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INTRODUCTION






I. Plasmodium, a vampiric parasite

1. A brief overview of the parasite

1.1 Malaria

Malaria is a very ancient disease that has been sickening and killing people for thousand years
(Goldsmith, 2011). It was one of the causes of death of Pharaoh Tutankhamun (Hawass et al.,
2010), contributed to the fall of the Roman Empire (Sallares, 2002) and even Shakespeare
mentioned it in some of his plays (Reiter, 2000). However, the origin of malaria remained
unknown until the late 19t% century when Alphonse Laveran discovered the parasite Plasmodium

and Ronald Ross figured out its mode of transmission (Lalchhandama, 2014).

Plasmodium is a genus of protozoan parasites that cause malaria in humans and some animals.
These parasites are transmitted through the bites of infected Anopheles mosquitoes and feed from
hepatocytes and red-blood cells of the host. Five species can infect humans: P. falciparum, P. vivax,
P. malariae, P. ovale and P. knowlesi. Of these, P. falciparum and P. vivax are the most prevalent,

and P. falciparum is the most dangerous in terms of deaths and complications (WHO, 2018).

The symptoms of malaria appear several days after the infective mosquito bite. These include
fever, headache, chills, nausea and muscle pains. If not treated, malaria can progress to a severe
illness, often leading to death (Ruiz Lopez del Prado et al,, 2014). Three syndromes occurring
separately or in combination dominate most malaria deaths: severe anemia, respiratory distress
and cerebral malaria (Cowman et al., 2016); the last one is characterized by a coma caused by the

presence of infected red-blood cells in the cerebral micro-circulation (Idro et al,, 2010).

Malaria infection can be effectively treated if diagnosed promptly. Important medications include
quinoline derivatives such as chloroquine (Parhizgar & Tahghighi, 2017), antifolate drugs like
sulfadoxine/pyrimethamine (Desai et al., 2018) and the Artemisinin-based Combination Therapy
(ACT), which is the best available treatment for P. falciparum malaria (WHO, 2018). However, the
development of resistance to these drugs represents a major threat in the control of malaria
(Cowell & Winzeler, 2019). Modern intervention programs have contributed to reduce
remarkably the malaria burden but the disease remains one of the most severe health issues in
the world. In 2018, there were 228 million cases and about 405 000 deaths, most of them children
under 5 years old (WHO, 2018).
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Figure 1: Life cycle of Plasmodium berghei. The development of Plasmodium is divided between its
mosquito vector, the female Anopheles (sexual reproduction), and the mouse (asexual reproduction). In the
vertebrate host, the life cycle has two main stages: the liver cycle and the erythrocytic cycle. Each stage of
development of Plasmodium is indicated and explained in the text.

1.2. The life cycle of Plasmodium

During the course of its life, Plasmodium transmogrifies into many different forms, which vary in
both morphology and physiology. These transformations are necessary for the survival of the
parasite, as it must escape from the immune system in two different species: the Anopheles
mosquito and a vertebrate organism (Shah, 2010). Besides humans, Plasmodium can infect birds,
reptiles and a diversity of mammals (e.g. apes, rodents, bats). Rodent malaria is of particular
interest as it has been widely used as a model to study malaria pathology, host-pathogen
interactions and anti-malarial drug efficacy (De Niz & Heussler, 2018). Plasmodium species that

infect rodents include P. berghei, P. chabaudi, P. yoelli and P. vinckei.

A malaria infection begins when the motile and extracellular form of the parasite, named
sporozoite (Frischknecht & Matuschewski, 2017), is injected into the host dermis through a
mosquito bite (Figure 1). Sporozoites enter the bloodstream and reach the liver. There, they
traverse multiple cells before invading a hepatocyte (Vaughan & Kappe, 2017). The interaction of
the migrating sporozoite with the highly sulfated heparan sulfate proteoglycans of hepatocytes

induces the proteolytic cleavage of the CSP (circumsporozoite protein), the sporozoites’ main



surface protein. This activates the sporozoite for productive invasion and formation of a
parasitophorous vacuole (Coppi et al., 2007) (1). Within this vacuole, the sporozoites turn into
schizonts and begin to replicate asexually (2). Sometimes, the sporozoites differentiate into
dormant forms called hypnozoites, which emerge several months or years later (Markus, 2020).

Liver infection is a completely asymptomatic stage (Vaughan & Kappe, 2017).

Within 2 to 10 days, hepatic schizonts produce thousands of merozoites (Prudéncio et al., 2006),
which are released into the bloodstream (3). Then the blood stage starts (4). Some merozoites
escape the immune system and enter rapidly into the erythrocytes. Inside the red blood cell, the
parasite resides in a vacuole, digests most of the hemoglobin and retrieves the amino acids
necessary for its own protein synthesis. The merozoites become trophozoites, schizonts and
between one to four days (depending on the Plasmodium species) they replicate into 16 to 32
merozoites, which burst from erythrocytes and infect new ones. These repeated cycles of
infection rapidly expand the population of parasites (parasitemia) and lead to a severe anemia
and other malaria-related symptoms. Every time the merozoites are exposed in the bloodstream,

the host suffers another bout of fever and chills (Shah, 2010; Goldsmith, 2011).

After each cycle of erythrocytic infection, a fraction of the asexual parasites differentiates into
male and female gametocytes (5), the sexual forms of Plasmodium (Beri et al., 2018). They remain
in the bloodstream and are picked up when a female mosquito bites the infected host. Inside the
mosquito midgut, the gametocytes become gametes (6) and fuse to form a zygote (7), which
further develop into ookinete (8). Ookinetes are motile and traverse the epithelium of the midgut.
They transform and develop into oocysts (9) under the basal lamina surrounding the digestive
organ of Anopheles mosquitoes. Asexual replication occurs in oocystes and thousands of
sporozoites emerge in the hemolymph and travel to the mosquito’s salivary glands (10). The
infected mosquito injects the sporozoites when feeding on the next vertebrate host and the cycle

continues (Aly etal., 2009).

1.3. Parasite control: the vaccine challenge

A malaria vaccine has been long considered as a potential game changer in the fight against
malaria (Penny et al,, 2020). The ideal vaccine must confer lifelong complete protection with only
a few doses (Cowman et al, 2016). Creating a malaria vaccine is not a trivial task, as many
difficulties have to be overcome. Indeed, the life cycle of Plasmodium is very complex and the
parasites are constantly metamorphosing and hiding. If that were not enough, malaria parasites

are artists in escaping the host defenses, including a vaccine-induced response (Laurens, 2018).



Antigenic variation, alternative invasion pathways and smoke-screen diversion are just some of
their evasion strategies (Casares & Richie, 2009; Rénia et al., 2016). Perhaps, the most important
obstacle is the complexity of the parasite itself. Many aspects of the biology of Plasmodium remain

unknown and those that have been unveiled are highly unusual.

Malaria infections do not imply an effective protective immunity against reinfection. This may be
due to the ability of parasites to evade the immune response in an immunized host, for example
by exploiting polymorphism or antigenic variations. The best-known example of polymorphism
is that of PfFEMP1. PfEMP1 is specific to P. falciparum and is the main factor that contributes to its
virulence (Bernabeu et al., 2016; Gilson, 2017). To escape host antibodies, P. falciparum switches
between approximately 60 different var (variable) genes, using an epigenetic mechanism that
guarantees that only one PfEMP1 antigen is expressed by each parasite at any time (Boddey &
Cowman, 2013; Smith et al., 2013).

PfEMP1 facilitates the binding of the infected erythrocyte to various ligands on the vascular
endothelium (e.g. CD36). The ability to cytoadhere on the vasculature is important for the
parasite survival because it prevents the passage of the infected erythrocyte through the spleen
and thus prevents its destruction by the macrophages. Unfortunately, infected erythrocytes that
stick to the vascular wall can clog the host vasculature and lead to severe malaria (Lee et al,,
2019). Other adhesive proteins that show high polymorphism in P. falciparum are named RIFINs
(Plasmodium falciparum-encoded repetitive interspersed families of polypeptides) and STEVOR
(subtelomeric variant open reading frame) proteins (Wahlgren et al., 2017). Orthologous of these
proteins in other Plasmodium species are collectively referred as the pir m family (Chan et al.,

2014).

Three types of parasite stages have been extensively exploited for vaccine development: (1) pre-
erythrocytic stages, (2) blood stages and (3) sexual stages (Frimpong et al, 2018). Pre-
erythrocytic vaccines (PEV) target antigens from the sporozoite and liver stages. PEVs currently
in development are based on the CSP and whole-cell attenuated sporozoites. Blood stage vaccines
(BSV) aim to block the merozoite invasion of host erythrocytes by targeting surface proteins like
the apical membrane antigen 1 (AMA1), the merozoite surface protein 1 (MSP1) and the
reticulocyte homolog (Rh) proteins. These targets are highly immunogenic but present the
inconvenient of being also highly polymorphic (Duffy & Gorres, 2020). Transmission-blocking
vaccines (TBV) interrupt parasite transmission to mosquitoes by targeting pre-fertilization and

post-fertilization proteins (Duffy & Gorres, 2020).



After decades of development, only the PEV vaccine RTS,S/AS01 has completed phase 3 studies
(Greenwood & Doumbo, 2016). The RTS,S vaccine is composed of the repeated “NPNA” region of
the P. falciparum CSP, fused to the Hepatitis B virus surface antigen, and is formulated with the
ASO01 adjuvant (Coelho et al., 2017). Vaccination with three doses of RTS,S reduced clinical
malaria cases by 28% in young children and only provided a short duration of protection
(Cowman et al., 2016). Currently, together with RTS,S/AS01, 20 other candidate vaccines are
undergoing clinical trials (Frimpong et al., 2018). The Malaria Vaccine Technology Roadmap,
published in 2006 and updated in 2013, aims to develop a vaccine with a protective efficacy of at

least 75% by 2030 (Malaria Vaccine Funder Group, 2013).

2. A trafficker of molecules

Parasites of the genus Plasmodium have a specific internal organization: they include a unique
mitochondrion, an apicoplast and organelles involved in the invasion of host cells called
micronemes and rhoptries (Figure 2A). The apicoplast is a non-photosynthetic plastid harboring
essential metabolic pathways such as synthesis of type Il fatty acids (Shears et al, 2015),
synthesis of isoprenoid precursors and part of the heme synthesis pathway (Lim & McFadden,

2010).

2.1. Living in the blood

One of the most striking features of Plasmodium is that erythrocytes are their principal host cells.
Mature erythrocytes have no nucleus and no protein synthesis machinery (Cooke et al., 2004).
They are “floating corpses filled with hemoglobin” (Gratzer, 1984). Erythrocytes can protect the
parasite from the host's immune system (because of the lack of a major histocompatibility
complex) but provide only limited cellular resources (Belachew, 2018). Nonetheless, the parasite
manages to completely remodel the erythrocyte by exporting hundreds of effector proteins that
assemble into molecular machineries for trafficking, harvesting of nutrients and evasion from

host’s defenses (Boddey & Cowman, 2013).

The blood stage merozoite is a polarized cell whose apical extremity contains micronemes and
rhoptries, which are organelles implicated in the invasion of erythrocytes (Cowman et al.,, 2017).
(Figure 2A). Invasion is a fast and dynamic process that has been filmed using video-microscopy
and is described in Figure 2B (Dvorak et al.,, 1975; Gilson & Crabb, 2009; Weiss et al,, 2015). It

comprises two main stages: pre-invasion (steps 1, 2 and 3) and internalization (step 4 and 5).
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Figure 2: Invasion of erythrocytes. A. Schematic representation of a merozoite. The parasite contains
several organelles: a nucleus, an endoplasmic reticulum (ER), a Golgi apparatus (G), an apicoplast (Ap), a
unique mitochondrion (Mit), a digestive vacuole (DV) and apical organelles (rhoptries and micronemes)
for erythrocytic invasion. B. Stages of erythrocyte invasion. Pre-invasion (1 - 3) begins when (1) a
merozoite interacts with the erythrocyte surface. Initial attachment is mediated by interactions between
the merozoite surface protein (MSP) and its receptor at the surface of the erythrocyte. (2) These
interactions produce deformations in the erythrocyte membrane that facilitate reorientation of the
merozoite in such a way that its apical end contacts directly the host membrane. New interactions are then
established between receptors on the erythrocyte surface and adhesins released from the merozoite
micronemes. Two families of adhesins are involved: the erythrocyte binding-like proteins (EBL) and the
reticulocyte-binding protein homologs (Rh). Rh5, in complex with Ripr (Rh5 interacting protein) and
CyRPA (cysteine-rich protective antigen), binds the receptor basigin on the erythrocyte surface and
triggers an influx of calcium into the erythrocyte. (3) An irreversible tight junction is then established via
the AMA1-RON4 (Apical Membrane Antigen 1-Rhoptry Neck protein 4) complex. (4) In the internalization
step, the actomyosin motor propels the merozoite into the erythrocyte while the contents of rhoptries are
released to form the parasitophorous vacuole (PV) (Satchwell, 2016). After 20-60 seconds, the merozoite
is completely inside and enclosed by the PV (Weiss et al., 2015). Figure adapted from Cowman et al. (2016)
and Cowman et al. (2017).



The blood stage is metabolically very active. It requires many nutrients that neither the parasite
nor the host cell synthesize. Consequently, Plasmodium establishes a series of transport pathways
that allow import of these nutrients through three layers of membranes (Figure 3). Indeed, as the
merozoite invades the erythrocyte, it becomes surrounded by a parasitophorous vacuole (PV)
and several parasite-derived structures appear within the cytosol of the erythrocyte (Martin,
2020). They are collectively referred as the "exomembrane system" and include the PV, the
tubulovesicular network, the Maurer’s clefts (MC), several electron-dense vesicles (EDV) and

other mobile compartments (Sherling & van Ooij, 2016).

Remodeling of the host erythrocyte is marked by major changes in its permeability (Figure 3).
New permeation pathways (NPPs) facilitate the uptake of low-molecular-weight nutrients from
the blood plasma, including monosaccharides and other polyols, amino acids and small peptides,
nucleosides, some vitamins and inorganic and organic ions (Martin, 2020). Additionally, NPPs
provide a mean to remove toxic metabolites such as lactate generated from the parasite’s high

rate of glycolysis (de Koning-Ward et al.,, 2016).

Although Plasmodium has biosynthetic pathways for asparagine, glutamine, aspartate, glutamate,
glycine and proline, most amino acids for protein synthesis are obtained from the digestion of
host hemoglobin (Liu et al., 2006). Hemoglobin is taken up from the erythrocyte cytosol by
endocytosis, the parasite digests most of it, and uses only a discrete fraction of the released amino
acids for its own protein biosynthesis (Lew et al., 2003). Human hemoglobin does not contain
isoleucine and the parasite needs to import this amino acid directly from the blood plasma.
Indeed, cultures of P. falciparum in vitro require supplementation with isoleucine to support their
growth (Geary et al,, 1985). Some strains even need to be supplemented with methionine, as this
amino acid is rare in hemoglobin (Liu et al.,, 2006). In this case, isoleucine and methionine enter
the infected erythrocyte via the NPPs (Martin, 2020). However, due to the presence of NPPs the
permeability of the infected cell is considerably increased and the parasite must consume more
hemoglobin than it needs to preserve its osmotic stability (Lew et al., 2003). Conveniently, the
NPPs contribute to excreting the excess of amino acids generated by the digestion of hemoglobin
(Dhangadamajhi et al.,, 2010) and the heme is detoxified via its conversion into an inert biocrystal
named hemozoin (Kapishnikov et al., 2017). Additionally, the parasite uses non-standard amino
acids: selenocysteine is found in at least four proteins (Lobanov et al., 2006), hypusine in the
translation initiation factor elF5A (Kaiser et al., 2007) and formyl-methionine is probably used

as the initiator amino acid in apicoplastic translation (Haider et al., 2015).
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Figure 3: Remodeling of infected red blood cells and molecular exchanges. The erythrocyte (red) is
infected by a Plasmodium parasite (light blue) that is surrounded by its parasitophorous vacuole (PV)
(light green). The PV membrane forms finger-like protrusions into the host cytosol, which are known as
the tubulovesicular network. The parasite exports hundreds of proteins into the host cytosol and beyond.
Protein trafficking is mediated by electron-dense vesicles (EDVs) and chaperone complexes named ]-dots.
The Maurer’s clefts (MC) are membranous structures originated from the PV membrane that function as
sorting depot for proteins destined to the erythrocyte membrane. Exported proteins modify the
erythrocyte membrane and membrane skeleton, by forming structures called knobs. These knobs are the
platform for the presentation of the surface antigen P/EMP1. Together with STEVORs and RIFIN proteins,
PfEMP1 is responsible for the parasite cytoadherence to the vascular endothelium, potentially obstructing
blood flow. Erythrocyte remodeling also includes the formation of New Permeation Pathways (NPPs) that
allow the uptake of nutrients from the blood plasma. Hemoglobin (Hb) is engulfed from the erythrocyte
cytosol and metabolized in the digestive vacuole (DV), where it is hydrolyzed into amino acids (aa) and
heme. Detoxification of heme occurs by conversion into the inert crystal hemozoin. Figure adapted from
Martin (2020) and de Koning-Ward et al. (2016).



2.2. Trafficking of proteins

Protein trafficking is a highly sophisticated process in Plasmodium. The parasite directs proteins
to several cellular compartments, including the mitochondrion, the apicoplast, the digestive
vacuole and the invasion organelles (Deponte et al., 2012). Additionally, the parasite in the blood
stage needs to export a large number of effector proteins to its own plasma membrane, the PV
and PV membrane, the erythrocyte’s cytosol and membrane and even beyond, into the host’s
blood plasma. Exported proteins consist of about 550 proteins, representing 10% of the
proteome. They are collectively called the “exportome” (Matthews et al. 2019) or “secretome”

(Kooij et al., 2006).

2.2.1. The classical pathway

Plasmodium proteins targeted to the endoplasmic reticulum (ER), the parasite membrane, PV, PV
membrane and apical organelles contain a conventional hydrophobic signal at the N-terminal end
of the nascent polypeptide chain (Lingelbach, 1993; Cooke et al. 2004) and trafficking of these
proteins within the parasite involves a classical vesicle-mediated secretory pathway (Figure 4A).
The initial step is the translocation of the protein across the ER membrane: ribosome nascent
chains containing signal sequences bind to the SRP (signal recognition particle) and are guided
to the translocation channel, Sec61/SPC25 at the ER membrane of the parasite (Panchal et al,,
2014). Newly synthesized trans-membrane proteins or secreted proteins are then matured by a
signal peptidase (SP) that removes the signal sequence and are transferred to their final location

via the secretory pathway (Marapana et al,, 2018).

2.2.2. The PTEX complex

Proteins meant to be secreted in the erythrocyte and beyond need to be discriminated from the
others. Such proteins exported by Plasmodium are classified into two types. The first group is
called PEXEL-containing proteins and comprises ~400 members characterized by the pentameric
amino acid motif (RxLxE/Q/D) known as the Plasmodium EXport Element (Marti et al., 2004;
Hiller et al., 2004). The second group is called PEXEL-negative proteins (PNEPs). PNEPs do not
contain any conserved element, making them difficult to identify. They can display an internal
transmembrane segment that functions as an input signal to the ER or have a standard N-terminal
signal sequence (Spielmann et al., 2006; Heiber et al., 2013). An example of PNEP is the surface
antigen family P/EMP1 (de Koning-Ward et al., 2016).
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Figure 4. Protein export pathways in Plasmodium-infected erythrocytes. Protein export begins at the
endoplasmic reticulum (ER), where proteins are translocated across the ER membrane (ERM). A. The
classical pathway. Proteins targeted to the parasite membrane (PM), the parasitophorous vacuole (PV),
the PV membrane (PVM) and some organelles in the parasite cytosol are transported via the classical
secretory pathway. These proteins enter the ER via a Sec61/SPC25 complex and are matured by a signal
peptidase (SP). B. The PEXEL/PNEP pathway. Proteins that are targeted to the erythrocyte cytosol, the
erythrocyte membrane (EM) and the blood plasma display PEXEL signal or not (PNEP: PEXEL-negative
exported proteins). They enter the ER via the Sec61/Sec62/Sec63/SPC25 complex, the PEXEL motif is
cleaved by the protease plasmepsin V (PM5) and the N-terminal amino acid of the protein is acetylated.
Membrane and soluble proteins are loaded into secretory vesicles, which travel to the parasite membrane
and release their content into the parasite membrane (PM) or the PV, respectively. Membrane proteins
inserted into the parasite membrane require extraction for further trafficking. Both PEXEL and PNEP
proteins cross the PV membrane thanks to the Plasmodium translocon of exported proteins (PTEX).
Proteins that reach the erythrocyte cytosol are refolded by chaperone complexes before being delivered to
their final destination. Figure adapted from Matthews et al. (2019).
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Unlike proteins that are transported by the classical route, PEXEL and PNEP proteins enter the
ER using a separate Sec61/SPC5 import complex (Figure 4B). This specific complex is associated
to Sec62, Sec63 and the protease plasmepsin V (PM5) (Marapana et al., 2018). The subunit Sec62
is important to translocate post-translationally proteins that do not display any obvious
hydrophobic signal at the N-terminus (Marapana et al., 2018). PM5 cleaves the PEXEL motif and
the new mature N-terminus is then acetylated (Boddey et al., 2009; Boddey & Cowman, 2013).
Both membrane and soluble proteins are loaded into secretory vesicles and transported to the
parasite membrane or the PV, respectively. Further trafficking of membrane proteins requires
their extraction by a factor not yet identified. Alternatively, some membrane proteins such as

PfEMP1 are transported through the PV as soluble chaperoned complexes (Matthews etal., 2019).

To access the erythrocyte cytosol, PEXEL and PNEP proteins need to cross the PV membrane. A
1.6-MDa protein complex named Plasmodium Translocon of EXported proteins (PTEX) (de
Koning-Ward et al., 2009) mediates the translocation of N-terminal acetylated proteins in an
unfolded state (Gehde et al, 2009; Boddey et al., 2009) (Figure 4). The core of the PTEX complex
is composed of three major proteins: the heat shock protein 101 (HSP101), the protein PTEX150
and the export protein 2 (EXP2). HSP101 is a Clp/B ATPase from the AAA+ superfamily (AhYoung
et al, 2015) and is responsible for unfolding and translocating proteins (de Koning-Ward et al,,
2009). PTEX150 has no homology beyond the Plasmodium species. It is tightly bound to HSP101
and has a structural role (de Koning-Ward etal.,, 2016). EXP2 is thought to include the membrane-
spanning component of the PTEX complex, although it does not contain any canonical
transmembrane segment (de Koning-Ward et al.,, 2016). Indeed, EXP2 is a protein localized at the
PV membrane (de Koning-Ward et al., 2009), it forms high-order oligomers (Bullen et al., 2012)
and leads to the formation of pores (Hakamada et al.,, 2017). Moreover, independently of HSP101,
EXP2 is implicated in the formation of other kinds of channels. These channels are also localized

in the PV membrane and they facilitate the passage of nutrients (Garten et al., 2018).

Additionally, the PTEX complex contains two auxiliary components, TRX2 and PTEX88, which are
not essential for the survival of the parasite. TRX2 is a thioredoxin-like protein, whose substrate
is still unknown and its deletion in P. berghei reduced the efficiency of protein export, the growth
and the virulence of the parasite (Matthews etal., 2013; Matz etal.,, 2013). Like PTEX150, PTEX88
is a protein with no obvious homology outside Plasmodium species and it interacts with HSP101.
However, this interaction is not exclusive since it also interacts with other chaperones present in
the PV and with the Exported Protein-Interacting Complex (EPIC) located at the PV membrane.
The function of PTEX88 may involve the delivery of cargos initially interacting with EPIC and
other chaperones to the PTEX complex (Chisholm et al., 2018).
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Ho et al. (2018) determined the cryo-EM structure of the PTEX complex extracted directly from
P. falciparum-infected erythrocytes (Figure 5). It has an unusual asymmetrical structure where
the three components HSP101:PTEX150:EXP2 are found in a ratio of 6:7:7 (Figure 5A). HSP101
is organized as a hexamer and is the motor that unfolds and translocates the proteins through the
membrane. PTEX150 is an heptamer which acts as an adapter between HSP101 and EXP2. Only
20% of the structure of PTEX150 could be resolved, suggesting that it is a very flexible and mobile
molecule. Finally, EXP2 is the component that anchors the complex to the membrane. The seven
monomers of EXP2 oligomerize to form a funnel-shaped structure (Figure 5B and 5C). Indeed, the
N-terminus of each molecule consists of amphipathic helices that twist around each other to form
a pore across the PV membrane. The inner surface of the channel formed by EXP2 is coated with
charged and polar residues, creating an aqueous pore, while the outer surface contains a majority

of hydrophobic residues.

A

HSP101 hexamer PTEX150 heptamer EXP2 heptamer
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. PTEX150
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Figure 5. Architecture of the PTEX complex from P. falciparum. The cryo-EM structure of PTEX complex
purified from infected erythrocytes was solved by Ho et al. (2018). A. Disassembly of the PTEX structure.
PTEX is composed of three types of subunits, HSP101, PTEX150 and EXP2, which are distributed in
different layers. The PTEX150 heptamer connects the HSP101 hexamer to the EXP2 heptamer. The seven
N-terminal helices of the EXP2 heptamer twist together to form a pore in the PV membrane. B. Side view
and C. Top view of PTEX. PDB IDs: 6E10 and 6E11.
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2.2.3. At the end of the funnel

Once the cargo protein gains access to the erythrocyte cytosol, they are directed to one of the
three possible final destinations, the erythrocyte cytoplasm, the Maurer’s clefts or the erythrocyte
membrane and membrane skeleton (Figure 4). Soluble proteins are refolded immediately by
either host chaperones or exported parasite chaperones (Spillman et al., 2017). Maurer's clefts
are sorting stations for a number of exported proteins. Some proteins are permanently localized
in Maurer's clefts, while proteins destined to the erythrocyte membrane associate transiently
with Maurer's clefts. For example, the virulence factor P/EMP1, is transported first by chaperones
through the Maurer’s clefts and then to the host membrane using chaperone or vesicle mediated
mechanisms (de Koning-Ward et al., 2016). In fact, only a few trafficked proteins do not pass
through the Maurer's cleft. They correspond to proteins targeted to the erythrocyte membrane
and are transported through a vesicle-independent route involving chaperone-associated
transport complexes known as J-dots. Once at the membrane, some proteins are packed into
exosomes-like vesicles and released into de bloodstream, providing a mechanism for infected
erythrocytes to communicate and modify the host immune response (Mantel et al.,, 2013; Regev-

Rudzki et al., 2013).

2.3. Expanding the Plasmodium transportome ?

2.3.1. Inventory of the Plasmodium exportome

As mentioned previously, the erythrocyte provides very little to the parasite. Thus, in order to
survive, the parasite depends on many different transporters, some of which are still poorly
characterized. Plasmodium possesses a repertoire of transporters facilitating the up-take of
nutrients from the host and the excretion of metabolic waste. The full set of transporters,
including channels, carriers and pumps, encoded by the genome of an organism is referred as the
“transportome” (Martin, 2020), although the term “permeome” has also been used (Martin et al,,
2005; Kooij et al,, 2006). Given the multitude of cellular compartments observed in blood stage
Plasmodium, one would expect a large repertoire of transporters. However, the transportome of
the parasite represents only 2.5% of its genes, which is significantly less than other organisms

(e.g. A. thaliana 3.64%, H. sapiens 4.32%, S. cerevisiae 5.4% and E. coli 14.4%).

The P. falciparum transportome currently consists of 19 channels, 69 carriers and 29 pumps, a

total of 117 transporters (Martin, 2020). Advances in genetic manipulation of Plasmodium
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allowed the determination of gene disruption phenotypes for every gene in the transportome. In
the blood stage of P. falciparum and P. berghei, approximately 80 transporters are essential (56%)
and 10 required for normal growth (7%) (Martin, 2020). This substantial proportion of essential
genes might indicate little redundancy in the function of the transporters and could be exploited
for drug target (Staines et al., 2017). Additionally, a number of transporters are certainly exposed
at the surface of the parasite or of the infected erythrocyte and could be used as potential vaccine

targets (Panda & Mahapatra, 2017).

The list of Plasmodium transporters might increase as a significant proportion of the genome is
still awaiting annotation. Moreover, the study of Martin et al. (2005) leading to the identification
of more than 100 transporters in P. falciparum only considered transporters with seven or more
transmembrane domains as search criteria. However, many transporters might contain less than
seven transmembrane domains and other might exhibit non-canonical transmembrane segments
difficult to identify. For example, the protein EXP2 of the PTEX complex displays only one non-
conventional transmembrane segment that is sufficient to anchor the PETEX complex to the PV

membrane (Figure 5).

2.3.2. Looking for more transporters

The characterization of a new transporter requires the determination of its localization within
the cell. Yet, each method has advantages and especially disadvantages. The numerous
membranes and cellular compartments in Plasmodium make difficult the characterization of a
specific transporter in vivo. Therefore, heterologous expression of the transporter is often used
to study its activity without confounding effects due to the presence of other parasite proteins
(Staines, 2017). The most successful systems are Xenopus oocytes (frog’s eggs) and yeast, but
other systems such as baculovirus (Kim et al., 2019), bacteria (Razakantoanina et al., 2008) and
cell-free systems (Nozawa et al., 2020) have also been used. It is worth to keep in mind that a
protein expressed in a heterologous system may differ from the native protein in vivo. Factors
that may change the activity of the protein include the variation in post-transcriptional
modifications, the formation of disulfide bonds, the availability of protein partners and/or
chaperones and the composition of the lipid bilayer. The characterization of a transporter in a
heterologous system must thus be complemented by assays of the transport process in vivo

(Martin, 2020).

In vivo, the localization of a transporter is typically done by using antibodies against the native

protein that allow investigation of the unaltered protein under endogenous expression. However,
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generation of high-quality antibodies is difficult and the possibility of cross-reaction with other
parasite and host proteins has led to erroneous results more than once. A confident localization
should be reproduced using more than one antibody and validated with other localization
methods and/or the measurement of the transport activity by physiological or biochemical
assays. A number of transporters have been tagged with short epitopes (e.g. HA) or fluorescent
proteins (e.g. GFP or mCherry) to investigate their localization. These tags are introduced by
transfection with plasmids or homologous recombination. However, care must be taken as the
tag may alter the folding, oligomerization, trafficking or stability of the protein, leading to
unreliable localization. In addition to these methods, proteomic analyses of parasite’s plasma
membrane and organelles provide additional data to validate many transporters (Lamarque et
al,, 2008; Swearingen et al., 2016; Siau et al., 2016; Swearingen & Lindner, 2018; Nilsson Bark et
al, 2018, Boucher et al, 2018). Martin (2020) gives some examples of discrepancies in

localization data obtained for Plasmodium transporters.

2.4. A unique tRNA import system

Our laboratory has evidenced a new transport system that allows the import of exogenous
transfer RNAs (tRNAs) inside the parasite in vitro (Bour et al., 2016). This exchange is mediated
by a protein named tRip (tRNA import protein) that has been extensively characterized by the
team. Stable recombinant PftRip was successfully expressed in bacteria and purified in the
presence of detergent yielding high quality samples. In vitro, full-length PftRip(1-402) and the
C-terminal domain PftRip(214-402) bind specifically tRNAs by recognizing the characteristic 3D
structure of these molecules. In solution, PftRip is a dimer and unpublished data suggest that it
has tendency to form higher-order oligomers when tRNA is limiting, suggesting tRNA-dependent

pore-forming activity.

Transcriptomic and proteomic data available in PlasmoDB (https://plasmodb.org) indicate that
tRip is expressed in all parasite stages. This was confirmed by immunodetecting tRip in multiple
stages in both the mosquito and the vertebrate host (Bour et al., 2016). tRip localizes at the
surface of the parasite. The subcellular localization of tRip in sporozoites was investigated by
immunofluorescence using an affinity purified antibody raised against the C-terminal tRNA
binding domain of PftRip. In native conditions, the localization is unchanged, suggesting that the
C-terminal tRNA binding domain is exposed outside the parasite (Figure 6A). Further biochemical
experiments such as protease protection assays and detergent-based extractions indicated that

tRip is also in an integral membrane protein in the blood stage (Figure 6B).
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Figure 6: Localization of the tRNA import protein (tRip) in two different parasite stages. tRip is
anchored in the parasite plasma membrane, the N-terminal domain (green) being inside the parasite and
the C-terminal tRNA binding domain (grey) being outside. In vitro, the recombinant tRip forms a dimer
(Bour etal., 2016). A. tRip in sporozoites. In sporozoites, tRip localizes at the plasma membrane (PM) and
mediates the import of full-length exogenous tRNAs by an active process (in vitro). An inner membrane
complex (IMC) present in invasive forms (e.g. sporozoites, merozoites) separates tRip from the parasite
cytosol but does not prevent tRNA from reaching the cytosol. B. tRip in merozoites. In blood-stage
parasites, tRip is an integral membrane protein in the PM but is separated from the erythrocyte cytosol by
the parasitophorous vacuole (PV) and its membrane (PVM). It is not clear if tRNA import occurs within the
blood-stage parasites. tRip does not contact directly the host cytosol and erythrocytes are poor in tRNAs.

Import of different exogenous tRNAs was evidenced in sporozoites. The sporozoite stage was
chosen to test this activity because it is an extracellular form of the parasite that can be purified
directly from mosquito salivary glands and that can be kept alive for about 12 hours in vitro. In
addition, the sporozoite is a parasite stage (like ookinete) that does not form a PV or forms only
atransient PV when it passes through host cells (transmigration of skin cells and liver cells before
invasion and multiplication at the liver stage). After few minutes of incubation, exogenous tRNAs
were detected by FISH (fluorescence in situ hybridization) inside live parasites. Likewise,
exogenous radiolabeled tRNA remained undamaged after RNase treatment only when incubated
with alive sporozoites (Bour et al., 2016). These results suggest that sporozoites import full-

length tRNAs by an active process.
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The implication of tRip in this process was evidenced by two approaches. First, by treating the
sporozoites with an antibody against tRip before its incubation with exogenous tRNAs. Antibody
binding on endogenous tRip prevented tRNA import. The second approach was to generate a
tRip-KO mutant. As expected, the tRip-KO parasite was no longer able to import exogenous tRNA,
confirming the tRip-dependency of the process. The absence of tRip was not lethal for the
parasite, but slowed down its development in the blood and reduced its protein synthesis. One
explanation would be that exogenous tRNAs might support the protein synthesis of the parasite
either by participating directly in protein translation or acting as regulatory RNAs. Indeed,
Plasmodium is the eukaryote with the smaller set of tRNA genes (Gardner et al.,, 2002) and does
not contain an RNA interference pathway (Baum et al., 2009). The fact that tRip is important for
the development of the parasite in the blood stage is quite unexpected as mature erythrocytes
lack translation machinery, although some Plasmodium species (especially P. berghei) prefer to
invade reticulocytes (Cromer et al, 2006) containing very high levels of tRNAs (Smith &
McNamara, 1972; Kabanova et al., 2009). Moreover, tRip might have a function other than tRNA
import. Indeed, tRip shares homology to proteins such as Arclp and AIMP1, which are scaffold
proteins participating in the assembly of multi-aminoacyl-tRNA synthetase (MARS) complexes.

Finally, if trafficking of tRNA within cellular compartments has been extensively characterized in
other eukaryotic cells (Chatterjee et al., 2018; Hopper & Nostramo, 2019), Plasmodium is the first
example of a cell importing exogenous tRNAs. The biological relevance of imported tRNAs

remains unclear and require further investigation.

3. Translating in Javanais?

3.1. Bias in amino acids composition of Plasmodium proteins

The nuclear genome of P. falciparum is one of the most AT-rich genomes sequenced to date, with
an overall (A+T) composition of 80.6% which raises to about 90% in non-coding regions. All
Plasmodium genomes sequenced to date exhibit the same high AT-content, with the exception of
P.vivax (59.4%) (Carlton et al,, 2008). Rodent malaria species such as P. berghei and P. yoelli have
an AT content above 77% (Hamilton et al, 2017). AT-content in the genome of Plasmodium
species infecting birds is event higher than in P. falciparum (Videvall, 2018). For comparison, the
AT content of the genome in Homo sapiens, S. cerevisiae and Toxoplasma gondii are 58.9%, 61.5%

and 47.7%, respectively (Hamilton et al., 2017).

1Javanais is a type of French slang where the extra syllable (av) is infixed inside a word after every consonant that is followed by a
vowel, in order to render it incomprehensible.
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An extreme AT content has certainly consequences on gene expression and both transcription
and translation machineries would need special adaptations to deal with these unusual
sequences. For instance, the AT-richness of Plasmodium increases the probability of finding
extended tracts of As and Ts in both inter- and intra-genic regions. Indeed, more than 60% of P.
falciparum transcripts carry poly A tracks (Djuranovic et al., 2018). In most eukaryotes, poly A
tracks act as negative regulators of gene expression, stalling the ribosome, causing frameshifting
and activating the mRNA surveillance mechanisms (Arthur et al,, 2015; Koutmou et al,, 2015;
Tournu et al,, 2019). However, in P. falciparum, proteins are efficiently and accurately translated
(Djuranovic et al,, 2020). This suggest that issues with poly A tracks in Plasmodium are resolved

by adaptations in protein synthesis and mRNA quality control systems (Erath et al., 2019).

The high-AT content of Plasmodium genome necessarily affects the composition of the proteins.
Amino acids encoded by AT-rich codons such as lysine (K), asparagine (N), methionine (M),
isoleucine (I), tyrosine (Y) and phenylalanine (F) should occur more frequently in Plasmodium
proteins. This is the case for P. falciparum, where N, K, I and L are the most represented amino
acids in the proteome (Bastien et al., 2004). In contrast, proteins from organisms with higher GC
content (e.g. M. tuberculosis, 65.9% GC) are enriched in amino acids coded by GC-rich codons such
as glycine (G), alanine (A) and arginine (R) (Singer & Hickey, 2000). Protein composition is
certainly affected by the nucleotide bias, but other factors such as selective constraints, adaptive

changes and genetic drift also play important roles in sequence evolution (Singer & Hickey, 2000).

3.2. Insertions everywhere

Identification of Plasmodium proteins by sequence homology is always difficult. In the first draft
of the genome, more than 60% of genes did not have sufficient homology to be functionally
assigned (Gardner et al., 2002). Although advances in homology matching have improved the
genome annotation, today about 30% of genes are of “unknown function” (Sexton et al., 2019).
This difficulty may be a reflection of the greater evolutionary distance between the parasite and
model organisms, intensified by the AT richness of the genome and the presence of numerous

insertions in proteins.

Indeed, the number of protein-coding genes in Plasmodium is similar to that of S. cerevisiae, but
the genome of the parasite is considerably larger. This difference is reflected on the size of
Plasmodium proteins, which can be up to 50% longer than in yeast (Aravind etal., 2003). Multiple
sequence alignment reveal that this difference is in part due to the presence of long insertions

separating well-conserved blocks adjacent in the homologous proteins (Figure 7A). These
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insertions are commonly low-complexity regions (LCRs), which are characterized by a highly
recurrent amino acid usage (Pizzi & Frontali, 2001). The length of Plasmodium LCRs varies from
small insertions (< 10 amino acids) to long insertions (> 100 amino acids) (Aravind et al., 2003).
The composition of LCRs is strongly influenced, although not exclusively, by the extreme AT
content of the parasite genome. In P. falciparum, LCRs are mostly composed of asparagine (N)
and lysine (K), which are encoded by AT-rich codons. Other amino acids such as glutamic acid (E)
and aspartic acid (D) are also enriched in LCRs, although less frequently (Musto, 1995; DePristo
et al., 2006). In the case of P. vivax, whose genome is richer in GC, LCRs are instead composed of

alanine (A) repeats (Dalby, 2009).

Almost 90% of P. falciparum proteins contain at least one LCR, including many highly conserved
housekeeping genes (Aravind et al., 2003). They appear in regions separating different protein
domains and also inside well-conserved globular folds. LCRs are believed “to encode non-globular
domains that are extruded from the protein core and do not impair the functional folding of the
protein” (Pizzi & Frontali, 2001). When compared to homologous proteins of known structure,
LCRs of P. falciparum match the loops between secondary structural elements and are oriented
towards external surfaces (Aravind et al,, 2003). Zilversmit et al. (2010) identified three families
of LCRs in P. falciparum (Figure 7B): (1) the heterogeneous family characterized by aperiodic
regions containing a reduced alphabet of amino acids, (2) poly-N stretches of different length and
(3) the high-GC family composed of long heterogeneous repeats showing numerous insertions

and deletions (indels).

Poly-N LCRs are particularly abundant in P. falciparum and are present in all protein families from
all developmental stages, although they seem to be underrepresented in surface antigens where
E repeats are prevalent (Singh et al.,, 2004). In other organisms, proteins with large N repeats
have tendency to form insoluble aggregates, particularly at high temperatures (Halfmann et al,,
2011). Given that protein aggregation is often toxic to cells, it is remarkable that the parasite
maintains a proteome with so many potentially toxic LCRs, especially when fever is a feature of
malaria (Davies etal.,, 2017). In Plasmodium, it has been reported that chaperones are particularly
efficient at suppressing the aggregation of these proteins (Muralidharan et al., 2012) and this
ability would neutralize the negative selective pressure against the expansion of poly-N LCRs,
allowing the propagation of these insertions and further evolution into new domains with novel
functions (Muralidharan & Goldberg, 2013). About 10% of P. falciparum proteins contain poly-N
LCRs and the corresponding subproteome is enriched in regulatory proteins, such as
transcription factors and RNA binding domains (Pallares et al., 2018). It has been proposed that

such LCRs might be involved in the recruitment of multiple binding partners. Even though the
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unique study that deleted a poly-N LCR present in the protein Rpn6 (an essential proteosome
component) did not show any difference in the expression profile, the protein half-life, the
cellular localization, the function and the protein-protein interactions (Muralidharan etal., 2011).
Interestingly, long N stretches are less abundant in other Plasmodium species, despite their

richness in AT (Muralidharan & Goldberg, 2013).
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Figure 7. Low complexity regions in Plasmodium. A. Highlighting insertions in Plasmodium proteins.
Sequence alignment of Plasmodium seryl-tRNA synthetase with homologous proteins from other species
reveal recurrent occurrence of insertions (light yellow) in the three Plasmodium proteins, which are
characterized by a biased amino acid composition. Note that LCRs vary in size and sequence between the
different Plasmodium species. Residues are colored by percentage of identity. B. Different types of LCRs
in P. falciparum. (1) Heterogenous LCRs are non-repetitive sequences containing a reduced alphabet of
amino acids. (2) Poly-N LCRs are repetitive stretches of asparagine (N) residues. (3) High-GC LCRs are
periodic repeats characterized by the presence of insertions and deletions (indels). These family is termed
High-GC because most recombination breakpoints occur at regions with low AT-content. Sequence
alignments are colored according to the Clustal X code. Figure adapted from Zilversmit et al. (2010).
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3.3. Origin and function of LCRs

It is predicted that most LCRs in P. falciparum are intrinsically disordered, suggesting that they
are probably highly dynamic and exist as an ensemble of different conformations. However, they
might also adopt a structured conformation upon interaction with an appropriate binding
partner. Although poorly investigated, there are few examples where LCR perform a relevant
function in protein interactions. For example, it has been shown that two enzymes of the de novo
pyrimidine synthesis pathway interact via a LCR to form a complex that has a catalytic advantage
over the individual enzymes (Imprasittichail et al., 2014). Another example is the presence of an
heterogenous LCR (29-31 aa) in the cytosolic aspartyl-tRNA synthetase (DRS) from P. falciparum

that is important for dimerization of the enzyme and thus its catalytic activity (Bour et al., 2009).

Despite their high divergence and potential toxicity, LCRs are maintained across Plasmodium
species (Aravind et al., 2003). It has been proposed that LCRs confer a selective advantage to the
parasite and I will present a selection of theories that try to explain the origin and function of
P. falciparum LCRs: (1) the rapid adaptation/smoke screen concept, (2) the non-adaptive model
(3) the cryptic introns and (4) the tRNA sponges. Additionally, it has been proposed that LCRs
may participate in protein-protein interactions, protein-nucleic acid interactions and in dictating

subcellular localization (Davies et al., 2017).

3.3.1. LCRs as immune evasion tool

Since many surface antigens such as CSP (sporozoites) and MSP1 (merozoites) contain LCRs that
are highly immunogenic, it has been proposed that these regions are a source of structural
polymorphism allowing the parasite to escape from the immune system (MacRaild et al. 2016).
Additionally, LCRs in surface antigens are numerous and immunologically cross-reactive. They
may act as a smoke screen to divert the immune system towards the production of low-affinity
antibodies against them at the expense of generating high affinity antibodies against other
essential epitopes in the parasite (Kemp et al. 1987; Ridley, 1991; Rich et al., 1997; Hughes, 2004).
High-GC LCRs may contribute to this function as they seem to be more susceptible to
recombination (presence of numerous indels). Some major antigens such as MSP1 and MSP2
contain High-GC LCRs, but there is no evidence showing that this family of LCRs is preferentially
found in surface antigens (Zilversmit et al., 2010). Interestingly, genes encoding surface antigens
(e.g. PfEMP1) have tendency to cluster in the subtelomeric regions of chromosomes (Gardner et
al, 2002), where the frequency of recombination is higher. This might contribute to their

antigenic variations.
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3.3.2. LCRs as a neutral evolution feature

The non-adaptative model proposed by DePristo et al. (2006) states that the unusual number and
size of LCRs in P. falciparum are simply a consequence of its extreme genomic AT content and
high rate of recombination. Molecular mechanisms such as replication slippage and unequal
crossover recombination might contribute to the continuous expansion of LCRs. This explains
well the origin of poly-N LCRs, but not the others. Heterogeneous LCRs are characterized by a
slower rate of evolution (lack of indels polymorphism) and they do not expand rapidly. High-GC
LCRs do evolve rapidly, but AT content is not the driving force, as most recombination
breakpoints occur at low-AT (high GC) regions (Zilversmit et al., 2010). The model of DePristo et
al. (2006) would explain why LCRs are so abundant in Plasmodium proteins and does not exclude
that some LCRs might be beneficial, for example, to surface antigens. However, it is difficult to
reconcile the composition and variable lengths of LCRs in different Plasmodium species with

conventional sequence-dependent functions (DePristo et al., 2006).

3.3.3. LCRs as cryptic introns

Xue & Forsdyke (2003) proposed that LCRs might act as introns to allow optimum folding in RNA.
According to them, the amino acid composition in LCRs would be the consequence of forces
operating at the nucleic acid level. To support this hypothesis, the authors highlighted that the
first and second positions of the codons used in LCRs are indeed AT-rich, but that the third
position is often a G or a C. Thus, the first two positions would explain the bias in amino acid
composition of LCRs, but the nature of the third position would contribute to balance the GC
content of the RNA and promote better folding and stability. Since the third position is usually
independent of the encoded amino acid, it should be able to perform nucleic acid level functions
If this is the case, Zilversmit et al. (2010) pointed out that LCR coding sequences in Plasmodium

genes should co-localize with introns in homologous genes from other organisms.

3.3.4. LCRs as tRNA sponges

The rate of translation of a protein depends on the concentration of available aminoacyl-tRNAs
(Komar, 2016). Given the high occurrence of repetitive residues in LCRs, particularly N, the
parasite requires large amounts of the corresponding N-tRNAN to efficiently translate these
regions. In many organisms, the most used codons are decoded by the most abundant tRNAs,
whose genes are usually present in multiple copies in the genome (Kanaya et al., 2001; Rocha,

2004). Thus, one would expect the P. falciparum genome to contain multiple copies of tRNAs that
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recognize N codons and other codons highly used in LCRs. However, there is only one gene copy
for each tRNA and therefore the tRNAs that decode amino acids in LCRs are not more abundant
than the others. Frugier etal. (2010) proposed that LCRs containing repetitive amino acids (tRNA
sponges) reduce the translation rate of the ribosome because the pool of available aminoacyl-
tRNA is depleted faster than it is recycled. In this way, the already synthesized N-terminal
domains would have more time to fold properly (Figure 8). Indeed, the translation rate is
inversely proportional to the folding efficiency of proteins (Yu et al., 2015). LCRs in Plasmodium
would be intrinsic chaperones replacing the codon preferences and mRNA structures that
generally affect translation efficiency of multidomain proteins. This theory is supported by the
following observations: (1) the amount of tRNAN is comparable to other tRNAs in the blood stage
of P. falciparum and (2) asparaginylation is no more efficient than other aminoacylation systems
of the parasite (Filisetti et al., 2013). Alternatively, it has been proposed that heterogeneous LCRs
(Figure 7B) also play this role by separating the functional domains to be synthesized, their size
compensating for the diversity of the codons used. In other words, the more complex the
sequence, the longer it must be to allow co-translational folding of proteins containing several

structural domains (Frugier et al,, 2010).
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Figure 8: LCRs act as tRNA sponges. Summary of the concept described in Frugier et al. (2010). During
the translation of a protein containing several structural domains, the limiting concentration of N-tRNAN in
Plasmodium would slow down the ribosome when decoding mRNA sequences corresponding to
asparagine-rich LCRs (in green). This process would give some time for the first domain (blue) to fold
independently before the synthesis of the second domain of the protein (orange).
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Figure 9. Translational machineries in Plasmodium. Protein translation is a four-step process that
includes initiation, elongation of the polypeptide chain, termination and recycling of the ribosome.
A. Simplified cytosolic translation. Like in other eukaryotes, Plasmodium ribosomes (80S) are composed
of a 40S small subunit and a 60S large subunit. The initiation step is the more complex. It begins when the
small subunit recruits elF1, elF1A, elF3, elF5 and elF2 complexed with the initiator M-tRNAM to form the
43S pre-initiation complex (PIC). In parallel, the messenger RNA (mRNA) binds the complex elF4F
(elF4B:elF4E:elF4G:elF4A) and several poly-A binding proteins (PABPs) to form a circular
ribonucleoprotein. This structure is assembled into the 43S PIC to form a larger 48S complex that scans for
the start codon. Upon recognition, the initiation factors are released and the large subunit is recruited
(Melnikov et al., 2012). In the elongation step, the 40S subunit matches the codons in mRNA with the
correct aminoacyl-tRNA (aa-tRNA) while the 60S subunit transfers the amino acid to the peptide growing
chain. Three elongation factors are implicated: eEFla delivers the aa-tRNA to the ribosome powered by
GTP, eEF2 allows ribosome translocation to the next codon and eEF13y$ recharges eEF1a with GTP to
deliver the next aa-tRNA (Andersen et al., 2003). Synthesis of aa-tRNAs is performed by aminoacyl-tRNA
synthetases (aaRSs) and there is generally one distinct enzyme for each amino acid (Ibba & S6ll, 2000).
Once all amino acids have been added, several release factors (in green, eRF1 and eRF3) recognize the stop
codons (UAA, UAG or UGA) and the protein translation is terminated (Adio et al., 2017). Finally, the RLI
protein (also called ABCE1) helps to split the two subunits of the ribosome in order to recycle them for
another round of translation (Becker et al., 2012; Hellen, 2018). Check marks: factors experimentally
characterized in Plasmodium. Question marks: further research is required (Figure continues in page 26).
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3.3.5. LCRs, a puzzle for the production of recombinant proteins

Expressing Plasmodium proteins in heterologous systems is a challenging task. The high AT
content of Plasmodium DNA makes difficult its manipulation into expression vectors and the
nucleotide and amino acids biases are not always tolerated by standard eukaryotic or prokaryotic
expression systems. For too many years, those that aspired to express Plasmodium proteins were
routinely frustrated by insoluble pellets and small yields. Advances in DNA synthesis (and its cost
reduction) have improved our ability to express Plasmodium proteins. Now, researchers can
easily optimize both AT content and codon usage to suit the specific expression system that they
are using. Despite this, good expression and solubility is not always a guarantee, as Plasmodium

proteins not only have an unusual composition but also a strange architecture (Tham etal., 2017).

4. Three translation-active compartments

Plasmodium is a unicellular eukaryote that belongs to the phylum Apicomplexa, a large
assemblage of parasitic organisms including other well-studied parasites such as Toxoplasma,
Babesia, Theileria, Eimeria and Cryptosporidium (Aravind et al., 2003). These parasites possess 3
different compartments where translation occurs: the cytosol, the mitochondrion and a relic
plastid called apicoplast (Jackson et al., 2011). The current version of the P. falciparum genome
(2015-06-18) comprises 23.33 Mb encoding 5712 predicted genes distributed in 14 linear
chromosomes of different sizes. Compared to other free-living eukaryotic microbes, Plasmodium
encodes fewer enzymes and transporters, but a large proportion of genes are devoted to immune
evasion and host-parasite interactions (Gardner et al., 2002). In addition to the 550 exported
proteins, approximately 500 nuclear-encoded proteins are predicted to be targeted to the

apicoplast (Gardner et al.,, 2002) and 300 to the mitochondrion (Ke & Mather, 2017).

4.1. Cytoplasmic translation machinery in Plasmodium

The core components of the protein synthesis machinery are highly conserved in Plasmodium.
These include the ribosome, translation factors, aminoacyl-tRNA synthetases (aaRSs) and
transfer RNAs (tRNAs) (Figure 9A). Despite the conservation of this essential process, the
translation machinery of Plasmodium shows several unique features that can be exploited for the
development of new antimalarial drugs. Additionally, targeting housekeeping pathways such as
protein translation has advantages over other targets because they don’t change with the stage

of the parasite (Khan, 2016).
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Figure 9 (Continuation). Translational machineries in Plasmodium.

B. Translation machinery in the apicoplast. The apicoplast genome encodes a complete set of tRNAs,
some ribosomal components and the elongation factor EF-Tu. All the other components of translation
apparatus are nuclear-encoded and targeted to the organelle. It includes a complete set of enzymes for
tRNA aminoacylation (19 aaRSs + 1 amidotransferase), most translation factors and several ribosomal
proteins. Translation initiates with the formation of a complex involving the 30S small subunit and the
initiation factors IF1 and IF3. The complex binds the mRNA and IF2 carrying the formyl-M-tRNAM initiator,
which allows the incorporation of the 50S large subunit. The initiation factors are released and the
elongation of the protein chain proceeds with the repeated action of the elongation factors EF-Tu and EF-
G, with EF-Ts recharging EF-Tu with GTP. Protein synthesis is terminated by the release factor RF2 that
recognizes the stop codons (UAA or UGA) and hydrolyzes the peptide chain from tRNA. RF2, together with
IF3 and EF-G, contribute to the dissociation of the ribosomal subunits and their recycling for the next round
of translation.

C. Translation machinery in the mitochondrion. The small mitochondrion genome encodes only three
proteins and some ribosomal RNA fragments, thus most components of the translation machinery are
nuclear-encoded and imported into the organelle. One aaRS (FRS) is imported to the mitochondrion but its
role is unclear (Sharma & Sharma, 2015). Translation initiation involves only two factors, IF3 and an
IF2/IF1 hybrid. Elongation is also performed with a reduced set of factors as there is no obvious
mitochondrial EF-Ts encoded in the nuclear genome. However, termination and ribosome recycling involve
an additional release factor (PfCT1) besides RF1, EF-G and IF-3. Check marks: factors experimentally
characterized in Plasmodium. Question marks: further research required. Adapted from Habib et al. (2016).

4.1.1. Ribosomes: Are two better than one?

Unlike many eukaryotes, Plasmodium does not possess long repeated arrangements of ribosomal
RNA (rRNA) genes. Instead, Plasmodium genomes contain only 4 to 8 single-copy units of rRNA
genes (Gardner et al, 2002). Thus, while most other organisms have optimized ribosome
production, it is still not known how the malaria parasite produces enough ribosomes. Moreover,
Plasmodium species have two structurally distinct and stage-specific ribosomes (Gunderson et
al,, 1987; McCutchan et al., 1988; Waters et al., 1989). The difference in sequence and expression
profile over the life cycle has classified them as type A (for Asexual stage specific) and type S (for
Sporozoite specific). P. vivax is an exception with a third rRNA type O (Li et al.,, 1997; Van
Spaendonk et al,, 2001). Thus, type A ribosomes are present at the liver and blood stages and type
S ribosomes are found both in the mosquito stages and in vertebrate hepatocytes (at the
beginning of the liver stage) (Zhu et al.,, 1990). Types A and S rRNAs are not expressed in an
exclusive manner, but rather as a dynamic and heterogeneous population in which one subtype

is the most dominant at a particular stage of the life cycle (Li et al., 1997).
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Plasmodium ribosomes must deal with the translation of exceptionally high AU content and long
poly-A stretches in mRNAs. Ribosome profiling and biochemical assays suggest an increased or
modified fidelity such that parasite ribosomes do not stall or frameshift on poly-A tracks
(Djuranovic et al., 2020). The mechanism of this altered fidelity may result not only from the
modification of the ribosomal RNA sequence, but also from changes in the protein components of

ribosomes.

The cryo-EM structure of the cytoplasmic 80S ribosome from blood stage P. falciparum has been
solved at 3.2 A resolution (Wong et al., 2014). It includes 74 ribosomal proteins but, for example,
PfRACK1 is absent (Sun et al, 2015). Thus, modified rRNA sequence, ribosomal structure,
ribosomal proteins would help Plasmodium to adapt to the translation of the mRNA poly-A/U

tracks coding for homopolymeric repeats.

4.1.2. Translation factors

Initiation of cap-dependent translation seems to be conserved in Plasmodium as interactions
between P. falciparum elF4G, elF4E and PABP have been demonstrated in vitro (Shaw etal., 2007;
Tuteja & Pradhan, 2009; Tuteja & Pradhan, 2010; Vembar et al., 2016). In contrast, elF4B has not
been yet identified in the P. falciparum genome; however, the sequence of this molecule is poorly

conserved in eukaryotes (Jackson et al., 2011).

The search for the elongation factor complex lead to the identification of interactions between
the native proteins of the parasite eEF1[3, eEF15 and eEF1y, also associated with eEF1a (Takebe
etal.,, 2007). Since the accuracy and efficiency of translation of AU-rich mRNA may be determined
by ribosome stalling, it would be useful to further characterize translation elongation in malaria
parasites (Vembar et al,, 2016). Additionally, a new multi-stage antimalarial drug has been found
to target the translation elongation factor eEF2, which is responsible for the GTP-dependent

translocation of the ribosome along the mRNA (Baragaia et al., 2015).

There are at least three genes encoding putative release factors in the nuclear genome of
Plasmodium. However, the corresponding proteins have not been characterized yet and any
aspects of release factors are yet to be studied, including their localization and their mechanisms

of action (Patankar et al., 2013).
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4.1.3. tRNAs

The Plasmodium nuclear genome contains a total of 46 tRNA genes, encoding 45 tRNA
isoacceptors (2 different genes encode the initiator and elongator tRNAM) (Jackson et al., 2011).
These include a selenocysteinyl-tRNA (tRNAV) that places selenocysteine at an internal stop
codon (UGA) influenced by a cis-disposed element in the mRNA (Gardner et al., 2002; Mourier et
al,, 2005). Plasmodium cytosolic tRNAs are similar to eukaryotic tRNAs and adopt the canonical
L-shaped structure (Figure 10). Despite the AT richness of the genome, they have a balanced
content of purines and pyrimidines (about 56% of G+C content) (Piitz et al., 2010).

Strikingly, there is only one gene copy per tRNA isoacceptor, which makes Plasmodium the
eukaryotic cell with the smallest set of tRNA genes (Gardner et al, 2002). Indeed, in most
eukaryotes, tRNA genes are present in multiple copies and the abundance of tRNA isoacceptors
is correlated with the codon usage of the organism (Moriyama & Powel, 1997; Duret, 2000). It
remains unclear how the parasite does to accurately decode 61 codons with only 45 cytoplasmic
tRNA isoacceptors, although a model in which tRNA modifications modulate the translation

efficiency of codon-biased proteins has been proposed (Ng et al,, 2018).
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Figure 10: Secondary and tertiary structures of tRNAs. A. Classic cloverleaf folding. The names of the
5 tRNA domains are indicated. B. Characteristic L-shaped structure of tRNAs. The acceptor and
anticodon branches are indicated.
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4.2. Translation machinery in organelles

4.2.1. Translation in apicoplast

The apicoplast is a non-photosynthetic organelle of red-algal origin maintained by all
apicomplexans (except Cryptosporidium). It was probably acquired by an event of secondary
endosymbiosis between two ancestral eukaryotes, which resulted in the four membranes that
now surround the organelle. Several processes including the metabolism of heme and iron, the
biosynthesis of fatty acids and biosynthesis of isoprenoid precursors occur within this organelle

(McFadden & Yeh., 2017).

Apicoplast proteins are translated by a synthesis machinery of prokaryotic origin (Figure 9B).
Many bacterial translation inhibitors target the apicoplast and have been used to prevent and
treat infections by apicomplexans, although their effect is slow. Three classes of antibiotics -
tetracyclines, lincosamides and macrolides - are currently approved for use in malaria infections
(Goodman et al.,, 2016). Parasites treated with these drugs show a “delayed death” effect, where
they complete one cycle of infection normally, but fail to complete a second one even if drug
treatment is stopped in the first cycle. The parasites transmit an apicoplast to their progeny, but
this apicoplast is defective and causes the death of the daughter cell (Goodman et al., 2016).
Cultures of P. falciparum treated with the doxycline antibiotic can be rescued from the delayed
death effect by supplementing the grow media with isopenthyl-pyrophosphate (IPP), the
isoprenoid product of the apicoplast (Yeh & DeRisi, 2011).

The 35 kb circular genome of the apicoplast is AT-rich (86.9%) and includes 68 genes encoding
the large and small subunit ribosomal RNAs (rRNAs), a minimal but complete set of tRNAs (35),
several ribosome proteins (18), the three subunits of a bacteria-like RNA polymerase, the
translation elongation factor EF-Tu, an iron-sulfur assembly pathway protein (SufB), a Clp
protease and chaperones (Wilson et al., 1996; Milton & Nelson, 2016). Detection of the EF-Tu
gene product by western-blot and immunofluorescence demonstrated that translation does
occur within the apicoplast (Chaubey et al, 2005). However, most genes involved in the
apicoplast functions have been transferred to the nuclear genome and are first translated in the

cytoplasm and then transported into the organelle (Garcia et al., 2008).
The apicoplast genome contains 35 genes encoding 26 tRNA isoacceptors. Similar to cytoplasmic

versions, these tRNAs contain all elements required to adopt the canonical cloverleaf structure

(Pitz et al.,, 2010) (Figure 10). Interestingly, the initiator tRNAM shows a 11-nucleotides long
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variable region, which distinguish it from elongator tRNAM and cytoplasmic tRNAM. Contrary to
their cytoplasmic counterparts, apicoplast tRNAs have a lower content of GC of about 26%. The
identification of apicoplast-targeted methionyl-tRNA-formyltransferase (MFT) and peptide
deformylase (PDF) suggest that formylated methionyl-tRNAM functions as initiator of apicoplast

translation. However, the IF2 recruiting this tRNA remains unidentified (Haider et al., 2015).

The apicoplast ribosome is composed of 23S rRNA, 16S rRNA and a total of 40 ribosomal proteins
(Gupta et al., 2014). The rRNA genes are present in two copies (Wilson et al., 1996). From the 16
small subunit ribosomal proteins, 10 are encoded in the apicoplast and 6 are nuclear-encoded. In
the case of the 24 large subunit proteins, 8 are apicoplast-encoded and 16 nuclear-encoded
(Gupta et al., 2014). As the apicoplast ribosome lacks 5S rRNA, some ribosomal proteins that
normally interact with this rRNA are absent as well (e.g. L5, L25). Protein S13 is also missing,
which is surprising as this protein plays an important role in translocation and is essential for
translation in bacteria (Cukras & Green, 2005). Although some models have been proposed, there

is no structure reported on this reduced ribosome yet.

All translation factors required for initiation, elongation and termination are nuclear-encoded,
with the exception of EF-Tu. Apicoplast genes are transcribed as mono- or poly-cistrons and do
not contain a Shine-Dalgarno (SD) sequence for ribosome binding. They probably use another
mechanism to position the ribosome on the initiation codon as is observed in chloroplasts (Marin-

Navarro et al., 2007).

The initiation factors IF1 and IF3 have been identified and characterized in P. falciparum. Apart
from its interaction with the ribosome, PfIF1 contains an OB-fold that acts as nucleic acid
chaperone, allowing the melting of nucleic acid secondary structures (Haider et al., 2015). In the
same study, two IF2 candidates were identified, but none of them was localized at the apicoplast

(Haider et al., 2015).

EF-Ts was identified, it interacts with EF-Tu and its nucleotide exchange activity has been
confirmed (Biswas et al,, 2011). EF-G was also identified and indirect evidence of its activity was
provided by the inhibition of P. falciparum growth in presence of fusidic acid, an antibiotic that

blocks specifically EF-G on the ribosome (Johnson et al.,, 2011).
Finally, apicoplast ORFs have either UAA or UGA as stop codons, with UAA being the most

frequently used. These codons are recognized by a single nuclear-encoded RF2 that localizes to

the apicoplast (Vaishya et al., 2016).
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4.2.2. Translation machinery in the mitochondrion

The 6-kb mitochondrial genome of Plasmodium is one of the smallest known to date. It only
encodes three proteins, the cytochrome b and the subunits I and III of cytochrome oxidase (Cox1
and Cox3) (Vaidya et al., 1989). Translation of the proteins encoded by the mitochondrial genome
is essential for the parasite and they have been validated as drug targets (Goodman, 2017). The
antimalarial atovaquone targets the mitochondrial cytochrome bc1 complex and point mutations

in mitochondrial cytb gene correlate with resistance to this drug (Afonso et al.,, 2010).

Since the mitochondrial genome does not contain any aaRS or tRNA genes, it suggests that the
mitochondrion relies on the import of all aaRSs and tRNAs or on the import of all aminoacyl-
tRNAs from the cytosol in order to translate its three ORFs (Figure 9C). Import of aminoacylated
tRNAs (reviewed in Schneider, 2011) was established in organisms such as yeast (Martin et al,,
1977), Leishmania (Simpson et al, 1989), Trypanosoma (Hancock & Hadjuk, 1990) and
Toxoplasma (Esseiva et al.,, 2004). Moreover, there is only one nuclear-encoded aaRS that is
potentially targeted to the mitochondria. This FRS, that is specific to Plasmodium species, was
shown to co-localize with the mitochondria and it has been proposed that it could act as a local
sensor for phenylalanine levels in the organelle, regulating this amino acid by consuming it via

the aminoacylation reaction (Sharma & Sharma, 2015).

The mitochondrial ribosome of Plasmodium remains largely uncharacterized. The P. falciparum
mitochondrial genome contains 27 rRNAs fragments ranging from 23 to 190 nucleotides that
contain highly conserved portions of large and small subunit rRNAs. It has been proposed that
they may associate into functional ribosomes (Feagin et al., 1997). As the mitochondrial genome
is polycistronically transcribed, these small RNA are by definition expressed (Ji et al., 1996).
However, these rRNA fragments are not encoded in linear order. Instead, they are intermixed
with one another and the protein genes, and are coded on both DNA strands. Mapping of these
fragments on the ribosome of T. thermophilus and H. marismortui revealed that they cluster on
the interface between the two subunits (Feagin et al. 2012). Although the rRNA is highly reduced,
it retains the peptidyl transferase center and the peptide exit tunnel where most antibiotics bind
(Gupta et al., 2014). A total of 41 ribosomal proteins have been detected, 14 for the small subunit

and 27 for the large subunit, all of them are nuclear-encoded (Gupta et al., 2014).
Plasmodium mitochondrial genes do not contain SD sequence and all translation factors are

encoded by the nuclear genome (Figure 9C). Similar to other mitochondria, translation initiation

requires IF2 and IF3, but no IF1. PfIF2a and PfIF3 were both localized at the mitochondrion and
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PfIF2a was able to interact with initiator tRNA charged with either formylated or unformylated
methionine in vitro (Haider et al., 2015). PfIF2a also contains a 29-amino acids extension that

mimics the function of IF1, explaining the absence of this factor (Haider et al., 2015).

The mitochondrial EF-Tu was annotated in the nuclear genome, but its final localization has not
been demonstrated yet. The presence of EF-G in the mitochondrion was confirmed by Johnson et
al,, (2011). There is no mitochondrial EF-Ts candidate, but it was proposed that its absence might
be tolerated and that the slow recycling of EF-Tu-GDP to EF-Tu:GTP may suffice for the
translation of the three mitochondrial genes (Habib et al., 2016).

UAA is the stop codon in the three mitochondrial ORFs and it is recognized by RF1. Additionally,
a second non-canonical RF, called PfCT1, is imported to the mitochondrion where it mediates the

release of prematurely terminated proteins (Vaishya et al., 2016).

4.3. Plasmodium aminoacyl-tRNA synthetases as targets for anti-malarial drugs

The nuclear genome codes for 37 aaRS genes and neither the apicoplast nor the mitochondrion
encode any aaRS (Bhatt et al. 2009). As phenylalanyl-tRNA synthetase (FRS) is composed of two
subunits encoded by different genes, the 37 nuclear genes encode a total of 36 enzymes. Several
localization experiments and bioinformatics studies revealed that 16 aaRS are found exclusively
in the cytoplasm, 15 are targeted to the apicoplast, 4 are dual-targeted to the cytoplasm and

apicoplast and only 1 would be exported to the mitochondrion.

The crystal structure of several cytoplasmic aaRSs has been solved (Bhatt et al.,, 2011; Koh et al.,
2013; S. Khan, Garg, Sharma et al,, 2013; S. Khan, Garg, Camacho et al,, 2013; Jain et al., 2014; Jain
et al., 2016; Sonoiki et al., 2016) and several inhibitors have been characterized. Cladosporin, a
secondary metabolite from fungi, inhibits P. falciparum growth in the blood and liver stages by
targeting selectively its cytoplasmic lysyl-tRNA synthetase (KRS) (Hoepfner et al, 2012).
Febrifugine, the active principle of a traditional Chinese herbal remedy for malaria, and its
derivatives are strong inhibitors of cytoplasmic prolyl-tRNA synthetase (PRS), but show some

toxicity for human cells (Keller et al., 2012; Herman et al., 2015).
Interestingly, although the parasite regulates excess cellular heme during the digestion of

hemoglobin, some is still encountered in malaria parasites treated with chloroquine. It has been

shown that in P. falciparum, heme binds to the monomeric cytosolic arginyl-tRNA synthetase
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(RRS), and induces a dimeric form of this enzyme (Jain et al., 2016). As a dimer, the enzymatic
activity of RRS is inhibited since it can no longer bind its homologous tRNAR. Treatment with
chloroquine would thus lead to reduced levels of charged tRNAR, suggesting reduced protein

synthesis.

Among Plasmodium aaRSs, FRS is unique because the parasite contains four genes that encode
three enzymes, one for each compartment. The cytoplasmic FRS is an (af3)2 heterotetramer while
the mitochondrial and apicoplast enzymes are a-monomers (Sharma & Sharma, 2015).
Cytoplasmic FRS also contains a predicted nuclear localization signal (Bhatt et al., 2009), which
is not unusual as some tRNAs may need to be aminoacylated prior to export in the cytoplasm
(Lund & Dahlberg, 1998). Additionally, as many eukaryotic FRS (Perona & Hadd, 2012), the
cytosolic enzyme contains DNA binding domains, which is coherent with a possible nuclear
localization (Bhatt et al., 2009). Several compounds, including a series of bicyclic azetidines, are

reported as potential drugs targeting the cytoplasmic FRS (Kato et al., 2016).

Apicoplast aaRSs in general and the four dual-targeted aaRSs in particular are attractive targets
for drug development. Dual-targeted aaRSs, referred as ATGC enzymes by Yogavel et al. (2018),
correspond to alanyl-, threonyl-, glycyl- and cysteinyl-tRNA synthetases (ARS, TRS, GRS and CRS,
respectively). A single transcript for each gene is alternatively spliced to generate the two
isoforms that are targeted to either the cytosol or to the apicoplast (Jackson etal., 2012; Pham et
al, 2014). Targeting any of these enzymes will arrest translation in both compartments
simultaneously. The natural macrolide borrelidin clears malaria parasites from mice by targeting
TRS, but lacks specificity over the human enzyme (Novoa et al., 2014). However, some borrelidin
analogues have been synthesized and show less toxicity (Sugawara et al., 2013). Mupirocin is a
well-known inhibitor of bacterial isoleucyl-tRNA synthetase (IRS) that kills blood-stage
P. falciparum by targeting the apicoplast IRS and shows delayed death effect (Jackson et al., 2012;
Istvan etal,, 2011).

Finally, Plasmodium does not code for an apicoplastic glutaminyl-tRNA synthetase (QRS) and
produce glutaminyl-tRNA via a two-step indirect aminoacylation pathway in this organelle. First,
a non-discriminating glutamyl-tRNA synthetase (ERS) misacylates tRNAQ with glutamate. Then,
a tRNA-dependent glutamyl-tRNA amidotransferase (E-AdT) convert the E-tRNAQ into Q-tRNAQ
(Mailu etal.,, 2013). E-AdT is a heterodimeric enzyme composed of two nuclear-encoded subunits,
GatA and GatB. This complex is essential for the parasite in the blood stage (Mailu et al., 2015)

and thus could also be a good target for anti-malarial development.
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I1. aaRSs in translation and beyond

1. The specificity of the aminoacylation reaction

In addition to codon-anticodon recognition, the fidelity of protein translation depends on the
accuracy of aminoacyl-tRNAs synthesis. The aminoacyl-tRNA synthetases (aaRS) are the enzymes
that ensure the proper attachment of an amino acid to its corresponding tRNA. Generally, there
are 20 different aaRSs, one for each canonical amino acid and its corresponding tRNA
isoacceptors (Ibba & Soll, 2000). The aaRSs are modular enzymes composed of several domains
that have distinct roles in the aminoacylation reaction (Delarue & Moras, 1993; Alexander &
Schimmel, 2001). All aaRSs contain a catalytic domain (CD) that binds ATP, amino acid and the
3’-end of the tRNA. Most of them contain an anticodon-binding domain (ABD) appended to their
N- or C-terminus that contributes significantly to the efficiency and specificity of the
aminoacylation. Some aaRSs contains editing domains embedded or appended to their CD, which
perform proofreading functions and ensure the accuracy of aminoacylation (Yadavalli & Ibba,
2012). Additionally, eukaryotic aaRSs often contain appended domains that are implicated in

functions non related with tRNA aminoacylation.

The aminoacyltation reaction occurs in two highly specific steps, resulting in the 3’-esterification
of tRNA with the appropriate amino acid. In the first step (Figure 11A), the amino acid is activated
with ATP:Mg?+, leading to the formation of a stable aaRS-aminoacyl-adenylate complex and the
release of pyrophosphate (PPi). This occurs by nucleophilic attack on the a-phosphate of ATP by
the carboxyl group of the amino acid. In the second step (Figure 11B), the 3’-terminal adenosine
of the enzyme-bound tRNA reacts with the aminoacyl-adenylate, leading to its esterification with
the amino acid and the release of AMP (Ibba & Soll, 2000). Later, the aminoacyl-tRNA, also

referred as “charged tRNA", is detached from the aaRS and transported to the ribosome.

The aaRSs must perform their task with high accuracy, as every mistake will result in a misplaced
amino acid in the newly synthesized protein. These enzymes make about one mistake in 10,000
(Goodsell, 2001). Accurate aminoacylation depends on the specific recognition of both the tRNA
and the amino acid. An aaRS must be able to recognize all isoacceptor tRNAs for the
corresponding amino acid and only them. This is directed by the presence of tRNA identity
elements in the molecule (Giegé et al, 1998). Some nucleotides act as positive elements
(determinants) and promote a productive interaction between the tRNA and the aaRS, others

serve as negative elements (antideterminants) that prevent mischarging of non-cognate tRNAs.
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A Activation of the amino acid

aa
O Active site
MgCl,
..... u—
ATP
B Transfer of the amino acid to the tRNA

Figure 11. The aminoacylation reaction. A. Amino acid activation. The amino acid (aa) is activated in
the active site of the enzyme with ATP in the presence of MgClz, which results in the formation of an
aminoacyl-adenylate (aa-AMP) intermediate and the release of pyrophosphate (PPi). B. amino acid
transfer. The enzyme binds tRNA and the amino acid moeity of aa-AMP is transferred to its 3' extremity,
forming the product aa-tRNA while releasing AMP. Figure adapted from Rajendran et al. (2018).

Discrimination of the correct amino acid can be difficult for some aaRSs. Isoleucine is a classic
example. This amino acid is recognized by an isoleucine-shaped hole in the active site of isoleucyl-
tRNA synthetase (IRS), which is too small to fit larger amino acids such as methionine and
phenylalanine, and too hydrophobic to bind polar amino acids of similar size. However, valine
differs only by one single methyl group and fits nicely into this pocket, binding in place of
isoleucine in about 1 case in 150 (Goodsell, 2001). The IRS solves this problem with a second
active site that perform an editing reaction. Isoleucine does not fit the editing active site, but
valine does (Fukai etal., 2000). A similar editing site is used to distinguish between phenylalanine
and tyrosine, which only differ by a hydroxyl group (Roy et al., 2004). Besides the mechanism
described above, aaRSs employ many others proofreading pathways that can occur either after
activation prior to aminoacyl transfer (pre-transfer editing) or after transfer (post-transfer

editing) (Yadavalli & Ibba, 2012).
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2. Classification and architecture and of aaRSs

2.1. Two classes of synthetases

Based on differences in the structure of their CD, aaRSs are classified in two groups: class I and
class Il (Eriani et al.,, 1990; Cusack et al., 1990; Cusack, 1993) (Table 1). They are further divided
into different subclasses based on phylogenetic analysis, comparison of structural and
mechanical characteristics and domain organization (Rubio-Gomez & Ibba, 2020). Both Class I
and II are divided into three subclasses (Cusack, 1995; Ribas de Pouplana & Schimmel, 2001),

although some authors divide class I aaRSs into five (Perona & Hadd, 2012).

Table 1: Classification of aaRSs into classes and subclasses. Classification according to Perona & Hadd
(2016). The typical quaternary structure is indicated as monomer (a), homodimer («az) and
heterotetramers [(af)z]. Note that KRS is present in both classes and GRS is placed in two different class II
subclasses depending on its quaternary structure.

Class Subclass Name Abbreviation Quaternary
structure
Isoleucyl-tRNA synthetase IRS
la Leucyl-tRNA synthetase LRS
Methionyl-tRNA synthetase MRS a, o2
Valyl-tRNA synthetase VRS
Cysteinyl-tRNA synthetase CRS a, 02
I Ib Glutamyl-tRNA synthetase ERS
Glutaminyl-tRNA synthetase QRS
e Tyrosyl-tRNA synthetase YRS a, 02
Tryptophanyl-tRNA synthetase WRS a2
Id Arginyl-tRNA synthetase RRS a
le Lysyl-tRNA synthetase KRS a
Seryl-tRNA synthetase SRS a2
Prolyl-tRNA synthetase PRS a2
Ila Threonyl-tRNA synthetase TRS az
Glycyl-tRNA synthetase GRS (7]
Histidyl-tRNA synthetase HRS a2
11 Aspartyl-tRNA synthetase DRS (o%)
I1b Asparaginyl-tRNA synthetase NRS o2
Lysyl-tRNA synthetase KRS a2
Phenylalanyl-tRNA synthetase FRS a, (af)z2
llc Glycyl-tRNA synthetase GRS (af)2
Alanyl-tRNA synthetase ARS a2
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Class I aaRSs are generally monomeric enzymes. They mostly charge bulkier amino acids
(Rajendran et al., 2018), bind the acceptor stem of tRNA from the minor groove side (Ribas de
Pouplana & Schimmel, 2001) and perform the aminoacylation on the 2’-OH of the ribose of
adenosine 76 (Eriani et al., 1990). Binding the minor groove of tRNA is usually correlated with
aminoacylation of the 2'-OH, although dimeric YRS and WRS are exceptions, as they bind two
tRNAs from the major groove side and still perform aminoacylation on the 2'-OH (Yaremchuk et
al, 2002). Interesting relations between aaRSs emerge when considering the grouping into
subclasses (Rubio-Gomez & Ibba, 2020). The members of each subclass usually recognize
chemically related amino acids. For instance, subclass Ia (IRS, LRS, MRS and VRS) recognizes
hydrophobic amino acids and subclass Ic (YRS and WRS) aromatic amino acids. The subclass Ib
(CRS, ERS and QRS) usually needs to bind their cognate tRNA before binding ATP and the cognate
amino acid (Sekine et al., 2003). RRS is sometimes assigned to subclass Id due to its structural
dissimilarity with other subclasses (Perona & Hadd, 2012; Rajendran et al., 2018). Likewise, KRS
is similar to subclass Ib, but occupies a separate subclass (Ie) because it is the only aaRS present
in both classes (Perona & Hadd, 2012). Class [ KRS is mainly found in archaea and some bacteria

while class Il KRS is found in eukaryotes and most bacteria (Perona & Hadd, 2012).

Most class Il aaRSs are dimeric enzymes, although some examples of monomeric (a), tetrameric
(a4) and heterotetrameric (af3)2 are known (Perona & Hadd, 2012). All class II aaRSs bind the
acceptor stem of the tRNA from the major groove and perform the aminoacylation on the 3’-OH
of the terminal adenosine of tRNA (except FRS) (Spritnzl & Cramer, 1975; Ruff et al., 1991).
Subclass I1a aaRS (SRS, PRS, TRS, GRS and HRS) charge small polar amino acids, whereas subclass
[Ib (DRS, NRS and KRS-II) recognize charged and large polar amino acids.

2.2. Universal architecture of aaRSs

2.2.1. Modular organization of Class I aaRSs

The CD of class I enzymes contains a Rossmann fold constituted of alternate a-helices and f3-
sheets that allow the binding of ATP in its extended conformation (Figure 12A) (Rossmann et al.,
1974; Brick et al., 1989; Moras, 1992). It can be divided in two halves, each one containing a
signature sequence (Delarue & Moras, 1993). The “HIGH” signature is typically located in the loop
after the first B-strand. The two histidines (H) participate in the stabilization of the ATP
phosphate chain during the transition state (Schmitt, 1995). The first H and the G are almost
invariant in all class I aaRSs, while the second H is sometimes substituted by N (Moras, 1992;

Chaliotis et al., 2017). The “KMSKS” signature is located in a mobile loop after the fifth 3-strand
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and is also involved in ATP stabilization. The two basic K residues neutralize the negative charges
carried by ATP, facilitating the nucleophilic attack on the a-phosphate (Schmitt, 1994). Despite
the conserved function of this loop, the KMSKS motif is markedly degenerated within the class I
enzymes (Schmitt, 1995; O'Donoghue & Luthey-Schulten, 2003). In prokaryotes, however, it

seems to be more conserved (Chaliotis et al., 2017).

A CP1

N-terminal

ATP
C-terminal
B MRS (la), CRS, ERS, QRS (Ib), RRS (Id) & KRS (le)
HIGH KMSKS
w N-Rossmann | CPl jmesi C-Rossmann e ABD e
LRS, IRS, VRS (la)
HIGH KMSKS
= N-Rossmann | Editing = C-Rossmann | ABD —
YRS & WRS (Ic)
HIGH KMSKS
= N-Rossmann C-Rossmann | ABD pem

Figure 12: Typical architecture of class I aaRSs. A. The class I Rossmann fold. The catalytic domain of
class [ aaRSs is a Rossmann fold composed of five parallel 3-strand sandwiched between several a-helices.
It contains two highly conserved motifs involved in ATP binding. The motif "HIGH" stabilizes the ATP in the
transition state while the motif "KMSKS" neutralizes its negative charges to facilitate the reaction with the
amino acid. B. Schematic representation of class I enzymes. The Rossmann fold is always divided in two
halves by the insertion of the connective polypeptide 1 (CP1). The structure and function of this insertion
is variable among the different enzymes. In most cases (MRS, CRS, ERS, QRS, RRS and KRS-I), CP1 adopts a
mixed o/ structure that contributes to the activity of the enzyme. In LRS, IRS and VRS, CP1 provides an
editing domain contributing to the specificity of these enzymes. In YRS and WRS, CP1 is an interaction
domain that allows the dimerization of these enzymes. Class [ aaRSs possess an anticodon-binding domain
(ABD) fused to the C-terminal extremity of the Rossmann fold. The topology of this domain is variable but
is generally composed of B-barrels in subclass Ib and of a-helices in all the other enzymes. Figures adapted
from Delarue & Moras (1993) and Perona & Hadd (2012).
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Class I aaRSs cradle the tRNA by gripping the anticodon loop and placing the acceptor stem in the
active site. This is usually accompanied of some structural changes in the tRNA molecule. For
instance, the 3'-end is kinked into a tight hairpin inside the active site and, in some cases, the
three bases of the anticodon are widely spread apart for better recognition (Rould et al,, 1991).
Most class | aaRSs contain an ABD located at their C-terminal extremity (Figure 12B). These
domains contribute significantly to tRNA discrimination, but their structures are in general
divergent, even within subclasses (Perona & Hadd, 2012). The ABD forms a topologically identical
a-helix cage in KRS and some ERS (Nureki et al., 1995; Terada et al., 2002) and a pair of 3-barrels
in QRS and most ERSs (Rould et al., 1989). Subclass la aaRSs along with RRS and CRS possess a
distinct structurally conserved a-helical ABD (Perona & Hadd, 2012). RRS contains an additional
RNA binding domain atits N terminus (Add) that binds the D-loop of tRNAR (Cavarelli et al. 1998).

Large insertions called connective peptide 1 and 2 (CP1 and CP2) can exist within the Rossmann
fold. CP1 separates the fold in two halves and is located between the 3rd and 4t 3-strands while
CP2 is found in the second half after the 4th 3-strand (Delarue & Moras, 1993) (Figure 12A). The
CP1 adopts a mixed o/f fold that binds the 3’-single-stranded end of tRNA in the monomeric
enzymes (Perona & Hadd, 2012). Some class | aaRSs have an enlarged CP1 incorporating either a
post-transfer editing site for hydrolysis of mischarged tRNA (e.g. LRS, IRS, VRS) (Yadavalli & Ibba,
2012) or a dimerization domain (e.g. YRS, WRS) (Perona & Hadd, 2012) (Figure 12B).

2.2.2. Modular organization of Class Il aaRSs

The CD of these enzymes binds ATP in a bent conformation and is composed of seven antiparallel
[-strands flanked by several a-helices (Figure 13A) (Delarue & Moras, 1993). Three degenerated
motifs can be identified within the CD. Motif 1 is made up of an a-helix followed by a distorted f3-
strand. It includes a conserved proline (P) that is involved in homo-dimerization (Moras, 1992).
Motif 2 contains a flexible loop of variable length located between two adjacent 3-strands. It is
characterized by conserved an arginine (R) involved in the stabilization of ATP a-phosphate
during the transition state (Cavarelli et al., 1994). Motif 3 contains the central (3-strand followed
by a hydrophobic helix and includes also a conserved R that binds the ATP y-phosphate in a bent

conformation (Cavarelli et al., 1994).

The subclass Ila aaRSs are all characterized by a C-terminal ABD consisting of a five-stranded
mixed (-sheet surrounded by a-helices. Only SRS lacks this ABD and uses a long antiparallel
coiled coil tRNA binding domain (tRBD) to bind its cognate tRNAs. The subclass IIb possess an
ABD at their N-termini, which form a -barrel of the OB fold variety (Perona & Hadd, 2012). The
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subclass Ilc includes FRS, ARS and GRS, which are the largest and more complex aaRSs. ARS is
unusual, because the C-terminal C-Ala domain, which bridges aminoacylation and editing
functions and interacts with the outer corner of the tRNA L-shape, also form part of the
dimerization interface (Naganuma et al, 2009). GRS is also intriguing because its divergent
quaternary structure and abnormal charging properties. It forms a, dimers in eukaryotes and
archaea, and (af3); heterotetramers in bacteria. In addition, GRSs only aminoacylate tRNAs from

their own domains of life and do not function across species (Qin et al., 2014).

C-terminal N-terminal

[ GRS & HRS -|1H2
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la — TRS _‘ Editing H 1 |.| 5 |.| 3
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DRS, NRS & KRS (IIb) '| ABD H = H 2

[ mRsa
e — FRS B —| Editing H 1 H X H X |.| BD ]_
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Figure 13. Architecture of class Il aaRSs. A. The catalytic domain of class II aaRSs. It is composed of 7
antiparallel B-strands and oa-helices and contains 3 more or less conserved motifs. Motif 1 allows
dimerization of the aaRS and Motifs 2 and 3 are implicated in binding of ATP in a bent conformation.
Insertions CP1 and CP2 are indicated by red dotted lines. B. Modular organization of class II aaRSs. Class
Il aaRSs are very heterogenous but all of them are dimers and include an anticodon-binding domain (ABD).
Most of them contain editing domains located in different parts of the protein. FRS is composed of 2
different subunits that form a functional enzyme. ARS has an additional domain C-Ala contributing to both
dimerization and tRNA binding. Figures adapted from Delarue & Moras (1993) and Perona & Hadd (2012).
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FRS is often composed of two subunits, the o subunit containing the canonical class II CD and the
B subunit lacking essential catalytic residues. These two chains form a (af§). heterotetramer
containing two active sites that charge two tRNAs simultaneously. A total of 10 structural
domains can be identified in the two FRS subunits. The subunit 8 contains notably an RNA-
binding domain (RBD) similar to the spliceosome protein U1A that functions as ABD. The subunit
a contains a coiled coil tRBD (similar to SRS) that contributes to stabilize the interaction with the
tRNA (Mosyak et al., 1995; Goldgur et al., 1997; Perona & Hadd, 2012). Beyond the subclasses,
four class II aaRS (PRS, TRS, FRS and ARS) display an editing domain, located in different places
depending on the enzyme (Figure 13B).

3. aaRSs, much more than translators

Eukaryotic aaRSs have evolved with the addition of new domains. Interestingly, the incorporation
of new domains is correlated with the complexity of the organism (Pang et al., 2014). Compared
with their prokaryotic and protozoan counterparts, metazoan aaRSs have numerous additional
domains appended at either the N- or C-terminus (Mirande, 1991; Wolf et al. 1999). Most of them
are involved in the aminoacylation function, either by binding to tRNA (Francin et al., 2002;
Crepin et al., 2004) or by forming complexes with other aaRSs (Havrylenko & Mirande, 2015),
AIMPs (aaRS-interacting multifunctional proteins) or the elongation factor 1 (Bec et al.,, 1994;
Negrutskii et al., 1999; Sang Lee et al., 2002). Another category of these additional domains is not
at all involved in the canonical function of synthetases and contributes to alternative functions
only. These functions include the metabolism of glucose and amino acids, the regulation of cell
growth, control of angiogenesis, regulation of inflammatory responses, control of cell death,
regulation of the immune response and more, many of them being essential for the cell,

particularly in higher eukaryotes (Guo & Schimmel, 2013).

Table 2 recapitulates the additional domains appended to human aaRSs (Guo et al. 2010) and
some of them are described in the next paragraphs. Among the 23 proteins involved in human
aminoacylation, only the ARS is deprived of any additional domain. Other aaRSs contain well-
known domains like, EMAPII, WHEP, Leucine-Zipper or GST but also domains that have no
sequence similarity with other common structural modules. These specific domains are named
UNE-X, where X corresponds to the aaRS to which it is appended (Guo & Yang, 2014). To date, we
have no functional information about the CRS UNE-C1 and UNE-C2 found at proximity of the CP1

domain and at the C-terminus, respectively, and neither about the N-terminal UNE-T of TRS.
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Table 2. Additional domains in human aaRSs and AIMPs. Additional domains in human aaRSs and
AIMPs according to Guo et al. (2010) and Guo & Yang (2014). The position of each type of domain is
indicated. N: domain appended at the N-terminus, int: internal domain, C: domain appended at the C-
terminus. Slashes are used to indicate several additional domains of a certain type in the same protein.

Appended domain

UNE a-helix EMAPII WHEP | L-Zipper GST
MRS C N
VRS N
LRS C

IRS c/C
CRS int/C N
RRS N
QRS N
YRS C

WRS N

EPRS int N
SRS C
TRS N
ARS
GRS N

ClassII aaRSs HRS N

DRS N

NRS N

KRS N
FRS ()N

Protein

Classl aaRSs

AIMPs

W N[
=z
@)

3.1. Not only Glue for tRNAs

3.1.1. tRNA binding UNEs

QRS contains an N-terminal extension of ~200 aa (UNE-Q) and resembles the two adjacent
domains determining the specificity of tRNA in the GatB subunit of GatCAB (YgeY domain). In
yeast, when the QRS lacks this domain, cells show growth defects and the enzyme has a reduced
affinity for tRNAQ (Grant et al., 2012). FRS contains a UNE-F domain at the N-terminus of the o
subunit. This domain interacts with the D, T loops and the anticodon stem of the tRNA and its
deletion abolishes the aminoacylation activity of FRS (Finarov et al., 2010). UNE-F folds into a
known structure that includes 3 DNA-binding fold domains found in many DNA-binding proteins
and in double-stranded RNA adenosine deaminase, suggesting that human FRS might have non-

canonical functions involving dsDNA/dsRNA binding such as in transcriptional regulations.

43



3.1.2. Amphipathic helices (DRS, KRS and NRS)

Amphipathic helices are the simplest extension domain in aaRSs (Guo & Yang, 2014). Ranging
from 20 to 40 amino acids, these helices contain charged residues on one side and hydrophobic
residues on the other (Figure 14A). When positively charged (K and R), the hydrophilic side is
ideal to bind negatively charged nucleic acids in a non-specific manner, but it is also interesting
to note that the interactions between aspartate (D) and glutamate (E) with RNA have been shown
to provide very favorable free binding energies (Lustig et al., 1997). These helices are present in
class IIb aaRSs and some aaRS-related proteins such as AIMP1 and AIMP2. Human KRS (Francin
& Mirande, 2003), yeast cytosolic DRS (Frugier et al., 2000) Brugia malayi cytosolic NRS (Crépin
et al., 2011) have a K-rich N-terminal polypeptide extension that promotes tRNA binding and
enhances aminoacylation. The lack of specificity of this motif suggest its implication in functions
involving the recognition of other types of RNA. This is the case for the yeast DRS which binds its
own mRNA and inhibits its expression when tRNAP is low in the cytosol (Frugier et al., 2005). It
has also been proposed that the function of KRS (the mitochondrial form) in HIV packaging
depends on this N-terminal helix, presumably because of this RNA binding property (Cen et al,
2004; Kaminska et al., 2007). Interestingly, this same N-terminal helix also interacts with
phospholipids and proteins, especially with the transmembrane region of 67LR laminin receptor.
The interaction inhibits the ubiquitin-dependent degradation of 67LR thereby enhancing

laminin-induced cancer cell migration (D. G. Kim et al., 2012).

3.1.3. EMAPII domains

EMAPII (Endothelial-Monocyte-Activating Polypeptide II) was initially identified in tumor cells
as a secreted cytokine (Kao et al.,, 1992) derived from the protein AIMP1, a component of the
metazoan MARS complex (Quevillon et al., 1997). The crystal structure of EMAPII (Y. Kim et al,,
2000; Renault et al,, 2001) revealed high similarity to bacterial tRNA binding proteins such as
Aquifex aoelicus Trbp111 (Swairjo et al., 2000) (Figure 14B). The core of these proteins is an
oligonucleotide/oligosaccharide-binding (OB) fold composed of five 8 strands that form an open
barrel capped by a short helix al. Two f strand regions can be distinguished, $1-f2-3 and 1-
[34-B5, both sharing the twisted 1 strand. Homodimerization of Trbp111 is necessary to create
a binding site that recognizes the elbow structure of the tRNA molecule (Swairjo et al., 2000).
Contrary to Trbp111, EMAPII is a monomeric protein (Quevillon et al., 1997), it contains a C-
terminal extension that mimics the dimerization interface of Trbp111, providing a tRNA binding

site and preventing dimerization of EMAPII (Renault et al., 2001).

44



EMAPII is another appended domain that facilitates tRNA binding that is found only at the C-
terminus of human YRS and AIMP1. However, in both proteins, EMAPII domains have cytokine
activities. This depends on the presence of a cytokine peptide buried in the structure of EMAPII.
In the case of AIMP1 EMAPII, there is an heptapeptide "RIGRIVT" localized on the first § strand
(Kao et al,, 1994; Mirande et al., 2017). As for YRS, under specific conditions, it is secreted and
cleaved in two cytokine-active fragments, the free EMAPII domain and the remainder of the
protein known as mini-YRS (Wakasugi & Schimmel, 1999). Mini-YRS contains a tripeptide “ELR”
cytokine motif that is exposed upon cleavage of the domain EMAPII (S. W. Lee et al,, 2004).
Interestingly, the motif “ELR” is present only in higher eukaryotes and correlates with the
presence of EMAPII (Guo & Yang, 2014). EMAPII domains seems to be restricted to aaRS-related
proteins. Besides metazoan AIMP1 and YRS, EMAPII-like domains are also found in other
prokaryotic and eukaryotic aaRSs, including Pyrococcus abyssi MRS (Crepin et al., 2002), rice MRS
(Kaminska et al., 1999) and Entamoeba hystolytica KRS and MRS (Castro de Moura et al., 2011).

A. ageolicus Trp111

Figure 14. tRNA binding domains. A. Amphipathic N-terminal helices. These helices are found in
eukaryotic DRS, KRS and NRS. They are represented using helical wheel projections (HeliQuest). Charged
residues are concentrated on one side of the helix while hydrophobic residues are predominant on the
other side. B. EMAPII domain and its prokaryotic homologous Trbp111. The crystal structure of A.
aeolicus Trbp111 (1PYB) and the EMAPII domain of H. sapiens AIMP1 (1FLO) are shown in similar
orientations. Both proteins contain an OB-fold formed by two groups of -strands, 32-3 (light blue) and
34-B5 (green), organized around a twisted 31 (dark blue) strand. A small a-helix (red) caps the N-terminus
of the OB-fold. Trbp111 is a dimeric protein and the interface of interaction between the two monomers
provides the site for tRNA binding. On the other hand, EMAPII is monomeric and contains an extension
(purple) that mimics the dimerization interface of Trbp111, providing the interface for tRNA binding. The
EMAPII extension and the mimicked monomer of Trbp111 are enclosed with dashed lines.
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3.2. More than glue for aaRSs

3.2.1. Protein binding UNEs

IRS contains two large additions at the C-terminus (UNE-I; and UNE-I;). UNE-I, exists only in
vertebrates, interacts with the WHEP domains of EPRS and therefore may play a role in retaining

IRS in the MARS complex (Rho et al., 1996; Rho et al., 1999).

LRS contains a unique domain UNE-L at the C-terminus, which allows interaction with Rag
GTPase. Indeed, in human cells, LRS acts as a leucine sensor that activates the mTORC1 complex,
a major regulator of cell growth and metabolism. Leucine binds the active site of LRS, promoting

the interaction of the enzyme with Rag GTPase, which then activates mTORC1 (Han et al., 2012).

SRS contains a small motif of about 30-40 aa at its C-terminus. This UNE-S includes a nuclear
localization signal (NLS) that allows SRS to enter the nucleus, regulate the VEGFA (Vascular
Endothelial growth Factor A) through an unknown mechanism, and is essential for vascular
development in zebrafish. However, UNE-S has only little effect on the aminoacylation activity of

human SRS (Fukui et al., 2009; Xu et al., 2012).

3.2.2. WHEP domains

The WHEP domains exist only in aaRSs’ genes. This domain was named in this way because it was
initially identified in WRS, HRS and the bifunctional EPRS (Guo et al., 2010). In human, single
WHEP modules are found at the N-terminus of WRS, HRS and GRS, at the C-terminus of MRS and
as three tandem repeats linking ERS and PRS in the bifunctional enzyme (Guo et al., 2010).
However, the distribution and the number of WHEP domains in EPRS may vary between 3 and 6
depending on species. This domain is a 50-amino acids long polypeptide that fold as a simple
helix-turn-helix structure, with five conserved K and R residues forming a basic patch on one side
of the structure (Figure 15A) (Rho et al. 1998; Cahuzac et al., 2000). This K and R-rich motif
suggests that WHEP domains might be non-specific tRNA-binding motifs, though experiments
testing this hypothesis have not come to a clear conclusion (Cerini et al., 1991; Wakasugi et al,,
2002). However, it has been demonstrated that WHEP domains interact with proteins and other
RNAs, then tRNAs. WHEP domains of EPRS interact with (1) the ribosomal protein L13a, (2) the
protein NSAP1, (3) the GADPH and (4) the 3’ UTRs of a number of pro-inflammatory mRNAs to
form the y-interferon activated inhibitor of translation (GAIT) complex (Jia etal., 2008;
Mukhopadhyay et al., 2009; Arif et al., 2011).
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In addition, the WHEP domain of the human WRS regulates its angiostatic activity. Indeed, the
crystal structure of human WRS showed that the orientation of the WHEP domain still allows
entry of tryptophan and ATP in the active site and does not interfere with aminoacylation.
However, it hides the residues involved in the interaction with the extracellular domain of VE-
cadherin (Ilyin et al., 2000; Wakasugi et al., 2002; Tzima et al., 2003). Suppression of the WHEP
domain, either by proteolysis or alternative splicing, produces a short version of the WRS able to

interact with VE-cadherin, which is a surface protein involved in adhesion of endothelial cells.

MRS
(2DIVU)

H.sopiens-MRS-WHEP/1-79
H.sapiens-HRS-WHEP/1-73
H.sapiens-WRS-WHEP/1-54
C.griseus-EPRS-WHEP2/1-53

*

a-helical
domain

RRS LEQLQEENLKLKYRLNILRKS

Figure 15. Three types of protein-protein interaction domains. A. WHEP domains. The 3D structure
ofthe WHEP domains from human WRS, HRS, MRS and EPRS from Cricetulus griseus (second WHEP repeat).
PDB accession numbers are indicated in parenthesis. Conserved K and R residues are colored in blue and
marked with asterisks in the corresponding multi sequence alignment at the bottom of the figure.
B. Leucine zipper in the complex AIMP1:RRS. Hydrophobic interactions in leucine zippers (LZ) are
mediated by conserved leucines (L) appearing every fourth position in a repeat of seven amino acids. These
leucines are represented as red sticks in the structure of human AIMP1:RRS complex (4R3Z) and are
highlighted in the corresponding sequences. C. Structure of a GST fold. A glutathione S-transferase (GST)
fold is composed of a N-terminal thioredoxin-like moiety (blue) and a C-terminal a-helical domain (orange).
The GST of the elongation factor 1B-y from yeast (1NHY) is shown here.
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3.2.3. Leucine zipper

The leucine zipper (LZ) is a long helical domain that usually has several leucine residues with side
chains aligned on the same side of the helix (Figure 15B) (Struhl, 1989; Buckland & Wild, 1989).
This creates a hydrophobic backbone that connects with its partner to form a coiled coil zipper.
These domains are found in many proteins (Rose & Meier, 2004), but in the context of metazoan
aaRSs, they are exclusively dedicated to the assembly of the MARS complex. AIMP1, AIMP2 and
RRS contain LZs at their N-terminal end (Guo et al.,, 2010). The LZ of RRS interacts with the LZ of
AIMP1, which in turn interacts with the LZ of AIMP2, forming a sub-complex (Robinson et al,
2000; Ahn et al., 2003) (Figure 16).

3.2.4. Glutathione-S-transferase domains

GST domains, as structural modules, are commonly used for protein assembly and protein folding
regulation, and many of them have no known enzyme activity. The Glutathione-S-transferase
(GST) fold is composed of two parts (Figure 15C): (1) a N-terminal domain adopting a topology
similar to that of the thioredoxin fold, consisting of four -sheets with three flanking a-helices,
and (2) a C-terminal domain containing an all-a-helical core structure composed of five or six

amphipathic a-helices (Dirr et al., 1994; Sheehan et al., 2001).

Apart from a few exceptions, non-catalytic GST domains are fused to proteins involved in
translation: the subunit y of eukaryotic elongation factor 1 (eEF1-y) (Koonin et al., 1994), AIMP2,
AIMP3 and four class I aaRSs (EPRS, MRS, VRS and CRS). All aaRSs containing GST domains are
found in complexes (Figure 16). EPRS, MRS, AIMP2 and AIMP3 are part of the MARS complex
(Quevillon et al., 1999; Cho et al,, 2015); VRS interacts with the complex eEF1-a/eEF1-3/eEF1-
6/eEfl-y, (Bec et al., 1989; Bec et al., 1994); a GST-containing CRS is produced by alternative
splicing in human and interacts with eEF1-y (J.E. Kim et al., 2000). In all cases, binding the MARS

complex or the translation elongation factors would facilitate tRNA channeling to the ribosome.
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4. Exploration of MARS complexes

The most straightforward way to regulate the alternative functions of aaRSs is, perhaps, the
assembly of multi aminoacyl-tRNA synthetase (MARS) complexes (Havrylenko & Mirande, 2015).
Sequestration inside the complex confines the activity of the enzyme to their aminoacylation
function, while they can perform alternative roles upon release. Additionally, the assembly of
aaRSs in complexes seems to enhance their aminoacylation activity, particularly when aaRS-
interacting multifunctional proteins (AIMP) are incorporated (Cestari et al, 2013), and may
facilitate channeling of tRNA to the ribosome. There are three accessory proteins associated to
the human MARS complex, which are called AIMP1, AIMP2 and AIMP3. In protozoans, the name

of the unique AIMP varies a lot.

4.1. The human MARS complex

The size of the human MARS complex is estimated to be approximately 1.5 MDa and discrepancies
between electron microscopy and SAXS studies suggest that it has a significant conformational
flexibility (Norcum & Boisset, 2002; Dias et al., 2013). It is composed of nine aaRSs: MRS, DRS,
KRS, RRS, LRS, QRS, IRS and EPRS (Mirande et al., 1985), and three AIMPs: AIMP1 (Quevillon et
al,, 1997), AIMP2 (Quevillon et al., 1999) and AIMP3 (Quevillon & Mirande, 1996) (Figure 16).

Four proteins - MRS, AIMP3, EPRS and AIMP2 - contain GST domains and form a heterotetrameric
complex that function as scaffold for other MARS components (Cho et al.,, 2015). The WHEP
domains of EPRS interact with a unique C-terminal extension (UNE-I) in IRS (Rho et al., 1998),
which then binds the N-terminal region of LRS (K. Khan et al., 2020). AIMP2 also contains a N-
terminal Leucine Zipper (LZ) that allows interaction with both a dimer of KRS (Quevillon et al,,
1999; Ofir-Birin et al.,, 2013) and a portion of the N-terminal LZ of AIMP1 (Ahn et al,, 2003). A
second portion of the LZ of AIMP1 allows the recruitment of RRS by interacting with its N-
terminal LZ (Fu et al,, 2014). QRS integrates the complex by interacting with both RRS and AIMP1
via its catalytic domain (T. Kim et al., 2000; Fu et al,, 2014). The flexible C-terminal EMAPII
domain of AIMP1 does not participate in complex assembly and can be removed without
disruption of the complex (Shalak et al. 2001). Finally, homodimerization of DRS, PRS and
possibly AIMP2 allow the formation of a bisymmetric complex (Mirande, 2017; Hyeon etal., 2019;
Choetal, 2019).
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Figure 16: Architecture of human MARS complex. AIMP2 is the component with the largest number of
binding partners and is essential for the assembly of the complex (]. Y. Kim et al., 2002). The components
in the MARS complex can be grouped in two subcomplexes based on their association with AIMP2
(Robinson et al., 2000; Kaminska et al. 2009). The subcomplex I contains MRS, AIMP3, EPRS, IRS, LRS, KRS
and DRS and the subcomplex Il is composed of AIMP1, QRS and RRS. Two other small complexes, organized
around the y subunit of the elongation factor 1 (EF1y), have been also identified. EFla, EF1, EF1y and
EF16 constitute the EF1a GTP exchange factor (Bec etal. 1994; J.E. Kim et al.,, 2000). This complex promotes
the exchange of the bound GDP for GTP to regenerate active EF1a-GTP. Figure adapted from Mirande
(2017), Cho et al. (2019), Hyeon et al. (2019) and Khan et al. (2020).

4.2. The yeast MARS complex

In yeast S. cerevisiae, MRS and ERS form a complex with the protein Arclp, an AIMP homologous
to human AIMP1/AIMP2 (Simos et al., 1996). Arclp possess a N-terminal GST domain (Simader,
Hothorn & Suck, 2006) and a C-terminal tRNA binding domain similar to an EMAPII-like domain
(Giessen et al., 2015). Contrary to classical GSTs, which are dimeric enzymes, Arclp behaves as a
monomer in solution (Golinelli-Cohen & Mirande, 2007; Koehler et al., 2013). Genetic studies

suggested that the N-terminal domain of Arc1p is necessary and sufficient to bind simultaneously
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the N-terminal GST domains of MRS and ERS (Galani et al., 2001) (Figure 17A). The crystal
structure of two binary subcomplexes containing the N-terminal domain of Arclp in complex
with either the N-terminal domain of MRS or the N-terminal domain of ERS suggest a specific
mode of assembly where Arclp and MRS interact like a canonical GST dimer while Arc1p while

ERS interact using a novel interface (Simader, Hothorn, Kéhler et al., 2006).

Figure 17: Organization of two protozoan MARS complexes. A. Saccharomyces cerevisiae MARS
complex. The complex is composed of two aaRSs - ERS and MRS - and the AIMP Arclp. Assembly occurs
through interaction of GST domains appended to the N-terminus of these proteins. In fermenting yeast,
Arclp binds simultaneously ERS and MRS and confine them in the cytoplasm. Upon change to respiration,
both ERS and MRS are released and targeted to mitochondria and nucleus, respectively. There, they
perform functions to support the respiratory metabolism. B. Toxoplasma gondii MARS complex. The
complex is composed of one AIMP (Tg-p43) and four aaRS (ERS, QRS, MRS and YRS). Except for YRS,
complex assembly occurs through interaction of GST domains at the N-terminus of each partner.
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Arclp has two functions in the complex. First, it enhances the tRNA aminoacylation of both ERS
and MRS (Simos et al,, 1998; Golinelli-Cohen & Mirande, 2007; Graindorge et al., 2005). This
function can be replaced by the human protein AIMP1, even if this protein does not interact
neither with MRS nor ERS. This suggests that physical interaction with the aaRSs is not necessary
to enhance tRNA aminoacylation. It has been suggested that Arclp and AIMP1 may be involved
in sequestering tRNA in order to increase its local concentration in the cytoplasm (Golinelli-
Cohen et al., 2004). Second, Arclp confines both the MRS and ERS in the cytoplasm. As the yeast
switches from fermentation to respiration, the expression of Arclp is down-regulated, causing
the release of both MRS and ERS from the complex (Frechin et al., 2014); ERS is then partially
relocated to the mitochondria where it synthesizes glutaminyl-tRNA® via the GatFAB-dependent
transamidation pathway and thus boosts the translation of the mitochondria-encoded F1FoATP
synthase complex (Frechin et al., 2009); MRS is translocated to the nucleus where it regulates the
