISPR Cas9 tagging, DrpC was tagged at the 3’ terminus by CRISPR Cas9 (Sidik et al., 2014). For DrpC, the
protospacer gaatggggcttgaaactgtg was chosen and primers 5 AAGTTgaatggggcttgaaactgtgG 3’ and 5 AAAACcacagtttcaagccc
cattcA 3’ were annealed together and ligated into U6 universal plasmid (Sidik et al., 2014). The HA3-CAT cassette was PCR amplified
by primers with 50 bp homology flanks (FOR aggaagttccggtcggcttccgtcaccgtt- gaatggggctAAAATTGGAAGTGGAGGACGGG and
REV gttcttcccagtgctctggega- agtgggccagcacaageccaGTTGTAAAACGACGGCCAGTG) and overhang corresponding to the 3’ end
of DrpC and in frame with HAx3. 50 pg of both plasmid and PCR product were transfected and placed under chloramphenicol se-
lection (Kim et al., 1993). DrpC was also localized by pLIC-HA3-CAT using primers TACTTCCAATCCAATTTAGCgcacggtctgttgttc
tacg and TCCTCCACTTCCAATTTTAGCagccccattcaacggtg (Sheiner et al., 2011). For DrpA, the protospacer gatggaggagttgattcctg
was inserted into the Universal Cas9 Plasmid using the NEB Q5 site directed mutagenesis Kit with the oligos 5’ gatggaggagtt
gattcctgGTTTTAGAGCTAGAAATAGC 3 and 5" AACTTGACATCCCCATTTAC 3. PCR product was amplified using 5'- gttgccctggcett
cctectctttctetectetetctcaagATGGCGGTGAGCAAGGGC3’  5'- cgtectgcaggegattgacAacaggaatcaactcctccatCCCGGGCTTGTA
CAGC 3’ using GFP cDNA as a template and co-transfected with U6 guide RNA plasmid described above. Transfected parasites
were seeded onto coverslips and then transiently observed after 24 hours growth.

For the DrpC PA domain mutation, a guide was identified within a DrpC exon and the 20 bp protospacer (5’ ggcgagctgatcctcgag
gt 3') was inserted into a CRISPR Cas9 plasmid using Q5 with primers 5’ ggcgagctgatcctcgaggt-GTTTTAGAGCTAGAAATAGCA
AG 3 and 5 AACTTGACATCCCCATTTAC 3’ (Sidik et al., 2014). The PCR product was amplified with the following primers 5’
cgtcgecttgtacggaaacgcett-ggagacgcaaaaacggattGCGGTGAGCAAGGGCG 3 and 5’ agccccattcaacggtgacggaageccgaccggaacttce
tgcCCCGGGCTTGTACAGC 3'. The guide and the PCR product were transfected together and parasites were seeded onto HFFs on
coverslips and grown for 24 h. Cells were labeled with anti-IMC and anti-HA antibodies and viewed under the microscope. Cas9
expression was visualized by the Cas9-RFP tag to observe parasites with DrpC-HA normally (Cas9-RFP absent) or with the PA bind-
ing domain disrupted (Cas9-RFP present).

For TQJACBP1i-HA KD, the 5’ UTR flank was PCR amplified using primers ACACGGGCCCACGATCAGTTGAGTTCCGAGG and
GACACATATGAAGG -TCGAAAGAAGGCTCC and inserted into Apal/Ndel sites of pPR2-HA3 (Katris et al., 2014). The 3’ flank
was amplified using primers CTTGCCCGGGATGGCCTCGCgtaaggaagg and CAGAGCGGCCGCCTGT -GTCGTGAGCGAGTGAC
and then inserted in frame with a Tet70O/SAG4 promoter using Xmal/Notl sites. Plasmid was linearized with Notl prior to transfection
and selected using pyrimethamine. For ACBP2, flanks were PCR amplified using respective primers below into the plasmid pPR2-
GFP or pPR2-mCherry (adapted from pPR2-HAS3, (Katris et al., 2014). The 5 UTR flank was amplified using CTGAGGGCCCGC
GACGCTCCAGAAGACTCC and GTACCATA -TGTTATTATATGGTTGAAAGAAGC inserted first using Apal/Ndel sites. Next, the 3’
UTR flank was amplified using GACTGATATCGATT -ACGGCTTCAACTCCGTC and ATTAGCGGCCGCCTTCATAGGAC -CAGAGCC
and inserted using Mscl/Notl sites. ACBP2 cDNA sequence was amplified using GATCAGATCTAAAATGGCGAGGCCTGTA
CATCTTGGG and GTACCCTAGGAGTAGCTTTTGAGGCGGTG inserted last into Bglll/Avrll sites then selected using pyrimethamine.
ACBP1 pLIC was PCR amplified using pLIC primers TACTTCCAATCCAATTTAGCTACAACGGAGCAGACAGAGG and
TCCTCCACTTCCAATTTTAGCCGCGCTTTTCTCGCGCC into pLIC-HA3-CAT (Sheiner et al., 2011), and linearized prior to transfec-
tion and selection on chloramphenicol.

For ACBP1 KO/ACBP2iKD the following protospacer was selected, 5 GGGGCGTTCCACTGAGAGAA 3/, inserted into a U6-Cas9
expression construct (Sidik et al., 2014). A PCR product w homology flanks for ACBP1 was made with the following primers
5 ATTTTTTCCAAAGTCCATGCTGGGTTTCTCCCCTG-TGTCTAGGGAGCCTTAAAACCCTCGAAGGCTGCTAGTAC 3 and

5 AGATGATTTGACGACACGCGCCTCGGAAGTCGCTCTGTTTACG- CGCTTTTTGCCAGAACACTTGTCAACCG3' using a
graCAT-sag-mcherry resistance cassette as a template and transfected with U6 construct and selected for with Chloramphenicol.
For SCP2 KO/ACBP1iKD, the following protospacer5’ GTACGCTTGCTGTGGAAAAA 3’ was inserted into a U6-Cas9 construct and
co-transfected with the following primers 5’
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gaacaggtgctgacacttgctcgagaatcctgtcgctgcaagttctgagtt AAAACCCTCGAAGGCTGCTAGTAC 3 and 5 agggcgagtttcacgaaatc
ttcgt -ccaacaaagtgatggtgcagtcgcaTGCCAGAACACTTGTCAACCG 3 using a graCAT-sag-mcherry resistance cassette and
selected for with chloramphenicol.

T. gondii transfection

RH-AKu80 parasite line was transfected with 100 pg of pLIC-TgATS2-3HA-DHFR linearized with Blpl for stable integration of HA-tag
at C terminus of TgATS2. 150 pg pTOXO_Cas9-CRISPR::gTgATS2-KO and pTOXO_Cas9-CRISPR::gTgAGPAT-KO were trans-
fected in TgATS2-HA line with 10 pg of appropriate HXGPRT cassette for TgATS2-KI and TgATS2-KO, PCR product as described
above. Electroporations were performed in a 2-mm cuvette ina BTXECM 630 (Harvard Apparatus, at 1,100 V, 25 Q, and 25 uF. Stable
lines expressing the tagged constructs were selected selected in media with 1 pM pyrimethamine or 25 ng/ml mycophenolic acid and
50 pg/ml xanthine and cloned by limiting dilution.

RH-AKu80 parasites were also transiently transfected with pLIC-TgAGPAT-3HA-DHFR. pTOXO_Cas9-CRISPR::gTgAGPAT-KO
was transfected in RH-AKu80 parasites for a simple mutant ATJAGPAT and in ATgATS2 parasites to obtain a double mutant
ATgATS2/ATgAGPAT. The plasmid pMORN1-CherryRFP-MORN1/SagCAT were transfected in both RH-AKu80 and ATgATS2 para-
site lines.

All other transfections were performed with 50 g of DNA and electroporation conditions were as described above. Transfected
parasites were incubated at different concentration with HFF cell 48 h prior to immunofluorescence assay.

T. gondii growth assays

- Plaque Assay

HFF monolayers were infected with 500 parasites and allowed to develop for 10 days before staining with Crystal Violet (Sigma) and
cell growth assessment by light microscopy for the presence of intact HFF. To obtain statistical assessment, each strain was grown in
each condition in triplicate and the plaque area in the same square unit (n = 6) are measured. Boxplot with whiskers from minimum to
maximum with median.

- Cell-based assay

T. gondii growth was determined with an automatic microscope-based screening (Olympus ScanR, Japan). HFFs were seeded at a
density of 10,000 cells per well into 96-well plates and were allowed to grow and equilibrate for 48 h at 37°C. Cells were then infected
with 4 x 104 parasites/well. Invasion was synchronized by briefly centrifugation of plate at 250 g and placed at 37°C for 2 h. The assay
was run for 30 h. Hoechst 33342 (Life technologies) stain was then loaded on live cells/parasites at 5 ng/ml for 20 min. Infected cells
were fixed with PFA (3.7%) for 10 min at 37°C. A mouse anti-GRA1/Alexa488 labeling (dilution 1:500) was used to identify parasito-
phorous vacuoles. A total of 20 fields per well were taken using the 20X objective. Images were collected for the distinct fluorescence
channels (Hoechst 33342: e.g., 360-370 nm, em. 420-460 nm and Alexa488: ex. 460-495, em. 510-550 nm). Images were then
analyzed using the ScanR analysis software (Olympus, Tokyo, Japan). For Alexa488 channels images (vacuoles) an intensity algo-
rithm module was used where a fixe threshold was defined with a minimum of 100 pixels size in order to segment the smallest vac-
uoles (one or two parasite). For Hoechst channel images (parasites nuclei), image process consists to apply a strong background
correction and detected parasites with an edge algorithm. A minimum object size of 5 pixels and a maximum object 20 pixels larger
one was chosen to discriminate each parasite. ScanR analysis module interface as in flow cytometry allow us to extract and display
data as scatterplots and histograms. Using a “gating” procedure we were able to hierarchically filter selected data points with precise
boundaries (e.g., number of vacuoles versus number of parasite/vacuoles). The proliferative index was evaluated by parasite/vacuole
number ratio. To assess statistically, the samples were prepared in quadruplicate (n = 4).

T. gondii egress assay

WT or ATgATS2 parasites were incubated on HFF cells for approximately 26 h before aspirating medium and replacing with DMEM
containing 2 uM A23187 or DMSO in quadruplicate (n = 4). Parasites were incubated for 3 min before addition of an equivalent volume
of 2x fixative containing 5% Paraformaldehyde, 0.05% glutaraldehyde in PBS (final concentration 2.5% Paraformaldehyde, 0.025%
glutaraldehyde). Cells were fixed for 15 min before permeabilizing with 0.025% Triton X-100 in PBS for 10 min and then Blocking
overnight in blocking solution (2% FBS in PBS). Samples were then probed by immunofluorescence assay and counted manually
for egress.

T. gondii Red/Green parasite invasion assay

Experiment was performed as per (Katris et al., 2014). Parasites were grown for 2 days in quadruplicate (n = 4). and harvested
intracellular after replacing medium with ENDO buffer (44.7 mM K2S04, 10 mM MgS04, 106 mM sucrose, 5 mM glucose, 20 mM
Tris-H2S04, 3.5 mg/ml BSA, pH 8.2). Cells were scraped, needle passed, filtered and centrifuged at 1800 rpm for 10 min. Cells
were resuspended to a concentration of 2.5 x 107 cells ml-1 in ENDO buffer and settled for 20 min onto host cells. Once settled,
medium was aspirated and replaced with Invasion buffer (DMEM, 3% FBS and 10 mM HEPES). Parasites were allowed to invade
for 15 min before fixation with 2.5% Paraformaldehyde and 0.02% glutaraldehyde. Samples were then blocked in 2% FBS in
PBS overnight at 40C. Samples were probed with mouse anti-SAG1, before washing with PBS, then permeabilized with 0.25% Triton
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X-100 in PBS. Cells were then probed with rabbit anti-GAP45 and washed in PBS. Samples were then probed with Alexafluor anti-
mouse 546 and anti-rabbit 488 before mounting onto slides. Cells were imaged by microscopy and invasion rate determined using
Imaged.

Plasmodium falciparum growth assays

P. falciparum NF54 wild-type parasites and Fabl-KO (Vaughan et al., 2009) were maintained as previously described (Trager and Jen-
sen, 1976) at 2% hematocrit in RPMI-HEPES supplemented with AlbuMAX Il (GIBCO). Intra-erythrocytic growth assays in standard
media were performed by monitoring the replication of tightly synchronous parasites (5% sorbitol) over four asexual cycles as pre-
viously described (Mi-Ichi et al., 2006; Mitamura et al., 2000). Media was replaced daily, sub-culturing were performed every 48 h
when required, and parasitemia monitored by Giemsa stained blood smears. Growth assays in lipid-depleted media were performed
by synchronizing parasites, before transferring trophozoites to lipid-depleted media as previously reported (Botté et al., 2013; Shears
et al., 2017). Briefly, lipid-rich AIbuMAX Il was replaced by complementing culture media with an equivalent amount of fatty acid free
bovine serum albumin (Sigma), 30 uM palmitic acid (C16:0; Sigma) and 45 uM oleic acid (C18:1; Sigma). All assays were performed in
triplicates on different days.

Immunofluorescence assay and Microscopy

Parasites were infected to HFF cells grown on coverslips as previously mentioned (Amiar et al., 2016). Primary antibodies used:
Mouse anti-HA antibody (Roche, 1:1000), anti CPN60 (1:1000), anti GAP45 (1:1000), rabbit anti-ACP (1:2000), rabbit anti-TOM40
(1:3000), polyclonal rabbit anti-IMC1, anti-MIC4 antibodies (1:1000), rabbit anti-Sumo21 at (1:500) and mouse anti-Sag1 (1:500),
anti-LBPA (1:500) or anti-LC3 (1:500). Secondary antibodies: anti-mouse Alexa 488 or 546, anti-rabbit Alexa 546- (ThermoFisher Sci-
entific, 1:10000). Mitotracker (1mM) was diluted in DMEM 1:5000 (100-300 nM working concentration).

For the immunofluorescence assay (IFA) parasites were grown on confluent HFF on coverslips and fixed in PBS containing 2.5%
paraformaldehyde (PFA) for 15 min at room temperature (RT). Samples were permeabilized with 0.25% Triton X-100 in PBS for 10 min
at RT prior to blocking in PBS containing 3% BSA and subsequent incubation with primary antibodies then secondary antibodies
diluted in the blocking solution. Labeled parasites were stained with Hoechst (1:10000, ThermoFisher Scientific) for 20 min and
then washed three times in PBS before final mounting of the coverslips on a glass slide using Fluoro-Gel (Electron Microscopy Sci-
ences). The fluorescence was visualized using fluorescence microscope (Axio Imager 2_apotome; ZEISS) with 63x objective.

Nile red staining of lipid droplets

The parasites were allowed to infect and growth in confluent monolayer HFF grown on coverslips, in the + ATc conditions for x days
and then fixed in PBS containing 2.5% paraformaldehyde (PFA) for 15 min at room temperature (RT). Samples were permeabilized
with 0.25% Triton X-100 in PBS for 10 min at RT and stained with primary rat anti-HA antibody followed by detection with secondary
AlexaFluor 488- conjugated goat anti-rat antibody. Thereafter, the sample coverslips were incubated for 1 h with Nile red in 1X. Lastly,
three washing steps with 1X PBS were performed before proceeding to DNA staining with Hoechst. The coverslips were mounted
onto a glass slide in fluorogel vefore proceeding to imaging using fluorescence microscope (Axio Imager 2_apotome; ZEISS). For
visualizing nile red stained droplets yellow-gold fluorescence (excitation, 450-500 nm; emission, greater than 528 nm) was used
on the axio imager. Quantification in + ATc condition was done by counting the no. of lipid droplets per parasite.

Activity analysis in LPAAT-deficient E. coli strains
Escherichia coli strain deficient in LPAAT/AGPAT activity [SM2-1 AplsC, Coli Genetic Stock Center #7587, Yale University] (Coleman,
1990) was used to confirm LPAAT activity in both TgATS2 and TgAGPAT.

Coding sequence of TgATS2 was synthesized (Genscript). TJAGPAT coding sequence was amplified by RT-PCR using primer sets
5-ATGGCGTCCACGCCGCTGC-3'/5'-TTAGAGACCGTGGCCTCGGTG-3' and TJAGPATAN-ter1-72 coding was amplified by RT-
PCR using primer sets 5'-CTCAACCGCCCGCCCAGGAATTA-3'/5'-TTAGAGACCGTGGCCTCGGTG-3'. These sequences were di-
gested and ligated into Hindlll restriction site on pQE30Xa vector (Quiagen) to generate expression vectors. Additionally, gene coding
for E. coli LPAAT activity plsC, was amplified from E. coli DH5alpha genomic DNA using primer sets 5-CTATATATCTTTCGTCTTAT
TATTAC-3'/ 5'-AACTTTTCCGGCGGCTTC-3' and ligated into pQE30Xa vector. Then these acyltransferase vectors and empty
pQE30Xa vector as negative control were transfected to electrocompetent cells of SM2-1 AplsC deficient E.coli. pPREP4 repressor
vector to regulate Lac promotor activity. Transformed bacterial populations were grown at 37°C in order to promote growth of all
isolates. Two independent clones of each bacterial strain that harbors each plasmid-of-interest were isolated for this study. Rescue
of LPAAT activity in SM2-1AplsC mutant was measured by the ability to grow at elevated temperature, 42°C, non-permissive tem-
perature in LB medium as previously described (Coleman, 1990). Bacteria were first grown in LB media at 37°C to stationary phase,
then the cultures were diluted to OD600 = 0.04 and finally inoculated with several dilutions (at 10-1 to 10-6) on LB plates and incu-
bated for 24 h at permissive (30°C) and non-permissive (42°C) temperatures. All experiments were conducted in triplicate with both
independent clones.

Cell Reports 30, 3778-3792.e1-€9, March 17, 2020 e7

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

Transmission electron microscopy

Parasites were grown for 24 h in Labteks (Nunc, Thermofisher) before fixation in 0.1 M cacodylate buffer with 2.5% glutaraldehyde for
2 h. Samples were then kept in fixative. at 40C until further processing. Sample were then post-fixed 1h with 1% osmium tetroxide in
cacodylate buffer followed by overnight in 2% uranyl acetate in distilled water. After dehydration in graded series of acetonitrile, sam-
ples were progressively impregnated in Epon812, the wells were then filled with fresh resin and allowed to polymerize 48 h at 60°C.
Ultrathin 70 nm section were obtained with a Leica UCT Ultramicrotome and collected on copper grids. Grids were post-stained with
uranyl acetate and lead citrate before their observation on a Jeol1200EXII Transmission Electron Microscope. All chemicals were
from Electron Micrsoscopy Sciences.

Lipidomic analysis by GCMS extraction from T. gondii tachyzoites

Lipid extraction and analysis of tachyzoites was performed as previously described (Ramakrishnan et al., 2012; Amiar et al., 2016;
Dubois et al., 2018). Freshly egressed tachyzoites (1 x 10°8 cell equivalents) grown in standard culture (n = 4) or in starvation culture
(n = 3), were metabolically quenched by rapid chilling of the cell suspension in a dry ice/ethanol bath and lipids were extracted in
chloroform/methanol/water (2:1:0.8, v/v/v containing 25 nmol tridecanoic acid C13:0 as extraction internal standard) for total lipid
analysis.

- For lipid quantification

Total lipid extraction was performed as described previously (Amiar et al., 2016). Parasites were prepared as described above except
for the addition of 0.1 M HCI to promote PA and LPA extraction. Pooled organic phase was subjected to biphasic separation by add-
ing 0.1 M HCI. In both protocols, the organic phase was dried with speed vaccum and dissolved in 1-butanol.

- Total lipids analysis

An aliquot of the lipid extract was dried in vacuum concentrator with 1 nmol pentadecanoic acid C15:0 as internal standard. Then the
dried lipid was dissolved in the chloroform/methanol, (2:1, v/v) and derivatised with MethPrep Il (Alltech). The resulting fatty acid
methyl esters was analyzed by GC-MS as described previously (Amiar et al., 2016). Fatty acid methyl esters were identified by their
mass spectrum and retention time compared to authentic standards. Lipid data was analyzed using Agilent® Masshunter software.
- Lipid quantification

Total lipid fraction was separated by 2D-HPTLC (Merck) with 5 ng PA(C17:0/C17:0) and 5 pg LPA(C17:0) (Avanti Polar lipids) using
chloroform/methanol/28% NH4OH, 60:35:8 (v/v) as the 1st dimension solvent system and chloroform/acetone/methanol/acetic
acid/water, 50:20:10:13:5 (v/v/v/v/v) as the 2nd dimension solvent system (Amiar et al., 2016). For DAG analysis, total lipid fraction
was separated by 1D-HPTLC using hexane/diethlether/formic acid, 80:20:2 (v/v/v) as solvent system. The spot on the HPTLC cor-
responding to each lipid was scrapped off and lipids were directly derivatised with 0.5 M methanoic HCI in the presence of 1 nmol
pentadecanoic acid (C15:0) as internal standard. The resulting fatty acid methyl esters were extracted with hexane and analyzed by
GC-MS (Amiar et al., 2016). Resulted FAME and cholesterol-TMS was analyzed by GC-MS (5977A-7890B, Agilent). FAME was then
quantified using Mass Hunter Quantification software (Agilent). All statistical analyses were conducted using GraphPad Prism soft-
ware. P values of < 0.05 from statistical analyses (Ttests) were considered statistically significant.

Stable isotope labeling of T. gondii

Stable isotope labeling using U-'3C-glucose (Cambridge Isotope Laboratories, USA), lipid extraction, and GC-MS analysis was
performed as previously described in Ramakrishnan et al. (2012) and Amiar et al. (2016). Freshly infected HFF were incubated in
glucose-free medium supplemented with 8 mM U-'3C-glucose. For FBS starvation study, 5% FBS was add to U-'3C-glucose me-
dium in standard culture conditions and 1% FBS was add to U-'3C-glucose medium in starvation culture condition. Parasites were
harvested 72 h post-infection and metabolites extracted as above.

Phospholipid import assay

Freshly lysed cultures of WT or ATgATS2 parasites (n = 3) were harvested, filtered and resuspended in DMEM to a concentration of
approximately 2 x 108 cells ml-1. Cells were then mixed with a 2x solution containing 10 ng mi-1 NBD-PA or NBD-PC (5 ng/mL final)
and incubated at 370C. Parasites were then spun down, resuspended in PBS. PFA was then added to a final concentration of 2.5%,
and cells were fixed for 15 min before being spun down again and resuspended in 1xPBS. Parasites were smeared onto polyethy-
leneimine coated coverslips, and then probed with anti-SAG1 primary (1:1000) and anti-mouse Alexa 546 secondary antibodies
(1:10000) by immunofluorescence microscopy, stained with DAPI (1:10000) and mounted onto slides. Samples were imaged by mi-
croscopy. SAG1 labeling was used to identify parasites using ImageJ and then estimate the amount of NBD-lipid uptaken by the
parasites.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses for all experiments were performed with Prism software v7 (GraphPad). In experiments comparing only two
groups, t test with Holm-Sidak correction were used to compare the experimental group with the control group. For other experi-

ments including 3 groups, non-parametric ANOVA tests (Sidak correction for multiple tests) were used. Individual p values are
indicated in each figure. Each experiment was done in n = 3 otherwise mentioned in material metthods. For lipidomic analysis,

e8 Cell Reports 30, 3778-3792.e1-e9, March 17, 2020
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Agilent® Masshunter software, was used for fatty acid analysis and subjected to statistical analysis as described above. All error bars
present standard error of mean, otherwise mentioned individually.

DATA AND CODE AVAILABILITY

No unique code or software was generated in this study. All datasets generated and analyzed during this study are available upon
request to the lead contact Cyrille Botte (cyrille.botte@univ-grenoble-alpes.fr).
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Abstract: The malaria parasite harbors a relict plastid called the apicoplast. Although not photosyn-
thetic, the apicoplast retains unusual, non-mammalian metabolic pathways that are essential to the
parasite, opening up a new perspective for the development of novel antimalarials which display
a new mechanism of action. Based on the previous antiplasmodial hit-molecules identified in the
2-trichloromethylquinoxaline series, we report herein a structure—-activity relationship (SAR) study at
position two of the quinoxaline ring by synthesizing 20 new compounds. The biological evaluation
highlighted a hit compound (3i) with a potent PfK1 ECs( value of 0.2 uM and a HepG2 CCs value
of 32 uM (Selectivity index = 160). Nitro-containing (3i) was not genotoxic, both in the Ames test and
in vitro comet assay. Activity cliffs were observed when the 2-CCl3 group was replaced, showing
that it played a key role in the antiplasmodial activity. Investigation of the mechanism of action
showed that 3i presents a drug response by targeting the apicoplast and a quick-killing mechanism
acting on another target site.

Keywords: quinoxaline; trichloromethyl goup; Plasmodium falciparum; structure-activity relation-
ships; apicoplast
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1. Introduction

Malaria remains the deadliest parasitic disease; according to the World Health Or-
ganisation (WHO) [1], malaria caused an estimated 229 million cases leading to 409,000
deaths in 2019 with 94% of malaria cases and deaths occurring in the sub-Saharan Africa
region. The most lethal species infecting humans is Plasmodium falciparum. The parasite is
transmitted to humans by the bite of an infected female Anopheles mosquito. Currently, the
first-line treatment of malaria caused by P. falciparum is based on artemisinin-based combi-
nation therapies (ACTs). Unfortunately, despite global efforts, the emergence of parasite
resistance to the most effective class of antimalarial drugs, such as artemisinin (ART) [2],
has led to treatment failures, particularly in the Greater Mekong Subregion [3]. However,
the geographic scope of resistance may be rapidly expanding. Indeed, molecular markers
of artemisinin resistance were described in African regions, leading to a significant public
health concern [4]. Moreover, there are only six new chemical entities in the Medicines for
Malaria Ventures (MMYV) clinical pipeline [5].

Therefore, there is an urgent need for new therapies with novel mechanisms of action
against Plasmodium in order to reduce the risk of emerging resistant parasites and to ensure
the sustained efficacy of ACTs.

Focusing on the development of new anti-infective agents, our team has reported the
antiplasmodial activities of nitrogenous heterocyclic scaffolds bearing a trichloromethyl
(CCl3) group, including a hit molecule (A) in quinazoline series (Figure 1) [6-8]. This
hit-compound showed a good antiplasmodial profile (ECsy PfK1 = 1.1 uM and CCs =
50 pM) [9]. Furthermore, replacement of the quinazoline ring by a quinoxaline one (hit
B, Figure 1), using a scaffold-hopping strategy, improved the antiplasmodial activity and
preserved the cytotoxicity profile compared to hit A.

a
ion
0
O
/
N/)\CCI3 N cal,

Hit A Hit B Chloroquine Artesunate  Doxorubicin
EC5o PFK1 (uM) 11 0.4 0.8 0.003
CCsp HepG2 (uM) 50 50 30 14.7 0.2
Selectivity index (SI) 40.2 100.5 37.5 4900

Figure 1. Comparison of biological activities between hit A, hit B and reference drugs.

Indeed, several quinoxalines have already been described as promising antiplasmodial
molecules, including MMV007224 (Figure 2), which was identified from the Malaria
Box [10]. In addition, the 1,4-di-N-oxide quinoxaline derivative (QdNO 19) showed an-
tiplasmodial activity against both the 3D7 chloroquine-sensitive and FCR-3 multidrug-
resistant strains of P. falciparum [11].
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o- — cl
|+
N NH Br cl N X, .. NH
= AN N
COor T T
N
H N S 3
MMV007224 QdNO 19
EC5, Pf3D7= 1.06 pM ECso Pf3D7 = 0.24 pM
CCyo HepG2 = 5.1 uM ECg PfFCR-3 = 2.80 pM

CC5o HepG2 > 241.0 uM

Figure 2. Structures of quinoxalines with antiplasmodial activities.
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The MMV has defined requirements for the target candidate profiles (TCP) and target
product profiles (TPP) [12]. One way to achieve these goals is to search for compounds
with new mechanisms of action. Among antiplasmodial targets identified, the apicoplast, a
relic plastid of Apicomplexa, constitutes an interesting target for the development of new
antimalarial drugs.

Apicomplexan parasites are responsible for serious infectious diseases, such as malaria.
Most apicomplexans have a key organelle called the apicoplast, which is a non-photosyn-
thetic plastid acquired by a secondary endosymbiosis from a plastid-containing red
alga [13,14]. This organelle contains the second smallest known circular genome for a
plastid (35 kilobases) which encodes for proteins that are targeted to the apicoplast [15].
Although not photosynthetic, the apicoplast performs several essential anabolic functions
for the parasite, including isoprenoid precursors biosynthesis, fatty acids biosynthesis,
heme biosynthesis, and iron-sulfur cluster assembly [16].

To date, very few molecules targeting the apicoplast have been described, how-
ever, some known antibiotics have been studied, such as ciprofloxacin and doxycycline,
which target the genetic machinery of P. falciparum apicoplast leading to a delayed death
drug-response [17]. Clindamycin and azithromycin are other examples of delayed death
antibiotics that target P. falciparum [18].

The vestigial origin of the apicoplast has paved the way for innovative antimalarial
drugs that can be described as herbicidal therapies. Among the biocides targeting the
apicoplast, triclosan showed antiparasitic activity against Plasmodium through the fatty acid
biosynthesis pathway inhibition located in the apicoplast [19], although it was off-target
and not active in vivo [20].

It is noteworthy that some trichloromethylated molecules were known as biocides,
such as etridiazole (Figure 3) [21] and trichloromethyltriazolothiadiazole, which target
pyruvate kinase II located in the apicoplast [22]. In addition, Banach et al. described
trichloromethylsulfonylbenzimidazole derivatives with herbicidal activities targeting the
apicoplast [23]. Therefore, a possible correlation between the pharmacophore -CCl3 and
herbicidal activity could be suggested.

H
HC_ o /Z)\CH N
g S 3
m/ \N N- /> CH,
N AR €1,C0,5 N N—Rr
\< C|3C"< )QN/ 3 2 /
s

R
ccl,
idiazol Trichloromethyltriazolo- Trichloromethylsulfonyl
Etridiazole thiadiazole derivative benzimidazole derivatives

Figure 3. Structures of some trichloromethylated derivatives as biocides.

All these data allowed us to establish a relationship between the biocid effect of the
CCl; group and the antiplasmodial activities of herbicides that target the apicoplast. In
order to decipher the mechanism of action of our trichloromethylated molecules, studies
to determine the effect of our molecules on apicoplast biogenesis during the blood and
hepatic stages of Plasmodium falciparum are discussed here. In parallel, the action against
artemisinin-resistant parasites of P. falciparum was also studied.

2. Results and Discussion
2.1. Synthesis

We planned to explore the structure—-activity relationship by investigating the influence
of substituents at position 2 of the 3-trichloromethylquinoxaline scaffold, in a view to
identify new optimized hit-compounds.

Key substrate (1) was obtained from a condensation reaction of o-phenylenediamine
with ethyl pyruvate to provide the corresponding lactam followed by a chlorination reaction
using POCl; [8] (Scheme 1). Next, chlorimine (1) was reacted by a nucleophilic aromatic
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substitution reaction (SyAr) with various phenol derivatives using cesium carbonate in
DMF at 70 °C. The desired intermediates (2a—2t) were obtained in moderate to quantitative
yields (45 to 99%). Yield variation seems to have no clear correlation with the electron-
donating or -withdrawing behavior of the different substituents borne on the phenols.
Finally, according to a previously described protocol [24], from the methylated precursors
(2a-2t), a chlorination reaction using PCls and POCl; was performed under microwave
heating at 100 °C for 30 min, leading to the target analogs of hit B (3a-3t) in low to very
good yields (26-85%). Globally, 20 derivatives (3a-3t) were obtained: 16 compounds
bearing electro-donating or electro-withdrawing substituents in ortho, meta, and para
positions of the phenol moiety, and four cluttered phenol derivatives.

R R
NH, 1) 1(89%) .
5 N\ijI i N\j\/o iv N\:[O
[j: [ ;[ 7 [ :[ Pz [ :[ Pz
NH; ) ii N™ CHy N~ CH, N cclg
(1) (3a-30,39-3t)
80% 26-85%
v 0
F3C\Isl//NH

N._ _O
\

CLX
N cal,
(3p)
28%

Scheme 1. Preparation of 2-phenoxy-3-trichloromethylquinoxaline derivatives (3a-3t). Reagents and
conditions: (i) ethyl pyruvate 1 equiv, H,O, 50 °C, 15 min; (ii) POCl3, reflux, 2 h; (iii) appropriate
phenol derivative 1 equiv, CspCOj3 1 equiv, anh. DMEF, 70 °C, 12 h, sealed vial, Ny; (iv) PCls 6 equiv,
POCl; as solvent, 100 °C, MW, 20 min, 800 W; (v) (3m) 1 equiv, ammonium carbamate 1.5 equiv,
phenyliodine diacetate 2.1 equiv., CF3CH,OH, rt, 3 h.

2.2. Biological Results
2.2.1. Structure-Activity Relationship (SAR) Study

These new derivatives were evaluated in vitro against the K1 chloroquine and pyrime-
thamine-resistant P. falciparum strain by determining their 50% efficacy concentration (ECs),
and were compared to three reference antimalarial drugs: chloroquine, artesunate, and
doxycycline. The in vitro 50% cytotoxic concentrations (CCsp) were assessed on the HepG2
human hepatocyte cell line and compared to a cytotoxic reference drug, doxorubicin. For
all molecules, the selectivity index was calculated as following SI = CCs/ECsg. The results
are presented in Tables 1 and 2.
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Table 1. Reaction yields, antiplasmodial activity, HepG2 cytotoxicity, and clogP of the 3-phenoxy-2-
trichloromethylquinoxalines 3a-3p.

R

s
o,

N° Yield Step 2 ECs5¢ PfK1 CCsp HepG2 e

R (%) (uM) - SD (uM) + SD st clogP
H 3a 84 0.47 £0.10 453 +9.6 96.4 4.28
2-Cl 3b 67 0.55 + 0.12 495 +10.1 90.0 4.75
3-Cl 3c 67 0.34 + 0.06 372481 109.4 4.77
2,4-Cl 3d 52 0.60 £ 0.12 377 +4.7 62.8 5.28
2-F 3e 43 0.64 +0.14 >15.6 ¢ >24.4 4.53
3-F 3f 52 0.32 £+ 0.07 335+ 6.3 105.0 4.54
4-F 3g 58 0.42 + 0.09 359475 85.5 4.56
4-OMe 3h 27 0.38 + 0.08 >7.8°¢ >20.6 4.22
4-NO, f 3i 57 0.20 + 0.04 32.0+ 6.1 160.0 3.53
4-CF3 3j 70 0.30 £ 0.06 283 +44 94.3 5.27
4-OCF;3 3k 85 0.40 + 0.08 27.1+47 67.8 5.15
4-SF5 31 84 0.20 £ 0.03 16.6 + 3.9 83.0 5.41
4-SCF3 3m 58 0.20 + 0.04 25.6 4.6 128.0 5.70
4-CN 3n 81 0.25 + 0.04 154 +2.1 77.0 4.06
4-SO,CF3 30 26 0.22 £ 0.07 72+14 32.7 4.77
4-SONHCF; 3p 28 0.21 £+ 0.05 65+14 31.0 5.11
Chloroquine ? 0.80 30.0 37.5 3.82

Artesunate 2 0.003 £ 0.0012 147+ 14 4900 -

Doxycycline ? 6.00 20.0 3.3 -

Doxorubicin P - 0.2 - -

2 Chloroquine, artesunate, and doxycycline were used as antimalarial reference-drugs; ® Doxorubicin was used as a cytotoxic reference-drug;
¢ Highest concentrations were tested due to a lack of solubility; ¢ Selectivity index (SI) was calculated according to the formula: SI =
CCs0/ECsp; € Weighted clogP was computed by the SwissADME; f The best antiplasmodial hit with the best ratio activity /cytotoxicity.

Table 2. Reaction yields, antiplasmodial activity, HepG2 cytotoxicity, and clogP of the cluttered 3-phenoxy-2-
trichloromethylquinoxalines 3q to 3t.
N R'
©:NICCI3

Yield Step 2 ECsp PfK1 CCsp HepG2

, o d e
R N %) (uM) + SD (uM) = SD SI clogP
3q 43 0.60 = 0.10 53.1+7.6 88.5 5.17
E/O
*’J\o 3r 64 0.40 4+ 0.08 >31.2°¢ >78.1 5.19
& = =

o)) 3s 50 0.60 + 0.10 >62.5 ¢ >104.2 5.61
t;o 3t 70 0.50 £ 0.05 >31.2°¢ >62.5 5.60
Chloroquine 2 0.80 30.0 37.5 3.82

Artesunate 2 0.003 £ 0.0012 147 +14 4900 -

Doxycycline # 6.00 20.0 3.3 -

Doxorubicin P - 0.2 - -

2 Chloroquine, artesunate and doxycycline were used as antimalarial reference-drugs; ® Doxorubicin was used as a cytotoxic reference-drug;
¢ Highest concentration tested due to a lack of solubility; d Selectivity index (SI) was calculated according to the formula: SI = CCsy/ECs, €
Weighted clogP was computed by the SwissADME.
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Out of the 20 tested molecules, five showed poor aqueous solubility in the cell culture
medium (3e, 3h, 3r, 3s, 3t), limiting their in vitro cytotoxicity evaluation. Regarding the
effect on cell viability of the HepG2 human cells, except for two compounds (30 and
3p), all derivatives showed good cytotoxicity values ranging from 15.4 to 53.1 uM in
comparison with reference drug doxorubicin (CCsy HepG2 = 0.20 uM). It appeared that
the cluttered derivatives (3q, 3s) and the 2-chlorophenoxy derivative (3b) were the less
cytotoxic compounds. The electron-withdrawing groups (EWG) (31, 3n) at para position
of 3-phenoxy moiety led to slightly more cytotoxic compounds ((CCsp HepG2 = 15.4 and
16.6 uM, respectively).

The meta-halogenated (chloro or fluoro) phenoxy group (3c and 3f) gave the best
antiplasmodial activities with quite similar activities ((EC59 Pf K1 = 0.34 and 0.32 uM,
respectively) compared to the ortho (3b, 3e) and para (3g) positions.

The para-EWG as 4-OCF; (3k) and the para-electro-donating group (EDG) as OMe
(3h) remained active as the halogenated phenoxy moieties (ECsy Pf K1 = 0.40 and 0.38 uM,
respectively). The unsubstituted phenoxy group (3a) also showed good antiplasmodial
activity. Among the cluttered analogs, the 2-(naphthalen-2-yloxy) was slightly better than
the 2-(naphtalen-1-yloxy) compound (ECsy Pf K1 = 0.40 vs. 0.60 uM). Strong EWG such as
4-SFs5, 4-SCF3, and 4-CN (31, 3m, 3n) afforded the best antiplasmodial activities (ECsy Pf
K1 =0.20 uM for each molecule).

From the trifluoromethylthio derivative (3m), in order to add H-bond donor and
decrease clogP, an analog bearing a trifluoromethylsulfoximine at para position was syn-
thetized. Moreover, to anticipate the potential in vivo sulfur oxidation of (3m), the sulfonyl
30 was prepared. These two analogs (30, 3p) showed both good antiplasmodial activity.
However, these were the most cytotoxic derivatives.

Finally, the best compound in this series is the 4-NO,-substituted phenoxy group (3i)
which showed both good ECs5p and CCsy values, leading to the highest selectivity index in
the series (SI = 160.0) (Tables 1 and 2). It is also notable that the best compound has also the
lowest clogP.

2.2.2. In Vitro Toxicity Data

Toxicity concerns related to nitro-containing drugs emerged a long time ago [25],
particularly due to the mutagenic potential of these compounds [26]. Most of molecules
bearing a nitro group are well known for their mutagenicity against the Salmonella ty-
phimurium strain used in the Ames test [27].

Nevertheless, the evaluation of the mutagenicity of compound (3i) was carried out
using the Ames test on four S. typhimurium strains at 5 mM and 25 mM (four doses per
concentrations: 2, 3, 4, 5 uL/plate for assay without S9 mix and 4, 6, 8, 10 uL/plate
for assay with S9 mix). After 48 h of exposition of (3i), no significant number of rever-
tants was observed compared to the positive control, indicating that this nitro-containing
trichloromethylated molecule is not mutagenic in vitro (see Supplementary Materials).

To complete the mutagenic Ames test, in vitro comet assay was performed on the
HepG2 cell line at the concentration of 3.2 and 16 uM (CCs (3i)/2 and CCsq (3i)/10, 72 h)
(Table 3). Compound 3i did not induce DNA strand breaks or alkali labile sites after either
short (2 h) or long (72 h) exposition at two concentrations tested (Supplementary Materials)
Methyl methanesulphonate (MMS), the positive control used in the comet assay, gave the
expected results.
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Table 3. Ames test and in vitro comet assay data regarding hit compound 3i.

Time (h) [3i] Concentration Result
5mM (w/0 S9 mix)
25 mM (w/ 0 S9mix) .
a
Ames test 48 5 mM (w/S9 mix) negative
25 mM (w/S9mix)
2 3.2uM
In vitro comet assay ” 2 16 M negative
y 72 3.2 uM
72 16 uM

2 Ames test: each concentration of [3i] tested at 2, 3, 4 et 5 uL./plate (w/0 S9 mix assay) or 4, 6, 8, 10 uL/plate
(W/S9 mix assay). ® In vitro comet assay was performed on HepG2 cell line.

2.2.3. Role of the 3-CCl3 Group

Previously, we have shown that the CCl; group is mandatory to provide antiplas-
modial activity [28-30]. To confirm the key role played by the 3-CCls group of the most
potent compound (3i) in phenoxyquinoxaline series, the CCl3 group was replaced by a
proton (3u), a CHj group (2i), a CF3 group (3v), and a CHCl, group (3w). All these analogs
without the CCls group lost their activity against P. falciparum (ECsy PfK1 > 16 pM). Once
again, the CCl; group appeared essential for antiplasmodial activity (Figure 4) [31].

NO,

NO, NO, NO, NO,
N Eo? IR N Eo; N (? N (5); N (o;
X, — OX, X, Crx, Crx
7 7 I~ - 7
N el N"H N7 CcHy N7 CF, N”" cHal,
(3i) (3u) (2i) (3v) (3w)

EC5o PfK1=0.2 pM EC5o PfK1 > 25 uM ECgq PfK1>25 uM ECsq PfK1>25 umMm ECso PfK1 > 16 pM

Figure 4. Comparison of the in vitro antiplasmodial activities of hit molecule 3i with analogs 3u, 3v,
3w, 3x.

2.2.4. Evaluation on P. falciparum Apicoplast

To determine the impact of (3i) on apicoplast biogenesis, parasites were treated for 48 h
with 0.2 uM of (3i) or 0.2 uM of (2i) (a control of (3i) for which the active CCl; was replaced
by a methyl CHj group) and compared to untreated parasites by immunofluorescence assay.
In the untreated culture, parasites presented normal apicoplast biogenesis depending on
the life stage (elongated for trophozoite stage and individualized for schizont) while treated
culture with (3i) showed a doted single non-elongated apicoplast at the mid-trophozoite
life stage and apicoplast, which seems to diffuse into the cytosol and form vesicles for
advance life stages (i.e., late trophozoite) (Figure 5A). This result is similar to what was
previously reported after parasite chemical rescue after apicoplast loss [32]. We confirmed
the absence of effect of molecule (2i) on the apicoplast biogenesis and Plasmodium growth,
correlated to the replacement of the CCl; group of (3i) by CHjs (Figure 5B,C). In order
to determine if the apicoplast is the main target of (3i), we performed a growth assay
over three life cycles to assess a potential delayed death effect, one of the major signature
for compounds affecting apicoplast. The results show a drastic reduction in the parasite
growth within the first life cycle in the cultures treated with 0.2 uM of (3i) (Figure 5C),
which can be interpreted in two ways: the first is that the primary target is outside of
the apicoplast and the impact on apicoplast biogenesis is a collateral effect. The second
interpretation could be that, unlike chloramphenicol or doxycycline, which cause a delayed
death phenotype on Plasmodium, (3i) could act like fosmidomycin or actinonin and cause a
rapid death phenotype [31]. Hence, although, we cannot exclude an indirect effect on the
apicoplast, (3i) affects its presence and morphology.
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Figure 5. (3i) treatment affects apicoplast biogenesis. (A,B) A triose phosphate transporter (TPT)
fluorescent signal is shown in green (TPT labeled with an 3 x HA tag). Apicoplasts of treated

parasites with 0.2 uM of (3i) molecule or 0.2 uM of (2i) are compared to normal plastid visualized
in @ untreated control. Microscopic images were obtained by a epifluorescence microscope. DIC,
differential interference contrast. (C) Growth assay over three life cycles (48 h), bars represent the
ratio treated parasites on untreated. (n = 3, error bar = standard deviation, SD).

2.2.5. Evaluation on Artemisinin-Resistant and Artemisinin-Sensitive Parasites

It is essential to assess the efficacy of new antimalarial compounds against ART-
resistance, as its worldwide spreading threats malaria control [1]. In this context, the ART-
resistant strain F32-ART5 and its tween ART-sensitive strain F32-TEM were used [33,34].
Compound (3i) showed similar antiplasmodial activity on both strains F32-ART5 and
F32-TEM with mean ECsg values of 400 nM and 392 nM, respectively (Mann-Whitney
test p-value = 0.8). However, despite ART-resistant genotype of F32-ART5, ECs5, values
of ART were also similar for both strains (ranging from 11 to 19 nM, Mann-Whitney test
p-value = 0.267) (Table 4), due to the specific P. falciparum quiescence-based mechanism
of ART-resistance leading to parasite cell cycle arrest during drug exposure. Therefore,
evaluation of (3i) with specific assays of artemisinin-resistance [33-35] was conducted and
evidenced that this compound was active against the artemisinin-resistant parasites at the
proliferative state but not at the quiescent state (see Supplementary Materials Figure 549).

Table 4. Evaluation of chemo-sensitivity, by standard assay, of P. falciparum strains F32-ART5 (ART-
resistant) and F32-TEM (ART-sensitive) to (3i). Artemisinin was used as drug control.

Mean 4+ SEM ECj5, values

F32-ART5 F32-TEM $
N4 n=2* p-value
3i 400 + 105 nM 392 + 34 nM 0.8
Artemisinin 11 +3nM 19 +£ 3nM 0.267

* Results represent the mean of four and two independent experiments for F32-ART5 and F32-TEM, respectively.
$ Mann-Whitney test. A p-value < 0.05 was considered as statistically significant.

2.2.6. Studying the Effect of (3i) on the Liver Stage Development of P. falciparum

The effect of (3i) on the hepatic stage of P. falciparum was next studied in order to
know if (3i) was active against another stage of P. falciparum cycle. Cryopreserved primary
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human hepatocytes were infected with 30,000 freshly extracted P. falciparum sporozoites
and simultaneously treated with a dose range (0.9-30 uM) of (3i). Atovaquone (ATQ) was
used as a positive parasite-killing control at 25 nM. Treatment with (3i) had no effect on
exoerythrocytic forms (EEF or schizont) size and numbers at 6 or 12 days post-infection,
while ATQ could completely clear all parasites from the culture (see Supplementary Mate-
rials Figures S50 and S51). The apicoplast in the hepatic stage was quite not affected by (3i)
even at high concentrations (up to 30 uM) (see Supplementary Materials Figure S52).

Finally, we studied the hepatotoxicity of (3i). This was carried out by quantification
of DAPI-stained hepatocyte nuclei in culture wells. Generally, if a drug is hepatotoxic,
it causes death and detachment of hepatocytes leading to less hepatocyte nuclei counts.
The nuclei numbers in control and 3i-treated wells are comparable and no reduction in
hepatocyte numbers could be detected under the dose range tested (Figure 6). Interestingly,
no cytotoxicity was observed on human hepatocytes up to 30 uM of (3i).

Toxicity
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[
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Figure 6. Toxicity of (3i) on human hepatocytes.

3. Materials and Methods
3.1. Chemistry
3.1.1. Generality

Melting points were determined on a Koéfler melting point apparatus (Wagner &
Munz GmbH, Miinchen, Germany) and were uncorrected. Elemental analyses were carried
out at the Spectropole, Faculté des Sciences de Saint-Jérome (Marseille) with a Thermo
Finnigan EA1112 analyzer (Thermo Finnigan, San Jose, CA, USA). NMR spectra were
recorded on a Bruker AV (Billerica, MA, USA) 200 or AV 250 spectrometers or a Bruker
Avance NEO 400MHz NanoBay spectrometer at the Faculté de Pharmacie of Marseille or
on a Bruker Avance III nanobay 400 MHz spectrometer at the Spectropole, Faculté des
Sciences de Saint-Jérome (Marseille). (1IH NMR: reference CHCl3 = 7.26 ppm, reference
DMSO-d6 & = 2.50 ppm and '3C NMR: reference CHCl3 & = 76.9 ppm, reference DMSO-d,
5 =39.52 ppm). The following adsorbent was used for column chromatography: silica
gel 60 (Merck KGaA, Darmstadt, Germany, particle size 0.063-0.200 mm, 70-230 mesh
ASTM). TLC was performed on 5 cm X 10 cm aluminum plates coated with silica gel
60F-254 (Merck) in an appropriate eluent. Visualization was performed with ultraviolet
light (234 nm). Purity of synthesized compounds was checked by LC/MS analyses, which
were realized at the Faculté de Pharmacie of Marseille with a Thermo Scientific Accela
High Speed LC System®® (Waltham, MA, USA) coupled using a single quadrupole mass
spectrometer Thermo MSQ Plus®®. The RP-HPLC column is a Thermo Hypersil Gold®®
50 x 2.1 mm (C18 bounded), with particles of a diameter of 1.9 mm. The volume of sample
injected on the column was 1 pL. Chromatographic analysis, total duration of 8 min, was
on the gradient of the following solvents: t = 0 min, methanol/water 50:50; 0 < t < 4 min,
linear increase in the proportion of methanol to a methanol/water ratio of 95:5;4 <t <6
min, methanol/water 95:5; 6 < t <7 min, linear decrease in the proportion of methanol
to return to a methanol/water ratio of 50:50; 6 < t < 7 min, methanol/water 50:50. The
water used was buffered with ammonium acetate 5 mM. The flow rate of the mobile phase
was 0.3 mL/min. The retention times (tr) of the molecules analyzed were indicated in
min. The microwave reactions were performed using multimode reactors: ETHOS Synth
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Lab station and MicroSYNTH®® Lab terminal 1024 (Ethos start, MLS GmbH, Leutkirch,
Germany); or monomode reactors: Biotage Initiator®® classic in sealed vials with a power
output of 0 to 400 W. Reagents were purchased and used without further purifications
from Sigma-Aldrich or Fluorochem.

3.1.2. General Procedure for 2-chloro-3-methyl Substituted Quinoxaline (2a-2p)

To a solution of 2-chloro-3-methylquinoxaline (1) (500 mg, 2.8 mmol) and the appro-
priate phenol (2.8 mmol, 1.0 equiv) in anhydrous DMF (10 mL), Cs,CO3 (912 mg, 2.8 mmol,
1.0 equiv) was added under inert atmosphere. The mixture was stirred at 70 °C overnight.
After completion of the reaction, water was added, leading to a precipitate which was
separated by filtration. The resulting precipitate was then thoroughly washed with water.
The precipitate was dissolved in CH,Cl, and dried with NaySOy. After filtration and
evaporation, the resulting solid was purified by silica gel column chromatography (using
the appropriate eluant) to afford the desired compound.

2-Methyl-3-phenoxyquinoxaline (2a)

Yield 79% (523 mg). White solid. Mp 90 °C. 'H NMR (250 MHz, CDCl3) 6 8.02-7.96 (m,
1H), 7.74-7.67 (m, 1H), 7.60-7.54 (m, 2H), 7.51-7.43 (m, 2H), 7.32-7.19 (m, 3H), 2.84 (s, 3H).
13C NMR (63 MHz, CDCl3) & 156.2, 153.0, 148.2, 139.6, 139.2, 129.7 (2C), 129.3, 127.9, 127.5,
125.4,121.8 (2C), 115.5, 20.7. LC-MS (ESI+) tg 6.01 min, m/z [M + H]* 237.27. MW: 236.27
g.mol_l. HRMS (ESI): m/z [M + H]* caled for C15H1,N,0: 237.1022, Found: 237.1022.

2-(2-Chlorophenoxy)-3-methylquinoxaline (2b)

Yield 73% (553 mg). Brown solid. Mp 140 °C. 'H NMR (250 MHz, CDCl3) § 8.04-7.97
(m, 1H), 7.69-7.63 (m, 1H), 7.61-7.55 (m, 2H), 7.54-7.49 (m, 1H), 7.40-7.35 (m, 2H), 7.30—
7.23 (m, 2H), 2.88 (s, 2H). 13C NMR (63 MHz, CDCl3) § 155.5, 149.2, 147.7, 139.5, 139.4,
130.7,129.3, 128.0, 127.9, 127.6, 127.5, 127.2, 126.7, 124.4, 20.7. LC-MS (ESI+) tg 3.77 min,
m/z [M + HJ*" 271.15/273.19. MW: 270.71 g.mol~!. HRMS (ESI): m/z [M + H]* calcd for
C15H19CIN,O: 271.0633, Found: 271.0632.

2-(3-Chlorophenoxy)-3-methylquinoxaline (2c)

Yield 90% (682 mg). Red-brown solid. Mp 108 °C. 'H NMR (250 MHz, CDCl3) 5
8.02-7.95 (m, 1H), 7.76-7.69 (m, 1H), 7.62-7.56 (m, 2H), 7.42-7.24 (m, 2H), 7.21-7.16 (m,
1H), 2.81 (s, 3H). *C NMR (63 MHz, CDCl3) & 155.7, 153.5, 147.9, 139.5, 139.3, 134.9, 130.4,
129.4,128.0, 127.7,127.5, 125.7, 122.4, 120.2, 20.6. LC-MS (ESI+) tg 4.13 min, m/z [M + H]*
271.09/273.18. MW: 270.71 g.mol~!. HRMS (ESI): m/z [M + H]* calcd for C15H;oCIN,O:
271.0633, Found: 271.0634.

2-(2,4-Dichlorophenoxy)-3-methylquinoxaline (2d)

Yield 83% (709 mg). Yellow solid. Mp 110 °C. 'H NMR (250 MHz, CDCl3) § 7.95-7.91
(m, 1H), 7.63-7.59 (m, 1H), 7.53-7.45 (m, 2H), 7.45 (d, ] = 1.9 Hz, 1H), 7.32-7.20 (m, 2H),
2.82 (s, 3H). 13C NMR (63 MHz, CDCl3) § 155.2, 147.9, 147.5,139.7, 139.3, 131.4, 130.4, 129.4,
128.1,128.1,127.7, 127.4,125.3, 20.6. (a quaternary carbon was visible in these conditions).
LC-MS (ESI+) tg 4.61 min, m/z [M + H]* 304.92/306.97/309.10. MW: 305.16 g.molfl.
HRMS (ESI): m/z caled. For C15H79CIoN,O [M + H]* 305.0243. Found: 305.0244.

2-(2-Fluorophenoxy)-3-methylquinoxaline (2e)

Yield 53% (377 mg). Brown solid. Mp 149 °C. 'H NMR (250 MHz, CDCl3) & 8.04-7.96
(m, 1H), 7.71-7.65 (m, 1H), 7.60-7.53 (m, 2H), 7.37-7.19 (m, 3H), 2.86 (s, 3H). 3C NMR
(63 MHz, CDCl3) 6 156.7 (d, ] = 250.2 Hz), 155.4, 152.7, 147.4, 140.4, 140.2, 139.5, 129.3, 128.0,
1275 (d, ] = 4.6 Hz), 126.8 (d, ] = 7.2 Hz), 124.7(d, ] = 3.8 Hz), 124.3,117.0 (d, ] = 18.4 Hz),
94.8. LC-MS:tg= 3.48 min; m/z [M + H]* 255.19. MW: 254.26 g.mol~!. HRMS (ESI): m/z
caled. For C15H19FN,O [M + H]* 255.0928. Found: 255.0928.



Pharmaceuticals 2021, 14, 724

11 of 24

2-(3-Fluorophenoxy)-3-methylquinoxaline (2f)

Yield 92% (655 mg). Brown solid. Mp 83 °C. 'H NMR (250 MHz, CDCl3) § 8.01-7.95
(m, 1H), 7.75-7.69 (m, 1H), 7.62-7.55 (m, 2H), 7.47-7.36 (m, 1H), 7.09-6.95 (m, 2H), 2.81 (s,
3H). 13C NMR (63 MHz, CDCl3) § 163.2 (d, ] = 247.0 Hz), 155.7, 153.9 (d, ] = 10.9 Hz), 147.9,
139.4,139.4,130.4 (d,] =9.5 Hz), 129.4, 128.02, 127.7,127.5, 117.5 (d, ] = 3.3 Hz), 112.5 (d,
J=21.1Hz),109.8 (d, ] = 24.4 Hz), 20.6. LC-MS (ESI+) tg 3.69 min, m/z [M + H]* 255.27.
MW: 254.26 g.mol’l. HRMS (ESI): m/z caled. For C15H1gFN,O [M + H]* 255.0928. Found:
255.0928.

2-(4-Fluorophenoxy)-3-methylquinoxaline (2g)

Yield 91% (648 mg). Brown solid. Mp 86 °C. "H NMR (250 MHz, CDCl3) § 8.05-7.95
(m, 1H), 7.73-7.64 (m, 1H), 7.63-7.53 (m, 2H), 7.25-7.09 (m, 3H), 2.83 (s, 3H). 3C NMR
(63 MHz, CDCl3) 6 160.1 (d, ] = 243.6 Hz), 156.1, 148.6 (d, ] = 2.9 Hz), 147.9,139.3 (d, ] =
21.0 Hz, 2C), 129.4,127.9, 127.6,127.4,123.3 (d, ] = 8.4 Hz, 2C), 116.5, 116.1, 20.6. LC-MS
(ESI+) tR 3.63 min, m/z [M + H]* 255.18. MW: 254.26 g.mol~!. HRMS (ESI): m/z calcd. For
C15H10FN,O [M + H]+ 255.0928. Found: 255.0928.

2-(4-Methoxyphenoxy)-3-methylquinoxaline (2h)

Yield 97% (723 mg). White solid. Mp 144 °C. '"H NMR (250 MHz, CDCl3) § 7.98-7.95
(m, 1H), 7.72-7.68 (m, 1H), 7.57-7.53 (m, 2H), 7.19 (d, J = 9.0 Hz, 2H), 6.97 (d, ] = 9.0 Hz,
2H), 3.85 (s, 3H), 2.81 (s, 3H). 13C NMR (63 MHz, CDCls) § 157.0, 156.5, 148.1, 146.3, 139.6,
139.2,129.1,128.0, 127.4, 127.2,122.7(2C), 114.6(2C), 55.7, 20.7. LC-MS (ESI+) tg 6.00 min;
m/z [M + HJ* 267.22. MW: 266.29 g.mol_l. HRMS (ESI): m/z caled. For C1gH14N»O5 [M +
H]* 267.1128. Found: 267.1128.

2-Methyl-3-(4-nitrophenoxy)quinoxaline (2i)

Yield 86% (677 mg). Brown powder. Mp 163 °C.'H NMR (250 MHz, CDCl3) 6§ 8.35-
8.25 (m, 2H), 8.00-7.93 (m, 1H), 7.84-7.76 (m, 2H), 7.75-7.70 (m, 1H), 7.68-7.59 (m, 2H),
2.80 (s, 3H). 13C NMR (101 MHz, CDCl3) § 153.5, 151.7, 148.0, 141.2, 140.4, 138.2, 134.9
(2C), 129.6, 129.3, 128.5, 128.1, 124.0 (2C), 22.5. LC-MS (ESI+) tg 4.26 min, no ionization.
MW: 281.27g.mol-1. HRMS (ESI): m/z calcd. For C15H11N30,5 [M + HJ* 282.0873. Found:
282.0869.

2-Methyl-3-(4-trifluoromethylphenoxy)quinoxaline (2j)

Yield 90% (767 mg). Pink solid. Mp 95 °C. 'H NMR (250 MHz, CDCl3) & 8.06-7.93
(m, 1H), 7.77-7.67 (m, 3H), 7.66-7.55 (m, 2H), 7.41 (d, ] = 8.3 Hz, 2H), 2.83 (s, 3H). 13C
NMR (63 MHz, CDCl3) 6 155.6 (q, ] = 1.4 Hz), 155.5, 147.9, 139.8, 139.2, 129.5, 128.2, 127.8,
127.5 (q, ] = 32.8 Hz), 127.4,127.0 (q, ] = 3.7 Hz), 124.2 (q, ] = 271.9 Hz), 122.1,20.7. LC-MS
(ESI+) tg 4.99 min, m/z [M + H]+ 304.44. MW: 304.28 g.mol~!. HRMS (ESI): 1 /z calcd. For
C16H11F3N20 M + I‘I]+ 305.0896. Found: 305.0894.

2-Methyl-3-(4-trifluoromethoxyphenoxy)quinoxaline (2k)

Yield 86% (771 mg). Beige solid. Mp 86 °C. 'H NMR (250 MHz, CDCl3) & 8.01-7.77 (m,
2H), 7.72-7.59 (m, 2H), 7.59-7.45 (m, 4H), 2.77 (s, 3H). 13C NMR (101 MHz, CDCl3) 6§ 155.8,
151.2, 147.9, 146.3 (q, ] = 1.9 Hz), 139.6, 139.4, 129.4, 128.1, 127.7, 127.4, 123.1 (2C), 122.3,
120.7 (q, ] = 257.1 Hz), 20.7. LC-MS (ESI+) tg 4.70 min, m/z [M + H]* 321.22. MW: 320.27
g.mol-1. HRMS (ESI): m/z caled. For C16H11F3N20, [M + H]+ 321.0845. Found: 321.0842.

2-Methyl-3-[4-(pentafluorosulfanyl)phenoxy]quinoxaline (21)

Yield 90% (914 mg). Beige solid. Mp 154 °C.'H NMR (250 MHz, CDCl3) & 8.07-7.94
(m, 1H), 7.93-7.77 (m, 2H), 7.78-7.66 (m, 1H), 7.67—7.55 (m, 2H), 7.46-7.33 (m, 2H), 2.83 (s,
3H). 13C NMR (101 MHz, CDCl3) 5 155.2, 155.0, 150.5 (t, ] = 17.9 Hz), 147.8, 139.8, 139.2,
129.6,128.2,128.0,127.8 (p, ] = 4.6 Hz), 127.4, 121.8, 20.6. LC-MS (ESI+) tg 4.58 min, m/z [M
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+ HJ* 362.90. MW: 362.32 g.mol~ 1. HRMS (ESI): m/z caled. For Cy5Hy; FsN,OS [M + HJ*
363.0585. Found: 363.0584.

2-Methyl-3-[4-(trifluoromethylthio)phenoxy]quinoxaline (2m)

Yield 87% (819 mg). Pink powder. Mp 85 °C. 'H NMR (250 MHz, CDCl3) 6 8.04-7.95
(m, 1H), 7.79-7.68 (m, 3H), 7.65-7.56 (m, 2H), 7.40-7.33 (m, 2H), 2.82 (s, 3H). 13C NMR
(101 MHz, CDCl3) & 155.4, 148.0, 139.8, 139.3, 138.1 (2C), 129.7 (q, ] = 308.2 Hz), 129.5, 128.2,
127.9,127.5,122.8 (2C), 120.6, 120.6 (q, ] = 2.2 Hz), 20.7. LC-MS (ESI+) tg 4.93 min, m/z [M
+ HJ* 336.61. MW: 336.33 g.mol-1. HRMS (ESI): m/z caled. For C14H1FsN,OS [M + H]*
337.0617. Found: 337.0615.

4-[(3-Methylquinoxalin-2-yl)oxy]benzonitrile (2n)

Yield 72% (527 mg). Pink powder. Mp 188 °C. 'H NMR (250 MHz, CDCl3) & 8.04-7.96
(m, 1H), 7.81-7.74 (m, 2H), 7.72-7.66 (m, 1H), 7.66-7.59 (m, 2H), 7.46-7.39 (m, 2H), 2.82 (s,
3H). 13C NMR (63 MHz, CDCl3) § 156.5, 155.1, 147.8, 139.9, 139.1, 134.0 (2C), 129.6, 128.3,
128.1,127.4,122.7 (2C), 118.7,109.1, 20.7. LC-MS (ESI+) tg 3.01 min, m/z [M + H]* 262.03.
MW: 261.28 g.mol’l. HRMS (ESI): m/z caled. For C14H11N3O [M + H]* 262.0975. Found:
262.0975.

2-Methyl-3-[4-(trifluoromethylsulfonyl)phenoxy]quinoxaline (20)

Yield 45% (464 mg). White solid. Mp 156 °C. "H NMR (400 MHz, CDCl3) & 8.14 (d, ] =
8.8 Hz, 2H), 8.06-7.99 (m, 1H), 7.79-7.72 (m, 1H), 7.68-7.61 (m, 4H), 2.84 (s, 3H). 13C NMR
(101 MHz, CDCl3) 6 159.9, 154.6, 147.7, 140.2, 138.9, 133.0, 129.9, 128.5, 128.4, 127.5, 127.1,
122.8,119.9 (d, ] = 325.7 Hz), 20.7. LC-MS (ESI+) tg 4.02 min, m/z [M + H]* 368.51. MW:
368,33 g.mol’l. HRMS (ESI): m/z caled. For C14H11F3N»03S [M + H]* 369.0515. Found:
369.0513.

2-Methyl-3-(naphthalen-1-yloxy)quinoxaline (2q)

Yield 94% (754 mg). Beige solid. Mp 169 °C. "H NMR (400 MHz, CDCl3) § 8.04-7.97
(m, 1H), 7.96-7.90 (m, 2H), 7.81 (d, J = 8.2 Hz, 1H), 7.62-7.50 (m, 5H), 7.49-7.41 (m, 2H), 2.98
(s, 3H). 3C NMR (101 MHz, CDCl3) § 156.5, 149.0, 147.9, 139.7, 139.4, 135.1, 129.2, 128.2,
128.0, 127.6,127.5,127.3, 126.5, 126.4, 125.7, 125.6, 121.8, 118.0, 20.9. LC-MS (ESI+) tg 4.24
min, m/z [M + H]* 287.05. MW: 286.33 g.mol_l. HRMS (ESI): m/z calcd. For C19H14N,O
[M + HJ* 287.1179. Found: 287.1180.

2-Methyl-3-(naphthalen-2-yloxy)quinoxaline (2r)

Yield 90% (721 mg). Beige solid. Mp 149 °C. 'H NMR (250 MHz, CDCl3) § 7.97-7.89
(m, 1H), 7.89-7.79 (m, 2H), 7.78-7.72 (m, 1H), 7.64 (t, ] = 3.3 Hz, 1H), 7.59 (m, 1H), 7.54-7.46
(m, 2H), 7.46-7.39 (m, 2H), 7.37-7.29 (m, 1H), 2.89-2.72 (m, 3H). '3C NMR (101 MHz,
CDCl3) 6 156.5, 149.0, 147.9, 139.7, 139.5, 135.1, 129.2, 128.2, 128.0, 127.6, 127.5, 127.3, 126.5,
126.4, 125.7, 125.6, 121.8, 118.0, 20.9. LC-MS (ESI+) tr 4.45 min, m/z [M + H]* 287.02.
MW: 286.33 g.mol_l. HRMS (ESI): m/z caled. For C19H14N,O [M + H]* 287.1179. Found:
287.1180.

2-([1,1'-Biphenyl]-4-yloxy)-3-methylquinoxaline (2s)

Yield 99% (866 mg). White solid. Mp 158 °C. 'H NMR (250 MHz, CDCl3) & 8.03-7.94
(m, 1H), 7.78-7.68 (m, 2H), 7.68-7.61 (m, 3H), 7.60-7.55 (m, 2H), 7.52-7.42 (m, 2H), 7.41-7.31
(m, 3H), 2.85 (s, 3H). 13C NMR (63 MHz, CDCl3) 6 156.1, 152.6, 148.2, 140.7, 139.6 (2C), 138.5,
129.2, 129.0 (2C), 128.4 (2C), 128.2, 127.5, 127.4 (2C), 127.3 (2C), 122.0 (2C), 20.8. LC-MS
(ESI+) tg 4.81 min, m/z [M + H]* 313.08. MW: 312.36 g.mol’l. HRMS (ESI): m/z calcd. For
C21H16N20 [M + H]+ 313.1335. Found: 313.1331.
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2-([1,1’-Biphenyl]-3-yloxy)-3-methylquinoxaline (2t)

Yield 99% (866 mg). White solid. Mp 109 °C. 'H NMR (250 MHz, CDCl3) & 8.05-7.95
(m, 1H), 7.79-7.69 (m, 1H), 7.67-7.55 (m, 4H), 7.55-7.50 (m, 3H), 7.49-7.41 (m, 2H), 7.40-7.34
(m, 1H), 7.31-7.25 (m, 1H), 2.85 (s, 3H). 13C NMR (63 MHz, CDCl3) 6 156.1, 153.5, 148.2,
143.1, 140.5, 139.6 (2C), 129.9, 129.2, 129.0 (2C), 128.2, 127.8, 127.5,127.4, 127.3 (2C), 124.1,
120.5 (2C), 20.8. LC-MS (ESI+) tg 4.82 min, m/z [M + H]* 313.09. MW: 312.36 g.mol 1.
HRMS (ESI): m/z caled. For Co1H16N,O [M + H]* 313.1335. Found: 313.1332.

3.1.3. General Procedure for Preparation of 3-thiophenoxy-2-trichloromethylquinoxaline
Derivatives

To a solution of 2-chloro-3-methyl substituted quinoxaline (2a-2p) (624 mg, 2.8 mmol)
and PCl5 (2.88 g, 16.8 mmol), POCl; was added to make a slurry (ca 5 mL). The mixture
was then heated in a multimode microwave oven at 100 °C, 800 W for 20-30 min. After
completion of the reaction, the mixture was poured into ice and was then neutralized
with NapCOs. The resulting solution was extracted with CH,Cl, and dried with NaySOy.
After filtration and evaporation, the resulting solid was purified by silica gel column
chromatography (eluent: Petroleum Ether/CH;Cl,, 9:1) to afford the desired compound.

2-Phenoxy-3-trichloromethylquinoxaline (3a)

Yield 84% (799 mg). White solid. Mp 59 °C. 'H NMR (250 MHz, CDCl3) & 8.14-8.06
(m, 1H), 7.72-7.56 (m, 3H), 7.43-7.37 (m, 2H), 7.26-7.16 (m, 3H). 13C NMR (63 MHz, CDCl3)
5152.8,152.7,142.5,141.3, 136.9, 132.2, 129.8, 129.8 (2C), 128.5, 127.1, 125.8, 121.8 (2C), 95.0.
LC-MS (ESI+) tg 5.0 min, m/z [M + H]* no ionization. MW: 339.6 g.mol~!. HRMS (ESI):
m/z [M + H]" calcd for: C15HoCl3N,0: 338.9853. Found: 338.9854.

2-(2-Chlorophenoxy)-3-trichloromethylquinoxaline (3b)

Yield 67% (702 mg). White solid. Mp 99 °C. 'H NMR (250 MHz, CDCl3) 6§ 8.19-8.15
(m, 1H), 7.77-7.66 (m, 3H), 7.58-7.52 (m, 1H), 7.42-7.36 (m, 1H), 7.32-7.27 (m, 2H). 13C
NMR (63 MHz, CDCl3) 6 151.9, 148.8, 141.9, 141.3, 137.1, 132.2, 130.8, 129.9, 128.6, 128.1,
127.6,127.2,127.1,124.0, 94.8. LC-MS (ESI+) tg 5.11 min, m/z [M + H]* no ionization. MW:
374.05 g.mol_l. HRMS (ESI): m/z caled. for C15HgCI4N,O [M + H]* 372.9464. Found:
372.9464.

2-(3-Chlorophenoxy)-3-(richloromethylquinoxaline (3c)

Yield 67% (702 mg). White solid. Mp 58 °C. 'H NMR (250 MHz, CDCl3) § 8.08-8.04
(m, 1H), 7.72-7.56 (m, 3H), 7.32-7.10 (m, 4H). 13C NMR (63 MHz, CDCl3) § 153.1, 152.3,
142.3, 141.1, 137.1, 135.0, 132.4, 130.5, 129.9, 128.9, 127.1, 126.1, 122.4, 120.1, 94.8. LC-MS
(ESI+) tg 5.74 min, m/z [M + H]* no ionization. MW: 374.05 g.mol~!. HRMS (ESI): m/z
caled. for C;5HgCl4N,O [M + H]* 372.9464. Found: 372.9463.

2-(2,4-Dichlorophenoxy)-3-trichloromethylquinoxaline (3d)

Yield 52% (595 mg). White solid. Mp 120 °C. '"H NMR (250 MHz, CDCl3) & 8.22-8.13
(m, 1H), 7.78-7.66 (m, 3H), 7.56 (d, ] = 2.4 Hz, 1H), 7.36 (dd, | = 8.7 Hz, 2.4 Hz, 1H), 7.26-7.21
(m, 1H). 13C NMR (63 MHz, CDCl3) 5 151.7, 147.6, 141.8, 141.1, 137.2, 132.4, 132.0, 130.6,
129.9, 128.9, 128.6, 128.3, 127.1, 124.9, 94.7. LC-MS (ESI+) tg 5.5 min, m/z [M + H]* no
ionization. MW: 408.49 g.mol_l. HRMS (ESI): m/z caled. for C15H7ClsN,O [M + HJ*
406.9074. Found: 406.9074.

2-(2-Fluorophenoxy)-3-trichloromethylquinoxaline (3e)

Yield 43% (430 mg). White solid. Mp 138 °C. TH NMR (250 MHz, CDCl3) 5 8.19-8.15
(m, 1H), 7.78-7.66 (m, 3H), 7.40-7.21 (m, 4H). 3C NMR (63 MHz, CDCl3) 5 154.6 (d, ] =
250.2 Hz), 151.9, 141.9, 141.3, 139.9, 139.7, 137.2, 132.3, 129.9, 128.7, 127.2 (d, ] = 7.0 Hz),
124.8 (d, ] = 3.9 Hz), 124.1, 117.1 (d, ] = 18.3 Hz), 94.8. LC-MS (ESI+) tg 4.9 min, m/z [M
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+ H]* no ionization. MW: 357.59 g.mol~'. HRMS (ESI): m/z calcd. for C;sHgCI3FN,O
[M + H]* 356.9759. Found: 356.9762.

2-(3-Fluorophenoxy)-3-trichloromethylquinoxaline (3f)

Yield 52% (521 mg). White solid. Mp 101 °C. '"H NMR (250 MHz, CDCl3) § 8.22-8.13
(m, 1H), 7.84-7.68 (m, 3H), 7.49-7.39 (m, 1H), 7.16-7.00 (m, 3H). 13C NMR (63 MHz, CDCl3)
5163.2 (d, ] =247.5Hz),153.5 (d, ] =11.0 Hz), 152.3, 142.4, 141.2,137.1, 132.4, 1305 (d, ] =
9.4 Hz), 129.9,128.9,127.1,117.5(d, ] = 3.3 Hz), 112.8 (d, ] = 21.0 Hz), 109.9 (d, ] = 24.5 Hz),
94.8. LC-MS (ESI+) tg 5.1 min, m/z [M + H]* no ionization. MW: 357.59 g.mol_l. HRMS
(ESI): m/z caled. for C15HgCI3FN,O [M + HJ* 356.9759. Found: 356.9761.

2-(4-Fluorophenoxy)-3-trichloromethylquinoxaline (3g)

Yield 58% (581 mg). White solid. Mp 56 °C. 'H NMR (250 MHz, CDCl3) § 8.17-8.13
(m, 1H), 7.79-7.63 (m, 3H), 7.33-7.24 (m, 2H), 7.20-7.10 (m, 2H). 13C NMR (63 MHz, CDCl3)
5160.3 (d,] =244.2 Hz), 152.7,148.4 (d,] = 2.9 Hz), 142.3, 141.2, 136.9, 132.3, 129.9, 128.6,
127.0,123.3 (d, ] = 8.5 Hz, 2C), 116.4 (d, ] = 23.5 Hz, 2C), 94.9. LC-MS (ESI+) tg 4.9 min, m/z
[M + H]+ no ionization. MW: 357.59 g.mol’l. HRMS (ESI): m/z caled. for C15sHgCI3FN,O
[M + H]* 356.9759. Found: 356.9754.

2-(4-Methoxyphenoxy)-3-trichloromethylquinoxaline (3h)

Yield 27% (270 mg). White solid. Mp 171 °C. "H NMR (250 MHz, CDCl3) & 8.17-8.13
(m, 1H), 7.81-7.64 (m, 3H), 7.26-7.23 (m, 2H), 7.01-6.97 (m, 2H), 3.86 (s, 3H). 13C NMR (63
MHz, CDCl3) 6 157.3,153.1, 146.1, 142.4, 141.4, 136.9, 132.1, 129.8, 128 4, 127.1, 122.6 (2C),
114.7 (2C), 95.0, 55.8. LC-MS (ESI+) tg 4.9 min, m/z [M + H]* no ionization. MW: 357.59
g.mol’l. HRMS (ESI): m/z caled. for C14H11Cl3N,O5, [M + H]* 368.9959. Found: 368.9957.

2-(4-Nitrophenoxy)-3-trichloromethylquinoxaline (3i)

Yield 57% (614 mg). Yellow solid. Mp 178 °C. 'H NMR (250 MHz, CDCl3) & 8.41-8.35
(m, 2H), 8.23-8.19 (m, 1H), 7.82-7.73 (m, 3H), 7.54-7.48 (m, 2H). 1>*C NMR (63 MHz, CDCl3)
5157.6,151.7,145.2,142.4, 140.9, 137.4,132.7,130.0, 129.4, 127.1, 125.7 (2C), 122.3 (2C), 94.6.
LC-MS (ESI+) tg 4.12 min; m/z [M + H]* no ionization. MW: 384.60 g.mol~!. HRMS (ESI):
m/z caled. for: C15sHgCI3N303 [M + H]* 383.9704. Found: 383.9704.

2-Trichloromethyl-3-[4-(trifluoromethyl)phenoxy]quinoxaline (3j)

Yield 70% (799 mg). White powder. Mp 129 °C. 'H NMR (250 MHz, CDCl3) & 8.30-8.08
(m, 1H), 7.93-7.62 (m, 5H), 7.60-7.36 (m, 2H). 13C NMR (63 MHz, CDCl3) § 155.3, 152.1,
142.5,141.1,137.2,132.5, 130.0, 129.0, 127.9 (q, ] = 32.8 Hz), 127.2 (q, ] = 3.7 Hz), 127.1 (2C),
124.1 (q, ] = 272.0 Hz), 122.1 (2C), 94.8. LC-MS (ESI+) tg 6.62 min, m/z [M + H]* don’t
ionise. MW: 407.60 g.mol_l. HRMS (ESI): m/z caled. for C14HgCl3F3N5,0: 406.9727, Found:
406.9722.

2-Trichloromethyl-3-[4-(trifluoromethoxy)phenoxy]quinoxaline (3k)

Yield 85% (1008 mg). White solid. Mp 66 °C. 'H NMR (250 MHz, CDCl3) § 8.22-8.14
(m, 1H), 7.84-7.69 (m, 3H), 7.44-7.30 (m, 4H). 13C NMR (63 MHz, CDCl3) § 152.4, 150.9,
146.6 (q,] =19 Hz), 142.4, 141.1,137.1,132.4, 129.9, 128.9, 127.1,123.1, 122.5, 120.6 (q, ] =
257.3 Hz), 94.9. LC-MS (ESI+) tg 5.72 min, m/z [M + H]* Don’t ionise. MW: 423.60 g.mol’l.
HRMS (ESI): m/z caled. for C14HgCl3F3N,O;: 422.9676, Found: 422.9675.

2-Trichloromethyl-3-[4-(pentafluorosulfanyl)phenoxy]quinoxaline (31)

Yield 84% (1095 mg). Green crystal. Mp 99 °C. 'H NMR (250 MHz, CDCl3) & 8.29-8.13
(m, 1H), 7.93-7.71 (m, 5H), 7.44 (d, ] = 8.8 Hz, 2H). 13C NMR (63 MHz, CDCl3) 5§ 154.6,
151.9, 150.8 (p, ] = 17.2 Hz), 142.4, 141.0, 137.3, 132.6 (2C), 130.0, 129.2, 1279 (p, ] = 4.6
Hz), 127.1,121.7 (2C), 94.7. LC-MS (ESI+) tg 5.70 min, m/z [M + H]* 468.77. MW: 465.65
g.mol~ 1. HRMS (ESI): m/z calcd. for C15HgCl3F5N,OS: 466.9387, Found: 466.9315.
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2-Trichloromethyl-3-[4-(trifluoromethylthio)phenoxy]quinoxaline (3m)

Yield 58% (714 mg). White crystal. Mp 94 °C. TH NMR (250 MHz, CDCl3) § 8.24-8.14
(m, 1H), 7.86-7.69 (m, 5H), 7.46-7.38 (m, 2H). 1*C NMR (63 MHz, CDCl3) & 155.0, 152.1,
142.5,141.1,138.2,137.2,132.5,130.0, 129.6 (q, ] = 307.7 Hz), 129.0, 127.1, 122.8,121.2 (q, ] =
2.1 Hz), 94.8. LC-MS (ESI+) tg 5.8 min, m/z [M + H]* no ionization. MW: 439.67 g.mol_l.
HRMS (ESI): m/z caled. for C14HgCl3F3N,OS: 440.9419, Found: 440.9419.

4-[(3-Trichloromethylquinoxalin-2-yl)oxy]benzonitrile (3n)

Yield 81% (827 mg). White solid. Mp 194 °C. I'H NMR (250 MHz, CDCl3) & 8.23-8.14
(m, 1H), 7.86-7.71 (m, 5H), 7.51-7.42 (m, 2H). 13C NMR (63 MHz, CDCl53) § 156.1, 151.8,
142.4,140.9, 137.3, 134.1 (2C), 132.6, 130.0, 129.3, 127.1, 122.6 (2C), 118.5, 109.5, 94.6. LC-MS
(ESI+) tg 4.62 min, m/z [M + H]* no ionization. MW: 364.61 g.mol~!. HRMS (ESI): m/z
caled. for C14HgCI3N30: 363.9806, Found: 36.9802.

2-Trichloromethyl-3-[4-(trifluoromethylsulfonyl)phenoxy]quinoxaline (30)

Yield 26% (343 mg). White solid. Mp 107 °C. TH NMR (400 MHz, CDCl3) § 8.25-8.20
(m, 1H), 8.19-8.13 (m, 2H), 7.88-7.83 (m, 2H), 7.82-7.76 (m, 1H), 7.69-7.62 (m, 2H). 13C
NMR (101 MHz, CDCl3) 6 159.4, 151.3, 142.6, 140.8, 137.6, 133.1, 132.9, 130.1, 129.7, 127.8,
127.2,122.8, 120.0 (q, ] = 325.6 Hz), 94.5. LC-MS (ESI+) tg 5.08 min, m/z [M + H]* no
ionization. MW: 471.67 g.mol_l. HRMS (ESI): m/z calcd. for C1HgCl3F3N»O3S: 472.9318,
Found: 472.9319.

2-(Naphthalen-2-yloxy)-3-trichloromethylquinoxaline (3q)

Yield 64% (698 mg). White solid. Mp 143 °C, (isopropanol). 'H NMR (250 MHz,
CDCl3) 4 8.24-8.13 (m, 1H), 8.00-7.83 (m, 3H), 7.83-7.78 (m, 1H), 7.78-7.65 (m, 3H), 7.57-
7.49 (m, 2H), 7.49-7.41 (m, 1H). 13C NMR (63 MHz, CDCl;) § 153.0, 150.5, 142.6, 141.4,
137.1, 134.2, 132.2, 131.6, 129.9, 129.7, 128.6, 128.0, 127.8, 127.1, 126.8, 125.8, 121.5, 118.5,
95.1. LC-MS (ESI+) tg 5.66 min, m/z [M + H]* 390.89/392.31/393.07. MW: 389.66 g.mol !
HRMS (ESI): m/z calcd for C19H11CI3N,0: 389.0010, Found: 389.0004.

2-(Naphthalen-1-yloxy)-3-trichloromethylquinoxaline (3r)

Yield 26% (284 mg). Yellow solid. Mp 124 °C, (isopropanol). 'H NMR (250 MHz,
CDCl3) & 8.23-8.12 (m, 1H), 8.11-8.00 (m, 1H), 7.97-7.85 (m, 1H), 7.85-7.74 (m, 1H), 7.68-
7.57 (m, 3H), 7.57-7.42 (m, 3H), 7.41-7.31 (m, 1H). 13C NMR (63 MHz, CDCl3) § 153.3, 149.0,
142.3,141.6, 137.1, 135.1, 132.2, 129.9, 128.6, 128.2, 127.5, 127.2, 126.7, 126.6, 126.0, 125.7,
122.2,117.6, 95.2. LC-MS (ESI+) tg 5.41 min, m/z [M + H]* 388.93/390.95/392.94. MW:
389.66 g.mol’l. HRMS (ESI): m/z caled for C19H11CI3N,O: 389.0010, Found: 389.0004.

2-([1,1"-Biphenyl]-4-yloxy)-3-trichloromethylquinoxaline (3s)

Yield 50% (582 mg). White solid. Mp 160 °C, (isopropanol). 'H NMR (250 MHz,
CDCl3) 6 8.22-8.14 (m, 1H), 7.86-7.78 (m, 1H), 7.78-7.72 (m, 1H), 7.72-7.67 (m, 2H), 7.67-
7.61 (m, 2H), 7.52-7.46 (m, 2H), 7.46-7.33 (m, 4H). 13C NMR (63 MHz, CDCl3) 5 152.8, 152.2,
142.6, 141.4, 140.6, 138.9, 137.1, 132.2, 129.9, 129.0 (2C), 128.6, 128.5 (2C), 127.5, 127.3 (2C),
127.2,121.9 (2C), 95.0. LC-MS (ESI+) tg 5.88 min, m/z [M + H]" no ionization. MW: 415.70
g.mol_l. HRMS (ESI): m/z calcd for Cp1H13CI3N,0: 415.0166, Found: 415.0164.

2-([1,1"-Biphenyl]-3-yloxy)-3-trichloromethylquinoxaline (3t)

Yield 70% (815 mg). White oil. 'H NMR (250 MHz, CDCl3) & 8.21-8.00 (m, 1H),
7.85-7.77 (m, 1H), 7.76-7.68 (m, 2H), 7.66-7.61 (m, 2H), 7.58-7.52 (m, 3H), 7.49-7.41 (m,
2H), 7.38 (m, 1H), 7.35-7.28 (m, 1H). 1*C NMR (63 MHz, CDCl3) 6 153.2, 152.8, 143.3, 142.6,
141.4,140.4,137.1,132.2, 130.0, 129.9, 129.0 (2C), 128.6, 127.9, 127.4, 127.3 (2C), 124.5, 120.5,
120.4,95.1. LC-MS (ESI+) tg 5.89 min, m/z [M + H]* no ionization. MW: 415.70 g.mol_l.
HRMS (ESI): m/z calcd for Cp1H13CI3N,0: 415.0166, Found: 415.0164.
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2-Trichloromethyl-3-[4-(S-trifluoromethylsulfonimidoyl)phenoxy]quinoxaline (3p)

2-trichloromethyl-3-[4-(trifluoromethylthio)phenoxy]quinoxaline 3m (1.23 g, 2.8 mmol,
1 equiv.), trifluoroethanol (TFE, 0.4 M), ammonium carbamate (328 mg, 4.2 mmol, 1.5 equiv.),
and phenyliodine (III) diacetate (PIDA) (1.9 g, 5.88 mmol, 2.1 equiv.) were successively
added to a round bottom flask in one portion. The reaction mixture was stirred at room
temperature for 3 h. After completion, trifluoroethanol was removed under reduced
pressure. The crude mixture was diluted in an aqueous solution of HC1 (6 M, 1 mL/mmol)
and CH3CN (2 mL/mmol), and the reaction was stirred overnight at room temperature.
The pH of the aqueous phase was adjusted to 7 with NaHCO; (10% aqueous solution); then,
the crude mixture was extracted with CH,Cl (3 x 10 mL). The organic layer was dried with
MgSQOy;, concentrated under reduced pressure, and purified by column chromatography
on silica gel.

Yield 28% (369 mg). White solid. Mp 127 °C. 'H NMR (400 MHz, CDCl;) 6§ 8.26
(d, ] = 8.8 Hz, 2H), 8.23-8.17 (m, 1H), 7.86-7.81 (m, 2H), 7.78 (m, 1H), 7.65-7.58 (m, 2H),
3.65 (br, 1H). 13C NMR (101 MHz, CDCl3) & 158.6, 151.6, 142.5, 140.9, 137.5, 132.9 (2C),
132.8,130.1, 129.5, 128.1, 127.2, 122.5 (2C), 121.1 (q, ] = 332.1 Hz), 94.6. LC-MS (ESI+) tr
4.74 min, m/z [M + H]* 469.61/471.50. MW: 470.68 g.mol’l. HRMS (ESI): m/z calcd. for
C16HyCl3F3N30,S: 471.9478, Found: 471.9477.

3.1.4. General Procedure for Compounds 3u-3v
Preparation of 2-chloro-3-trifluoromethylquinoxaline

Step 1: To a solution of o-phenylenediamine (2 g, 18.5 mmol, 1.0 equiv) in H,O, ethyl
trifluoropyruvate was added (3g 146, 18.5 mmol, 1.0 equiv) and dissolved in HyO (30 mL).
The reaction mixture was heated at 50 °C for 15 min. After cooling, the precipitate was fil-
tered off and washed with HyO. 3-Trifluoromethylquinoxalin-2(1H)-one was recrystallized
from ethanol, precipitating as a white solid, and engaged directly in step 2. Yield 93%.

Step 2: 3-Trifluoromethylquinoxalin-2-ol (3.5 g, 16.8 mmol, 1.0 equiv) was heated to
reflux in phosphorus oxychloride (30 mL) for 2 h. After the starting material was consumed,
the reaction mixture was cooled to r.t. and then quenched with ice at 0 °C. The precipitate
was purified by flash chromatography to afford 2-chloro-3-trifluoromethylquinoxaline as
a white solid. Yield 96%. Mp 140 °C. 'H NMR (400 MHz, CDCl3) § 8.25-8.20 (m, 1H),
8.15-8.09 (m, 1H), 7.99-7.86 (m, 2H). NMR was consistent with the description provided
in [36].

Preparation of compounds (3u, 3v)

To a solution of 2-chloroquinoxaline or 2-chloro-3-trifluoromethylquinoxaline [37]
(300 mg, 1.3 mmol, 1.0 equiv.) and thiophenol reagent (143 mg, 1.3 mmol, 1.0 equiv.) in
anhydrous DMF (5 mL), Cs,COj3 (1.0 equiv.) was added under inert atmosphere. The
mixture was stirred at 70 °C overnight. After completion of the reaction, water was added,
leading to a precipitate which was separated by filtration. The resulting precipitate was
then thoroughly washed with water. The resulting solid was purified by silica gel column
chromatography (eluent: Cyclohexane/CH,Cl,, 4:6) to afford the desired compound.

2-(4-Nitrophenoxy)quinoxaline (3u)

Yield 73% (254 mg). Red solid. Mp 156 °C, (isopropanol). 'H NMR (400 MHz, CDCl3)
5 8.76 (s, 1H), 8.41-8.29 (m, 2H), 8.15-8.05 (m, 1H), 7.83-7.76 (m, 1H), 7.76-7.62 (m, 2H),
7.54-7.45 (m, 2H). 13C NMR (101 MHz, CDCl3) & 157.9, 155.9, 144.9, 140.3, 139.6, 139.0,
131.0, 129.3, 128.4, 127.8, 125.7 (2C), 121.9 (2C). LC-MS (ESI+) tg 3.14 min, m/z [M + H]*
267.84. MW 267,24 g.molfl. HRMS (ESI): m/z caled. for C14H9N3O3: 268.0717, Found:
268.0716.

2-(4-Nitrophenoxy)-3-trifluoromethylquinoxaline (3v)

Yield 72% (314 mg). White solid. Mp 125 °C, (isopropanol). 'H NMR (400 MHz,
CDCl3) 6 8.44-8.30 (m, 2H), 8.21 (d, ] = 8.3 Hz, 1H), 7.90-7.68 (m, 3H), 7.57-7.40 (m, 2H). 13C
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NMR (101 MHz, CDCl3) 6 157.2,152.9, 1454, 141.1, 138.2, 134.8 (q, ] = 36.8 Hz), 133.3, 130.0,
129.6,127.6,125.7 (2C), 122.5 (2C), 120.6 (q, ] = 275.3 Hz). LC-MS (ESI+) tg 4.14 min, m/z
[M + H]* No ionization. MW: 335,24 g.mol_l. HRMS (ESI): m/z calcd. for C15HgF3N303:
336.059, Found: 336.0585.

2-Dichloromethyl-3-(4-nitrophenoxy)quinoxaline (3w)

Yield 20% (91 mg). White solid. Mp 112 °C, (isopropanol). 'H NMR (400 MHz, CDCl5)
5 8.43-8.32 (m, 2H), 8.20-8.12 (m, 1H), 7.80-7.76 (m, 2H), 7.76-7.70 (m, 1H), 7.55-7.47 (m,
2H), 7.24 (s, 1H). 13C NMR (101 MHz, CDCl3) 5 157.5, 152.4, 145.4, 143.4, 140.5, 139.0, 132.2,
129.6,129.2,127.5,125.7 (2C), 122.5 (2C), 67.2. LC-MS (ESI+) tg 4.1 min, m/z [M + H]* No
ionization. MW: 350.16 g.mol’l. HRMS (ESI): m/z calcd. for C15H9CI,N3O3: 350.0094,
Found: 350.0092.

3.2. Biology
3.2.1. In Vitro Cytotoxicity Evaluation HepG2

The HepG2 cell line was maintained at 37 °C, 5% CO,, at 90% humidity in MEM
supplemented with 10% fetal bovine serum, 1% L-glutamine (200 mM), and penicillin
(100 U/mL)/streptomycin (100 pug/mL) (complete RPMI medium). The cytotoxicity of
the tested molecules on the HepG2 (hepatocarcinoma cell line purchased from ATCC, ref
HB-8065) cell line was assessed according to the method of Mosmann [37] with slight
modifications. Briefly, 5.10° cells in 100 pL of complete medium were inoculated into
each well of 96-well plates and incubated at 37 °C in humidified 5% CO,. After 24 h
incubation, 100 pL of medium with various product concentrations dissolved in DMSO
(final concentration less than 0.5% v/v) were added and the plates were incubated for
72 h at 37 °C. Triplicate assays were performed for each sample. Each plate-well was
then microscopically examined for possible precipitate formation before the medium was
aspirated from the wells. Next, 100 uL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl
-2H-tetrazolium bromide) solution (0.5 mg/mL in medium without FBS) was added to each
well. Cells were incubated for 2 h at 37 °C. After this time, the MTT solution was removed
and DMSO (100 pL) was added to dissolve the resulting blue formazan crystals. Plates were
shaken vigorously (700 rpm) for 10 min. The absorbance was measured at 570 nm with
630 nm as reference wavelength using a BIO-TEK ELx808 Absorbance Microplate Reader
(LabX, Midland, ON, Canada). DMSO was used as blank and doxorubicin (purchased
from Sigma Aldrich) as positive control. Cell viability was calculated as a percentage
of control (cells incubated without compound). The 50% cytotoxic concentration (CCsg)
was determined from the dose-response curve, using TableCurve software 2D v.5.0. CCs
values to represent the mean value calculated from three independent experiments.

3.2.2. In Vitro Antiplasmodial Evaluation

In this study, a K1 culture-adapted P. falciparum strain resistant to chloroquine, pyrime-
thamine, and proguanil was used in an in vitro culture. It was maintained in continuous
culture, as described previously by Trager and Jensen [38]. Cultures were maintained in
fresh A+ human erythrocytes at 2.5% hematocrit in complete medium (RPMI 1640 with
25 mM HEPES, 25 mM NaHCQOj;, 10% of A+ human serum) at 37 °C under reduced O2
atmosphere (gas mixture 10% O2, 5% CO;, and 85% N;). Parasitemia was maintained daily
between 1 and 3%. The P. falciparum drug susceptibility test was carried out by compar-
ing quantities of DNA in treated and control cultures of parasite in human erythrocytes
according to an SYBR Green I fluorescence-based method [39] using a 96-well fluorescence
plate reader. Compounds, previously dissolved in DMSO (final concentration less than
0.5% v/v), were incubated in a total assay volume of 200 uL (RPMI, 2% hematocrit and 0.4%
parasitemia) for 72 h in a humidified atmosphere (10% O, and 5% CO;) at 37 °C, in 96-well
flat bottom plates. Duplicate assays were performed for each sample. After incubation,
plates were frozen at 20 °C for 24 h. Then, the frozen plates were thawed for 1 h at 37 °C.
Fifteen uL of each sample were transferred to 96-well flat bottom non-sterile black plates
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(Greiner Bio-one, Kremsmdiinster, Austria), already containing 15 uL of the SYBR Green I
lysis buffer (2X SYBR Green I, 20 mM Tris base pH 7.5, 20 mM EDTA, 0.008% w/v saponin,
0.08% w/v Triton X-100). Negative control treated by solvents (DMSO or H,O) and positive
controls (chloroquine and doxycycline) were added to each set of experiments. Plates were
incubated for 15 min at 37 °C and then read on a TECAN Infinite F-200 spectrophotometer
with excitation and emission wavelengths at 485 and 535 nm, respectively. The concentra-
tions of compounds required to induce a 50% decrease in parasite growth (ECsy K1) were
calculated from three independent experiments.

3.2.3. Ames Test

Compounds were assessed for mutagenicity by a modified version of the liquid incuba-
tion assay of the classical Ames test at five concentrations (25-125 nM) [40]. Salmonella tester
strains (TA97a: Acridine ICR191, TA98: 2,4,7 trinitrofluorenone, TA100: Sodium Azide and
TA102: Mitomycine C) as positive control w/o S9 mix and benzo[alpha]pyrene as positive
control w/S9 mix) were grown overnight in a nutrient broth n_2 (Oxoid, Dardilly, France).
After this period, products dissolved in DMSO (Sigma) were added to 0.1 mL of culture
and incubated for 1 h at 37 °C with shaking. Each sample was assayed in duplicate. After
incubation, 2 mL of molten top agar were mixed gently with the pre-incubated solution
and poured onto Vogel-Bonner minimal agar plates. After 48 h at 37 °C, the number of
spontaneous and drug-induced revertants per plate was determined for each dose with a
laser bacterial colony counter (laser bacterial colony counter 500A, Interscience). A product
was considered mutagenic when it induced a two-fold increase in the number of revertants,
compared with the spontaneous frequency (negative control). For each Salmonella strain, a
specific positive- and solvent-control were performed.

3.2.4. Comet Assay
Cell Culture and Treatment

The human hepatocarcinoma cell line HepG2 was obtained from the American Type
Culture Collection (ATCC, ref. HB-8065). Cells were cultured in Eagle’s minimum essential
medium (EMEM, ref. ATCC®® 30-2003TM) and supplemented with 10% heat-inactivated
foetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (all from Gibco).
Cells were maintained at 37 °C in a humidified atmosphere with 5% CO, and used in
passage number 11 to 15. Two concentrations of the compound 3i (3.2 and 16 uM) were
tested at 2 different times of incubation (2 and 72 h). Briefly, HepG2 cells were seeded
at 1.13 x 10° cells/mL in 6-well plates (3 mL of cell suspension per well) and incubated
at 37 °C in a humidified atmosphere with 5% CO,. After 24 and 94 h of incubation,
cells were treated with different concentrations of the compound or the vehicle (0.5%
dimethylsulfoxide, DMSO) for 72 and 2 h, respectively. Additionally, in the 2 h treatment
plate, cells in an additional well were treated with 1 mM MMS as positive control for
the comet assay. After treatment, medium was removed from the wells and cells were
washed with phosphate buffered saline (PBS). Finally, cells were trypsinized and trypsin
was neutralized with fresh medium. From this point, cells were kept ice-cold to avoid
DNA repair.

Comet Assay

The standard alkaline comet assay was employed for the detection of DNA strand
breaks (SBs) and alkali-labile sites (ALS) in cells treated with molecule 3i. Trypsinized
HepG2 cells were centrifuged at 125 x g for 5 min at 4 °C and resuspended in cold PBS
at 1 x 10 cells/mL. For the preparation of the agarose gels, 30 uL of cell suspension were
mixed with 140 uL of 1% low melting point agarose in PBS at 37 °C and 2 aliquots of
70 uL of cell/agarose mixture were placed on agarose-precoated microscope slides. Each
droplet was covered with a 20 x 20 mm coverslip and, after 2-3 min on a cold metal plate,
the coverslips were removed. Then, slides were immersed in lysis solution (2.5 M NaCl,
0.1 M NayEDTA, 0.01 M Tris base, pH 10, and 1% Triton X-100) at 4 °C for 1 h. After lysis,
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slides were transferred to the electrophoresis tank and incubated for 40 min at 4 °C in the
electrophoresis solution (0.3 M NaOH, 1 mM NayEDTA, pH > 13) to allow DNA unwinding,.
After that, electrophoresis was carried out at 1 V/cm for 20 min (4 °C). Then, gels were
neutralized and washed by immersing the slides in PBS for 10 min and distilled water
for another 10 min (both at 4 °C). Gels were then air-dried at room temperature. Comets
were stained by adding 30 pL of 1 mg/mL of 4,6- diamidino-2-phenylindole (DAPI) on
top of each gel and placing 22 x 22 mm coverslips on top. Slides were incubated with
DAPI at room temperature for 30 min before the analysis. The semi-automated image
analysis system Comet Assay IV (Instem, Stone, UK) was used to evaluate 50 comets per
gel (i.e., 100 comets/condition). The percentage of DNA in tail was the descriptor used for
each comet.

Statistics

The median percentage of DNA in tail for 50 comets was calculated for each of the
duplicate gels in each experiment, and the mean of the two medians were then calculated.
The mean percentage of DNA in tail of 3 independent experiments and the standard
deviation (SD) were calculated.

3.2.5. Evaluation against ART-Resistant Strain
Parasite Culture

The Plasmodium falciparum ART-resistant strain F32-ART5 and its tween ART-sensitive
strain F32-TEM [33,41] were cultivated at 37 °C with 5% CO, in human red blood cells (EFS,
French Blood Bank) diluted to 2% hematocrit in RPMI-1640 medium (Biowest, Nuaillé¢,
France) supplemented with 5% human serum (EFS, French Blood Bank), as previously
reported [41].

Standard In Vitro Chemo-Sensitivity Assay

The chemosensitivity assay was carried out in 96-well culture plates on synchronized
ring-stage parasites at 1% parasitemia obtained after D-sorbitol treatment. The antiplas-
modial activities were evaluated using the SYBR Green I method [42]. Parasites were
exposed for 48 h to a range of concentrations of the different tested compounds. Each drug
concentration was tested in triplicates. Parasite pellets were then washed in 1x PBS prior
to lysing red blood cells at —20 °C overnight. Then, the plates were thawed and 100 pL
of each well were transferred into a black 96-well plate. Next, 100 uL per well of SYBR
Green I (Thermo Fisher) diluted at a final concentration of 2 x in lysis buffer (20 mM Tris
base pH 7.5, 5 mM EDTA, 0.008% w/v saponin, 0.08% w/v Triton X-100) were added and
left to incubate for 1 h at room temperature prior to reading the plates on BioTek FLx800
Microplate Fluorescence Reader (Aexcitation = 485 nm, Aemission = 528 nm). Relative ECsg
values were determined using GraphPad Prism software.

Recrudescence Assay

Recrudescence assay was performed to evaluate the ability of the F32-ART5 parasites
to survive drug exposure comparatively to the F32-TEM parasites [33,34]. D-sorbitol
synchronized ring-stages at 3% parasitemia (2% hematocrit) were exposed to drug for 48 h.
After drug exposure, parasite cultures were washed with RPMI-1640 medium and replaced
in normal drug-free culture conditions. The time to parasite recrudescence was determined
as the time required to reach the 3% initial parasitemia. If no parasites were observed in the
following 30 days, the culture was considered “not recrudescent”. Each experiment was
performed for F32-ART5 and F32-TEM and cultivated in parallel in the same conditions to
generate paired results. This was carried out at least three times independently. A statistical
analysis (log-rank Mantel-Cox test) was carried out on data thanks to a Kaplan—-Meier
survival analysis (using GraphPad Prism software) considering censored data.



Pharmaceuticals 2021, 14, 724

20 of 24

Quiescent-Stage Survival Assay

Chemosensitivity evaluation of ART-resistant parasites at the quiescent stage was
performed on the strain F32-ART5 thanks to the quiescent-stage survival assay (QSA) [35].
D-sorbitol synchronized ring-stages parasites at 3% parasitemia (2% hematocrit) were
first exposed to 700 nM of dihydroartemisinin (DHA) for 6 h to induce quiescence of
artemisinin-resistant parasites. Then, quiescent parasites were exposed or not (as control
condition) to the drug to be tested for 48 h. After drug exposure, parasite cultures were
washed with RPMI-1640 medium and replaced in normal drug-free culture conditions.
The time to parasite recrudescence was determined as the time required to reach the 3%
initial parasitemia. If no parasites were observed in the following 30 days, the culture
was considered “not recrudescent”. In each experiment, results obtained with the condi-
tion “DHA 6 h/DHA 48 h” were compared to those obtained with the condition “DHA
6 h/(DHA + drug to be tested) 48 h” in order to determine the delay in recrudescence time.
This delay is representative of the capacity of the tested compound to be active on quiescent
parasites and it is assumed that a 6-day threshold is necessary to classify a compound as
active on quiescent parasites [35].

3.2.6. Apicoplast Studies
Culturing Plasmodium-Infected Red Blood Cells

Plasmodium falciparum blood stage parasites were maintained at 2% hematocrit in
1640 RPMI-HEPES, supplemented with 5% AlbuMAX II (GIBCO) and 0.25% gentamycin.
Parasites were grown sealed Perspex chambers gassed with beta mix gas (1% Oy, 5% CO,
and 94% N3) at 37 °C and maintained on 48-h cycles. Cultures were tightly synchronized
at ring stage using sorbitol treatment (5% v/v) as previously described [43].

IFA on Treated Parasites

Prior to the treatment, parasites were synchronized using 5% sorbitol. After 48 h
treatment (0.3 uM of (3i) molecule, 0.3 uM of (2i) molecule or DMSO) parasites were
fixed using 4% paraformaldehyde (PFA) and 0.0075% glutaraldehyde for 30 min at room
temperature. Fixing solution was washed 3x times with PBS and cells were permeabilized
with 0.1% TX-100 for 10 min at room temperature. The permeabilization solution was
washed 3x times with PBS and cells were blocked with 3% fetal bovine serum (FBS) for
1 h. Primary antibody (Rat IgG anti-HA, Roche, 1/500 in 3% FBS) was incubated for 1 h at
room temperature. The primary antibody was washed out 3 x times with PBS and cells
were incubated with secondary antibody (Alexa Fluor 488 goat anti-mouse IgG, Invitrogen,
1/1000 in 3% FBS) for 1 h at room temperature. The secondary antibody was washed
out 3x times with PBS and cells are incubated with DAPI, 1/25000 in PBS. The samples
were fixed between a slide and a coverslip with fluorogel and observed by epi-fluorescent
microscopy.

Growth Assay

To observe a potential effect of delayed death of the molecule on the parasite, Plasmod-
ium was maintained on three life cycles (48 h). At48 h, 96 h, and 144 h, 100 pL of cultures
were transferred into a 96-wells black wall flat bottom plate and mixed with 100 uL. SYBR
Green lysis buffer (20 mM Tris, pH 7.5; 5 mM EDTA; 0.008% (w/v) saponin; 0.08% (v/v)
Triton X-100) with freshly added SYBR Green I (10000 x ), and incubated for 1 h at room
temperature protected from the light. Fluorescence from each well was measured with
TECAN infinite M200 plate reader (excitation: 485 nm, emission: 538 nm and integration
time: 1000 ps). The rest of the cultures were diluted 1/10 as the untreated cultures. A
graph was obtained by performing the ration of the treated culture fluorescence intensity
on the untreated culture fluorescence intensity (n = 3).
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3.2.7. Study on the Liver Stage
P. falciparum Sporozoite Isolation

P. falciparum (NF135 strain) sporozoites were isolated by dissection of the salivary
glands of infected A. stephensi 14-21 days after an infective blood meal (Department of
medical microbiology, University Medical Centre, St Radboud, Nijmegen Netherland).
All infected salivary glands were removed by hand dissection, crushed in a potter for
sporozoites isolation, and filtrated through a 40 pm filter to remove mosquito debris (Cell
Strainer, BD BioSciences, Franklin Lakes, NJ, USA). The sporozoites were counted using a
disposable Glasstic microscope slide (KOVA, Garden Grove, CA, USA).

Hepatocyte Culture and In Vitro Infection with Plasmodium Sporozoites

One day before hepatocyte thawing, 96-well plates were coated by a Corning®®
collagen solution (50 ng/mL rat tail type I collagen in 0.02N acid acetic) over night at room
temperature. The next day, the wells were washed twice by PBS solution. Cryopreserved
primary human hepatocytes (LONZA, Basel, Swiss) were seeded in 96-well plates with a
pre-determined seeding dose that gave a single dense layer of attached hepatocytes. Four
days post-seeding, each plate well was infected with 30,000 freshly extracted Plasmodium
falciparum sporozoites. The culture plates were kept at 37 °C with 5% CO; and the Williams
E medium (Gibco) containing usual supplements were used to feed the cells. [44]

Immunostaining and Confocal Microscopy of Infected Hepatocyte Cultures

Hepatocyte cultures were fixed with 4% paraformaldehyde solution (PFA, Invitrogen)
for 10 min. To visualize intracellular Plasmodium schizonts anti-serum raised in mice against
recombinant P. falciparum heat-shock protein 70 (PfHSP70) (1:1000 dilution in PBS-1% BSA-
0.3% Triton) and to visualize parasite apicoplast, an antibody against Plasmodium yoelli acyl
carrier protein (PyACP) (1:250 dilution in PBS-BSA-Triton) was used. Host and parasite
nuclei were stained by DAPI. Fixed and immunostained hepatocyte cultures were studied
by a confocal (Leica SP8 white laser) microscope located at the ICM Quant microscopy
platform (Institut du Cerveau et de la Moelle, ICM) in Paris, France. Images were analyzed
and prepared with Image]J software. Apicoplast morphology was observed and quantified
by eye under a confocal microscope.

Quantification of Parasite Size and Numbers in Treated Versus Control Wells

Upon immunostaining of parasites, the study plates were scanned using a Celllnsight
high-content screening platform equipped with the Studio HCS software (Thermo Fisher
Scientific, Waltham, MA, USA). The details of analysis is provided elsewhere [45]. The
number of host hepatocyte nuclei per well was counted by the system as a measure of
toxicity of 3i towards the liver cells.

4. Conclusions

An antiplasmodial SAR study, against the asexual erythrocytic stage, was conducted
through the synthesis and evaluation of 20 original 3-trichloromethylquinoxaline deriva-
tives. All the molecules showed good in vitro antiplasmodial activity. Among them,
compound (3i) had the best ECs5 values against the K1 P. falciparum strain along with a low
cytotoxicity on the HepG2 cell line (SI = 160) and no cytotoxicity on human hepatocytes.
Nitro-containing (3i) was not mutagenic in the Ames test or genotoxic in the in vitro comet
assay. The CCl; group was found to be essential for antiplasmodial activity. Moreover,
(3i) showed an effect on the apicoplast biogenesis, inducing a quick-killing mechanism. A
parasite chemical rescue strategy could address the question of whether (3i) targets the
apicoplast as a primary target or an off-target. The essential metabolic pathways that reside
in the apicoplast are attractive targets for the development of new antimalarial drugs with
novel mechanisms of action.
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The identification of a plant-like Achille's Heel relict, i.e. the apicoplast, that is essential for Plasmodium
spp., the causative agent of malaria lead to an attractive drug target for new antimalarials with original
mechanism of action. Although it is not photosynthetic, the apicoplast retains several anabolic pathways
that are indispensable for the parasite. Based on previously identified antiplasmodial hit-molecules
belonging to the 2-trichloromethylquinazoline and 3-trichloromethylquinoxaline series, we report
herein an antiplasmodial Structure-Activity Relationships (SAR) study at position two of the quinoxaline
ring of 16 newly synthesized compounds. Evaluation of their activity toward the multi-resistant K1
Plasmodium falciparum strain and cytotoxicity on the human hepatocyte HepG2 cell line revealed a hit
compound (3k) with a PfK1 ECso value of 0.3 uM and a HepG2 CCsp value of 56.0 uM (selectivity
index = 175). Moreover, hit-compound 3k was not cytotoxic on VERO or CHO cell lines and was not
genotoxic in the in vitro comet assay. Activity cliffs were observed when the trichloromethyl group was
replaced by CH3, CF3 or H, showing that this group played a key role in the antiplasmodial activity.
Biological investigations performed to determine the target and mechanism of action of the compound
3k strongly suggest that the apicoplast is the putative target as showed by severe alteration of apico-
plaste biogenesis and delayed death response. Considering that there are very few molecules that affect
the Plasmodium apicoplast, our work provides, for the first time, evidence of the biological target of
trichloromethylated derivatives.
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1. Introduction
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Malaria remains the leading cause of death among parasitic
infections worldwide, mainly affecting children under the age of 8,
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the elderlies and pregnant women. According to the World Malaria
Report 2020 [1], malaria caused an estimated 229 million clinical
cases leading to 409 000 deaths. Eighty nine countries from the
sub-tropical zone are endemic, where the mosquito vectors are
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present. Most cases and deaths occur in sub-Saharan Africa and
South-East Asia. Malaria is caused by a unicellular eukaryote, i.e.
protist, of the Apicomplexa phylum and the Plasmodium genus,
among which the species falciparum is responsible for most fatal
malaria cases, including cerebral malaria. The parasite is trans-
mitted to humans by a bite of an infected female Anopheles mos-
quito during a blood meal. Despite numerous and ambitious
malaria control efforts, Plasmodium strains that resist commercial
anti-malarial drugs such as chloroquine [2], quinine [3], atova-
quone [4], mefloquine [5], piperaquine [6] and associations of
pyrimethamine-cycloguanil [7] or sulfadoxine-pyrimethamine [8]
are spreading worldwide. In addition, the emergence of resistances
toward the first line treatments against severe P. falciparum in-
fections, Artemisinin-based Combination Therapies (ACTs), is now
threatening the efficacy of malaria treatment particularly in the
Greater Mekong Subregion [9], Africa [10,11] and India [12].
Therefore, new chemotypes with original modes of action, for use
in combination therapies, are urgently needed to overcome these
resistances and move towards malaria eradication.

Working on the synthesis and reactivity of new heterocycles
bearing a trichloromethyl group as potential antiparasitic agents
[13—15], our research group has previously reported an anti-
plasmodial 2-trichloromethylquinazoline derivative (Hit A, Table 1)
bearing a thiophenoxy group at position 4 [16]. From this initial
compound, a quinoxaline position isomer (Hit B, Table 1) was
prepared and evaluated, showing an improved antiplasmodial
profile [17]. Based on this encouraging result, we decided to syn-
thesize a series of original quinoxaline derivatives bearing a thio-
phenoxy moiety at the 2-position of the quinoxaline ring, with the
aim of identifying a new optimized hit-compound and investi-
gating the antiplasmodial structure-activity relationships.

Indeed, several quinoxalines have already been identified as
promising antiplasmodial molecules, including BQR695 (Fig. 1),
identified from a phenotypic screening of the Novartis chemical
library, exerting antiplasmodial activity through inhibition of the
plasmodial protein kinase PfPI(4)K [18]. Guillon et al. [19] pre-
viously described a series of bis- and tris-pyrrolo [1,2-a]qui-
noxaline derivatives (C, Fig. 1) showing good antiplasmodial
activity during the intraerythrocytic stage of P. falciparum W2
and 3D7 with ECs¢9 in the micromolar range. In addition, (R)-
enantiomers of pyrrolo [1,2-a]quinoxalines (D) showed good
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antiplasmodial activities [20]. In addition, our lab has previously
described 2-trichloromethylpyrroloquinoxaline derivatives (E)
which also show selective antiplasmodial activity [21], illus-
trating the potential of quinoxaline ring in antiplasmodial drug-
design.

With the aim of discovering and developing new antimalarial
compounds, Medicines for Malaria Ventures (MMV) defined target
candidates (TCPs) and target product profiles (TPPs) for the treat-
ment and chemoprevention of malaria [22]. MMV currently lists
four molecules in pre-clinical trials and 14 compounds in clinical
trials [23]. Therefore, new compounds with novel mechanisms of
action are urgently required to overcome the resistance of Plas-
modium against commercial drugs. In this context, apicoplast, a
plant plastid-like organelle that is essential for parasite survival
provide potentially an interesting antimalarial target.

The discovery in Australian corals of a photosynthetic apicom-
plexan Chromera velia confirmed the common plant and photosyn-
thetic evolutionary origin of P. falciparum and its peculiar organelle,
the apicoplast [24]. Indeed, the apicoplast is a non-photosynthetic
plastid acquired by secondary endosymbiosis from a plastid-
containing red algal ancestor [25]. As a consequence of this second-
ary endosymbiotic origin, the apicoplast is delimited by four mem-
branes [26]. This P. falciparum organelle possesses a housekeeping
machinery maintained in its small 35 kb circular genome, which
encodes for tRNAs, ribosomal proteins and a handful of proteins that
are targeted to the apicoplast [27]. Despite being non photosynthetic,
the apicoplast retains several anabolic pathways that are essential for
parasite survival. These pathways include fatty acids biosynthesis,
isoprenoid biosynthesis precursors, iron-sulfur cluster assembly and
heme biosynthesis [27]. These metabolic pathways have no equiva-
lent in the human host. Isoprenoid precursors such as isopentenyl
pyrophosphate (IPP) have previously been described as the only
required function of the apicoplast in the asexual blood stage of ma-
laria parasite in vitro under rich culture conditions [28]. Thus, it was
confirmed that IPP inhibitors, such as fosmidomycin, mainly target
the apicoplast. On the other hand, the apicoplast fatty acid biosyn-
thesis plays a vital role during the in vitro liver stage [29], and can be
reactivated during the blood stages and become critical in a low host
nutritional/lipid environment [30,31]. Furthermore, even if disrupted
and absent in blood stage parasites by anti-plastidial treatment
(azythromycin, doxycycline, fosmidomycin), the apicoplast remains

Table 1
Comparison between antiplasmodial Hit A and position isomer Hit B.
cl cl
S
~N
N S
= N
N~ ~cclg
=
N~ ~cclg
Hit A Hit B
ECso PAK1 (LM) 0.9 0.5
CCso HepG2 (uM) >25 38.6
Selectivity index (SI) >28 77.2
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Fig. 1. Structures of some previously described antiplasmodial derivatives containing a quinoxaline moiety.

metabolically active in the form of vesicles, showing once again that
the IPP pathway is not the only essential pathway of the apicoplast
[32]. Moreover, Prigge et al. [33] have recently demonstrated the
importance of carbon metabolism in the apicoplast of the malaria
parasite. Indeed, a loss of pyruvate kinase II activity which is an
essential Plasmodium enzyme providing the pyruvate necessary for
the generation of essential isoprenoid precursors, leads to a reduction
of apicoplast RNA, following by apicoplast disruption and parasite
death. Seven enzymes of the isoprenoid precursors pathway are drug-
target in the apicoplast, which are DOXP synthase, IspC, IspD, IspE,
IspF, IspG and IspH. Knowing that the isoprenoid precursors biosyn-
thesis is localized only to apicoplast, chemical rescue by adding IPP to
the growth medium identified MMV-08138 as a potent IspD inhibitor
during the blood stage of P. falciparum with an ECsg of 110 nM (Fig. 2)
[34].

Currently very few molecules targeting the apicoplast have been
reported, but some known antibiotics have been studied, such as
ciprofloxacin and doxycycline belonging to the fluoroquinolone
and tetracycline classes respectively, which target DNA replication
and rRNA translation respectively in P. falciparum apicoplast,
leading to a delayed death drug-response [26].

The delayed death phenomenon in the apicomplexan parasite is
well studied and its molecular mechanism appears to be related to
the inhibition of functions in the apicoplast that induce death of
daughter cell after one life cycle. It is related to apicoplast house-
keeping processes such as DNA replication, transcription and
translation mechanisms [27].

In addition to these antibiotics, several biocides such as triclosan
(Fig. 3) are reported to be active against Plasmodium through the
metabolic pathway of fatty acid synthesis located in the apicoplast
[26] although it was further proved that the apicoplast is not the
main target [35]. As P. falciparum apicoplast is an essential
chloroplast-like organelle, studies have demonstrated that herbi-
cides active against plants are also active against P. falciparum and
therefore could act as antimalarials [36,37]. Indeed, clomazone [38]
and fluridone [39] affect DOXP synthase and block plastidial
abscisic acid synthesized by the plastid DOXP pathway respectively,
localized in the apicoplast (Fig. 3).

After working for 15 years on the development of tri-
chloromethylated heterocycles without identifying their mecha-
nism of action, we decided herein to evaluate the effect of our

Cl

P =

/ Cl
NH

/—OH
0

Fig. 2. MMV-08138 acting at the level of the Plasmodium apicoplast.

molecules toward this vital organelle in P. falciparum in order to look
for the mechanism of action of such trichloromethyl derivatives.

2. Results
2.1. Synthesis

As shown in Scheme 1, the key substrate (1) was easily obtained
by reacting o-phenylenediamine with ethyl pyruvate to provide the
corresponding lactam which was then chlorinated using POCI3
(Scheme 1) [15]. Next, chlorimine (1) was reacted through a
nucleophilic aromatic substitution reaction (SyAr) with various
thiophenol derivatives in the presence of cesium carbonate in DMF



D. Amrane, N. Primas, C.-S. Arnold et al.

European Journal of Medicinal Chemistry 224 (2021) 113722

Cl OH Cl 0 (0]
(o) CHs
N CH;3 | I CF,
cl cl HN N
I
CH;
Triclosan Clomazone Fluridone
EC5o Pf3D7 = 1.55 uM
Fig. 3. Chemical structures of antiapicomplexe biocids.
R R
NH, 1)i(89%) N C Ne S iy N._S
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80% 14-100% 15-86%

Scheme 1. Preparation of 2-thiophenoxy-3-trichloromethylquinoxaline derivatives (3a-3p). Reagents and conditions: (i) ethyl pyruvate 1 equiv, H,0, 50 °C, 15 min; (ii) POCl3, reflux,
2 h; (iii) appropriate thiophenol derivative 1 equiv, Cs;CO5 1 equiv, anh. DMF, 70 °C, 12 h, sealed vial, Ny; (iv) PCls 6 equiv, POCl3 as solvent, 100 °C, MW, 20 min, 800 W.

at 70 °C. The desired intermediates (2a-2p) were obtained in low to
quantitative yields (14—100%). Yield variation does not seem to be
correlated with the electron-donating or -withdrawing behavior of
the different thiophenol substituents. Finally, from the methylated
precursors (2a-2p), a chlorination reaction using PCls and POCIl;
was performed under microwave heating at 100 °C for 30 min,
according to a previously reported method [40], leading to the
target compounds (3a-3p) in low to very good yields (15—86%). A
series of 16 original derivatives (3a-3p) was then prepared, bearing
electron-donating or electron-withdrawing substituents in ortho,
meta and para positions of the thiophenol moiety. It is to note that
attempt to chlorinate the intermediate (2i), bearing a 3’-OMe
substituent on the thiophenoxy group, led to the only the unex-
pected 2’-chlorinated product.

2.2. Biological results

2.2.1. Structure-activity relationship (SAR) study

These new derivatives were evaluated in vitro against the K1
multidrug-resistant P. falciparum strain, by determining their 50%
efficacy concentration (ECsp), and compared with three reference
antimalarial drugs: chloroquine, atovaquone and doxycycline. The
in vitro 50% cytotoxic concentrations (CCsg) were assessed on the
HepG2 human hepatocyte cell line and compared with >cytotoxic
reference drug: doxorubicin. Selectivity indexes were calculated:
SI = CC50/ECs0. The results are presented in Table 2.

All the 16 newly synthesized compounds showed good aqueous
solubility except for compound (3j), which precipitated above 1.9 uM
in the cell viability assay. The derivatives showed cytotoxicity values
ranging from 19.9 to 69.7 uM, comparable or better than chloroquine
(30 uM) or doxycyclin (20 uM). It appears that strong electron-
withdrawing groups (EWG) (3m-30) at 4-position of 2-thiophenoxy
group led to slightly more cytotoxic compounds (19.9—29.9 uM),
contrary to electron-donating groups (EDG) (3p) or the unsubstituted
thiophenoxy moiety (3k) (69.7—56.0 uM, respectively).

With regard to the antiplasmodial activity, all derivatives showed
submicromolar activity except for (3p) bearing a 4-Me group (1.5 uM).
A strong EWG such as 4-NO; group (30) gave the best antiplasmodial

activity with only 0.2 uM. The 2, 3 or 4 fluoro-substituted thiophenoxy
moiety (3e-3g) led to quite similar activities (0.32, 0.31, 0.36 uM
respectively). Other 4-EWG such as 4-CF3 (3m) and 4-OCF3 (3n) gave
quite similar activities to the fluoro-substitued thiophenoxy group
(0.40 and 0.30 uM respectively). Substitution by a methoxy group was
slightly detrimental to the activity, especially for the 2-OMe com-
pound (3h) (0.74 uM). The disubstituted 2-chloro-3-methoxy-thio-
phenoxy moiety (3i) led to a better antiplasmodial activity than only
2- or 4-methoxy substitution (3h, 3j). For the dichloro-containing
molecules (3¢, 3d), 2—3 substitutions were better than the 2—4 sub-
stitutions (0.31 vs 0.90 uM).

Finally, the best compound in this series was the unsubstituted
thiophenoxy group (3k) which combined both good antiplasmodial
activity and low cytotoxicity, leading to the highest selectivity index
in series (175) (Table 2). It is to note that there is no correlation
between the calculated logP and activity.

2.2.2. Toxicity data

In order to complete the cytotoxicity data of the best molecule
(3K) in this series, we tested it on CHO Chinese Hamster Ovary cells
and Vero cells (Table 3). After 72 h of treatment, low cytotoxicities
was observed both on cell lines (58.5 uM and 63.5 pM respectively),
similar to that measured on HepG2 cell line (56.0 uM).

To complete the in vitro toxicological evaluation of compound
(3Kk), its genotoxic potential was studied, using the comet assay on
the HepG2 cell line (Table 3). Compound (3k) did not induce DNA
strand breaks or alkali labile sites after either short (2 h) or long
(72 h) exposure at two concentrations (5.6 and 28 uM; CCso/2 and
CCs0/10 after 72 h of treament) (see supplementary material). The
positive control (i.e., cells treated with 1 mM Methyl Meth-
aneSulphonate, MMS) showed the expected results.

2.2.3. Role of the 2-CCl3 group

We have previously shown that the -CCl3 group is mandatory to
provide antiplasmodial activity [17,21,41]. To confirm the key role of
the CCl3 group in the activity of 3k, we compared the antiplasmodial
activity of (3k) with that of three analogs bearing a proton (3r), a
methyl group (2K) or a trifluoromethyl group (3s) at position 3 of the
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Table 2
Antiplasmodial activity, cLogP and human cell toxicity on HepG2 cell line of the 2-phenoxy-3-trichloro-methylquinoxaline compounds (3a-3p)..

R
N S
N
I
N CcCl,
R N° Yields (%) ECs0 PfK1 (uM) CCsp HepG2 (uM) si cLogP®
2-Cl 3a 62 0.50 + 0.10 369 + 8.1 73.8 5.15
3-Cl 3b 74 0.41 + 0.08 383 +8.1 93.4 5.16
2,3-Cl 3c 61 0.31 + 0.06 346 + 7.1 111.6 5.68
2,4-Cl 3d 46 0.90 + 0.10 >31.2¢ >34.7 5.69
2-F 3e 56 0.32 + 0.07 405 + 8.1 126.6 494
3-F 3f 63 0.31 + 0.07 359+79 115.8 4.94
4-F 3g 51 0.36 + 0.08 308 +7.0 85.6 4.95
2-OMe 3h 64 0.74 + 0.16 42652 56.8 4.63
2-Cl-3-OMe 3i 15 0.46 + 0.15 584 +5.8 126.9 5.14
4-OMe 3j 59 0.65 + 0.15 >1.9°¢ >3.0 4.61
Hf 3k 71 0.32 + 0.07 56.0 + 11.0 175.0 4.68
4-Br 31 44 0.46 + 0.10 422 +86 93.0 5.25
4-CF3 3m 80 0.50 + 0.10 299 +5.1 59.8 5.68
4-0CF; 3n 68 0.36 + 0.10 21.0+3.1 58.3 5.55
4-NO, 3° 64 0.25 + 0.05 199 +3.0 79.6 3.92
4-CH; 3p 40 1.50 + 0.20 69.7 + 14.6 46.5 5.01
Hit B 0.50 38.6 77.2 517
Chloroquine® 0.80 30.0 375 3.82
Atovaquone® 0.001 >15.6 15600 423
Doxycycline® 6.00 20.0 33 -
Doxorubicin® - 0.20 - -
¢ Chloroquine, Atovaquone and doxycycline were used as antimalarial reference-drugs;
b Doxorubicin was used as a cytotoxic reference-drug;
¢ Highest concentration tested due to a lack of solubility;
94 Selectivity index (SI) was calculated according to the formula: SI = CCso/ECso.
€ Weighted clogP was computed by swissADME;
f The best antiplasmodial molecule.
Table 3
Cytotoxic and genotoxic data for hit compound (3Kk).
Entry CCso HepG2 (uM) CCso CHO (uM) CCso Vero (uM) Comet assay*
56.0 +11.0 585+39 63.5+ 8.6 Negative

/

\

N~ cal,
(3k)

@ Comet assay was performed on HepG2 cell line at 5.6 and 28 uM for 2 or 72 h.
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quinoxaline ring respectively. None of these analogs lacking a CCl3
group was>active against P. falciparum (ECso PK1>50 pM). These
activity cliffs revealed once again the key role of the CCl; group in
antiplasmodial activity in the studied series (Fig. 4) [42].

2.2.4. Evaluation on P. falciparum apicoplast

e Treatment with molecule 3k affects parasites growth and apico-
plast development

Using an epifluorescence microscope, we monitored the effect
of molecule (3k) on different intraerythrocytic stages of
P. falciparum parasite in order to identify the mechanism by which
the molecule could affect parasite survival and whether this was
directed against the apicoplast. The loss of apicoplast by molecule
(3k)-treatment can then be visualized via fluorescence microscopy.
The ECso treatment was performed on synchronized cultures of
P. falciparum 3D7 strain during a 48-h parasite life cycle (Fig. 5A).

Parasites treated with 0.3 pM of molecule (3k) shows a severe
defect in apicoplast biogenesis when compared to the DMSO con-
trol. The apicoplast development, elongation and branching typi-
cally happening during asexual blood stage intracellular
development is highly affected by the treatment and strongly
suggest a direct effect on Plasmodium apicoplast (Fig. 5A).
Furthermore, overall parasite development is also slightly reduced,
as the nucleus staining shows a defect in replication and the culture
is enriched in mid trophozoite parasites (Fig. 5A), suggesting either
that apicoplast disruption induces parasite death or that the drug
could have some sort of off target mechanism. If the apicoplast is
the primary target of the (3k) molecule, one could expect a so-
called delayed death phenotype, which is characteristic of some
apicoplast targeting drugs such as chloramphenicol, doxycycline or
ciprofloxacin. To confirm this, we performed a growth assay on
three life cycles (3 x 48 h) by measuring the development of
treated parasite with 0.3 pM of (3k) and 0.3 puM of (2k). The
replacement of CCl3 by a methyl group in (2k) analog shows to have
no effect on the apicoplast development (Fig. 5B) compared to
untreated parasites (DMSO control). Results show a slight reduction
of the parasites development at the first cycle (48 h), and a drastic
reduction of the growth at the second and third cycles, confirming
the delayed effect of apicoplast targeting drugs, compared to
inactive (2k) molecule, which has no significative difference with
DMSO (Fig. 5C). Nevertheless, the slight decrease of the growth at
the first cycle confirms the potential off target of (3k) molecule,
outside of the apicoplast, coherent with the reduction of nucleus
replication shown by IFA at 48 h treatment (Fig. 5A).

It should be noted out that all derivatives (3a-p) including (3k)
have a high lipophilicity (3.92 < clogP < 5.69). This may be neces-
sary property to cross the four membranes that envelop the
apicoplast.

s Activity cliffs

0L, =

(3k) (3r)
ECs5o PfK1=0.32 uM

N S
[j: S

/:E

N H

EC5q PfK1 > 50 uM
CCso HepG2 >50 uM
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2.2.5. Evaluation on human hepatocyte infection

In order to further explore the potency of molecule (3Kk), an
evaluation was made on the hepatic stage of P. falciparum infection.
Cryopreserved primary human hepatocyte cultures were infected
with P. falciparum NF135 strain. Treatment with (3Kk) at various
doses was applied simultaneously with the sporozoites addition to
hepatocytes and contact was maintained until post-infection day 6
(pi). (3k) treatment significantly reduced parasite size without
affecting parasite numbers in a dose-dependent manner. Atova-
quone (ATQ), a potent hepatic schizonticide was used as positive
control.

We then tried to understand if apicoplast of P. falciparum
schizonts was targeted by (3Kk). In untreated control wells fixed at
day 6 pi, the parasitic apicoplast has a uniform appearance. The
apicoplast is in its terminal stage of development (considering the
5—6 days schizogony of P. falciparum) and the Apicoplast protein
acyl Carrier Protein (ACP) signal looks like small dots densely
decorating the periphery of the organelle. In (3k) treated cultures,
the integrity of small dots shown in the control parasites appears to
be affected and the ACP signal is condensed leading to the
appearance of larger aggregates. At the high dose of 30 uM
approximatively 93% of P. falciparum schizonts showed partial or
complete alteration of the apicoplast signal (Fig. 6). Interestingly,
no cytotoxicity was observed on human hepatocytes up to 30 uM
(Fig. 7).

3. Conclusion

An antiplasmodial SAR study was conducted through the syn-
thesis and evaluation of 16 original thiophenoxyquinoxaline de-
rivatives. All of these molecules displayed good in vitro
antiplasmodial activity. Among these compounds, (3k) showed the
best antiplasmodial activity (EC5o = 0.32 pM) and low cytotoxicity
towards three cell-lines and no cytotoxicity on human hepatocytes.
Moreover, compound (3K) presented no genotoxic effect in the
comet assay. The activity cliffs showed that the CCl3 group was
essential to provide antiplasmodial activity. Although no effect was
demonstrated on hepatic stage, at high concentration, the size of
parasite was affected. Interestingly, the molecule (3k) shows a
delayed death inhibition and apicoplast biogenesis branching
defect, confirming that it affects growth of P. falciparum by targeting
the apicoplast, and probably another target outside of the apico-
plast which affects the cell division. Essential metabolic pathways
reside within the apicoplast which provide promising new drug
targets for the development of new antimalarials, with a novel
mechanism of action. Further investigations will be necessary in
order to decipher the>action of trichloromethylquinoxaline de-
rivatives on the apicoplast.

N” CH, NT O CF,
(2k) (3s)

EC5o PfK1 > 50 uM
CC5p HepG2 >25 uM

ECs PAK1 > 50 uM
CCsq HepG2 >50 pM

Fig. 4. Comparison of the in vitro antiplasmodial activities of hit molecule 3k with analogs 3r, 2k and 3s.
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Fig. 6. The effect of (3K) on liver stage P. falciparum growth. a) DO pi-D6 (3k) exposure of human hepatocytes infected with P. falciparum and its impact on parasite numbers
expressed as mean=+SD and parasite size expressed as surface area expressed as um? mean=SD. Parasites were immunostained with anti-HSP70 antibody and plates were scanned.
b) Quantification of different apicoplast morphologies (normal and affected) in 100 parasites with percentage distribution of each defined category. c) Confocal microscopic images
of control and treated P. falciparum schizonts. The schizonts were immunolabelled with anti-HSP70 antibody. Host and parasite DNA were visualized by 4’,6-diamidino-2-
phenylindole (DAPI) dye. The apicoplast was labelled by Anti-PyACP (Scale bar = 10 pm).

4. Experimental section
4.1. Chemistry

4.1.1. Generality

Melting points were determined on a Kofler melting point
apparatus (Wagner & Munz GmbH, Miinchen, Germany) and are
uncorrected. Elemental analyses were carried out at the Spectro-
pole, Faculté des Sciences de Saint-Jérome (Marseille) with a
Thermo Finnigan EA1112 analyzer (Thermo Finnigan, San Jose, CA,
USA). NMR spectra were recorded on a Bruker AV (Billerica, MA,
USA) 200 or AV 250 spectrometers or on a Bruker Avance NEO
400 MHz NanoBay spectrometer at the Faculté de Pharmacie of
Marseille or on a Bruker Avance IIl nanobay 400 MHz spectrometer
at the Spectropole, Faculté des Sciences de Saint-Jérome (Mar-
seille). ("H NMR: reference CDCl3 6 = 7.26 ppm, reference DMSO-dg
6 = 2.50 ppm and '3C NMR: reference CHCl3 6 = 76.9 ppm, reference

DMSO-dg 6 = 39.52 ppm). The following adsorbent was used for
column chromatography: silica gel 60 (Merck KGaA, Darmstadt,
Germany, particle size 0.063—0.200 mm, 70—230 mesh ASTM). TLC
was performed on 5 cm x 10 cm aluminum plates coated with silica
gel 60F-254 (Merck) in an appropriate eluent. Visualization was
performed with ultraviolet light (234 nm). The purity of synthe-
sized compounds was checked by LC/MS analyses, which were
performed at the Faculté de Pharmacie of Marseille with a Thermo
Scientific Accela High Speed LC System® (Waltham, MA, USA)
coupled to a single quadrupole mass spectrometer Thermo MSQ
Plus®. The RP-HPLC column is a Thermo Hypersil Gold®
50 x 2.1 mm (C18 bounded), with particles of a diameter of 1.9 mm.
The volume of sample injected on the column is 1 pL. The chro-
matographic analysis with a total duration of 8 min, is performed
on the following solvents gradient: t = 0 min, methanol/water
50:50; 0 < t < 4 min, linear increase in the proportion of methanol
to a methanol/water ratio of 95:5; 4 < t < 6 min, methanol/water
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Fig. 7. Toxicity of (3k) on primary human hepatocytes. The number of hepatocyte
nuclei quantified from a certain number of microscopic scanning fields from control
and (3K) treated groups.

95:5; 6 < t < 7 min, linear decrease in the proportion of methanol to
return to a methanol/water ratio of 50:50; 6 < t < 7 min, methanol/
water 50:50. The water used was buffered with ammonium acetate
5 mM. The flow rate of the mobile phase was 0.3 mL/min. The
retention times (tg) of the molecules analyzed are indicated in min.
The microwave reactions were performed using multimode re-
actors: ETHOS Synth Lab station and MicroSYNTH® Lab terminal
1024 (Ethos start, MLS GmbH, Leutkirch, Germany.); or monomode
reactors: Biotage Initiator® classic in sealed vials with a power
output of 0—400 W. Reagents were purchased and used without
further purifications from Sigma-Aldrich or Fluorochem.

4.1.2. 2-Chloro-3-methylquinoxaline (1)

Step 1 To a solution of o-phenylenediamine (6 g, 1.0 equiv) in H,O
was added ethyl pyruvate (1.0 equiv) dissolved in H;O
(80 mL). The reaction mixture was heated at 50 °C for
15—30 min. After cooling, the precipitate product of 3-
methylquinoxalin-2(1H)-one was recrystallized from
ethanol as a white solid, 7.92 g, yield 89%. This was used
directly in step 2.

Step 2 To a solution of 3-methyl-2(1H)-quinoxalinone (12.5 g,
121.8 mmol, 1.0 equiv) was added cold POCl3 (65 mL) in
portions to get a slurry. The mixture was refluxed for 2 h.
Then, the reaction was added to ice cold water (500 mL) and
basified slowly under cooling with NayCO3 to pH 8. The
organic phase was separated and washed with brine, dried
over anhydrous MgSQy, filtered, and concentrated in vac-
uum to afford the crude product, which was purified by
silica gel flash chromatography (using dichloromethane) to
afford (1) as an off-white solid, yield 80% (7 g). Mp 84 °C.'H
NMR (250 MHz, CDCl3) 6 8.08—7.84 (m, 2H), 7.79—7.62 (m,
2H), 2.82 (s, 3H). 13C NMR (63 MHz, CDCl3) 6 152.9, 147.9,
141.0, 141.0, 130.2, 130.1, 128.5, 128.2, 23.4. Spectral data
matched with literature [43].
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4.1.3. General procedure for 3-methyl-2-substituted-quinoxaline
(2a-2p)

To a solution of 2-chloro-3-methylquinoxaline (1) (500 mg,
2.8 mmol) and the appropriate thiophenol (2.8 mmol, 1.0 equiv) in
anhydrous DMF (10 mL), Cs2COs3 (912 mg, 2.8 mmol, 1.0 equiv) was
added under inert atmosphere. The mixture was stirred at 70 °C
overnight. After completion of the reaction, water was added,
leading to a precipitate which was separated by filtration. The
resulting precipitate was then thoroughly washed with water. The
precipitate was dissolved in CH,Cl, and dried with Na;SOg4. After
filtration and evaporation, the resulting solid was purified by silica
gel column chromatography (using the appropriate eluant) to
afford the desired compound.

4.1.3.1. 2-(2-Chlorophenylthio)-3-methylquinoxaline (2a). Yield
100% (803 mg). White solid. Mp 155 °C. 'H NMR (250 MHz, CDCl3)
6 7.97—7.93 (m, 1H), 7.70—7.51 (m, 5H), 7.46—7.31 (m, 2H), 2.82 (s,
3H) . 13C NMR (63 MHz, CDCl3) § 154.6, 151.5, 141.6, 139.6, 139.6,
137.6,131.0,130.4,129.2,128.7,128.3,128.2,128.1,127.5, 22.4. LC-MS
(ESI+) tg 654 min; mfz [M+H]* 286.36/289.00. MW:
286.78 g mol~L. HRMS (ESI): m/z calcd. for Ci5Hy1CIN,S [M+H]*
287.0404. Found: 287.0402.

4.1.3.2. 2-(3-Chlorophenylthio)-3-methylquinoxaline (2b). Yield 94%
(755 mg). White solid. Mp 97 °C. TH NMR (250 MHz, CDCl3)
07.98-7.94 (m, 1H), 7.74—7.69 (m, 1H), 7.65—7.55 (m, 3H), 7.52—7.33
(m, 3H), 2.78 (s, 3H). 13C NMR (63 MHz, CDCl3) § 155.0, 151.4, 141.4,
139.8, 134.9, 134.8, 133.3, 130.5, 130.3, 130.2, 129.5, 129.3, 128.8,
128.2, 22.4. LC-MS (ESI+) tg 6.83 min; m/z [M+H]" 286.36/289.04.
MW: 286.78 g mol~"HRMS (ESI): m/z calcd. for Cy5H11CINSS
[M+H]+287.0404. Found: 287.0402.

4.1.3.3. 2-(2,3-Dichlorophenylthio)-3-methylquinoxaline (2c).
Yield 100% (899 mg). Brown solid. Mp 142 °C. '"H NMR (250 MHz,
CDCl3) 6 7.92—7.88 (m, 1H), 7.65—7.49 (m, 5H), 7.23—7.20 (m, 1H),
2.76 (s, 3H).13C NMR (63 MHz, CDCl3) ¢ 154.0, 151.5, 141.4, 140.0,
137.7,135.6, 134.1,131.7,130.9, 129.2, 128.9, 128.3, 128.2, 127.6, 22.5.
LC-MS (ESI+) tg 4.69 min; mjz [M+H]+319.75/322.54. MW:
321.22 g mol~ L. HRMS (ESI): m/z [M+H]" calcd for CisH10CbN,S:,
321.0015 Found: 321.0013.

4.1.3.4. 2-(2,4-Dichlorophenylthio)-3-methylquinoxaline (2d).
Yield 80% (719 mg). Brown solid. Mp 116 °C. 'H NMR (400 MHz,
CDCl3) 6 7.97—7.91 (m, 1H), 7.70—7.66 (m, 1H), 7.65—7.54 (m, 4H),
7.34(dd,J = 8.3, 2.2 Hz, 1H), 2.80 (s, 3H). 3C NMR (101 MHz, CDCl3)
6 154.0, 151.4, 141.5, 140.5, 140.0, 138.4, 136.5, 130.3, 129.2, 128.8,
128.4, 128.2, 127.8, 127.0, 22.5. LC-MS (ESI+) tz 0.74 min; m/z
[M+H]* 320.94/322.85/325.10. MW: 321.22 g mol~'. HRMS (ESI):
m/z [M+H]" caled for Cy5H19CI;N,S: 321.0015, Found: 321.0013.

4.1.3.5. 2-(2-Fluorophenylthio)-3-methylquinoxaline (2e). Yield 78%
(590 mg). Brown solid. Mp 159 °C. 'TH NMR (250 MHz, CDCls)
0 8.03—7.85 (m, 1H), 7.69—7.47 (m, 4H), 7.28—7.20 (m, ] = 19.4 Hz,
3H), 2.82 (s, 3H). ¥C NMR (63 MHz, CDCl3) 6 163.3 (d, ] = 249.6 Hz),
154.3, 151.3, 141.5, 139.9, 137.3, 132.01 (d, J = 8.2 Hz), 129.1, 128.6,
128.3,128.2,124.8 (d, ] = 3.8 Hz), 116.3 (d, ] = 22.9 Hz), 115.8, 22.5.
LC-MS (ESI+) tg 3.90 min; m/z [M+H]* 271.10. MW: 270.32 g mol .
HRMS (ESI): m/z [M+H]" calcd for Cy5H11FN2S: 271.0700, Found:
271.0699.

4.1.3.6. 2-(3-Fluorophenylthio)-3-methylquinoxaline (2f). Yield 95%
(719 mg). Brown solid. Mp 92 °C. 'TH NMR (250 MHz, CDCl3)
07.92—7.89 (m, 1H), 7.74—7.70 (m, 1H), 7.63—7.53 (m, 2H), 7.48—7.36
(m, 3H), 7.20—7.12 (m, 1H), 2.77 (s, 3H). 13C NMR (63 MHz, CDCl5)
0 162.8 (d, J = 248.5 Hz), 155.0, 151.5, 141.4, 139.9, 130.8, 130.7 (d,
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J=3.2Hz),1304 (d,] = 8.3 Hz), 129.3, 128.8, 128.3, 128.2, 122.1 (d,
J=22.6Hz),116.4(d,] = 21.1 Hz), 22.5. LC-MS (ESI+) tg 4.24 min; m/
z [M+H]+271.26. MW: 270.32 g mol~'. HRMS (ESI): m/z [M+H]*
calced for C15H11FN,S: 271.0700, Found: 271.0698.

4.1.3.7. 2-(4-Fluorophenylthio)-3-methylquinoxaline (2 g). Yield
98% (742 mg). orange solid. Mp 115 °C. TH NMR (250 MHz, CDCl5)
6793 (dd, ] = 6.5, 3.2 Hz, 1H), 7.69—7.52 (m, 5H), 7.17 (t, ] = 8.7 Hz,
2H), 2.77 (s, 3H). 13C NMR (63 MHz, CDCl3) 6 163.6 (d, ] = 249.5 Hz),
155.8, 151.3, 1414, 139.8, 137.7 (d, ] = 8.5 Hz), 129.2, 128.6, 128.2,
128.1,123.7 (d,J = 3.4 Hz), 116.5 (d, | = 22.1 Hz), 22.4. LC-MS (ESI+)
tr 4.20 min; m/z [M+H]+271.24. MW: 270.32 g mol~'. HRMS (ESI):
m/z [M+H]" caled for C15H11FN,S: 271.0700, Found: 271.0699.

4.1.3.8. 2-(2-Methoxyphenylthio)-3-methylquinoxaline (2h).
Yield 72% (569 mg). Brown solid. Mp 138 °C. 'TH NMR (400 MHz,
CDCls) 6 7.93 (dd, J = 8.1, 1.5 Hz, 1H), 7.67—7.62 (m, 1H), 7.58 (dd,
J =75,1.6 Hz, 1H), 7.56—7.50 (m, 2H), 7.51—7.43 (m, 1H), 7.08—6.99
(m, 2H), 3.76 (s, 3H), 2.81 (s, 3H). 3C NMR (101 MHz, CDCl3) 6 160.3,
155.3,151.9, 141.6, 139.9, 137.0, 131.4, 128.8,128.3, 128.1,128.1,121.3,
116.9, 111.8, 56.2, 22.6. LC-MS (ESI+) tg 3.61 min; m/z [M+H]*
283.19. MW: 282.36 g mol~ . HRMS (ESI): m/z [M+H]" calcd for
C16H14N20S: 283.0900, Found: 283.0899.

4.1.3.9. 2-(3-Methoxyphenylthio)-3-methylquinoxaline (2i).
Yield 100% (791 mg). orange solid. Mp 103 °C. TH NMR (400 MHz,
CDCls) 6 7.95-7.91 (m, 1H), 7.74—7.72 (m, 1H), 7.61—7.53 (m, 2H),
7.38—7.34 (m, 1H), 7.21-7.19 (m, 2H), 7.00 (m, 1H), 3.83 (s, 3H), 2.77
(s, 3H). 3¢ NMR (101 MHz, CDCls3) 6 160.0, 155.7, 151.8, 141.5, 139.9,
130.0,129.8,129.1, 128.6, 128.2, 128.2, 127.2,120.0, 115.5, 55.6, 22.6.
LC-MS (ESI4+) tg 4.12 min; mfz [M+H]" 283.28. MW:
282,36 g mol~'. HRMS (ESI): m/z [M+H]" caled for Ci;gH14N20S:
283.0900, Found: 283.0898.

4.1.3.10. 2-(4-Methoxyphenylthio)-3-methylquinoxaline (2j).
Yield 39% (308 mg). White solid. Mp 113 °C. "TH NMR (250 MHz,
CDCls) 6 7.96—7.88 (m, 1H), 7.71—7.65 (m, 1H), 7.60—7.50 (m, 4H),
7.03—6.97 (m, 2H), 3.88 (s, 3H), 2.77 (s, 3H). *C NMR (63 MHz,
CDCl3) 6 160.7, 156.7, 151.5, 141.5, 139.8, 137.2 (2C), 129.0, 128.3,
128.2,128.1,119.0, 114.9 (2C), 55.5, 22.5. LC-MS (ESI+) tg 4.12 min;
m/z [M+H] +283.20. MW: 282.36 g mol~'. HRMS (ESI): m/z [M+H]|*
calcd for C1gH14N20S: 283.0900, Found: 283.0901.

4.1.3.11. 2-Methyl-3-(phenylthio )quinoxaline (2k). Yield 87%
(615 mg). Red solid. Mp 134 °C. TH NMR (400 MHz, CDCl3)
07.95—7.89 (m, 1H), 7.71-7.66 (m, 1H), 7.65—7.60 (m, 2H), 7.60—7.51
(m, 2H), 7.49—7.04 (m, 3H), 2.78 (s, 3H) . 3C NMR (101 MHz, CDCl;
6 155.8,151.7, 141.5, 140.1, 135.3 (2C), 129.3 (2C), 129.2,129.0, 128.9,
128.4, 128.3, 128.2, 22.6. LC-MS (ESI+) tg 4.05 min; m/z [M+H]"
253.28. MW: 252.33 g mol .. Chemical Formula: C;5H;,N,S. HRMS
(ESI): m/z [M+H]™ calcd for C15H12N5S: 253.0794, Found: 253.0789.

4.1.3.12. 2-(4-Bromophenylthio)-3-methylquinoxaline 21).
Yield 99% (918 mg). White solid. Mp 121 °C. 'H NMR (250 MHz,
CDCl3) 6 7.95—7.91 (m, 1H), 7.72—7.68 (m, 1H), 7.61—7.54 (m, 4H),
7.49—7.46 (m, 2H), 2.77 (s, 3H). 3C NMR (63 MHz, CDCl3) 6 155.1,
151.5, 141.4, 140.1, 136.9 (2C), 132.4 (2C), 129.2, 128.6, 128.3, 128.1,
127.8, 123.8, 22.5. LC-MS (ESI+) tg 4.81 min; m/z [M+H]" 331.00/
333.08/334.19. MW: 331.23 g mol~ L. HRMS (ESI): m/z [M+H]* calcd
for C15H11BrN,S: 332.9879, Found: 332.9879.

4.1.3.13. 2-Methyl-3-(4-trifluoromethylphenylthio )quinoxaline (2 m).
Yield 87% (780 mg). Beige solid. Mp 99 °C. 'TH NMR (250 MHz,
CDCls) 6 7.98—7.94 (m, 1H), 7.77—7.69 (m, 5H), 7.66—7.54 (m, 2H),
2.79 (s, 3H). 13C NMR (63 MHz, CDCl3) 6 154.5, 151.6, 141.3, 140.1,
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135.1, 133.8 (q, ] = 1.5), 131.1 (q, J = 32.7 Hz), 130.8, 129.3, 128.9,
128.4, 128.1, 1262, 126.0 (q, J = 3.7 Hz), 124.2 (q, | = 272.36 Hz),
22.5. LC-MS (ESI+) tg 4.70 min; mfjz [M+H]t 319.78. MW:
320.33 g mol~ L. HRMS (ESI): m/z [M+H]* caled for CigH11F3N,S:
321.0668, Found: 321.0663.

4.1.3.14. 2-Methyl-3-(4-trifluoromethoxyphenylthiol)quinoxaline
(2n). Yield 89% (838 mg). Yellow solid. Mp 81 °C. 'H NMR
(250 MHz, CDCl3) 6 7.94 (m, 1H), 7.71-7.62 (m, 3H), 7.62—7.54 (m,
2H), 7.31 (d,J = 8.0 Hz, 2H), 2.78 (s, 3H). '3C NMR (63 MHz, CDCl3)
6 155.2, 151.4, 150.0 (q, J = 1.8 Hz), 141.4, 140.1, 137.0 (2C), 129.2,
128.7,128.4,128.1,127.2,121.5 (2C), 120.6 (q, ] = 257.9 Hz), 22.5. LC-
MS (ESI+) tg 4.97 min; m/z [M+H]" no ionization. MW:
336.33 g mol~ . HRMS (ESI): m/z [M+H]* calcd for Ci6H11F3N,0S:
337.0617, Found: 337.0615.

4.1.3.15. 2-Methyl-3-(4-nitrophenylthio)quinoxaline (2°). Yield 86%
(716 mg). Brown solid. Mp 163 °C. 'TH NMR (250 MHz, CDCls3)
6 835-825 (m, 2H), 8.00-7.93 (m, 1H), 7.84-7.76 (m, 2H),
7.75—7.70 (m, 1H), 7.68—7.59 (m, 2H), 2.80 (s, 3H). *C NMR
(101 MHz, CDCl3) 6 153.5,151.7,148.0, 141.2,140.4,138.2,134.9 (2C),
129.6,129.3,128.5,128.1,124.0 (2C), 22.5. LC-MS (ESI+) tg 4.26 min;
m/z [M+H]* 298.16. MW: 297.33 g mol~! . HRMS (ESI): m/z [M-+H]*
calcd for C15H11N30,S: 298.0645, Found: 298.0645.

4.1.3.16. 2-Methyl-3-(4-tolylthio )quinoxaline (2p). Yield 74%
(552 mg). Brown solid. Mp 92 °C. TH NMR (400 MHz, CDCls)
6 796—7.89 (m, 1H), 7.73—-7.67 (m, 1H), 7.59—7.52 (m, 2H),
7.52—7.47 (m, 2H), 7.30—7.26 (m, 2H), 2.77 (s, 3H), 2.43 (s, 3H). 13C
NMR (101 MHz, CDCl3) ¢ 156.2, 151.7, 141.5, 139.9, 139.5, 135.3 (2C),
130.1 (2C), 128.9, 128.3, 128.3, 128.2, 125.1, 22.5, 21.5. LC-MS (ESI+)
tr 0.71 min; m/z [M+H]* 266.66. MW: 266.36 g mol ' . HRMS (ESI):
m/z [M+H]" calcd for C1gH14N3S: 267.0950, Found: 267.0948.

4.1.4. General procedure for the preparation of 2-thiophenoxy-3-
trichloromethylquinoxaline derivatives

To a solution of 2-methyl-3-substituted quinoxaline (2a-2p)
(624 mg, 2.8 mmol) and PCl5 (2.88 g, 16.8 mmol, 1.0 equiv), POCl;3
was added to make a slurry (ca.5 mL). The mixture was then heated
in a multimode microwave oven at 100 °C, 800 W for 20—30 min.
After completion of the reaction, the mixture was poured into ice
and was then neutralized with Na;COs. The resulting solution was
extracted with CH,Cl, and dried with Na,;SO4. After filtration and
evaporation, the resulting solid was purified by silica gel column
chromatography (eluent: Petroleum Ether/CH,Cl;, 9:1) to afford the
desired compound.

4.1.4.1. 2-(2-Chlorophenylthio)-3-trichloromethylquinoxaline  (3a).
Yield 62% (675 mg). White solid. Mp 127 °C (isopropanol). TH NMR
(250 MHz, CDCls) 6 8.14—8.07 (m, 1H), 7.75—7.62 (m, 4H), 7.59—7.55
(m, 1H), 7.44 (dt, ] = 7.6, 1.9 Hz, 1H), 7.33 (dt, ] = 7.4, 1.6 Hz, 1H). 3C
NMR (63 MHz, CDCl3) 6 = 152.1, 147.4, 141.9, 139.9, 138.1, 136.8,
132.0, 131.2, 1304, 129.8, 129.7, 129.5, 127.9, 127.5, 96.5. LC-MS
(ESI+) tg 5.4 min, m/z [M+H] "no ionization, purity 99%. MW:
39011 g mol. HRMS mjz [M+H]* caled for CisHgCI4N,S:
388.9235, Found: 388.9240.

4.1.4.2. 2-(3-Chlorophenylthio)-3-trichloromethylquinoxaline  (3b).
Yield 74% (437 mg). White solid. Mp 81 °C (isopropanol). 'H NMR
(250 MHz, CDCl3) 6 8.13—8.07 (m, 1H), 7.73—7.65 (m, 4H), 7.52 (dt,
J = 7.2,1.6 Hz, 1H), 7.47—7.36 (m, 2H). 13C NMR (63 MHz, CDCl3)
0 = 152.4,147.3, 141.8, 136.8, 135.4, 134.7, 133.8, 132.1, 131.6, 130.2,
129.9,129.7,129.6, 127.8, 96.5. LC-MS (ESI+) tg 5.7 min, m/z [M+H]
+378.96/380.90/386.38, purity 99%. MW: 390.11 g mol . HRMS m/
z [M+H]" calcd for C15HgCl4N,S: 388.9235, Found: 388.9235.
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4.14.3. 2-(2,3-Dichlorophenylthio)-3-(trichloromethyl)quinoxaline
(3c). Yield 61% (725 mg). Beige solid. Mp 91 °C (isopropanol). 'H
NMR (400 MHz, CDCl3) 6 8.13—8.09 (m, 1H), 7.74—7.62 (m, 4H), 7.60
(dd, J = 8.1,1.5 Hz, 1H), 7.30 (t, ] = 7.9 Hz, 1H). 13C NMR (101 MHz,
CDCl3) 6 = 151.5, 147.4, 141.9, 138.1, 136.8, 136.2, 134.2, 132.2, 132.0,
131.9, 130.0, 129.8, 127.9, 127.6, 96.4. LC-MS (ESI+) tg 5.7 min, m/z
[M-+H]* no ionization, purity 99%. MW: 424.56 g mol~!. HRMS m/z
[M+H]" calcd for C1sH7N,SCls: 424.8816, Found: 424.8808.

4.1.4.4. 2-(2,4-Dichlorophenylthio)-3-trichloromethylquinoxaline
(3d). Yield 46% (547 mg). Yellow solid. Mp 97 °C (isopropanol). 'H
NMR (400 MHz, DMSO) ¢ 8.13—8.04 (m, 1H), 7.77—7.63 (m, 4H), 7.58
(d, J = 2.2 Hz, 1H), 7.40—7.32 (m, 1H). '*C NMR (101 MHz, DMSO)
0 151.8,147.7,142.1,141.2,139.1,137.1,137.0, 132.5, 130.6, 130.3, 130.1,
128.4, 128.1 (2C), 96.7. LC-MS (ESI+) tg 6.07 min, m/z [M+H]+no
ionization, purity 98%. MW: 424.56 g mol~!. HRMS m/z [M+H]|*
caled Cy5H7N,SCls: 424.8816, Found: 424.8808.

4.1.4.5. 2-(2-Fluorophenylthio)-3-trichloromethylquinoxaline  (3e).
Yield 56% (555 mg). Beige solid. Mp 104 °C (isopropanol). 'H NMR
(400 MHz, CDCl3) 6 8.11-8.06 (m, 1H), 7.70—7.61 (m, 4H), 7.53—7.47
(m, 1H), 7.26—7.19 (m, 2H). 13C NMR (101 MHz, CDCl3) § = 163.3 (d,
J = 250.0 Hz), 151.7, 147.3, 141.9, 137.4, 136.8, 132.2 (d, | = 8.2 Hz),
132.0,129.8,129.7,127.8,124.8 (d, ] = 3.8 Hz), 117.3 (d, J = 18.8 Hz),
116.2 (d,J = 22.8 Hz), 96.5. LC-MS (ESI+) tg 5.2 min, m/z [M+H]" no
jonization, purity 99%. MW: 353.66 g mol~ . HRMS m/z [M+H]*
calcd for C15HgN>FSCl3: 374.9502, Found: 374.9492.

4.14.6. 2-(3-Fluorophenylthio)-3-trichloromethylquinoxaline  (3f).
Yield 63% (659 mg). Beige solid. Mp 57 °C (isopropanol). TH NMR
(400 MHz, CDCl3) 6 8.12—8.06 (m, 1H), 7.73—7.64 (m, 3H), 7.45—7.40
(m, 3H), 7.22—7.15 (m, 1H). 13C NMR (101 MHz, CDCl3) § = 162.6 (d,
J = 2489 Hz), 152.3, 147.2, 141.6, 136.6, 131.9, 131.7 (d, ] = 8.0 Hz),
131.2 (d,]J = 3.0 Hz), 130.3 (d, J = 8.1 Hz), 129.8,129.6, 127.65, 122.5
(d,J=22.3Hz),116.5 (d, ] = 21.0 Hz), 96.5. LC-MS (ESI+) tg 5.4 min,
m/z [M+H]* no ionization, purity 99%. MW: 373.66 g mol~'. HRMS
m/z [M+H]" calcd for C1sHgN,SFCl3: 374.9502, Found: 374.9495.

4.14.7. 2-(4-Fluorophenylthio)-3-trichloromethylquinoxaline (3 g).
Yield 51% (534 mg). Yellow solid. Mp 76 °C (isopropanol). 'H NMR
(400 MHz, CDCl3) 6 8.09—8.08 (m, 1H), 7.69—7.61 (m, 5H), 7.18 (t,
J = 86 Hz, 2H). 3C NMR (101 MHz, CDCl3) 6 = 163.6 (d,
J = 250.0 Hz), 153.1, 1471, 141.7, 138.1 (d, J = 8.6 Hz) (2C), 136.6,
131.9, 129.6, 127.6, 124.8 (d, ] = 3.4 Hz), 116.4 (d, ] = 22.0 Hz) (2C),
96.6. LC-MS (ESI+) tg 5.4 min, m/z [M+H]" no ionization, purity
99%. MW: 373.66 g mol . HRMS mjz [M+H|" caled for
C15HgN,SFCl3: 374.9502, Found: 374.9494.

4.1.4.8. 2-(2-Methoxyphenylthio)-3-trichloromethylquinoxaline (3h).
Yield 64% (691 mg). Yellow solid. Mp 96 °C (isopropanol). TH NMR
(400 MHz, CDCl5) 6 8.10—8.06 (m, 1H), 7.65—7.61 (m, 4H), 7.48 (td,
J=28.2,1.6 Hz, 1H), 7.05 (td, ] = 7.5, 0.9 Hz, 1H), 7.00 (d, | = 8.2 Hz,
1H), 3.69 (s, 3H). BC NMR (101 MHz, CDCls) ¢ = 160.1, 152.9, 147.6,
142.0,137.1,136.6, 131.8, 131.6, 129.7, 129.4, 127.7, 121.2, 118 .4, 111.6,
96.7, 56.1. LC-MS (ESI+) tg 5.1 min, m/z [M+H]" no ionization,
purity 99%. MW: 385.70 g mol~. HRMS m/z [M+H]* calcd for
C16H11N20SCl3: 386.9702, Found: 386.9698.

4.1.4.9. 2-(2-Chloro-5-methoxyphenylthio)-3-
trichloromethylquinoxaline (3i). Yield 15% (176 mg). Yellow solid.
Mp 144 °C (isopropanol ). TH NMR (250 MHz, CDCl3) 6 8.16—8.06 (m,
1H), 7.77—7.63 (m, 3H), 7.51—7.40 (m, 1H), 7.27 (d, ] = 3.0 Hz, 1H),
6.98 (dd, J = 8.8, 3.0 Hz, 1H), 3.84 (s, 3H).13C NMR (63 MHz, CDCl3)
0 = 158.51, 151.94, 147.40, 141.97, 136.80, 132.06, 131.06, 130.74,
130.07, 129.84, 129.77, 127.93, 122.66, 117.23, 96.54, 55.89. LC-MS
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(ESI+) tg 7.4 min, m/z [M+H]" no ionization, purity = 99%. MW:
42014 g mol~. HRMS mjz [M+H]" caled for CigHigCl4N,OS:
420.9312, Found: 420.9312.

4.1.4.10. 2-(4-Methoxyphenylthio)-3-trichloromethylquinoxaline
(3j). Yield 59% (637 mg). Yellow solid. Mp 149 °C (isopropanol). TH
NMR (250 MHz, CDCl3) 6 8.10—8.05 (m, 1H), 7.72—7.63 (m, 3H), 7.55
(dt,J = 2.5; 9.0 Hz, 2H), 6.99 (dt, ] = 2.6; 8.8 Hz, 2H), 3.89 (s, 3H). 13C
NMR (63 MHz, CDCl3) 6 = 160.8, 154.1,147.2, 141.9,137.7 (2 C), 136.7,
131.9,129.7,129.5,127.8,120.2, 114.9 (2 C), 96.7, 55.5. LC-MS (ESI+)
tg 5.4 min, mjz [M+H]" no ionization, purity 99%. MW:
385.70 g mol~. HRMS m/z [M+H]* caled for CigH11N0SCls:
386.9702, Found: 386.9699.

4.1.4.11. 2-(Phenylthio)-3-trichloromethylquinoxaline (3k). Yield
71% (707 mg). Beige solid. Mp 66 °C (isopropanol). 'TH NMR
(400 MHz, CDCl3) 6 8.12—8.07 (m, 1H), 7.72—7.67 (m, 3H), 7.66—7.62
(m, 2H), 7.48—7.46 (m, 3H). 3C NMR (101 MHz, CDCl3) § = 153.4,
147.4,141.9,136.8,135.8 (3 C), 131.9,129.9, 129.7,129.4, 129.3 (2 C),
127.8, 96.7. LC-MS (ESI+) tg 5.3 min, m/z [M+H]" no ionization,
purity 98%. MW: 355.67 g mol~'. HRMS m/z [M+H]|* calcd for
C15HgN,SCl3: 356.9596, Found: 356.9594.

4.1.4.12. 2-(4-Bromophenylthio)-3-trichloromethylquinoxaline  (3I).
Yield 44% (535 mg). Beige solid. Mp 96 °C (isopropanol). TH NMR
(250 MHz, CDCl3) 6 8.14—8.06 (m, 1H), 7.74—7.66 (m, 3H), 7.62—7.56
(m, 2H), 7.51—7.46 (m, 2H). 3C NMR (101 MHz, CDCl3) 6 = 152.6,
147.3,141.8, 137.4 (2 C), 136.8, 132.4 (2 C), 132.1, 129.9, 129.7, 128.9,
127.8, 124.1, 96.5. LC-MS (ESI+) tg 5.8 min, m/z [M+H]* no ioniza-
tion, purity 99%. MW: 434.57 g mol~ 1. HRMS mjz [M+H]" calcd for
C15HgN,SCl3Br: 434.8705, Found: 434.8701.

4.1.4.13. 2-Trichloromethyl-3-(4-trifluoromethylphenylthio)quinoxa-
line (3 m). Yield 80% (949 mg). Yellow solid. Mp 102 °C (iso-
propanol).'H NMR (250 MHz, CDCl3) 6 8.23—7.96 (m, 1H), 7.86—7.54
(m, 7H). 3C NMR (63 MHz, CDCl3) 6 = 152.0, 147.5, 141.8, 136.9,
135.6,134.9 (d, ] = 1.4 Hz), 132.3,131.3 (q, ] = 32.7 Hz), 130.2, 129.8,
127.8, 126.0 (q, ] = 3.7 Hz), 1241 (q, J = 272.4 Hz), 96.5. LC-MS
(ESI+) tg 5.38 min, m/z [M+H]* no ionization. MW: 423.67 g mol~",
purity 99%. HRMS m/z [M+H]" calcd for C1gHgCI3F3N,S: 424.9470,
Found: 424.9468.

4.1.4.14. 2-Trichloromethyl-3-(4-trifluoromethoxyphenylthio )qui-
noxaline (3n). Yield 68% (837 mg). Yellow oil. TH NMR (250 MHz,
CDCl3) 6 8.16—8.06 (m, 1H), 7.76—7.62 (m, 5H), 7.36—7.28 (m, 2H).
13C NMR (63 MHz, CDCl3) 6 = 152.7,150.2 (q, ] = 1.7 Hz), 147.4, 141.8,
137.5(2C),136.8,132.2,129.9,129.8,128.3,127.8,121.5 (2C), 120.6(q,
J = 258.0 Hz), 96.5. LC-MS (ESI+) tg 6.1 min, m/z [M+H]" no ioni-
zation. MW: 439.67 g mol ™, purity 99%. HRMS m/z [M+H]* calcd
for C16H3C13F3N2051 438.9448, Found: 438.9447.

4.1.4.15. 2-(4-Nitrophenylthio)-3-trichloromethylquinoxaline  (3°).
Yield 64% (718 mg). White solid. Mp 161 °C (isopropanol). 'TH NMR
(250 MHz, CDCl3) ¢ 8.34—8.23 (m, 2H), 8.20—8.10 (m, 1H),
7.88—7.67 (m, 5H). 13C NMR (63 MHz, CDCl3) 6 = 151.1,148.1, 147.7,
141.8, 139.2, 137.1, 135.4 (2C), 132.6, 130.6, 129.9, 127.7, 124.1 (2C),
96.3. LC-MS (ESI+) tg 4.9 min, m/z [M+H]' no ionization. MW:
400.67 g mol !, purity 99%. HRMS m/z [M+H]" caled for
C15HsCI3N30,S: 401.9447, Found: 401.9447.

4.1.4.16. 2-(4-Tolylthio)-3-trichloromethylquinoxaline (3p).
Yield 40% (414 mg). Yellow solid. Mp 99 °C (isopropanol). 'TH NMR
(400 MHz, CDCl3) 6 8.13—8.04 (m, 1H), 7.76—7.64 (m, 3H), 7.56—7.46
(m, 2H), 7.30—7.23 (m, 2H), 2.44 (s, 3H). >C NMR (101 MHz, CDCl5)
0 = 153.7, 1474, 142.0, 139.7, 136.7, 135.8 (2C), 131.9, 130.1 (2C),
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129.7,129.6, 127.8, 126.2, 96.7, 21.6. LC-MS (ESI+) tg 5.67 min, m/z
[M-+H]+368.18/371.01/373.05. MW: 369.70 g mol~!, purity 99%.
HRMS mjz [M+H]" caled for CygHq1CI3N,S: 370.9753, Found:
370.9752.

4.1.5. General procedure for compounds 3q-3s
4.1.5.1. Preparation of 2-chloro-3-(trifluoromethyl)quinoxaline (3q)

Step 1 To a solution of o-phenylenediamine (2 g, 18.5 mmol, 1.0
equiv) in H,O was added ethyl trifluoropyruvate (3 g 146,
18.5 mmol, 1.0 equiv) dissolved in H,0 (30 mL). The reaction
mixture was heated at 50 °C for 15 min. After cooling, the
precipitate was filtered off and washed with H,O. 3-(Tri-
fluoromethyl)quinoxalin-2(1H)-one was recrystallized from
ethanol, precipitating as a white solid and engaged directly
in step 2. Yield 93%.
Step 2 3-(Trifluoromethyl)quinoxalin-2-ol (3.5 g, 16.8 mmol, 1.0
equiv) was heated to reflux in phosphorus oxychloride
(30 mL) for 2 h. After the starting material was consumed,
the reaction mixture was cooled to r.t. and then quenched
with ice at 0 °C. The precipitate was purified by flash
chromatography, to afford 2-chloro-3-(trifluoromethyl)
quinoxaline (3q) as a white solid, yield 96%. Mp 140 °C. 'H
NMR (400 MHz, CDCl3) 6 8.25—8.20 (m, 1H), 8.15—8.09 (m,
1H), 7.99—7.86 (m, 2H). NMR was consistent with descrip-
tion [44].

4.1.5.2. Preparation of compounds (3r, 3s). To a solution of 2-
chloroquinoxaline or 2-chloro-3-(trifluoromethyl)quinoxaline
(300 mg, 1.3 mmol, 1.0 equiv.) and thiophenol reagent (143 mg,
1.3 mmol, 1.0 equiv.) in anhydrous DMF (5 mL), Cs,CO3 (1.0 equiv.)
was added under inert atmosphere. The mixture was stirred at
70 °C overnight. After completion of the reaction, water was added,
leading to a precipitate which was separated by filtration. The
resulting precipitate was then thoroughly washed with water. The
resulting solid was purified by silica gel column chromatography
(eluent: Cyclohexane/CH,Cly, 4:6) to afford the desired compound.

4.1.5.2.1. 2-(Phenylthio)quinoxaline (3r). Yield 90% (279 mg).
orange solid. Mp 88 °C (isopropanol). 'TH NMR (400 MHz, CDCls)
0 8.44 (s,1H), 7.99 (dd, ] = 8.2, 1.4 Hz, 1H), 7.90 (dd, J = 8.3, 1.3 Hz,
1H), 7.73—7.60 (m, 4H), 7.50—7.44 (m, 3H). 3C NMR (101 MHz,
CDCl3) 6 = 157.3, 143.6, 142.3, 140.0, 135.1 (2C), 130.6, 129.9 (2C),
129.8, 129.3, 129.1, 128.9, 128.4. LC-MS (ESI+) tg 3.4 min, m/z
[M+H]* 239.16. MW: 238.31 g mol~!, purity 99% HRMS m/z
[M+H]" caled for C14H19N3S: 239.0637, Found: 239.0638.

4.1.5.2.2. 2-(Phenylthio)-3-(trifluoromethyl )quinoxaline (3s).
Yield 89% (354 mg). white solid. Mp 93 °C (isopropanol). TH NMR
(400 MHz, CDCl3) 6 8.14—8.07 (m, 1H), 7.75—7.67 (m, 3H), 7.66—7.61
(m, 2H), 7.51-7.45 (m, 3H). 1*C NMR (101 MHz, CDCl3) 6 = 153.5,
143.0, 139.8 (q, J = 35.8 Hz), 137.9, 136.0 (2C), 132.5, 129.8, 129.8,
129.4 (2C), 129.2,128.3,127.9 (d, ] = 1.9 Hz), 121.2 (q, ] = 276.0 Hz).
LC-MS (ESI+) tg 6.8 min, m/z [M-+H]" 307.07. MW: 306.31 g mol~},
purity 99%. HRMS mjz [M+H]" calcd for CisHoF3N,S: 307.0511,
Found: 307.0511.

4.2. Biology

4.2.1. In vitro cytotoxicity evaluation HepG2

HepG2 cell line was maintained at 37 °C, 5% CO,, at 90% hu-
midity in MEM supplemented with 10% fetal bovine serum, 1% -
glutamine (200 mM) and penicillin (100 U/mL)/streptomycin
(100 pg/mL) (complete RPMI medium). The cytotoxicity of the
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tested molecules on the HepG2 (hepatocarcinoma cell line pur-
chased from ATCC, ref HB-8065) cell line was assessed according to
the method of Mosmann [45] with slight modifications. Briefly,
5.103 cells in 100 pL of complete medium were inoculated into each
well of 96-well plates and incubated at 37 °C in humidified 5% CO,.
After 24 h incubation, 100 puL of medium with various product
concentrations dissolved in DMSO (final concentration less than
0.5% v/|v) were added and the plates were incubated for 72 h at
37 °C. Triplicate assays were performed for each sample. Each plate-
well was then microscope examined for possible precipitate for-
mation before the medium was aspirated from the wells. 100 pL of
MTT  (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) solution (0.5 mg/mL in medium without FBS) were then
added to each well. Cells were incubated for 2 h at 37 °C. After this
time, the MTT solution was removed and DMSO (100 pL) was added
to dissolve the resulting blue formazan crystals. Plates were shaken
vigorously (700 rpm) for 10 min. The absorbance was measured at
570 nm with 630 nm as reference wavelength using a BIO-TEK
ELx808 Absorbance Microplate Reader (LabX, Midland, ON, Can-
ada). DMSO was used as blank and doxorubicin (purchased from
Sigma Aldrich) as positive control. Cell viability was calculated as
percentage of control (cells incubated without compound). The 50%
cytotoxic concentration (CCsg) was determined from the
dose—response curve, using TableCurve software 2D v.5.0. CCsg
values represent the mean value calculated from three independent
experiments.

4.2.2. 2. In vitro cytotoxicity evaluation CHO

CHO cell line was maintained at 37 °C, 5% CO, with 90% hu-
midity in RPMI supplemented with 10% foetal bovine serum, 1% L-
glutamine (200 mM) and penicillin (100 U/mL)/streptomycin
(100 pg/mL) (complete RPMI medium). The evaluation of the tested
molecules cytotoxicity on the CHO cell line (purchased from ATCC,
ref CCL-61) was performed according to the method of Mosmann
with slight modifications. Briefly, 5.10% cells in 100 pL of complete
medium were inoculated into each well of 96-well plates and
incubated at 37 °C in a humidified 5% CO,. After 24 h incubation,
100 pL of medium with various product concentrations dissolved in
DMSO (final concentration less than 0.5% v/v) were added and the
plates were incubated for 24 h at 37 °C. Triplicate assays were
performed for each sample. Each plate-well was then microscope-
examined for detecting possible precipitate formation before the
medium was aspirated from the wells. 100 pL of MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) so-
lution (0.5 mg/mL in medium without FCS) were then added to
each well. Cells were incubated for 2 h at 37 °C. After this time, the
MTT solution was removed and DMSO (100 pL) was added to
dissolve the resulting blue formazan crystals. Plates were shaken
vigorously (700 rpm) for 10 min. The absorbance was measured at
570 nm with 630 nm as reference wavelength using a BIO-TEK
ELx808 Absorbance Microplate Reader. DMSO was used as blank
and doxorubicin (purchased from Sigma Aldrich) as positive con-
trol. Cell viability was calculated as percentage of control (cells
incubated without compound). The 50% cytotoxic concentration
(CCsp) was determined from the dose—response curve by using the
TableCurve software 2D v.5.0. CCsg values represent the mean value
calculated from three independent experiments.

4.2.3. In vitro cytotoxicity evaluation VERO

VERO cell line was maintained at 37 °C, 5% CO, with 90% hu-
midity in MEM supplemented with 10% foetal bovine serum, 1% 1-
glutamine (200 mM) and penicillin (100 U/mL)/streptomycin
(100 pg/mL) (complete MEM medium). The evaluation of the tested
molecules cytotoxicity on the VERO cell line (purchased from ATCC,
ref CRL-1586) was performed according to the method of Mosmann
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with slight modifications. Briefly, 5.10° cells in 100 pL of complete
medium were inoculated into each well of 96-well plates and
incubated at 37 °C in a humidified 5% CO,. After 24 h incubation,
100 pL of medium with various product concentrations dissolved in
DMSO (final concentration less than 0.5% v/v) were added and the
plates were incubated for 48 h at 37 °C. Triplicate assays were
performed for each sample. Each plate-well was then microscope-
examined for detecting possible precipitate formation before the
medium was aspirated from the wells. 100 pL of MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) so-
lution (0.5 mg/mL in medium without FCS) were then added to
each well. Cells were incubated for 2 h at 37 °C. After this time, the
MTT solution was removed and DMSO (100 pL) was added to
dissolve the resulting blue formazan crystals. Plates were shaken
vigorously (700 rpm) for 10 min. The absorbance was measured at
570 nm with 630 nm as reference wavelength using a BIO-TEK
ELx808 Absorbance Microplate Reader. DMSO was used as blank
and doxorubicin (purchased from Sigma Aldrich) as positive con-
trol. Cell viability was calculated as percentage of control (cells
incubated without compound). The 50% cytotoxic concentration
(CCs0) was determined from the dose—response curve by using the
TableCurve software 2D v.5.0. CCsq values represent the mean value
calculated from three independent experiments.

4.2.4. In vitro antiplasmodial evaluation

In this study, a K1 culture-adapted P. falciparum strain resistant
to chloroquine, pyrimethamine, and proguanil was used in an
in vitro culture. It was maintained in continuous culture as
described previously by Trager and Jensen [46]. Cultures were
maintained in fresh A+ human erythrocytes at 2.5% hematocrit in
complete medium (RPMI 1640 with 25 mM HEPES, 25 mM NaHCOs,
10% of A+ human serum) at 37 °C under reduced O, atmosphere
(gas mixture 10% O, 5% CO,, and 85% N). Parasitemia was main-
tained daily at between 1 and 3%. The P. falciparum drug suscepti-
bility test was carried out by comparing quantities of DNA in
treated and control cultures of parasite in human erythrocytes ac-
cording to an SYBR Green I fluorescence-based method [47] using a
96-well fluorescence plate reader. Compounds, previously dis-
solved in DMSO (final concentration less than 0.5% v/v), were
incubated in a total assay volume of 200 pL (RPMI, 2% hematocrit
and 0.4% parasitemia) for 72 h in a humidified atmosphere (10% O,
and 5% COy) at 37 °C, in 96-well flat bottom plates. Duplicate assays
were performed for each sample. After incubation, plates were
frozen at —20 °C for 24 h. Then, the frozen plates were thawed for
1 h at 37 °C. Fifteen puL of each sample were transferred to 96-well
flat bottom non-sterile black plates (Greiner Bio-one) already
containing 15 pL of the SYBR Green I lysis buffer (2X SYBR Green I,
20 mM Tris base pH 7.5, 20 mM EDTA, 0.008% w/v saponin, 0.08% w/
v Triton X-100). Negative control treated by solvents (DMSO or
H,0) and positive controls (chloroquine and doxycycline) were
added to each set of experiments. Plates were incubated for 15 min
at 37 °C and then read on a TECAN Infinite F-200 spectrophotom-
eter with excitation and emission wavelengths at 485 and 535 nm,
respectively. The concentrations of compounds required to induce a
50% decrease of parasite growth (ECso K1) were calculated from
three independent experiments.

4.2.5. Comet assay

4.2.5.1. Cell culture and treatment. The human hepatocarcinoma
cell line HepG2 was obtained from the American Type Culture
Collection (ATCC, ref. HB-8065). Cells were cultured in Eagle's
Minimum Essential Medium (EMEM, ref. ATCC® 30-2003TM)
supplemented with 10% heat-inactivated foetal bovine serum, 100
U/mL penicillin and 0.1 mg/mL streptomycin (all from Gibco). Cells
were maintained at 37 °C in a humidified atmosphere with 5% CO,.
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Cells were used in passage number 11 to 15. Two concentrations of
the compound 3k (5.6 and 28 pM) were tested for 2 different times
of incubation (2 and 72 h). Briefly, HepG2 cells were seeded at
113 x 10° cells/mL in 6-well plates (3 mL of cell suspension per
well) and incubated at 37 °C in a humidified atmosphere with 5%
CO,. After 24 and 94 h of incubation, cells were treated with
different concentrations of the compound or the vehicle (0.5%
dimethylsulfoxide, DMSO) for 72 and 2 h, respectively. Additionally,
in the 2 h treatment plate, cells in an additional well were treated
with 1 mM MMS as positive control for the comet assay. After
treatment, medium was removed from the wells and cells were
washed with phosphate buffered saline (PBS). Finally, cells were
trypsinized and trypsin was neutralized with fresh medium. From
this point, cells were kept ice-cold to avoid DNA repair.

4.2.5.2. Comet assay. The standard alkaline comet assay was
employed for the detection of DNA strand breaks (SBs) and alkali-
labile sites (ALS) in cells treated with molecule 3k. Trypsinized
HepG2 cells were centrifuged at 125 g for 5 min at 4 °C and
resuspended in cold PBS at 1 x 108 cells/mL. For the preparation of
the agarose gels, 30 pL of cell suspension were mixed with 140 pL of
1% low melting point agarose in PBS at 37 °C and 2 aliquots of 70 pL
of cell/agarose mixture were placed on agarose-precoated micro-
scope slides. Each droplet was covered with a 20 x 20 mm coverslip
and after 2—3 min on a cold metal plate, the coverslips were
removed. Then, slides were immersed in lysis solution (2.5 M NaCl,
0.1 M NazEDTA, 0.01 M Tris base, pH 10, and 1% Triton X-100) at 4 °C
for 1 h. After lysis, slides were transferred to the electrophoresis
tank and incubated for 40 min at 4 °C in the electrophoresis solu-
tion (0.3 M NaOH, 1 mM NayEDTA, pH>13) to allow DNA unwind-
ing. After that, electrophoresis was carried out at 1 V/cm for 20 min
(4 °C). Then, gels were neutralized and washed by immersing the
slides in PBS for 10 min and distilled water for another 10 min (both
at4 °C). Gels were then air dried at room temperature. Comets were
stained by adding 30 pL of 1 mg/mL of 4,6- diamidino-2-
phenylindole (DAPI) on top of each gel and placing 22 x 22 mm
coverslips on top. Slides were incubated with DAPI at room tem-
perature for 30 min before the analysis. The semiautomated image
analysis system Comet Assay IV (Instem) was used to evaluate 50
comets per gel (i.e., 100/condition). The percentage of DNA in tail
was the descriptor used for each comet.

4.2.5.3. Statistics. The median percentage of DNA in tail for 50
comets was calculated for each of the duplicate gels in each
experiment, and the mean of the two medians was then calculated.
The mean percentage of DNA in tail of 3 independent experiments
and the standard deviation (SD) were calculated.

4.2.6. Apicoplast

4.2.6.1. Culturing  Plasmodium-infected red  blood cells.
Plasmodium falciparum blood stage parasites were maintained at 2%
hematocrit in 1640 RPMI-HEPES supplemented with 5% AlbuMAX II
(GIBCO) and 0.25% gentamycin. Parasites were grown sealed
Perspex chambers gassed with beta mix gas (1% 03, 5% CO, and 94%
N3) at 37 °C and maintained on 48-h cycles. Cultures were tightly
synchronized at ring stage using sorbitol treatment (5% v/v) as
previously described [31].

4.2.6.2. IFA on treated parasites. Prior to the treatment parasites are
synchronized using 5% sorbitol. After 48h treatment (0.3 pM of (3k)
molecule, 0.3 uM of (2a) molecule or DMSO) parasites are fixed
using 4% paraformaldehyde (PFA) and 0.0075% glutaraldehyde for
30 min at room temperature. Fixing solution is washed 3x times
with PBS and cells are permeabilized with 0.1% TX-100 for 10 min at
room temperature. Permeabilization solution is washed 3x times
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with PBS and cells are blocked with 3% fetal bovine serum (FBS) for
1 h. Primary antibody (Rat IgG anti-HA, Roche, 1/500 in 3% FBS) is
incubated 1h at room temperature. Primary antibody is washed out
3x times with PBS and cells are incubated with secondary antibody
(Alexa Fluor 488 goat anti-mouse IgG, Invitrogen, 1/1000 in 3% FBS)
for 1h at room temperature. Secondary antibody is washed out 3x
times with PBS and cells are incubated with DAPI, 1/25000 in PBS.
Samples are fixed between a slide and a coverslip with fluorogel
and observed by epi-fluorescent microscopy.

4.2.6.3. Growth assay. To observe a potential effect of delayed
death of the molecule on the parasite, Plasmodium is maintained on
Three life cycles (48h). At 48 h, 96 h and 144 h, 100 uL of cultures are
transferred into a 96 wells black wall flat bottom plate and mixed
with 100 pL SYBR Green lysis buffer (20 mM Tris, pH 7.5; 5 mM
EDTA; 0.008% (w/v) saponin; 0.08% (v/v) Triton X-100) with freshly
added SYBR Green I (10000X), and incubated 1h at room temper-
ature protected from the light. Fluorescence from each well is
measured with TECAN infinite M200 plate reader (excitation:
485 nm, emission: 538 nm and integration time: 1000 ps). The rest
of the cultures are diluted 1/10 as the untreated cultures. Graph is
obtain by doing the ration the treated culture fluorescence intensity
on the untreated culture fluorescence intensity (n = 3).

4.2.7. Study on the liver stage

4.2.7.1. Parasite strain and sporozoites isolation. P. falciparum
(NF135 strain) sporozoites were isolated by dissection of the sali-
vary glands of infected A. stephensi 14—21 days after an infective
blood meal (Department of medical microbiology, University
Medical Centre, St Radboud, Nijmegen Netherland). All infected
salivary glands were removed by hand dissection and crushed in a
potter for sporozoites isolation and filtrated through a 40 um filter
to remove mosquito debris (Cell Strainer, BD BioSciences, USA). The
sporozoites were counted using a disposable Glasstic microscope
slide (KOVA, USA).

4.2.7.2. Primary hepatocytes culture. Conserved primary human
hepatocytes were purchased from Biopredic International (France).
Cells were seeded in 96-well plates (Falcon by Becton Dickinson
Labware Europe, France) coated with collagen I (BD Biosience, USA),
at a density of 80 000 cells per well. They are cultured at 37 °Cin 5%
CO; in William's E medium (Gibco, Life Technologies, Saint Aubin,
France) supplemented with 10% of Foetal Bovine Serum FCIII,
5 x 10~> M hydrocortisone hemisuccinate (Upjohn Laboratoires
SERB, France), 5 pg per ml Insulin (Sigma Aldrich, USA), 2 mM L-
glutamine, and 0.02 U per ml — 0.02 ug per ml penicillin — strep-
tomycin (Life Technologies) until infection with sporozoites.

4.2.7.3. In vitro infection and drug assays. P. falciparum sporozoites
were re-suspended in the above complete medium used for he-
patocytes culture. Cultured human hepatocytes were inoculated
with P. falciparum sporozoites (30,000 sporozoites/well of 96 well
plates each) in 50 pL of complete media. The infected culture plate
was centrifuged 10 min at 2000 rpm to allow fast parasite sedi-
mentation onto the target cells and further incubated with serial
dilution of drugs that were prepared in advance. After 3 h incu-
bation, cultures were washed and further incubated in fresh me-
dium containing the appropriate drug concentration which were
changed daily until cells fixation at day 6 post infection with 4%PFA
for 20 min at room temperature.

The exo-erythrocytic forms (EEFs) were stained using the anti-
HSP70 serum for P. falciparum and revealed with an Alexa 488-
conjugated goat anti-mouse immunoglobulin (Molecular Probes).
Host cell and parasite nuclei were labelled with 4’,6-diamidino-2-
phenylindole (DAPI). The EEFs were counted under a fluorescence
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microscope (Leica DMI4000B) or by using a Celllnsight High Con-
tent Screening platform equipped with the Studio HCS software
(Thermo Fisher, Scientific). To investigate the effect of drugs inhi-
bition on the apicoplast maturation during liver-stage develop-
ment, the EEFs were stained using Acyl carrier protein (ACP)
antibody and revealed with an Alexa Fluor 680-conjugated goat
anti-rabbit immunoglobulin (Molecular Probes), and then imaged
using a confocal microscope (Olympus FV1200). The images were
analyzed using Image] software.

4.2.74. Data analysis. GraphPad Prism 7 statistical Software
(GraphPad. Software, San Diego, CA, USA) were used for data
analysis and graphing. All values were expressed as means and
standard deviations (SD).
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Artemisinin-independent inhibitory activity of Artemisia
sp. infusions against different Plasmodium stages
including relapse-causing hypnozoites

Kutub Ashraf"***@, Shahin Tajeri"*®, Christophe-Sebastien Arnold*®, Nadia Amanzougaghene’,
Jean-Francois Franetich’, Amelie Vantaux**®, Valerie Soulard’, Mallaury Bordessoulles’, Guillaume Cazals®,
Teun Bousema®, Geert-Jan van Gemert®®, Roger Le Grand’, Nathalie Dereuddre-Bosquet’, Jean-Christophe Barale**@®,

Benoit Witkowski®®, Georges Snounou’, Romain Duval®

Artemisinin-based combination therapies (ACT) are the frontline
treatments against malaria worldwide. Recently the use of
traditional infusions from Artemisia annua (from which arte-
misinin is obtained) or Artemisia afra (lacking artemisinin) has
been controversially advocated. Such unregulated plant-based
remedies are strongly discouraged as they might constitute sub-
optimal therapies and promote drug resistance. Here, we
conducted the first comparative study of the anti-malarial ef-
fects of both plant infusions in vitro against the asexual
erythrocytic stages of Plasmodium falciparum and the pre-
erythrocytic (i.e., liver) stages of various Plasmodium species.
Low concentrations of either infusion accounted for significant
inhibitory activities across every parasite species and stage
studied. We show that these antiplasmodial effects were es-
sentially artemisinin-independent and were additionally mon-
itored by observations of the parasite apicoplast and mitochondrion.
In particular, the infusions significantly incapacitated sporozo-
ites, and for Plasmodium vivax and P. cynomolgi, disrupted the
hypnozoites. This provides the first indication that compounds
other than 8-aminoquinolines could be effective antimalarials
against relapsing parasites. These observations advocate for
further screening to uncover urgently needed novel antimalarial
lead compounds.
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, Cyrille Y Botte*®, Dominique Mazier'

Introduction

Sustainable control and elimination of malaria mainly relies on
effective treatment, as well as on the ability to eliminate the
dormant forms (hypnozoites) responsible for the relapses of the
widely distributed Plasmodium vivax (Mazier et al, 2009). Artemisinin-
based combination therapies (ACT) are the frontline treatments
against malaria worldwide (WHO, 2019b). The recent emergence and
spread of ACT-resistant Plasmodium falciparum strains in South-East
Asia, is of major concern, and a similar emergence in Africa will have
catastrophic consequences (Imwong et al, 2017, Lu et al, 2017
Uwimana et al, 2020). Elimination of hypnozoites, the dormant he-
patic forms responsible for P. vivax relapses, can only be achieved at
present using 8-aminoquinoline drugs (primaquine or tafenoquine),
but their use is restricted by their deleterious effects in persons with
glucose-6-phosphate dehydrogenase deficiency (Mazier et al, 2009).
Thus, novel antimalarials are urgently needed.

Artemisinin present in Artemisia annua (sweet wormwood) is
considered to be solely responsible for the plant's potent activity
against the parasite’s blood stages. Recently, decoctions of Arte-
misia-dried leaves have been controversially advocated as cheaper
traditional plant-based treatments for malaria. Such self-
administered and unregulated treatments are strongly discouraged
because of variable and potentially sub-optimal artemisinin con-
tent not least as they would promote the emergence of drug re-
sistance (WHO, 2019a). It has been suggested that the efficacy of
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such remedies also rests with additional plant compounds that can
synergize to enhance parasite killing. This claim is supported by the
purported anti-malarial traditional herbal teas based on the Af-
rican wormwood Artemisia afra, a species devoid of artemisinin (du
Toit & van der Kooy, 2019). We have exploited this difference to
explore this issue through comparative and extensive in vitro as-
sessment of the inhibitory activity of infusions from both plants on
Plasmodium.

Results

Exposure of P. falciparum rings (double synchronized with 5% sorbitol
at 8 h interval) to infusions from either plant for 72 h inhibited their
growth in a dose-dependent manner (Fig 1A), with that of A annua
active at slightly lower doses. The maturation of the exposed parasites
appeared to have been affected by the infusions (Fig S1). We opted to
examine the biogenesis of the apicoplast and the mitochondrion as
surrogates for the viability of the exposed parasites. Thus, detailed
morphological examination revealed that apicoplast biogenesis was

disrupted in both A annua- or A afra-exposed parasites where
apicoplasts failed to elongate and divide at the schizont stage as they
normally do in unexposed parasites (Fig 1B). The parasite’s mito-
chondria were also affected by both infusions (Fig 1C). These obser-
vations do not imply that the artemisinin-independent inhibitory
activity is directly due to an effect on the biogenesis of these or-
ganelles. Nonetheless, preliminary data (Figs S2A-E and S3A-C) sug-
gest that this process is affected to some extend for both organelles.

We then assessed the infusions against the pre-erythrocytic
(hepatic) stages of diverse Plasmodium species, where part of the
apicoplast metabolism (e.g, FASII activity) is indispensable (Yu et al,
2008; Vaughan et al, 2009). Exposure of primary simian hepatocytes to
the infusions from the time of Plasmodium berghei sporozoites
inoculation and for a further 48 h (spanning the time for full mat-
uration), led to a significant dose-dependent reduction in the size
and number of hepatic schizonts, with that of A. afra exerting its
inhibitory effect at a slightly lower concentration (Fig 2A and B).
Similar observations were obtained with P. falciparum-infected
human primary hepatocytes (Fig 2C and D), a parasite with a longer
hepatic development (5-6 d). Neither infusion had a cytotoxic effect

P. falciparum
A (Ohpi - 72h treatment)

100

Survival (%)

Concentration (g/L)

Control

ANU 0.5 g/l AFR 0.5 g/l

Figure 1.

C

Control

ANU 1g/L AFR1g/L

Activity of Artemisia infusions on the Plasmodium falciparum asexual blood stages.

(A) Survival of synchronous ring-stage parasites cultivated for 72 h in the presence of increasing concentrations of Artemisia afra (“AFR") or Artemisia annua (“ANU")
infusions. Results are representative of three independent experiments. (B) Visualisation of apicoplasts by immunofluorescence in untreated control parasites
(trophozoite stage) or those grown in the presence of the infusions (A. afra, trophozoite stage, red inset; A. annua, ring stage, blue inset). An anti-HA antibody was used to
localize apicoplasts in a P. falciparum cell line expressing a C-terminally HA tagged version of the outer membrane triose phosphate transporter (PfoTPT), a protein
known to be located on the outer membrane of the apicoplast (Botte et al, 2013). Parasite nuclei were detected by Hoechst 33342 staining. Scale bar is 3 um.

(C) Visualisation of parasite mitochondria with Mitotracker Red in infusion-exposed and control cultures. Scale bar is 3 um. Concentrations of infusions are provided as dry
weight of leaves prepared in water and presented as gram per litre (g/1) (see the Materials and Methods section).
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Figure 2. Activity of Artemisia infusions on the pre-erythrocytic Plasmodium parasites.
(A, B) Quantification of intracellular P. berghei-GFP schizont numbers expressed as % of the mean numbers (536 per well) observed in control wells (A), and size
distribution of these schizonts treated with Artemisia infusion and DHA (B). 10 g/ Artemisia annua and 4 g/l Artemisia afra completely cleared parasites from the cultures.
(C, D) Impact of the exposure (D0-D4) of Plasmodium falciparum—-infected human primary hepatocytes on parasite numbers expressed as % inhibition compared with
controls (mean of 732 per well) (C), and size expressed as surface area (um?) (D); 10 g/l A. annua and 4 g/L A. afra cleared all P. falciparum schizonts from the cultures.
Results are representative of three independent experiments. (E, F) Effect of exposure to infusions on the schizont and hypnozoite numbers in primary hepatocytes
cultures of Plasmodium cynomolgi (E) or Plasmodium vivax (F) expressed as mean % inhibition. Control cultures had 120 (51 schizonts/69 hypnozoites) and 317
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on the hepatocytes, nor did dihydroartemisinin (DHA, used as
negative control) affect hepatic schizont numbers though their size
was reduced (Fig S4A-D). We further demonstrated that exposure of
sporozoites to the infusions for 1 h before their addition to the
hepatocyte cultures, also led to a significant reduction in the number
of hepatic schizonts for both parasite species (Fig S5A and B).
Nonetheless, the viability of such exposed sporozoites, as assessed
by vital staining and by their motility, was not altered (Fig S6A-D).

The assays were then extended to two parasite species, P. vivax
and Plasmodium cynomolgi that produce hypnozoites. Prophylactic
treatment from inoculation and for a further 4 d (DO-D4 post-
inoculation) of P. cynomolgi-infected primary simian hepatocytes
cultured in the presence of infusions significantly reduced the
number of both schizonts and hypnozoites in a dose-dependent
manner, by 85% for A. annua, and completely for A. afra at the
highest concentrations (Fig 2E). Because of restricted number of P.
vivax sporozoites, only the 2.5 g/L A. annua infusion could be tested
and this had a slightly higher inhibitory effect on both schizonts
and hypnozoites than that on those of P. cynomolgi (Fig 2F). For
both P. vivax and P. cynomolgi, the remaining surviving hepatic
schizonts were significantly smaller than those in control cultures
(Fig 2G-1). However, exposure of P. vivax in human hepatocytes on
days 5-8 post-infection (D5-D8 pi) to the infusions did not lead to a
significant reduction in the number of schizonts or hypnozoites (Fig
2J), the schizonts showed a significant size reduction (Fig 2K and L)
that was similar to that observed in parasites treated with DHA (Fig
2J and K).

The apicoplasts in the exposed sporozoites were affected in that
most of the parasites displayed the dot form and some lacked an
apicoplast (“void” category, Fig 3A), in contrast to those in control
sporozoites where only 19% presented as a single dot with the others
showing the mature elongated form (probably reflecting the pres-
ence in the salivary gland (SG) of sporozoites of different ages). For
both A. annua and A. afra infusions, the shift to a high proportion of
sporozoites with affected apicoplasts was dose-dependent (Fig 3A),
with no concomitant change to the size, shape, or morphology of the
parasite nuclei. The biogenesis of the apicoplast was also disrupted
by the infusions in the hepatic stages of P. falciparum and P. cyn-
omolgi, where an increasing fraction of parasites with “affected”
apicoplasts was observed as infusion concentrations increased (Fig
3B and C). For these observations, analysis of the organellar genomes
was also consistent with some inhibitory action directed against the
apicoplast and the mitochondrion (Fig S2F-H). The development of
apicoplasts in relapsing parasite species has been rarely recorded
(Mikolajczak et al, 2015; Gural et al, 2018; Pewkliang et al, 2018), and
only once for the P. vivax putative hypnozoite in a chimeric mouse,
where it was found to consist of a single organelle elongating and
then branching to form new discrete organelles that appear as a

punctate pattern. We observed a similar pattern in the hypnozoites in
the P. cynomolgi control cultures, whereas in those exposed to the
infusions (D0-D4), we noted apicoplasts with a diffuse staining
pattern, implying a disrupted biogenesis (Fig 4A). Similar infusion-
affected hypnozoites were also observed on D10 in P. vivax hepatic
cultures exposed on D4-D10, although their proportion was less than
that for P. cynomolgi (Fig 4B).

The inhibitory activity of the infusions is not primarily due to loss
of the 1-deoxy-D-xylulose 5-phosphate (DOXP) pathway (demon-
strated to be the only apicoplast function essential for in vitro
growth of the erythrocytic parasites in lipid-rich medium) (Yeh &
DeRisi, 2011; McFadden & Yeh, 2017) because similar inhibition by
the infusions was observed in apicoplast-negative parasites gen-
erated via chloramphenicol (Cm) treatment that were grown in
media supplemented or not with isopentenyl pyrophosphate (Yeh
& DeRisi, 2011; Amiar et al, 2020) (IPP) (Fig S2A for the study design).
It also appears that both infusions exhibit a strong growth inhi-
bition at low exposition time (6 h), not rescued by the IPP addition
(Fig S2B-E). The observed apicoplast loss is supported by a rapid
loss overtime of the apicoplast genome in infusion-treated cul-
tures, which parallels that of doxycycline-treated positive control
cultures (Yeh & DeRisi, 2011; Uddin et al, 2018) (Fig S2F). Further-
more, quantification of mitochondrial DNA (Fig S2G) during the 48-h
P. berghei hepatic cycle along with the microscopic imaging (Fig 2D)
also revealed disruption of this organelle (Yeh & DeRisi, 2011; Uddin
et al, 2018). In both control and treated conditions, parasites
continued to augment their DNA and replicated during the 48-h
intracellular development, but this increase in DNA was less ob-
vious in doxycycline and infusion exposed groups (Fig 2H).

To further assess whether infusion treatments exert organelle-
specific inhibition, synchronized rings were exposed to 0.5 g/l A.
annua or A. afra for 24 and 48 h and apicoplast development was
assessed and compared to those treated or not with 0.8 nM ato-
vaquone (ATQ). Indeed, ATQ is a drug that is currently in use to treat
human malaria, and which kills the parasite by targeting its mi-
tochondrion, thus not directly affecting the apicoplast biogenesis.
Results at 24 h show a slight but not significant effect of the ATQ
treatment on apicoplast biogenesis compared to control or DMSO
but both infusion treatments significantly increase the percentage
of affected apicoplast with a stronger effect for annua-exposed
parasites (Fig S3A). Apicoplast elongation and branching seemed
blocked, unlike ATQ treatment, with unelongated apicoplast after
afra treatment and apicoplast signal is diffused in the parasite
cytosol with vesicles for annua (Fig S3A). After 48 h of treatment (Fig
S3B), the percentage of parasite with affected apicoplast was even
higher for the two infusions but also for ATQ, which in this case was
similar to afra treatment. Microscopic imaging of these P. berghei
hepatic cultures also indicated a disruption of this organelle (Fig

(205 schizonts/112 hypnozoites) hepatic parasites per well of a 96-well plate for P. cynomolgi and P. vivax, respectively. (G) Confocal microscopy images of exposed

P. cynomolgi schizonts. The parasitophorous vacuole of fixed parasites were immunolabeled with anti-PcUIS4 antibody. Host and parasite DNA were visualized by
4’ 6-diamidino-2-phenylindole (DAPI) dye (Scale bar =10 um). (H, 1) Density function plots of P. cynomolgi (H) and P. vivax (1) schizonts size distribution (“n” represents the
number of schizonts for which the size was measured); the peaks show where most of the population is concentrated. (J, K) Quantification of P. vivax parasite numbers

()) and size (K) in human primary hepatocytes treated on D5-D8 pi with A. annua infusion. (L) Confocal microscopic images of treated P. vivax schizonts fixed at D8 pi, using
an anti-PvUIS4 antibody as a parasite PVM marker and DAPI for the DNA marker (scale bar = 10 um). ANU, A. annua and AFR, A. afra. Statistical significance was determined
using a one-way ANOVA followed by Krsukal-Wallis test (Dunn’s multiple comparisons to control) where significance is determined by P < 0.0001 (****), P < 0.0011 (**)

and P < 0.05 (*).

Plasmodium inhibition by Artemisia infusions Ashraf et al.

https://doi.org/10.26508/1sa.202101237 vol 5 | no 3 | 202101237 4 of 12


https://doi.org/10.26508/lsa.202101237

>y D o . o
s2ep Life Science Alliance

P. berghei sporozoites
— \ & (1h preincubation)
© N 2]
£ | Dot 2
ol 1 =
pzd £ = \oid
© =3 Dot
A\ , / ©
A\S ’ - - mm Elongate
Elongate .g
[« %
= <
..03 =
(8]
Sl \\ p
= \> i
<C| Void LsleelslEEt DNA GFP
P. falciparum schizonts
> (D0-D4 treatment, fixation D5)
g
2 100+
g
o [}
E L mm Vod
- [72]
o % 50 © B3 Aggregate
.g-':) E— g =3 Normal
O o o)
(] o zZ
b= <
< = ° !
(g\r
P. cynomolgi schizonts
= (D0-D4 treatment, fixation D6)
= o
E 2 100+
S =
= o |
E = Diffuse
% 50+ =3 Network
3 mm Elongate
2 L
o
< od
o =
g
3
E Rt
Diffuse

Figure 3. Disruption of apicoplast and mitochondrial integrity in Plasmodium pre-erythrocytic stages by Artemisia infusions.

(A, B, C) Schematic and confocal images of P. berghei sporozoites (A), Plasmodium falciparum schizonts (B), and Plasmodium cynomolgi schizonts (C) in control and
treated groups. (B) For P. falciparum, the 2 g/| treatment cleared all schizonts (i.e, no parasites in panel B). The apicoplast morphologies presented in the “Affected”
panels have only been observed in exposed parasites. The frequencies of the various morphologies are presented in the associated graphs. P. falciparum and P. cynomolgi
parasites were detected by anti-HSP70 and PcUIS4 antibodies, respectively. Apicoplasts were labelled by anti-PyACP antibody (scale bar = 10 um).
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Figure 4. Disruption of hypnozoites’ apicoplast by Artemisia infusions.

(A) Schematic (left panels) and confocal images of Plasmodium cynomolgi hypnozoites on D6 in cultures exposed to infusion during the early hepatic phase. In control
cultures, three apicoplast morphologies could be observed, a dot-shaped apicoplast in younger hypnozoites that evolves into an elongate organelle that then branches
to show a divided morphology as the hypnozoites mature. In infusion-treated cultures (D0-D4), hypnozoites with a diffuse apicoplast signal were additionally observed.
(B) Apicoplast morphology of Plasmodium vivax hypnozoites exposed to infusions from D4-D10 pi. The apicoplast morphologies presented in the “Affected” panels have
only been observed in exposed parasites. (A, B) Quantification of the various apicoplast morphologies in 100 and 50 parasites for (A) and (B), respectively, are presented.
P. cynomolgi and P. vivax were visualized by using an anti-PcUIS4 and anti-PvUIS4 antibodies, respectively (scale bar = 5 um).
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S3C). Together, this strongly suggests that apicoplast biogenesis
might be indirectly affected by the overall death of the parasite after
a longer exposure to the different treatments (afra or ATQ). But the
stronger effect of afra at early stage (24 h) indicates a possible direct
impact on the apicoplast. Hence, annua also highly affect the general
development of the parasites, by blocking them at the late ring/early
trophozoite stage upon 24 h. However, a high around 60% of the
parasites harbour a single punctate apicoplast while ~40% harbour a
disrupted/diffused apicoplast, which could also indicate an impact
on the apicoplast but also and meanly a stronger impact on an
apicoplast off-target that block the parasite development after short
exposition to the infusion (concomitant with Fig S2D, which shown a
drastic negative impact of annua after only 6 h of exposure).

Discussion

The discovery of artemisinin from Chinese traditional medicine has
revived interest in Artemisia plants as a source of treatments for
diverse infectious and non-infectious pathologies beyond than
malaria (de Ridder et al, 2008; Liu et al, 2009; du Toit & van der Kooy,
2019). The investigations of the in vitro anti-malarial efficacy of Ar-
temisia infusions have been essentially conducted with the species
A. annua or A. afra, and this exclusively on the erythrocytic stages
(asexual and sexual) of P. falciparum parasites (Silva et al, 2012;
Suberu et al, 2013; Elfawal et al, 2015). Their results are inconsistent
and difficult to interpret. Data from our extensive comparative assays
clearly demonstrate that infusions from either plant species can fully
inhibit the multiplication and the development of both erythrocytic
and pre-erythrocytic stages of various Plasmodium sp. in vitro. Im-
portantly, this inhibition is independent of their artemisinin content
(see Table S1for measurement of artemisinin in both infusions), with
maximal activity occurring at broadly similar infusion concentrations,
without observable cytotoxic effects against the host cells. Our
observations are supported by a recent study investigating the effect
of these Artemisia infusions on asexual and gametocyte P. falcipa-
rum erythrocytic stages (Snider & Weathers, 2021), which shows an
inhibition of the asexual growth after 48 h exposure to both infusions
with a significant stronger effect for that of A. annua. The higher
inhibition levels we observed are probably because we assessed
parasite survival 72 h post-exposure (as compared to 48 h). However,
we also observed a strong inhibition effect at 24 and 48 h of culture
exposed to A. annua or A. afra 0.5 g/L. Of note, the inhibition of the
hepatic stages appears to be mainly due to a detrimental effect on
the ability of the sporozoite to achieve a productive hepatocyte
infection, which also significantly led to a substantial reduction in
hypnozoite numbers in the case of P. cynomolgi and P. vivax. It is
likely that the detrimental effects also observed on the apicoplast in
developing P. vivax hypnozoite will adversely affect its capacity to
reactivate, although this would require further in vivo testing. It is
important to note that the infusion concentrations at which we
observed significant inhibition of the pre-erythrocytic stages (both
sporozoites and hepatic parasites) were significantly higher (10- to
20-fold) than those needed for the P. falciparum erythrocytic par-
asites. The reason for this differential susceptibility is not known and
requires further investigation.

Plasmodium inhibition by Artemisia infusions Ashraf et al.

Our in vitro observations are clearly insufficient to support claims
of in vivo curative efficacy and much less for a prophylactic use for
any traditional remedy from the two plants. They do however suggest
the presence of hitherto unknown plant components with potent
inhibitory activity. Mechanistically, PCR analysis show that some
compounds present in the Artemisia infusions quickly and directly
affect the replication of the parasite’s apicoplast and mitochondria,
consistent with some disruption of their biogenesis as observed by
immunofluorescence imaging of these organelles in the assays
conducted with several parasite species. It thus appears thatone ora
combination of the myriad of compounds present in the infusion
might target the mitochondrion or the apicoplast directly. The direct
correlation between organelle disruption or impaired development
and parasite inhibition and death remains to be established.

Ultimately, the relatively similar pan-species and cross-life cycle
inhibitory effects resulting from exposure to the two infusions dem-
onstrates the presence of one or more potential lead compounds
unrelated to artemisinin. This warrants systematic bio-guided screening
to identify them. This is of particular interest because this might lead
to a novel antimalarial class of compound that could effectively and
safely prevent P. vivax relapses. Indeed, any drugs that could supplant
8-aminoquinolines, the only drugs currently capable of exerting
hypnozoitocidal activity (Mazier et al, 2009), would greatly enhance the
prospect of global malaria elimination.

Materials and Methods

Primary cryopreserved hepatocytes maintenance and infection

In this study, human and simian primary hepatocytes were used.
Simian (Macaca fascicularis) hepatocytes were isolated from the
liver of healthy animals using collagenase perfusion as previously
described (Dembele et al, 2011). The use of hepatocytes was ap-
proved by the Ethical Animal Committee of the Primate center,
Commissariat a UEnergie Atomique et aux Energies Alternatives
(permit number A 92-032-02). Cryopreserved human primary he-
patocyte vials were purchased from Biopredic (Lot no. LHuf17905A)
or Lonza (Lot no. HUM182641). Cells were seeded in 96-well plates
(Falcon by Becton-Dickinson Labware Europe) coated with collagen
I (BD Bioscience), such that a single cell layer homogenously covers
each well. Cryopreserved primary human hepatocytes (Biopredic
International and Lonza) were seeded generally 4 d before infec-
tion. Both human and simian hepatocytes were maintained at 37°C
in 5% CO, in William’s E medium (Gibco) supplemented with 10%
fetal clone Il serum (FCS, Hyclone), 1% penicillin-streptomycin
(Gibco), 5 x 107 g/1 human insulin (Sigma-Aldrich), 5 x 107> M hy-
drocortisone (Upjohn Laboratories SERB), and Matrigel (Ref. 354234;
Corning). The sporozoites used to infect the cultures were purified
from dissected SGs of infected mosquito (Dembéle et al, 2011).
During the infection Matrigel cover was removed carefully before
adding the sporozoite inoculum. The plates were then centrifuged
at 900g for 6 min at room temperature before incubation at 37°C for
3 h. After a wash, Matrigel was added to the culture and allowed to
solidify at 37°C for 45 min. The cell culture medium was changed
thereafter every 24 h until cell fixation.
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List of different Plasmodium species used for infection of hepatocytes.

Parasites Strains Source
P. berghei GFP ANKA Centre d’Immunologie et des Maladies Infectieuses (CIMI),
Paris, France
. Department of Medical Microbiology, University Medical
A g NF54 Centre, St Radboud, Nijmegen, The Netherlands
P cynomolai M Primate center, Commissariat a 'Energie Atomique et aux
- @ 9 Energies Alternatives (CEA), Fontenay aux Roses, France
P, vivax Unidentified Symptomatic Patients, Pasteur Institute of Phnom Penh,

Cambodia

Culturing Plasmodium-infected red blood cells

P. falciparum blood stage parasites were maintained at 2% he-
matocrit in 1640 RPMI-HEPES supplemented with 5% AlbuMAX II
(GIBCO) and 0.25% gentamycin. Parasites were grown in sealed
Perspex chambers gassed with B mix gas (1% O,, 5% CO,, and 94%
N,) at 37°C and maintained on 48-h cycles. Cultures were tightly
synchronized at ring stage using sorbitol treatment (%5 vol/vol) as
previously described (Amiar et al, 2020).

Production of P. vivax sporozoites

Sporozoites were obtained from mosquitoes infected by feeding on
symptomatic patients presenting with P. vivax in Mondulkiri
Province (eastern Cambodia) after obtaining their consent. The
patients were managed by the medical staff based at these health
facilities. Heparinized blood samples were collected by ven-
epuncture before the initiation of treatment, and a diagnostic PCR
assay was used to confirm that P. vivax was the only Plasmodium
species present. The blood was centrifuged at 1,174g at 37°C for
5 min, and the plasma was replaced by heat-inactivated naive
human AB serum. Batches of 300-600 5-7-d-old adult female
mosquitoes (Anopheles dirus) that were starved overnight were fed
via an artificial membrane attached to a water-jacketed glass
feeder maintained at 37°C. Engorged mosquitoes were maintained
at26°Cand 80% relative humidity, and provided with a 10% sucrose
plus 0.05% para-amino-benzoic acid solution on cotton pads. SGs of
mosquitoes were dissected 14-20 d post-blood meal in L15 medium
supplemented with antibiotics and Amphotericin B (Gibco).

Production of sporozoites (other species than P. vivax)

P. falciparum was transmitted to Anopheles stephensi mosquitoes
using an artificial membrane feeding on in vitro cultivated ga-
metocytes, in Department of Medical Microbiology, Radboud Uni-
versity Medical Center, Nijmegen, The Netherlands. P. berghei and P.
cynomolgi infections of An. stephensi mosquitoes were performed
in Paris, respectively, by direct mosquito feeding on anesthetized
Pb-GFP (Manzoni et al, 2014) infected mice, or by artificial mem-
brane feeding on P. cynomolgi (strain M) infected blood from
Macaca fasicularis. All simian procedures (infection, monitoring,
and blood sampling) were performed in CEA, Fontenay aux Rose
before the infected blood samples were transferred to CIMI-Paris

Plasmodium inhibition by Artemisia infusions Ashraf et al.

for mosquito infection. 2-3 wk post blood meal, Plasmodium-in-
fected mosquitoes were killed with 70% ethanol. They were then
washed once in Leibovitz's L-15 medium (Gibco) containing 5% fetal
calf serum, 100 Ul penicillin, 100 pg/ml streptomycin, and 0.5 pg/ml
amphotericin B, followed by another two washes in the same
medium, this time lacking serum. The mosquitos were then hand
dissected under stereomicroscope and the SGs were crushed in a
15-ml Eppendorf tube and passed through a 40-um filter (Cell
Strainer; BD Biosciences). Sporozoites were finally counted and
after dilution adjustment, directly inoculated to the cultures.

Preparation of Artemisia infusion

A. afra (PAR, voucher ID: LG0019528 Universite de Liége) and A.
annua (LUX, voucher ID: MNHNL17733 Herbarium Luxembourg) were
collected as leaves and twigs and were preserved at room tem-
perature. Both products were protected from sunlight until infusion
preparation.

The stock infusion was prepared as follows: 2.5 g Artemisia dried
leaves and twigs were added to 25 ml of pre-boiled 25 ml com-
mercial drinkable water (Crystalline Company) and the mixture was
then boiled while being stirred for 5 min. After cooling over 10 min,
the infusion was passed through a 40-um cell strainer (Falcon,
Corning Brand) to remove plant debris, and then centrifuged at
1,600g for 10 min to pellet any remaining fine solids, with a final
filtration step over a 0.20-ym membrane filter (CA-Membrane) to
obtain a fully clear solution. Filtration was done to eliminate debris
produced during plant boiling. During in vitro use, debris accu-
mulated on top of hepatocyte culture layer and made parasite
quantification difficult. To our knowledge, filtration of Artemisia
infusions is not performed by patients in endemic areas. The stock
infusion (100 g/1) was stored at 4°C (short term storage) or at -20°C
(long term storage). For the in vitro drug assay, the decoction was
diluted to the appropriate concentration (g/l) with William's E
medium (along with supplements). Frozen and freshly prepared
Artemisia decoction samples were subjected to chemical analyses
including artemisinin content quantification.

Quantification of artemisinin in infusion: UHPLC analysis

The chromatographic apparatus consisted of Nexera X2 UHPLC
system (Shimadzu) equipped with a binary pump, solvent
degasser, and thermostatted column compartment. A reversed-phase
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column was used for separation: Kinetex C18 (2.1 x 100 mm 1.7 ym
from Phenomenex). Mobile phase A and B consisted of water (0.1%
formic acid) and acetonitrile (0.1% formic acid), respectively. The
10-min linear gradient program used was 10-100% B over 5 min,
a plateau at 100% B for 2 min was used to wash the column, de-
creasing from 100-10% B in 0.1 min, followed by a 2.9 min post-run
isocratic step at 10% B to re-equilibrate the column. The flow rate
was constant at 0.5 ml/min at 25°C.

Quantification of artemisinin in infusion: MS/MS detection

MS/MS experiments were carried out using the Shimadzu UHPLC
system described above coupled to a Shimadzu LCMS-8050 triple
quadrupole mass spectrometer using the multiple reaction mon-
itoring technique operating in positive ion mode. The following
parameters were used for all experiments: electrospray interface
voltage was 3 kV; heat block temperature of 350°C; desolvation line
temperature of 300°C; interface temperature of 300°C; drying gas
flow gas was set at 5 liters/min; and nebulizing gas flow at 3 liters/
min, heating gas flow rates were set at 15 liters/min. Q1and Q3 were
set to unit resolution. The dwell time was set at 1 ms for each
multiple reaction monitoring transition; optimal CE values were
chosen to obtain the most characteristic fragments (see below
table).

Drugs

Drugs were dissolved in different solvents according to the man-
ufacturer's instructions which are enlisted below: atovaquone
(A7986; Sigma-Aldrich), primaquine bisphosphate (160393; Sigma-
Aldrich), DHA (1200520; Sigma-Aldrich), isopentenyl pyrophosphate
NHz+ salt (Isoprenoids), chloramphenicol (C0378-5G; Sigma-Aldrich),
and doxycycline (D9891; Sigma-Aldrich). Media with drugs were
changed every 24 h during the assays.

Immunostaining

Cultured hepatocytes were fixed using 4% PFA for 10-15 min at room
temperature. The fixed samples were subjected to immune la-
belling. The primary antibodies (see below table) were diluted in
dilution buffer (1% wt/vol Bovine Serum Albumin and 0.3% vol/vol
Triton X-100 in PBS) and incubated at room temperature. Primary
antibody-stained cultures were washed thrice with PBS 1Xand were
incubated with secondary antibody (below table) along with DAPI
(1:1,000) to visualize the nuclei at room temperature for 1 h.
Mitotracker (Thermo Fisher Scientific) was used to visualize parasite
mitochondria.

Quantification of Artemisininin A. annua and A. afra infusionsby
UHPLC-LCMS
Precursor (m/z)

Fragment ion (m/z) Collision energy (eV)

283.10 24715 9
283.10 265.15 8
283.10 219.10 12

Plasmodium inhibition by Artemisia infusions Ashraf et al.

Confocal microscopy and image analysis

Confocal images of immunostained cultures were taken by Leica
SP8 white laser microscope controlled by the Leica Application
Suite AF software at the QUANT microscopy platform (Institut du
Cerveau et de la Moelle épiniére, ICM) in Paris, France. Z-stack
images were constructed and analyzed by Fiji package of Image)
software. Final images were made by Microsoft Powerpoint.
Schematic figures of Plasmodium apicoplast were designed by
Procreate application in Apple ipad pro.

Quantification of apicoplast morphologies

Pre-erythrocytic and hypnozoite stages: ACP-immunolabeled par-
asites were quantified considering the distinguishable morphology
in drug-treated versus control by an individual with the aid of
confocal (Leica SP8 white laser microscope) at 63X magnification.
For each condition, 100 parasites were observed. Erythrocytic stage:
TPT-HA-immunolabeled parasites were quantified considering the
distinguishable morphology in drug-treated versus control by an
individual with the aid of fluorescence microscope (Axio Imager
2_apotome; ZEISS, x100 magnification). For each condition, between
54 and 116 parasites were observed.

Parasite enumeration and toxicity assessment using
high-content imaging

Upon fixation and immunostaining, cell culture plates were ana-
lyzed to determine the number and size of the parasites using a
Celllnsight High Content Screening platform equipped with the
Studio HCS software (Thermo Fisher Scientific). Uninuclear hepatic
parasite forms observed beyond D4 were considered to be putative
hypnozoites, whereas multinucleate forms were classed as schiz-
onts. The parasite size reduction was calculated on the average
object area using the total surface area of each selected object
(um?). The high-content imaging approach has been described
previously (Bosson-Vanga et al, 2018). To assess cell toxicity of
infusion for hepatic cultures, fixed plates were further scanned for
the DAPI signal representing host nuclei. The analysis was based on
counting of total cell nuclei.

gPCR to quantify apicoplast and mitochondrion

To perform relative quantification of apicoplast, mitochondrial and
nuclear genomes we extracted genomic DNA from Pb-GFP infected
hepatocytes treated or not with infusion using a NuceolSpin Tissue
kit (Macherey-Nagel) according to manufacturer's manual. The
amount and the purity of the extracted DNA were checked by a
NanoDrop ND 1000 machine (Thermo Fischer Scientific). The fol-
lowing gene-specific primers were designed to target genes found
in each organelle or nuclear genomes:

tufa_ PBANKA_API00280 (apicoplast) 5'-GATATTGATTCATCTCCA-
GAAGAAA-3'[5'-ATATCCATTTGTGTAGCACCAATAA-3',

Cytb3_PBANKA_MIT01900 (mitochondrion) 5'-AGATATATGCATG-
CTACTGG-3'/5'-TCATTTGTCCCCAAGGTAAAA-3’
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List of primary and secondary antibodies used in the study.

Antibody

Source

Working dilution

Noah Sather (Centre for Infectious Disease Research,

Recombinant mouse anti-PvUIS4 Seattle, USA) 1:20,000

Meilss Bnit-Eallss, el el Lagrent Renia (Singapore Immunology Network, Agency for 1500
Science, Technology, and Research, Singapore)

Recombinant rabbit monoclonal antibody against PyACP Scot E. Lindner (Huck Centre for Malaria Research, Penn 1:250
State, USA)

Mouse polyclonal serum raised against PRHSP70 gg:tsre d'Immunologie et des Maladies Infectieuses (CIMI), 11500

Heitsa el T S Eglr%!))pe Grellier (Museum National d’'Histoire Naturelle, 1500

Rat IgG anti-HA Roche 1:500

Alexa Fluor 488 goat anti-mouse 18G Invitrogen 1:500

Alexa Fluor 594 goat anti-rabbit 18G Life Technologies 1:500

Alexa Fluor 488 goat anti-Rat 1gG Life Technologies 1:1,000

GFP 5'-GATGGAAGCGTTCAACTAGCAGACC-3'/5'-AGCTGTTACAAACT-
CAAGAAGGACC-3', and CHT1_PBANKA_0800500 (nuclear) 5'-AACA-
AAATAGAGGTGGATTT-3' /5 -AATTCCTACACCATCGGCTC-3'.

The quantification of each target gene was normalized to GFP,
expressed as a transgene under the P. berghei elongation factor 1a
promoter (Janse et al, 2006). All reactions were performed on an
Applied Biosystems 7300 Real-Time PCR System using the Power
SYBR Green PCR Master Mix kit (Applied Biosystems), according to the
manufacturer’s instructions. The cycling conditions were as follows:
initial denaturation at 95°Cfor 5 min, followed by 40 cycles at 94° C for
305,56°Cfor30s,and 72°Cfor 30 s. The experiments were performed
in triplicate. Relative quantification of target genes was calculated
according to the 2722t method (Schmittgen & Livak, 2008).

Sporozoite viability assay

Freshly dissected P. berghei—-GFP sporozoites were incubated with
varying concentrations of Artemisia infusion for 1 h. Then the in-
fusion was removed by centrifugation and sporozoites resus-
pended in culture medium. 1 L of propidium iodide (Gibco) was
added to 15,000 cells and incubated for 2-3 min. A 15-ul aliquot of
sporozoite suspension was put on a KOVA Glasstic microscopic
slide (KOVA International) and visualized under a microscope. Fi-
nally, dead and viable sporozoites were quantified under epi-
fluorescence microscope.

In vitro screening assay for sporozoite motility inhibition via
video microscopy

SGs from infected mosquitoes (17-24 d post infectious blood) feeding
on Swiss mice infected with P. berghei-GFP were isolated by hand
dissection and placed into Leibovitz L15 media (11415049; Gibco)
supplemented with 20,000 units penicillin-streptomycin (15140122;
Gibco) and amphotericin B. Sporozoites were then released by SG
mechanical disruption, filtered through a 40-um mesh (Cell Strainer,
Falcon) to remove SG debris and diluted in activation medium

Plasmodium inhibition by Artemisia infusions Ashraf et al.

(William’s E medium supplemented with 10% of fetal clone Il serum,
1% penicillin-streptomycin, 5 x 10~ g/l human insulin, and 5 x 107> M
hydrocortisone) to a final concentration of 400,000 sporozoites/ml
and kept on ice. Aliquots of 50 ul were inoculated into wells of a 96-
well plate (final amount of ~20,000 sporozoites per well). An equal
volume of Artemisia infusion dilutions was added to the sporozoites
to give a final concentration of (A. annua 5%, A. annua 10% and A. afra
5%) and mixed by gentle pipetting. The plate was centrifuged for
6 min at 900g to maximize the sporozoite settlement and immedi-
ately placed at RT for 30 min. Then, the motility of sporozoites was
recorded under video microscopy Zeiss Axio Observer 7 at 40X ob-
jectives with the GFP excitation/emission filter and pictures were
recorded under a frame rate of 1 frame per second with a Hama-
matsu Orca Flash 4.0 V3 camera and Zen software for 3 min. Notably,
the experiments were performed at 37°C. Finally, the tracking of
sporozoites was further analyzed with FljI Image) and the moving
patterns characterized on maximum intensity z-projections. Thereby,
sporozoites were classed as gliding if they moved with a circular
pattern describing at least one complete circle loop during the 3 min
acquisition. The percentage residual motile population was then
calculated and compared with uninhibited controls (media con-
taining an equivalent amount of water).

SYBR Green-I-based cell proliferation assay

Plasmodium blood stage parasites (regular or apicoplast-free
lines) are incubated in 96 well flat bottom plates, 2% hematocrit
in 1640 RPMI-HEPES supplemented with 5% AlbuMAX |1 (GIBCO) and
0.25% gentamycin complemented with appropriate Artemisia in-
fusion dilutions and with or with IPP and Cm. Parasites were grown
sealed Perspex chambers gassed with B mix gas (1% 0, 5% CO,, 94%
N,) at 37°Cfor 72 h. New 96-well black wall flat-bottom plates are set
up with 100 pl SYBR Green lysis buffer (20 mM Tris, pH 7.5; 5 mM EDTA;
0.008% [wt/vol] saponin; and 0.08% [vol/vol] Triton X-100) with freshly
added SYBR Green | (1000X), and 100 ul from the cultures was
transferred and mixed with the SYBR Green lysis buffer and incubated

https://doi.org/10.26508/1sa.202101237 vol 5 | no 3 | 202101237 10 of 12


https://doi.org/10.26508/lsa.202101237

<4< o . o
s2ep Life Science Alliance

1h at room temperature, protected from the light. Fluorescence from
each well is measured with TECAN infinite M200 plate reader (exci-
tation: 485 nm, emission: 538 nm and integration time: 1,000 ps).

Statistical analysis

GraphPad Prism 5 (GraphPad. Software) and Excel 2016 (Microsoft
Office) were used in this study for the data analysis. All graph values
are represented by means with s.d.

Data Availability

All data are available within the manuscript.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101237.
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Toxoplasma LIPIN is essential in channeling host
lipid fluxes through membrane biogenesis and lipid
storage

Sheena Dass'?, Serena Shunmugam® "4, Laurence Berry?, Christophe-Sebastien Arnold!, Nicholas J. Katris',

Samuel DuIey1, Fabien Pierrel® 3, Marie-France Cesbron-Delauw!, Yoshiki Yamaryo—BottéLSg &

Cyrille Y. Botté@® ™

Apicomplexa are obligate intracellular parasites responsible for major human diseases. Their
intracellular survival relies on intense lipid synthesis, which fuels membrane biogenesis.
Parasite lipids are generated as an essential combination of fatty acids scavenged from the
host and de novo synthesized within the parasite apicoplast. The molecular and metabolic
mechanisms allowing regulation and channeling of these fatty acid fluxes for intracellular
parasite survival are currently unknown. Here, we identify an essential phosphatidic acid
phosphatase in Toxoplasma gondii, TgLIPIN, as the central metabolic nexus responsible for
controlled lipid synthesis sustaining parasite development. Lipidomics reveal that TgLIPIN
controls the synthesis of diacylglycerol and levels of phosphatidic acid that regulates the fine
balance of lipids between storage and membrane biogenesis. Using fluxomic approaches, we
uncover the first parasite host-scavenged lipidome and show that TgLIPIN prevents parasite
death by ‘lipotoxicity’ through effective channeling of host-scavenged fatty acids to storage
triacylglycerols and membrane phospholipids.
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ARTICLE

picomplexa includes several pathogenic protists that are

responsible for major chronic and infectious diseases with

a massive social and economic burden. Toxoplasma gondii
and Plasmodium falciparum parasites are responsible for tox-
oplasmosis and malaria, respectively. These obligate intracellular
parasites have an enormous demand for lipids in maintaining
their survival within their human host cells. The utilization of
fatty cids (FA) to synthesize complex lipids is an essential
determinant for successful host adaptation by these parasites.
Apicomplexa meet their high need for lipids through de novo
synthesis via type II fatty acid synthesis (FASII) within the api-
coplast and via copious salvage directly from the host and
extracellular environment!=. Recent data suggest that the tight
regulation of FA flux between host, parasite, and its metabolic
organelles is particularly vital for intracellular development of
these apicomplexa pathogens*’. Metabolic adaptation of the
parasite toward host nutritional environment is also important
for parasite propagation®. For instance, in low nutrient environ-
ments, the parasite is able to form giant multivesicular bodies
(gMVBs) in the host, which somehow facilitates the parasite’s
ability to scavenge lipids in suboptimal nutritional conditions*.
However, the molecular and metabolic pathways controlling the
lipid flux toward parasite membrane biogenesis and storage
remain largely unknown.

Phosphatidic acid (PA), the simplest glycerophospholipid,
contributes to the regulation of FA flux in apicomplexa, as it is the
key intermediate balancing the biosynthesis of both glyceropho-
spholipids and triacylglycerols (TAGs) toward membrane bio-
genesis and lipid storage in eukaryotes®. PA has pleiotropic roles
within the parasite: (i) as a signal transducer modulating parasite
invasion, motility, and egress, produced by the action of dia-
cylglycerol kinases (DGK1 and DGK2)?-12, (ii) as a regulator of
lysoPA (LPA)/PA levels for modulating membrane curvature for
cytokinesis and endocytosis, formed by acyltransferase ATS24,
and (iii) as the central precursor for bulk phospholipid synthesis
and membrane biogenesis, made de novo from FA and a glycerol-
3-phosphate backbone by the sequential acylation catalyzed by
acyltransferases, in the apicoplast/ER pathways formed by ATS1/
GPAT and ATS2/AGPAT#13. Further, PA can be catabolized to a
key lipid class, diacylglycerol (DAG) by phosphatidic acid phos-
phatases (PAP), which play vital metabolic functions in
eukaryotes!4. Together, PA and DAG are central lipid precursors
from which most lipid classes can be generated de novo. This
includes all phospholipids made from PA and DAG via the CDP-
DAG from PA and the Kennedy pathway from DAG,
respectively!>16. DAG is also the precursor for the synthesis of
the major storage lipids, TAG.

Since PA is pivotal for parasite lipid metabolism, the enzymes
involved in PA metabolism are critical for understanding parasite
pathogenesis. One such critical enzyme class is PAP, as it allows
to fine-tune the balance between PA and DAG. Apicomplexa
parasites possess three putative PAPs, none of which have been
characterized to date.

Here, we determined that Toxoplasma gondii LIPIN; TgLIPIN
is a PAP that localizes to the cytosolic-ER interface and is
essential for the intracellular survival of tachyzoites. Its inducible
disruption quickly leads to aberrant membrane anomalies, mostly
at the IMC and the endomembrane system, causing division
defects and parasite death. Lipidomics of the mutant reveals a
time-dependent accumulation of PA and free FA (FFA), con-
comitant with the reduction of DAG, lipid droplets, and storage,
TAG. Both lipidomic and cellular membrane phenotypes are
aggravated in a high host nutrient environment. The mutant dies
from a lipotoxic accumulation of FFA and major membrane
phospholipids, specifically PA. Further, we conducted novel
fluxomic experiments using U-13C glucose-labeled host cells to

monitor the host FA scavenging capacity of the parasite, pro-
viding the first host-scavenged lipidome of Toxoplasma. This
approach showed that TgLIPIN channels host FA to maintain an
appropriate PA/DAG synthesis ratio. TgLIPIN acts as a metabolic
checkpoint, tightly regulating membrane biogenesis versus lipid
storage, which is essential for proper intracellular growth division
and survival.

Results

Toxoplasma gondii genome encodes a single lipin, TgLIPIN,
which has functional phosphatidate phosphatase activity.
Bioinformatics analysis revealed that T. gondii parasites possess a
single lipin homolog, much larger than other phosphatidate
phosphatases encoded by the genome of T. gondii, and which we
named TgLIPIN (TGGT1_230690). TgLIPIN possesses the two
typical and highly conserved domains of eukaryotic lipins, the
amino-terminal N-LIP domain, and the carboxy-terminal C-LIP
domain harboring its functional PA phosphatase catalytic motif
DXDXT/V (HAD-like domain, Fig. 1a)!”. Phylogenetic analysis
confirms that the enzyme is highly conserved as a single lipin
within phylum Apicomplexa, cladding specifically within a coc-
cidian subgroup (Supplementary Fig. 1a).

To confirm the predicted phosphatidic acid phosphatase
activity of TgLIPIN (Fig. 1b), we performed heterologous
complementation using a Saccharomyces cerevisiae triple mutant,
AdpplAlpplApahl, that is deficient in PAP activity with a
temperature-sensitive phenotype (low growth at 37 °C)!819. We
attempted to generate the full TgLIPIN sequence and the
corresponding recombinant protein but were not able to do so,
due to limitations posed by the large size of the protein. Instead,
we successfully generated TgLIPIN C-LIP domain, containing the
putative catalytic (HAD-like) domain of the protein, and
expressed it in the yeast mutant. We thus conducted lipidomic
analyses on the yeast mutant, complemented or not with TgLIPIN
C-LIP domain. The yeast mutant displayed a severe and
significant accumulation of PA and a significant reduction of
DAG compared to the wild-type yeast strain, corresponding to
the loss of PA phosphatase activity (Fig. 1c). Complementation of
the yeast mutant with the C-LIP domain of TgLIPIN fully
restored the levels of PA and DAG to those of the wild type, thus
confirming its predicted PAP activity (Fig. 1b, c).

To determine its cellular localization, TgLIPIN was endogen-
ously tagged with 3xHA at its C-terminal end2’. Immunofluor-
escence assay (IFA) and colocalization with known organelle
markers revealed a broad cytosolic and perinuclear localization
(Supplementary Fig. 1b). Interestingly TgLIPIN lacks an apparent
nuclear localization signal (NLS), possessed by most eukaryotic
LIPINs21. To further resolve its localization, we conducted IFAs
of TgLIPIN-HA with a known Toxoplasma ER marker, DER-1-
GFP??2 an episomally expressing plasmid, which confirmed
proximity to the endomembrane system with partial ER
colocalization (Fig. 1d). TgLIPIN was not further detected outside
the parasite or in the host cell (Supplementary Fig. 1b).

TLIPIN disruption induces rapid membrane malformation,
division, and replication defects leading to parasite death, all
aggravated under a high host nutrient environment. To
understand the importance of TgLIPIN in parasite growth, we
generated an N-terminal HA-tagged inducible knockdown para-
site line based on the Tet-off system, TgLIPIN-ikD?>2* (Supple-
mentary Fig. 2a, b). Downregulation of TgLIPIN-ikD showed no
detectable protein by western blot after 48 h of anhydrotetracy-
cline (ATc) treatment (Fig. 2a). Cytoplasmic localization of the
protein in the same manner as C-terminally tagged strains and its
downregulation were both confirmed by IFA (Fig. 2b). This result

2 | (2021)12:2813 | https://doi.org/10.1038/541467-021-22956-w | www.nature.com/naturecommunications



ARTICLE

548-765 aa

a 4-86 aa

TgLIPIN |

N-LIP H

T. gondii prrvxsnvos'urnsnvm ----- IKQEEAEEEQFNSFNFWSLGIVDFES
N. caninum ypx1vISDVDETITRSDVLG-+++*

V. brassicaformis NAK1VISDVDGT I TRSTY
P. falciparum pyp1vIs

A. thaliana PAH1 prx1v
A. thaliana PAH2 ysr
T. brucei TDR

H. Sapiens LPN1 DDKVIISDIDGIITRSDTLG =+«

PTG

SADDQFSSFNFWRVPVEPLDD

Catalytic
Motif
[ *
50 *x
ns
840+
s
:'!é 30 [ Triple mutant
k] [0 Complemented triple mutant
S 20+ "
§ @ Wild type
10
04

b
Membrane '_@ /,
blogene5|s ‘ J _> L ._>OOO
£ e ,7 060
Phosphollplds ® StL:::;e
phosphatidic acid 1,2-diacylglycerol triacylglycerol
PA
fatty acid
FA
d
DAPI + HA
DAPI DAPI + HA DER-1 GFP DER-1 GFP

Zoom
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b Graphical scheme of the biochemical function of LIPIN in the glycerolipid biosynthesis pathway in eukaryotes. € The complementation of the yeast triple
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suggests that TgLIPIN disruption dramatically impacts parasite
intracellular growth and development TgLIPIN disruption caused
a severe intracellular replication defect in TgLIPIN-ikD with a
significant increase of small vacuoles containing 1-2 parasite
vacuoles (15-20%) and vacuoles containing morphologically
abnormal parasites (15-20%), alongside with a concomitant sig-
nificant decrease of larger vacuoles (25-30%) containing 4-10
parasites (Fig. 2c). To further assess the effect of TgLIPIN on
parasite intracellular growth, plaque assays were performed
investigating the mutant’s capacity to maintain proper growth
with fluctuating levels of host nutrients. When cultured in regular
growth conditions with 1% FBS, TgLIPIN-ikD (+ATc) exhibited
a severe growth defect with few plaques (Fig. 2d, e) as expected
from IFA results (Fig. 2b, f). To rescue this defect, the parasites
were grown in high nutrient content with 10% FBS* However,
surprisingly, TgLIPIN-ikD (4+ATc) showed a more significant
decline in growth in 10% than with 1% FBS containing culture
medium, as marked by the complete absence of plaques (Fig. 2d,
e). Contrastingly, a decrease in the host nutritional environment
with 0% FBS slightly but significantly enhanced the growth of
TgLIPIN-ikD (4ATc) (Fig. 2d, e) suggesting that exogenous
lipid-nutrient source of FFA or PL are somehow toxic to parasites
lacking TgLIPIN. To further delineate the division defect phe-
notype of TgLIPIN downregulation, we performed IFAs to probe
the morphology of the inner membrane complex (IMC) as a
marker of parasite shape and division. IFAs were conducted prior
to and after complete protein loss, at 24 h (Fig. 2f and Supple-
mentary Fig. 2c) and 48 h (Fig. 2g) of ATc treatment, respectively,
under low, normal, and high host nutrient contents. Severe
membrane anomalies and division defects were observed even as
early as 24-h ATc treatment. Such membrane defects were

strongly increased at 48-h ATc treatment, with membrane
extrusion, loss of parasite integrity, and division arrest. Impor-
tantly, IMC and division defect were more evident when host
nutrient content increased.

Electron microscopy reveals gross membrane anomalies as an
early impact of TgLIPIN downregulation. To further resolve the
cellular phenotype marked by TgLIPIN downregulation, TgLI-
PIN-ikD (+ATc) parasites were examined by transmission elec-
tron microscopy (TEM) at 12, 24, and 48 h post ATc treatment
under low, normal, and high host nutrient content (0%, 1%, and
10% FBS, respectively). Interestingly, as early as 12 h of treatment
with ATc, when TgLIPIN levels are only slightly reduced, both
parasite IMC and plasma membrane displayed gross abnormal-
ities in forming evaginations or lateral interruptions, without
affecting the parasite size (Fig. 3a—c). Concordantly, IFA data of
TgLIPIN-ikD (4ATc) also hinted at aberrant IMC (Fig. 2f, g).
The morphology of the nuclear envelope (NE) started to adopt
tubular or multilobed shapes (Fig. 3d-d! and Supplementary
Fig. 3). Extensions of the NE seemed to expand in the cytoplasm
in connection with the ER (Supplementary Fig. 3a) making tub-
ular whorls in the cytoplasm (Fig. 3e-el!). At 48-h treatment,
tubular or multilamellar membrane accumulation could entirely
fill the cytoplasm of the parasites (Fig. 3f-f1). Local fusion of the
outer membrane of different nuclear lobes could be observed
(Supplementary Fig. 3b). The NE tended to adopt hairpin shapes
where the inner membrane from two different regions was seen
closely apposed, separated by electron-dense material (Supple-
mentary Fig. 3¢, e). Local detachment and fusion of the inner
membranes could be also observed (Supplementary Fig. 3e, red
arrow). Interestingly, similar expansions affecting the NE are also
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observed in the yeast LIPIN mutant coupling phospholipid bio-
synthesis to the nuclear membrane?>-26,

Both parasite IMC and plasma membrane (PM) also displayed
abnormalities in forming bumps (Fig. 3d, red arrow) or lateral
evaginations (Fig. 3g-g?). Large inclusions could be observed in
the vacuolar space that could correspond to such abnormal
parasite evagination depending on the cutting plane. Complex
structures were also observed in the cytoplasm, showing lasso-like
structures formed by zippered membrane tubules (Supplementary
Fig. 3f, g). It is not clear whether this type of structure originated
from the ER, the nuclear membrane, or even IMC.

At 48 h, the ultrastructure of the vacuole appeared dramatically
altered. Endodyogeny was strongly affected in TgLIPIN-ikD
parasites, showing incomplete sister cells separation (Fig. 3e!-f1),
cytokinesis failure harboring multiple daughter cells (Fig. 3h-i2,
red asterisk). Local fusion of the parasitophorous membrane
(PVM) with the PM of the parasite was also observed (Fig. 3f).
Some vacuoles showed signs of parasite PM rupture, with
cytoplasmic material reminiscent of parasite cytoplasm filling the
vacuolar space (Fig. 3gZ h2, il). Large autophagosomes with

unidentified content were also frequently observed in infected
host cells suggesting that the parasites died and were eliminated
by the host cell (Supplementary Fig. 3h-k). Large giant multi-
vesicular bodies (gMVBs) and swelling of the host NE, previously
described as enhanced under starvation conditions* were
abundant in TgLIPIN-ikD parasites, even in the presence of
10% FBS. In some cases, the outer membrane of the NE had fused
with the PVM (Supplementary Fig. 3c), occasionally leading to its
rupture (Supplementary Fig. 3d).

In agreement with the replication assay data (Fig. 2c), TEM
images showed that dynamics of parasite membranes was
profoundly affected by the absence of appropriate levels of
TgLIPIN, which seemed to start at the NE level as soon as 12 h of
treatment. Further loss of TgLIPIN then induced strong aberrant
membrane abnormalities mostly affecting the endomembrane
system (NE, ER, IMC, and PM). This resulted in endodyogeny
failure, anarchic membrane proliferation, and unexpected
membrane fusion events, leading to parasite growth arrest and
death. These membrane abnormalities and division phenotypes
were observed in all host nutrient contents, but were always
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stronger and aggravated under high host nutrient content (10%
FBS). This suggests that the essential role of TgLIPIN for
membrane biogenesis and parasite survival is directly linked to
the nutritional status of the host.

TgLIPIN regulates lipid homeostasis. To determine the func-
tional role of TgLIPIN in parasite PA synthesis and membrane
biogenesis, we conducted comprehensive lipidomic analyses. To
precisely assess the timely impact of TgLIPIN-ikD disruption on
lipid synthesis, parasites were grown for 24 or 48 h with and
without ATc. Total lipids were separated by high-performance
thin-layer chromatography (HPTLC) and quantified by gas
chromatography-mass spectrometry (GC-MS). Relative abun-
dance of PA was unchanged at 24 h of +ATc (Fig. 4a). After 48 h
+ATc, there was a large significant increase of PA, confirming its
role for PA synthesis and our WB results for the loss of TgLipin
(Fig. 4a). FA composition of PA showed an increase in the level of
myristic (C14:0) and palmitic (C16:0) acids along with a decline
in the levels of stearate (C18:0) (Fig. 4b). Concomitantly to PA
increase, the relative abundance of DAG was decreased after 48 h
of TgLIPIN downregulation by ATc (Fig. 4c) showing that
TgLIPIN is an active phosphatidic acid phosphatase, controlling
the levels of PA and DAG, as confirmed by our yeast heterologous
complementation (Fig. 1c). Despite a strong replication defect
and reduction in parasite number, the total amount of phos-
pholipids was increased up to 1.5-fold in the TgLIPIN-ikD
(+ATc) in comparison to the control (—ATc) (Supplementary
Fig. 4a). Accordingly, most PL classes were further increased by
TgLIPIN disruption such as the ones usually made from PA via
the CDP-DAG pathway?’ ie. cardiolipin (CL), PS, and PC
(Supplementary Fig. 4b). This suggests that TgLIPIN controls PL
homeostasis likely through PA synthesis.

In eukaryotes, TAG biosynthesis occurs at the last step of the
glycerol-3-phosphate pathway through the sn-3 acylation of DAG
catalyzed by a diacylglycerol-acyltransferase (DGAT) that uses
FFA7-2627 However, the key and limiting step of TAG synthesis is
the formation of its precursor, DAG, the production of which
depends on the action of a PAP/LIPIN. TAG is not a membrane
but a storage lipid that accumulates within lipid droplets together
with other neutral lipids such as cholesteryl esters (CE). We thus
investigated the putative role of TgLIPIN in lipid-storage
formation by comparing the number of parasite lipid droplets
using nile red staining?3 in the TgLIPIN-ikD parasites (+ATc and
—ATc). This showed that the number of lipid droplets per parasite
vacuole in the presence of ATc was reduced to almost 60% in
comparison to the control in both normal (1% FBS) and
furthermore in high host nutrient content (10% FBS) (Fig. 4d,
e), suggesting that TgLIPIN is involved in the synthesis of storage
lipids. According to this hypothesis, the relative abundance of
TAGs was significantly reduced after 48h of ATc treatment
(Fig. 4f). Other neutral lipids making the bulk of lipid droplets, CE
levels were also significantly decreased (Supplementary Fig. 4d).

TAGs and CEs are neutral storage lipids potentially implicit in
the parasite’s ability to cope with the excess FA”. The synthesis of
TAG via enzyme DGAT requires two substrates, DAG and FFA.
We, therefore, determined the FFA content of the TgLIPIN-ikD.
Lipidomics revealed slight increases in total FFA levels in the
TgLIPIN-ikD (+ATc/—ATc) (Fig. 4g). Interestingly, C18:1
(oleate) was the only FA found significantly increased in the
parasite-free FA (FFA) pool (Supplementary Fig. 4c), suggesting
C18:1 may be an important intermediate in the pathways
regulated by TgLIPIN, as previously hinted”2%30, In a high host
environment (10% FBS), lipidomic analyses revealed that only
TAG levels decreased under these conditions (Fig. 4h), explaining
the reduction of lipid droplets. This impairment in TAG

biosynthesis is consistent with the reduction in parasite viability
seen under high FBS conditions (Fig. 2d, e).

TgLIPIN channels the flux of host fatty acids to prevent the
accumulation of free fatty acids levels and promotes TAG
synthesis. Our data reveal the essential role for TgLIPIN in reg-
ulating PA and DAG synthesis to control lipid homeostasis,
especially the level of storage lipid molecule, TAG. TgLIPIN
function seems directly connected to host nutritional status and
the origin of lipid precursors used (FASII, host cell, and external
environment) to maintain parasite survival.

Fatty acids required for lipid synthesis in T. gondii parasites are
obtained from the host and/or host environment (i.e.,
medium)1-2426:29 and/or synthesized de novo via the apicoplast
FASII pathway!230:31. To identify the source of increased FA and
phospholipids detected upon TgLIPIN depletion, we set up
fluxomics approaches where we grew parasites and/or host cells
using different stable isotope substrates-containing media (13C-
U-glucose, 31d-C16:0) and performed lipidomic analyses for each
experimental setup (Fig. 5a-c).

To monitor apicoplast FASII activity, parasites were labeled
with U-13C-glucose, which was added to a glucose-free medium,
to confluent host cells together with parasites with or without
ATec (Fig. 5a), as previously reported!. Total lipid content, PL,
and neutral lipids were extracted to determine the ratio of 13C
incorporation of each FA as a measure of FASII activity. In
TgLIPIN-ikD (4ATc), the amount of labeled FA made by FASII
(i.e., FASII activity) decreased under the suppression of TgLIPIN
(+ATc) in terms of total lipid content (Fig. 5d) as well as the
pools of FFA/PL/TAG (Fig. 5e, f and Supplementary Fig. 5a, b).
Interestingly, there was a significant decrease in all the signature
FA from FASII (i.e., C14:0) but also in FASII-derived FA, i.e.,
oleic acid C18:1, reduced in total lipids, FFA, PL and TAG made
from FASII (Fig. 5d, e, f and Supplementary Fig. 5a, b). There was
an overall decrease in FASII-derived C18:1 in FFA (Fig. 5e) and
TAG (Fig. 5f, supporting the lipid droplet analyses) and an
increase in PC16:0 (Supplementary Fig. 5b). This suggests that
with the loss of TgLIPIN, the increased overall PA levels with
FASII-derived FAs, can be directed towards the production of
excess PC. The distribution of !3C incorporation to each
isotopologue of FASII FA product confirmed that the pathway
was nevertheless functional (Supplementary Fig. 5c-g). To
monitor the FAs sourced from the external environment/culture
medium, we grew parasites and confluent host cells in a medium
supplemented with deuterated palmitic acid (3!d-C16:0) (Fig. 5b).
Parasites were harvested and total lipids were extracted to
determine the incorporation of 31d-C16:0 in parasite lipids. In the
total lipid content, 31d-C16:0 and its elongation/desaturation
products 31d-C18:0 and 2%d-C18:1 were detected in lower
amounts in the TGLIPIN-ikD parasites with ATc (Fig. 5g). In
addition, a drastic reduction in the incorporation of all three (31d-
C16:0, 31d-C18:0, 2°d-C18:1) to FFA species within TgLIPIN-ikD
(+ATc) in comparison to the control (—ATc), further suggesting
that the host external environment is not the source of increased
lipids within the mutant (Fig. 5h).

To monitor the fatty acids directly scavenged from the host, we
designed a novel assay using U-13C-glucose to label host lipids
(Fig. 5¢). Nonconfluent host cells were grown in the presence of
medium containing U-13C-glucose which would theoretically fuel
any of the active FA synthesis pathways within the host (FASI,
elongases) via the synthesis of their substrates, acetyl-CoA,
thereby generating 13C-pre-labeled host metabolites including
lipids and fatty acids32. These 13C-pre-labeled host cells were then
infected with parasites in the presence of a normal culture
medium, which contains regular 12C-glucose. Total lipid was
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+ATc/—ATc at 1% FBS, ***P < 0.0003 at 10% FBS). f Relative abundance of TAGs in TgLIPIN-ikD (+ATc/—ATc) showing that TAG levels were relatively
reduced in the TgLIPIN-ikD (48 h + ATc). g Relative abundance of free fatty acids (FFA, +ATc/—ATc in the TgLIPIN-ikD). h Relative abundance of PLs,
DAG, FFA and TAG in the TgLIPIN-ikD +ATc to —ATc at 10% FBS (n =3, unpaired t test P values where **P < 0.004 relative TAG abundance ratio nmol/
parasites number +ATc/—ATc at 10% FBS vs +ATc/—ATc=1). Data are presented as mean values 4+ /— SEM.

extracted from the parasites to determine the ratio of 13C
incorporation to each fatty acid and determine the origin from
the host or not. Using this novel approach, we were able to
determine (i) the FA biosynthetic capacities of the host cells
(Fig. 5i), and more importantly (ii) the first scavenged FA
lipidome of the parasite (Fig. 5j-m), the scavengome. Host cells,
human foreskin fibroblast (HFF), are capable of synthesizing FA
ranging from C14:0 to C20:1, with the most abundant FA species
being C18:1 (Fig. 5i). The wild type (TgLIPIN-ikD —ATc)
parasites are capable of scavenging all these FA species made by
the host cell with a major preference again for C18:1 (Fig. 5j).
Importantly, in TgLIPIN mutant (+ATc), 13C-labeled C16:0,
C18:0 and C18:1 from host cells were significantly increased in
the FFAs (Fig. 5k), together with a significant increase of host-
derived C18:0 in both parasite total lipids and PL (Fig. 5j, 1).
Therefore, since FA from both FASII and the external environ-
ment decrease in the absence of TgLIPIN, whilst FAs from host
cell are found increasing, our data strongly suggest that the major
origin of excess lipids in the TgLIPIN mutant is from the host cell.
Correlating with the lipid droplet analyses, there was a significant
decrease in the 13C labeled FA, specifically C16:1 and C18:1, in
TAG (Fig. 5m). The distribution of 13C incorporation to each
isotopologue of host-derived FAs was also determined

(Supplementary Fig. 5h-m). Together these data show that the
disruption of TgLIPIN induced the massive accumulation of host
cell-scavenged FA, specifically including C18:1, that cannot be
used for TAG synthesis.

Hence, TgLIPIN regulates parasite membrane biogenesis by
controlling the synthesis and content of PA and DAG, and by
channeling the constant flux of host cell scavenged FA for TAG.
Without TgLIPIN, the parasite accumulates toxic levels of PA,
FFA, and PL that eventually cause massive membrane malforma-
tions, cytokinesis defect, and parasite death.

Discussion

TgLIPIN plays a pivotal role in the synthesis of central lipid
precursors, PA and DAG while regulating the flux of host lipids
thereby controlling the equilibrium between membrane biogen-
esis and lipid storage. Collectively this controls intracellular
development and the propagation of the parasite (Fig. 6a).

Our data here show that TgLIPIN is an essential PAP con-
trolling the PA/DAG equilibrium along with the level of FFAs.
Disruption of this equilibrium together with impairment of sto-
rage capacity has multiple phenotypic consequences within the
parasite (Fig. 6b). In mammalian cells, LIPIN is encoded by three
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Fig. 5 Monitoring the source of fatty acids in TgLIPIN-ikD. a-c Schematic for the experimental procedure of stable isotope labeling to determine the origin
of fatty acids in TgLIPIN-ikD; a Parasite FASII derived FAs were determined by the addition of U-13C-glucose (Glc) to the culture medium (1% FBS, no
glucose, +/—ATc) at the time of parasite infection to the host. b FAs scavenged from the external environment (medium) was determined by the addition
of 3d-palmitic acid (3'd-C16:0) to the parasite culture medium (high glucose, 1% FBS). ¢ Host cell-derived FAs were determined by growing host cells in
the presence of U-13C-glucose (no glucose, 10% FBS) to confluent in prior to the infection parasites with normal medium (glucose, 1% FBS, + /—ATc).
d FASII activity in TgLIPIN-ikD as measured as % '3C-incorporation (n =3, unpaired t test P values; ***P < 0.0005% FASI| derived C14:0/C16:0/C18:0/
C18:1 —ATc vs +ATc, **P<0.007/*P < 0.04/***P < 0.0003). e Abundance of apicoplast FASII derived 3C labeled FFAs (n =3, unpaired t test P values;
*P<0.02 of FASII derived FFA C18:1-ATc vs +ATc). f Abundance of apicoplast FASII derived 13C-labeled phospholipids (PLs, n = 4, unpaired t test P
values; *P < 0.03 of FASII derived PL C18:0-ATc vs +ATc). g FA uptake of deuterated external environment-derived FAs (n = 4, unpaired t test P values;
**P=0.0034/***P<0.00001/*P = 0.01 FA uptake from the external environment as d3;C16:0/d5;C18:0/d,5C18:1 —ATc vs +ATc). h Relative abundance
of deuterated external environment-derived (+ATc/—ATc) (n=3). i The abundance of 13C-labeled fatty acids in the host cells (n = 4). j Host derived FAs
measured as % 13C-incorporation (n = 3, unpaired t test P values; *P < 0.02 Host derived FA C18:1-ATc vs +ATc). k Abundance of host-derived 13C-labeled
FFAs (n=3, unpaired t test P values; *P < 0.05 Host derived FA C16:0/16:1/18:1—ATc vs +ATc). | Abundance of host-derived 13C labeled PL (n=3,
unpaired t test P values; *P < 0.023 Host derived PL C18:0—ATc vs +ATc) and m TAG levels (n = 3, unpaired t test P values; ***P <0.0001 Host-derived
TAG C16:0/18:1—ATc vs +ATc). Data are all presented as mean values 4+ /— SEM.

independent genes lipinl, 2, 3; all of which have PAP activity
modulating the levels of TAGs and phospholipids?!. Genetic
mutation within these LIPINs causes severe metabolic disorders,
including rhabdomyolysis (lipinl), obesity (lipinl), autoin-
flammatory disease (lipin2), and impaired lipoprotein assembly in
the intestines (lipin2 and 3)33. The essentiality of LIPIN for T.
gondii growth also suggests distinct functionality from the two

other parasite PAPs. Neither Toxoplasma PAPs appeared to
compensate for the loss of TgLIPIN, unlike in yeast whereby
deletion of genes encoding LIPIN can be partly compensated by
other PAPs!®. The absence of a NLS (nuclear localization signal)
in the TgLIPIN sequence is consistent with a cytosolic localiza-
tion, colocalization specifically with the NE membrane, ER, and
other endomembrane. The localization and catalytic activity of

8 | (2021)12:2813 | https://doi.org/10.1038/541467-021-22956-w | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22956-w

ARTICLE

a b
External environment
- -
= - iy
- Normal development \ _ eIoBment ~
i --i----------------g‘-s r—--- - -FA-SII-----W
1 §  FASIl origin = 1
i = NN
1 § /” N §
1 % I/\\ \! § 1 1 ~
1 % Membrane }!'/ g I v &
1 ] biogenesis § i 1 w OTOX\C\T
1 -3-P 1 L/—Ng;wenesws
| | Ate AG¢
| 1
1 1
1 1
1 1
1 1
1 1
: v (I
(L]
1 Host origin ITHost origin @G«ﬁ@? ;
1 FA 1 FA storigin (D |1
Fi o
1 | Increased !
scavenging Increased
1 : Host FAs :
1 Reduced external
(el G E: | External environment¢ eszgien?:gna 1
1 originﬁnedia) FA origin (media) FA
- e o o o /e mm mm omm o mm mm o mm mm e mm e mm mlm Em N R B BN BN BN BN B RN Em B BN BN BN BN BN BN RN B N RN B R A M Em

Fig. 6 Proposed role of LIPIN in Toxoplasma lipid metabolism. Schematic representation of the dual essential role of TgLIPIN in parasite lipid metabolism,
including, membrane biogenesis, and lipid storage. a The parasite utilizes, and glycerol-3-phosphate (G-3-P) and fatty acid (FA)s derived from both
apicoplast (Api) FASII and host to synthesize major lipids by forming lysophosphatidic acid (LPA) followed by phosphatidic acid (PA). PA is hydrolyzed by
TgLIPIN to generate diacylglycerol (DAG), which is further acylated to generate triacylglycerol (TAG). The other branch of this pathway redirects PA
toward the generation of major membrane phospholipids. The FA homeostasis between membrane biogenesis and storage essential for normal parasite
development within its host is maintained by the PA phosphatase TgLIPIN. b Genetic ablation of TgLIPIN in TgLIPIN-ikD parasites in the presence of
anhydrotetracycline (ATc) caused the PA/DAG imbalance. The increased PA is channeled towards PL synthesis resulting in excess PLS and consequent
gross membrane anomalies within the parasite IMC, nucleus, and ER, while forming giant multivesicular bodies (gMVBs). Simultaneously, the reduction in
DAG affected TAG biogenesis and hence the lipid storage capacity, marked by decreased lipid droplets (LD), within the parasite lacking TgLIPIN. The
impairment of TAG biosynthesis, resulted in excess fatty acids derived from the host, within TgLIPIN mutant, causing lipotoxicity.

LIPIN proteins in humans and yeast are regulated by a phos-
phatase bearing the HAD domain as its substrate34-36.

Therefore, it is conceivable that TgLIPIN is quite dynamic and
can be recruited on endosomal membranes to regulate the PA/
DAG equilibrium, depending on metabolic demand, cell cycle, or
coupled to membrane trafficking events. This hints at a probable
link between metabolism and the nucleus of the parasite, however
contrary to yeast and mammals, there is no evidence of a direct
effect of TgLIPIN on gene regulation, which could explain the
absence of nuclear localization.

One of the early phenotypic stresses evoked in the TgLIPIN-
deficient mutant was the impact on major membranes including
the nuclear envelope complexed with the ER and the parasite
IMC. There is evidence that suggests that nuclear membrane
biogenesis is linked to PA metabolism3738. In Apahl yeast,
mutations in upstream biosynthetic steps of the glycerolipid
pathway that lower PA levels also reduced the aberrant expansion
of nuclear membrane®’. Effects of pahl deletion could be phe-
nocopied by overexpression of Dgklp, a nuclear/ER membrane
DAG kinase that generates PA37.

A recent study demonstrated that the use of DGAT inhibitor-
T863, inhibiting DAG to TAG synthetic reaction in T. gondii
parasites resulted in rapid accumulation of membranous struc-
tures accompanied by rapid parasite death due to strong repli-
cation defect®. This cytopathy was restricted mainly to the ER and
the associated nuclear envelope, similarly as in the case of
TgLIPIN depletion. The electron micrographs of the TgLIPIN
mutant (+ATc) clearly suggest that the replication arrest was
initially due to profound modifications of the nuclear membrane
resulting in aberrant membrane proliferation, cytokinesis defect,
and parasite death.

In the absence of TgLIPIN, we observed an overall increase in
the major membrane phospholipids, including CL, PS, and PC
which is a derivative of the CDP-DAG pathway in other
eukaryotes®®. In absence of DAG, PL biosynthesis was expected to
be reduced. Instead, an increase in both PL and FFA is observed,
which is likely due to excessive host lipid scavenging. The TAG
content in TgLIPIN mutant decreases only 48h post protein
downregulation with ATc suggesting that due to a decrease in the
substrate-specific DAG species because of TgLIPIN unavailability,
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the parasite is unable to acylate the free fatty acids to generate its
subsequent product TAG. This is supported by the drop in lipid
droplet numbers in 1% and 10% FBS when TgLIPIN is suppressed
and the exaggerated effect in a high host nutrient environment
(Fig. 4d, e). In mammalian cells the inhibition of TAG synthesis
leads to oleic acid (C18:1) induced lipotoxicity®®. Thus, lipid
droplets act as more than just cellular energy reserves by pro-
tecting the cells from deleterious effects of toxic excess FFAs by
their incorporation into TAGs.

The prelabeling of host fibroblast cells with U-13C-Glucose,
allowed us to track the source of excess fatty acid and phos-
pholipid content in the TgLIPIN mutant. In keeping with pre-
viously reported data, using 13C-fluxomics we observed that the
parasite has a specific preference for scavenging oleate (C18:1)
directly from host*?, Existing literature provides strong evidence
of the involvement of C18:1 in TAG biosynthesis and subsequent
lipid droplet formation in mammals3® as well as parasites’. Thus,
the excess oleate in the form of FFAs within the parasite sourced
directly from the host has a strong correlation to the lipid storage
defect in TgLIPIN mutant (Fig. 5k). The role of TgLIPIN in the
production of TAG was further strengthened by the decrease of
host-derived C18:1 in TAG (Fig. 5m). In T. gondii parasites,
excessive scavenging of C18:1 results in lipotoxicity and parasite
death’. We show in the absence of TgLIPIN, C18:1 accumulates
as FFA and cannot be incorporated into TAG. A significant
decrease of C18:1 derived from FASII in the form of FFA is also
observed. By sensing this change in nutrients, the parasite
attempts to compensate by arresting FASII activity. C18:1 is likely
a major FA that is typically scavenged and cannot be stored to
avoid lipotoxicity in the absence of TgLIPIN. Taken together, this
correlates to previous findings* showing that the parasite is
capable of sensing host conditions and metabolically adapt.
Similar observations on metabolic plasticity show that there is a
reduction in the growth of P. falciparum FASII KO mutant in the
presence of nutrient-deprived culture conditions*. Another study
in bacteria shows that the FASII pathway is repressed in a
negative feedback loop mediated by acyl-CoA*!. The mechanisms
of metabolic adaptation in Apicomplexa still need to be uncov-
ered. In this study, we were able to reveal the first parasite lipid
scavengome, which shows that TgLIPIN prevents parasite ‘lipo-
toxicity’ in high nutrient environments through effective chan-
neling of host-scavenged fatty acids while maintaining parasite
membrane integrity.

Methods

Sequence analysis. TgLIPIN (TGGT1_230690) was identified using EuPathDB
web sources ToxoDB (http://toxodb.org/toxo/). A phylogenetic tree of LIPIN
proteins in several eukaryotes was created using the online platform Phylogeny.fr.
The organisms used for LIPIN protein sequences for generation of the phylogenetic
tree include Toxoplasma gondii (TGGT1_230690), Plasmodium falciparum
(PF3D7_0303200), P. berghei (PBANKA_040180), Homo sapiens (NX_Q14693),
H. sapiens (NX_Q92539), H. sapiens (NX_QI9BQKS), Saccharomyces cerevisiae
_PAHI1 (PAPI1, SMP2, YMRI165C, YM8520.14C), Cryptosporidium parvum
(cgd3_3210), Cyanidioschyzon merolae (CYME_CMNO61C), Neospora caninum
(BN1204), Hammondia hammondi (HHA_230690), Chlamydomonas reinhardtii
(CHLRE_12g506600v5), Arabidopsis thaliana_AtPAHI1 (At3g09560), Arabidopsis
thaliana_AtPAH2 (At5g42870), Leishmania major (LMJF_06_0830), Trypanosoma
brucei (Tb927.7.5450), Chromera velia (Cvel_24403). The first step involved the
curation of these protein sequences. The protein sequences were aligned (Clus-
talW) and then gaps were removed from the alignment. Finally, the phylogenetic
tree was constructed using the maximum likelihood method in the PhyML pro-
gram (3.1/3.0 aLRT). The default substitution model (WAG) was selected. Gra-
phical representation and edition of the phylogenetic tree were performed with
Cladogram.

T. gondii strains and cultures. The parasite host cells human foreskin fibroblasts
(HFF) were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco), 2 mM glutamine (Gibco),
and 25 pg/mL gentamicin (Gibco) at 37 °C and 5% CO,.

T. gondii tachyzoite parental strains RH-AKu80 TATi, RH-AKu80 as well as
mutant strains TgLIPIN-ikD, TgLIPIN-3XHA were propagated by serial passage
within their host HFF using DMEM supplemented with 1% fetal bovine serum
(FBS, Gibco), 2 mM glutamine (Gibco), and 25 pg/mL gentamicin (Gibco) at 37 °C
and 5% CO,.

Generation of HA-tagged and inducible knockdown line for TgLIPIN. A C-
terminally tagged HA line was generated expressing from the gene’s endogenous
locus using the classical pLIC strategy using homologous recombination in a RH-
AKu80 strain. For the same, a 1677-bp homology region of TgLIPIN located
toward to C-terminus excluding the stop codon, was amplified from the parasite
genomic DNA using the primers forward 5-TACTTCCAATCCAATTTAATGC
ACGGCAGATTTCTCTTACTGG-3' and reverse 5-TCCTCCACTTCCAATTT
TAGCCAAATTACTGCATTTGCGTTCAC-3". The homology region was assem-
bled into PacI digested pLIC-HA-DHFR plasmid using ligation-independent
cloning protocol!”. The assembled plasmid with linearized with single-enzyme site
specific to the parasite DNA sequence within the plasmid-Nsil just before trans-
fection. Parasites were selected with the drug pyrimethamine and cloned by lim-
iting dilution.

For generation of inducible knockdown plasmid pPR2-DHFR*2, two separate
homology flanks were chosen. The 5 flank was amplified 1637 bp upstream of the
TgLIPIN start codon using the primers F1-3’ and R1. The PCR product was ligated
to Pacl and Ndel digested vector pPR2 using NEB assembly reaction. Next, the 3/
flank was amplified as a 1739-bp fragment beginning at the start codon of TgLIPIN
with the primers F2 and reverse R2. The 3’ homology flank was annealed to Xmal
and Not! digested pPR-HA3-DHEFR vector that already contained the TgLIPIN 5
flank. The final cloned vector positions the start codon of TgLIPIN downstream of
the ATc-regulatable t7s4 promoter and a 3xHA tag. The resulting vector with NotI
and transfected this into TATiAku80 parasites. Parasites were selected with the
drug pyrimethamine and cloned by limiting dilution.

Screening of parasite clones where the t7s4 promoter had successfully replaced
the native TgLIPIN promoter, was done using the screen primers 1-6 in the
combinations described in Supplementary Fig. S2. All PCRs were performed with
TaKara primestar max polymerase. The knockdown of TgLIPIN was induced with
0.5 pg ml~! of anhydrotetracycline (ATc). Primer list can be found in
Supplementary Table 1.

Immunofluorescence assay. Primary antibodies anti-HA (Rat, Roche 1:500), anti-
IMC1 (mouse, 1:1000), anti-SAG1 (mouse, 1:1000), anti-MIC2 (rabbit, 1:1000),
anti-CPN60 (rabbit, 1:1000), and anti-TOM40 (rabbit, 1:1000) were used at dilu-
tions their respective dilutions. Secondary AlexaFluor 488- and 546-conjugated
anti-rat, anti-mouse, and anti-rabbit antibodies (Life Technologies) were used at
1/2500. For the immunofluorescence assay (IFA), parasites were grown on con-
fluent HFF on coverslips and fixed in PBS containing 2.5% paraformaldehyde
(PFA) for 15 min at room temperature (RT). Samples were permeabilized with
0.25% Triton X-100 in PBS for 10 min at RT prior to blocking in PBS containing
3% BSA and subsequent incubation with primary antibodies then secondary
antibodies diluted in the blocking solution. Labeled parasites were stained with
Hoechst 33342 (1:10000, Life Technologies) for 20 min and then washed three
times in PBS before final mounting of the coverslips on a glass slide using fluorogel.
The IFA slides were visualized using fluorescence microscope (Axio Imager
2_apotome; ZEISS, x60-100 magnification).

Western blot analysis. Parasites were harvested for western blot analyses after
complete egress from their host. To remove any host cell debris, the parasites were
passed through a 3-pm filter, then counted by haemocytometer and solubilized in
SDS buffer at equivalent cell densities. Equal amount of protein was separated on a
4-12% gradient SDS-polyacrylamide (Life Technologies) and transferred to a
nitrocellulose membrane using the XCellIl Blot Module (Invitrogen). Primary
antibodies anti-HA (rat, Roche) and anti-TOM40%3 (rabbit) were used at a dilution
of 1:500 and 1:1000, respectively. Secondary goat anti-mouse and anti-rabbit
horseradish peroxidase (HRP) conjugated antibodies (Thermo Scientific) were used
at 1:2000. Protein signal was detected by chemiluminescence after membrane
staining with luminata crescendo western HRP detection kit (Millipore). The signal
strength of protein was quantified using a BioRad chemidoc imager (BioRad).

Phenotypic analysis. Plaque assay: The extracellular parasites were harvested after
filtration and counted by haemocytometer. Then ~500 parasites were inoculated to
a confluent HFF flask (25 cm?). TgLIPIN-ikD was grown for plaque assay in the
presence or absence of Anhydrotetracycline (ATc) (0.5 ugml~!) for 7-10 days.
Plaque sizes were visualized by crystal violet staining (30-60 min) after aspiration
of culture media, and cells fixation with 100% ethanol (5 min) followed by
phosphate-buffered saline (PBS) wash. The plaque area was calculated (n =3)
using Image J which calculated an arbitrary unit value assessing the viability of the
parasite with and without the protein.

Replication assay: The parasites were grown for two days with or without ATc
(0.5 pg mI~1), harvested and filtered. Equal number of parasites were allowed to
invade confluent HFF grown on coverslips. Following 2 h of invasion, the
coverslips were washed thrice with ED1 (1% FBS containing DMEM), to remove
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extracellular parasites and promote synchronized replication. ATc (0.5 pg ml~1)
was added at the start of the experiment, allowing the treatment for 24 h, alongside
control parasites without ATc. These coverslips were then fixed and processed for
IFA using anti-HA, anti-SAGI antibodies wherein the parasite number per
parasitophorous vacuole was analyzed.

Electron microscopy. The TgLIPIN-ikD parasites were grown for 12, 24 and 48 h
in the presence and absence of AT, in labteks (Nunk, Thermofisher). The parental
AKu80 strain treated with ATc was used as the wild-type control. The labteks
containing parasite-infected HFF were fixed in 0.1 M cacodylate buffer with 2.5%
glutaraldehyde for 2 h and kept at 4 °C until further processing. During processing,
the sample were fixed again for 1 h with 1% osmium tetroxide in cacodylate buffer
followed by overnight treatment in 2% uranyl acetate in distilled water. After
dehydration in graded series of acetonitrile, samples were progressively impreg-
nated in Epon812, the wells were then filled with fresh resin and allowed to
polymerize 48 h at 60 °C. Ultrathin 70-nm sections were obtained with a Leica UC7
ultramicrotome and collected on copper grids. Grids were post-stained with uranyl
acetate and lead citrate before their observation on a Jeol1200 EXII Transmission
Electron Microscope on the Electron microscopy facility of the University of
Montpellier (MEA). Chemicals and consumables were from Electron Microscopy
Sciences.

Nile red staining of lipid droplets. The TgLIPIN-ikD parasites were allowed to
infect and grow in confluent monolayer HFF grown on coverslips in 1% and 10%
FBS, in the 4+ /— ATc conditions for 24 h and 48 h. Similar to IFA, these coverslips
were fixed using 2.5% PFA, permeabilized with 0.25% Triton X-100 and then
stained with primary rat anti-HA antibody followed by detection with secondary
AlexaFluor 488-conjugated goat anti-rat antibody. Thereafter, the sample cover-
slips were incubated for 1 h with Nile red (1:2000) in 1x PBS before proceeding to
DNA staining with Hoechst. The coverslips were mounted onto a glass slide in
fluorogel prior to imaging using a fluorescence microscope (Axio Imager 2_apo-
tome; ZEISS). For visualizing Nile red-stained droplets yellow-gold fluorescence
(excitation, 450-500 nm; emission, greater than 528 nm>°) was used on the axio-
imager. Quantification in 4+ /— ATc condition was done by counting the number of
lipid droplets per parasite vacuole.

Heterologous complementation. The codon-optimized carboxy terminal
sequence of TGLIPIN (548-765 a.a., C-LIP) harboring the catalytic HAD domain
(DVDGT), obtained from GenScript, was ligated to NotI/Mlul digested pD0170
yeast expression vector (obtained from Carman’s lab) to yield pD0170-CLIP. This
plasmid was transformed into yeast strain AdpplAlpplApahl (pahl_:URA3
dppl_::TRP1/Kanr lppl_:HIS3/Kanr, triple mutant) or AdpplAlpplApahlAappl
(app1A:natMX4 pahlA::URA3 dpplA::TRP1/Kanr Ipp1A::HIS3, quadruple mutant)
(gifts from Dr. George Carman’s lab, Rutgers Center for Lipid Research, New
Jersey,), and transformants were selected on solid SD medium (YNB, 2% glucose,
agar) lacking leucine!®.

Lipidomic analysis
Saccharomyces cerevisiae. The triple mutant strain was transformed with vector
pD0170-CLIP or pDO1050 (lacking the HAD domain) and the cells were grown in
YNB glucose medium at 30 °C until ODgg reached 1-3. Cultures were centrifuged
for 5min at 1000 x g, washed with PBS thrice, and normalized by cell weight.
Total lipid analysis: Total lipids were extracted in chloroform/methanol/water
(1:3:1, v/v/v) containing FFA (free fatty acids C13:0, 10 nmol) and PC (21:0/21:0,
10 nmol) as internal standards for extraction. Next, the polar and apolar
metabolites were separated by phase partitioning by adding chloroform and water
to give the ratio of chloroform/methanol/water as 2:1:0.8 (v/v/v). For lipid analysis,
50 ul of the extract was directly dried and dissolved in 2:1 choloform:methanol and
trimethylsulfonium hydroxide (TMSH, Machenery Nagel) for total fatty acid
content. Resultant FAMEs were then analyzed by GC-MS as previously
described*. All FAMEs were identified by comparison of retention time and mass
spectra from GC-MS with authentic chemical standards. The concentration of
FAMEs was quantified after initial normalization to different internal standards.
Phospholipid, DAG/TAG analyses: The extracted total lipid extracted (as above)
was separated with 5 nmol DAG/PA(C16:0/C18:1) (Avanti Polar lipids) by one-
dimensional silica gel high-performance thin-layer chromatography (HPTLC,
Merck). The 1st and 2nd solvent system used were chloroform/methanol/water/
acetic acid, 25:15:2:4 (v/v/v/v) and hexane/MTBE/acetic acid, 35:15:0.5 (v/v/v),
respectively. For DAG, TAG, FFA, and CE analysis, total lipid fraction was
separated by 1D-HPTLC using hexane/diethyl ether/formic acid, 80:20:2 (v/v/v) as
solvent system. The spots correlating to TAG, DAG, PA, and PC on the HPTLC
plate were scraped off, and lipids were methanolized with 200 pl 0.5 M methanolic
HCI in the presence of 1 nmol pentadecanoic acid (C15:0) as internal standard at
85°C for 4 h. The resulting FAMEs were extracted with hexane and analyzed by
GC-MS (Agilent).

Toxoplasma gondii. The parasites were grown for 24h ad 48h in+/— ATc
conditions within a confluent monolayer of HFF in flasks (175 cm?). At each time
point, parasites were harvested as intracellular tachyzoites (1 x 107 cell equivalents

per replicate) after syringe filtration with 3-um pore size membrane. These para-
sites were metabolically quenched by rapid chilling in a dry ice-ethanol slurry bath
and then centrifuged down at 4 °C. The parasite pellet was washed with ice-cold
PBS thrice, before transferring the final pellet to a microcentrifuge tube. Then total
lipids were extracted in chloroform/methanol/water (1:3:1, v/v/v) containing PC
(C13:0/C13:0), 10 nmol and C21:0 (10 nmol) as internal standards for extraction.
Polar and apolar metabolites were separated by phase partitioning by adding
chloroform and water to give the ratio of chloroform/methanol/water as 2:1:0.8
(v/v/v). For lipid analysis, the organic phase was dried under N, gas and dissolved
in 1-butanol to obtain 1 pl butanol/107 parasites.

Total lipid analysis: The extracted total lipid sample was then added with 1
nmol pentadecanoic acid (C15:0) as an internal standard as stated before using
TMSH for total fatty acid content. Resultant FAMEs were analyzed by GC-MS as
previously described*4. All FAMEs were identified by comparison of retention time
and mass spectra from GC-MS with authentic chemical standards. The
concentration of FAMEs was quantified after initial normalization to different
internal standards and finally to parasite number.

Free fatty acid and cholesterol analysis: Total lipid samples were dried and
derivatized with BSTFA + TMCS, 99:1 (Sigma) to generate trimethylsilyl (TMS-)
fatty acids and TMS-cholesterol. These TMS derivatives were analyzed by GCMS as
described above.

Phospholipid and neutral lipid analysis: For phospholipid analysis, the extracted
total lipid extracted (as above) was separated with 1 nmol PA(C17:0/C17:0) (Avanti
Polar lipids) by two-dimensional silica gel high-performance thin-layer
chromatography (HPTLC, Merck). The solvent system used for the 1st and 2nd
dimension was chloroform/methanol/28% ammonium hydroxide,12:7:1.6 (v/v)
and chloroform/acetone/methanol/acetic acid/water, 10:4:2:2.6:1 (v/v/v/v/v),
respectively. For DAG, TAG, Free fatty acids (FFA) and cholesteryl ester (CE)
analysis, total lipid fraction was separated by 1D-HPTLC using hexane/diethyl
ether/formic acid, 80:20:2 (v/v/v) as solvent system. Then each lipid spot on the
HPTLC plate was scraped off, and lipids were methanolized with 200 pl 0.5 M
methanolic HCI in the presence of 1 nmol pentadecanoic acid (C15:0) as internal
standard at 85 °C for 3 h. The resulting FAMEs were extracted with hexane and
analyzed by GC-MS (Agilent).

Stable isotope metabolic labeling experiment

Tracking FASII origin fatty acids (monitoring de novo FA synthesis by the parasite
apicoplast FASII). The TgLIPIN parasites were infected to a confluent monolayer of
HFF in glucose-free-DMEM (1% FBS) supplemented with U-13C-glucose or U-
12C-glucose at a final concentration of 800 uM, with or without ATc (0.5 ug ml—1).
The parasites were harvested up to 48 h post depletion of TgLIPIN and metabo-
lically quenched in a dry ice and ethanol slurry in a tube until the sample reached
4°C. Lipids were extracted, derivatized using TMSH (Macherey-Nagel) and ana-
lyzed by GC-MS as described above. 13C incorporation to each fatty acid was
calculated as the percent of the metabolite pool containing one or more 13C atoms
after correction for natural abundance and the amount of 13C-carbon source in the
culture medium. The degree of the incorporation of 13C into fatty acids (% carbon
incorporation) was determined by the mass isotopomer distribution (MID) of each
FAMEs. MID was obtained from the shift in isotopic mass dependent on the
amount of 12C carbons compared to the integration of 13C carbon atoms. The total
abundance of 13C-labeled fatty acids was obtained by calculating the concentration
of all isotopomers of 13C-labeled FAMEs and finally normalizing to authentic
internal standards and parasite number.

Tracking host-derived fatty acids (monitoring parasite scavenging capacities). The
HEFF cells were grown (1 x 108 cell equivalents per replicate) to confluency in the
presence of stable isotope U-13C-glucose at a final concentration of 800 uM added
to a glucose-free DMEM. These 13C-pre-labeled HFF were then infected with
TgLIPIN-ikD parasites in the presence of normal-glucose containing DMEM
under + /— ATc (0.5 pg/ml). The host HFF and parasites were metabolically
quenched separately, and their lipid content was quantified by GC-MS as described
above. As described previously, the degree of the incorporation of !3C into fatty
acids (%carbon incorporation) is determined by the mass isotopomer distribution
(MID) of each FAMEs. The total abundance of 13C-labeled fatty acids was analyzed
initially for HFF to check labeling of the metabolites (described previously). Later,
the same was calculated for parasites to confirm direct uptake of 13C-labeled fatty
acids from the host.

Tracking uptake of deuterated fatty acid from medium (monitoring extracellular
host environment). Deuterated palmitic acid (3!d-C16:0) was dissolved in 10 mM in
fatty acid-free bovine serum albumin/PBS solution by sonication in a water bath
for 30 min followed by incubation at 55 °C for 30 min. Freshly egressed TgLIPIN
parasites were allowed to invade a confluent monolayer of HFF for at least 2h
under conditions of +/— ATc. Following the invasion, the uninvaded parasites
were washed off with DMEM and further allowed to grow in the normal culture
medium-DMEM (1% FBS) containing 314-C16:0 at a final concentration of 0.1 mM
in +/— ATc until 24 and 48 h of growth. The parasites were harvested by metabolic
quenching as described previously. Lipids were extracted, derivatized using TMSH
as well as TMS, and further analyzed by GC-MS. All raw data were quantitatively
and qualitatively analyzed using Agilent MassHunter Software: MS B.07.00.

| (2021)12:2813 | https://doi.org/10.1038/s41467-021-22956-w | www.nature.com/naturecommunications 1



ARTICLE

Statistics and reproducibility. The graphical data for this study was generated
using GraphPad Prism software. Three biological replicates were used per
experiment (n = 3, unless stated otherwise). The error bars are representative of the
standard error of mean (SEM) for each study. Statistical significance was deter-
mined for each experiment by unpaired ¢ tests using GraphPad Prism. The range of
statistical significance was signified as per the P value, where 0.01-0.05 = *,
0.01-0.001 = **, <0.001 = ***, and <0.0001 = ****,

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Authors can confirm that all relevant data are included in the paper and/or its
Supplementary/Source data files. Protein and gene sequences were acquired from
EuPathDB web sources ToxoDB (http://toxodb.org/toxo/). Source data are provided with
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