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Abbreviations . ......................................................................................................................................... I. Introduction ..................................................................................................................................... Malaria is mostly prevalent in countries with particular climate conditions necessary for the habitat of the mosquito Anopheles: high temperatures, high humidity and seasonal rainfalls. However, the incidence of this disease is also influenced by different factors related to the man's activities as agriculture, migration movements or even wars. Indeed, in many areas, the high incidence of malaria is closely related with the socio-economic environment of the country, so under-developed countries are more susceptible to have a higher incidence.
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Other elements that can affect the incidence of malaria are the susceptibility of the parasite against treatments, the population density of the mosquito vector, and longevity or insecticide susceptibility, among others (Autino et al. 2012;Machault et al. 2011).

In 2016, there was about 216 million cases of malaria reported worldwide with 90% accounted for the African regions, 7% to the South-East Asia regions, and 2% to the Eastern Mediterranean regions. 15 countries carry 80% of the global burden among them, 14 situated in sub-Saharan Africa and India. With regard to the mortality, malaria caused 450 000 deaths, 91% occurring in African regions and 6 % in the South-East of Asia (World Health Organization 2017b). Importantly, about 70% of the total deaths were children under the age of 5, estimating that one child died every two minutes (World Health Organization 2016). In fact, the populations with a high risk acquiring malaria are those ones with a low immunity, like children under 5 years old, pregnant women or travellers visiting endemic countries (World Health Organization 2018).

Due to the efforts to control malaria and to the economic development, between 2000 and 2015 the incidence rate decreased globally 41%, the mortality rate decreased globally of 62%, and 17 countries eliminated malaria completely reporting zero indigenous cases 1 for 3 years or more (fig 1 . Although malaria s incidence and mortality have globally declined over the past 18 years, this decline has started to stall since 2014 (World Health Organization 2017b). There are still many efforts to do on the prevention part, including the access to the public health services. In 2000, 108 countries were reported endemic for malaria, and in 2016, 91 countries still remained endemic. Kyrgyzstan and Sri Lanka were certified malaria free in 2016, countries with zero indigenous cases over the past 3 consecutive years are eligible to request certification of malaria free status from WHO (World Health Organization 2017b).

I-1-2 Plasmodium parasites and their complex life cycle

Plasmodium species, the parasites responsible of malaria belong to the Apicomplexa phylum. About 200 Plasmodium species exist and can infect mammals, birds and reptiles. Five species of Plasmodium infect humans: P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. The two most prevalent parasites are P. falciparum and P. vivax, P. falciparum is responsible of ~99% of malaria cases in Africa, while P. vivax is responsible for 64% of malaria cases in the Americas, 30% in South East Asia, and 40% in the Eastern Mediterranean regions (World Health Organization 2017b) Plasmodium parasites are obligate intracellular parasites and, like other parasites of the Apicomplexa phylum, the infective forms are characterized by an apical complex (fig 2).

In this apical complex region, we find the polar rings (the organizing center of microtubules). In addition, we find the apical secretory organelles, rhoptries and micronemes, which release their contents sequentially during parasite motility and host cell invasion [START_REF] Baum | Host-Cell Invasion by Malaria Parasites: Insights from Plasmodium and Toxoplasma[END_REF][START_REF] Counihan | Plasmodium Rhoptry Proteins: Why Order Is Important[END_REF]). They also possess an inner membrane complex (IMC) or pellicular cisterna (Harding and Meissner 2014), made of flattened membrane sacs (alveoli), supported by the thin filaments of the subpellicular network. A unique mitochondrion is found just under the IMC, closely linked to a vestigial plastid related to the plant chloroplast, the apicoplast, which is surrounded by four membranes [START_REF] Mcfadden | Plastids in Apicomplexan Parasites[END_REF]). The food vacuole is formed during the intraerythrocytic stage of the parasite when haemoglobin is proteolyzed. Three-dimensional organisation of a P. falciparum merozoite. The characteristic organelles of a merozoite are represented with the apical complex composed of the polar rings, the two rhoptries, the micronemes and the dense granules. Under the plasma membrane is found the pellicular cisterna attached by the filament of the subpellicular network. The unique mitochondrion is closed to the pellicular cisterna and linked to the apicoplast, a plastid related to chloroplasts. (Bannister et al. 2000) The malaria disease was already known during the Antiquity; however, its causative agent, the Plasmodium parasite, was only discovered in 1880 by Alphonse Laveran, a French military doctor who received the Nobel Prize for his discovery in 1907 (Sherman 2005;Cox 2010). The transmission of the parasite by the mosquito was described by Ronald Ross, a surgeon-major in the Indian medical service, working first on human malaria and later, on bird malaria. He was awarded the Nobel Prize in 1902 (Sherman 2005).

The life cycle of Plasmodium parasite is divided in two parts, one occurring in the animal host and the other in the insect vector, the female mosquito of the Anopheles genus (Sherman 2005;[START_REF] Heussler | Plasmodium[END_REF]) (Fig 3). The Plasmodium parasite is first transmitted into the host by an infected female mosquito during blood meal. At this moment, less than sporozoites are released from the mosquito s salivary glands into the skin of the host. Not all the sporozoites succeed to migrate from the skin to the blood vessel (Amino et al. 2006). However, once in the bloodstream, it takes less than an hour for the sporozoites to reach the liver and invade the hepatocytes. The liver stage of the parasite, after hepatocyte invasion, lasts from 2 to 10 days. During this time, the parasite multiplies asexually, releasing between 10 000 and 40 000 merozoites per hepatocyte.

Then, the merozoites leave the hepatocyte inside a membranous bud called the merosome and enter the blood system. In two Plasmodium species, P. vivax and P. ovale, a proportion of liver-stage parasites, named hypnozoites, can remain dormant in the hepatocytes for months or several years without clinical manifestations (Richter et al. 2010). Thereby, they can initiate a cycle of asexual reproduction in the absence of a new mosquito bite. Within 2 hours after reaching the blood circulatory system, the merozoites invade red blood cells (erythrocytes or reticulocytes, depending on the Plasmodium species), starting another cycle asexual reproduction or schizogony. After invasion of the red blood cell, the merozoite goes through different stages or forms inside the host, evolving from an initial state called ring stage to the trophozoite and, then, to the schizont. Each mature schizont gives a new generation of merozoites that are released into the blood system after the lysis of the red blood cell. These merozoites can invade other red blood cells and repeat more schizogony cycles, resulting in up to a 10-fold increase of the parasite population. Most of clinical symptoms in malaria are caused after red blood cell destruction. After a new invasion of a red blood cell, some parasites switch to a sexual differentiation leading to male and female gametocytes.

These gametocytes are released into the blood system and ingested by a female mosquito during blood feeding. In the mosquito, the male gametocyte divides into eight flagellated microgametes that escape from the red blood cell in a process called exflagellation (Sinden et al. 2010). Then, the microgamete fertilizes one female macrogamete to form the ookinete, which due to its motility, moves through the cells of the stomach wall and differentiate into an oocyst. Into the oocyst, sporozoites are formed after asexual multiplication; then, the oocyst bursts and the released sporozoites migrate to the mosquito salivary glands. Finally, when the female mosquito takes a new blood meal, it injects the sporozoites in the new host, completing, therefore, the cycle. The female Anopheles mosquito injects sporozoites in the host during a blood meal. The sporozoites move to the liver and invade hepatocytes, in which they asexually multiply to produce merozoites that are released into the blood stream from the merosome. Merozoites invade erythrocytes and go through different stages: an initial ring stage followed by a trophozoite form, and, finally, the mature schizonts that evolve to merozoites. Merozoites, released by the lysis of the erythrocyte, can reinvade new red blood cells and perform new schizogony cycles. Some merozoites after erythrocyte's invasion differentiate into either male or female gametocytes that, after being released to the blood systems, are ingested by a mosquito. Into the mosquito's gut, the mature male microgamete fertilizes the mature female macrogametes, leading to the fertilized zygote forms known as ookinetes due to their high motility. Ookinetes develop into an oocyst where the sporozoites are formed by asexual reproduction. Finally, these sporozoites are released and migrate to the salivary glands, where they will be transmitted to a new host after a new blood feeding. (Cowman, Berry, and Baum 2012) In some cases, the malaria infection is not due to the bite of a mosquito. The parasite can be also transmitted from mother to child during pregnancy or even after a blood transfusion with infected blood (Abdullah and Karunamoorthi 2016; Poespoprodjo et al. 2010).

I-1-3 Treatments and resistance 1. Symptoms and diagnosis

Symptoms:

After infection by the bite of the female mosquito, the incubation period between the infection and the apparition of the symptoms varies between 9 to 30 days depending on the Plasmodium species. P. falciparum has the shortest period and P. malaria the longest one (Bartoloni and Zammarchi 2012). This period can vary depending on several factors, such as the immunity of the person, the use of chemoprophylactic drugs or the parasite density inoculated. The clinical symptoms are fundamentally associated to the erythrocytic stage of the parasite. The release of the red blood material and accumulated wastes from the parasite after erythrocyte's rupture and merozoite release, induces a reaction by the immune system, resulting in periods of high fever. Usually, the infection leads to a so-called uncomplicated malaria, defined by non-specific symptoms such as fever, chills, sweat, body-aches, headache, cough, diarrhoea, nausea and vomiting, which can be related to other infections like flu, rendering complicated the diagnosing. The fever is irregular and appears after each of the schizogony cycles. Thrombocypenia is also common in uncomplicated malaria. Importantly, the delay in the diagnosis, lack of treatment, and the immunological background of the host can lead to a severe form of malaria.

Severe malaria can lead to different complications as cerebral malaria, respiratory failure, pulmonary oedema, kidney injuries, hypoglycaemia or severe anaemia (Trampuz et al. 2003). One feature of severe malaria caused by P. falciparum is the sequestration of infected erythrocytes in the microvasculature contributing to metabolic acidosis and organ damages. Indeed, cerebral malaria, the most severe neurological complication of P. falciparum malaria, is caused by the sequestration of infected erythrocytes within cerebral blood vessels (Idro, Jenkins, and Newton 2005). Clinical symptoms of severe malaria are, among others, prostration, impaired consciousness, coma, convulsion, jaundice, anuria and hypoglycaemia. Moreover, severe malaria is propitious for invasive bacterial infections in children. In addition, HIV infection is a major risk after severe malaria development (Ashley, Pyae Phyo, and Woodrow 2018; Bartoloni and Zammarchi 2012;Cowman et al. 2016).

In the case of non-immune pregnant women, malaria can cause a severe pathology for the mother (like pulmonary oedema and hypoglycaemia) and can lead to stillbirth or premature labour. For women with a certain degree of immunity, the infection with malaria normally results in anaemia for the mother and a low birth weight for the child.

Sequestration of parasites in the placenta can also occur (Cowman et al. 2016).

Diagnosis:

The diagnosis is mostly based on a parasitological test by microscopic examination or Rapid Diagnosis Tests (RDT) of a blood sample. In addition, and if the resources are available, the parasite s nucleic acid can be detected by PCR. It is very important to do the tests and have a diagnosis as fast as possible, especially for children and nonimmunized population for whom the infection can be rapidly fatal [START_REF] Moody | Rapid Diagnostic Tests for Malaria Parasites[END_REF]Wongsrichanalai et al. 2007; Mathison and Pritt 2017).

The microscopy analysis is based on a stained blood film to directly visualise the parasites and to quantify the parasitemia M -A Laboratory Diagnosis of Blood-Borne Parasitic Diseases; Approved Guideline . This widely used technique is called the gold standard to diagnose Plasmodium infection, and it requires trained people.

Fluorescence microscopy is also used but it needs a specific microscope and trained people and, sometimes, it is not accessible in endemic areas.

RDT are based on the detection of parasite-specific antigens or enzymes that are genus or species-specific. This test gives a result in 15-30 min and requires no laboratory or trained people. They are immune chromatographic tests that use monoclonal antibodies targeting three parasite's enzymes. In P. falciparum, they target the histidine rich protein HRP-2, a water-soluble protein present during the asexual and the early gametocyte, stages of the parasite and presented at the surface of the erythrocyte. The HRP-2 antigen can be found even after successful treatment so it will not inquire on the disease s evolution. The parasite s lactate deshydrogenase, pLDH, from the glycolytic pathway is also used and it is a pan-species marker. The parasite s enzyme aldolase is also used as pan-species marker and it is mostly used in combination with HRP-2 detection (Wilson 2012).

The parasite's nucleic acid detection by PCR is also used as diagnosis tool since it is a very sensitive technique which can detect very low parasitemia. Detection of the 18S rRNA and the circumsporozoite gene allows to identify the different Plasmodium species (Vasoo and Pritt 2013). The downside of this technique is that it can detect also dead parasites after successful treatment, so it is not suited for monitoring the level of parasitemia after treatments.

Protection: chemoprophylaxis, vaccines and vector control

In order to decrease the incidence of malaria, prevention measures were applied. This includes chemoprophylaxis, control of the mosquito vector, and, most importantly, the development of vaccines.

Chemoprophylaxis: For pregnant women and children, an intermittent preventive treatment consists on a minimum dose of sulfadoxine-pyrimethamine (SP) (Ashley, Pyae Phyo, and Woodrow 2018). In the areas with seasonal malaria, children receive a combination of SP and amodiaquine. In the case of travellers, the preventive treatment is the combination of atovaquone and proguanil, sold under the name Malarone®.

Doxycycline, mefloquine and primaquine are also used for traveller s prophylaxis.

Control of mosquito vectors and/or bite prevention: The insecticide dichlorodiphenyltrichloroethane (DDT) was discovered at the beginning of the 1940s and was a powerful tool for eliminating the mosquito vector until mosquitoes started to develop resistance against this molecule. Nowadays, in high transmission areas, the most effective measures for controlling the malaria vector, and, therefore, infection are the combination of long-lasting insecticidal nets and indoor residual spraying (Ashley, Pyae Phyo, and Woodrow 2018).

Vaccination: To radically eliminate malaria it is mandatory to design an effective vaccine to provide immunity to high risk population as children and pregnant women. Different vaccines are currently under development, targeting different stages of the parasite s life cycle (Coelho et al. 2017). To this day, the most developed one is the RTS,S/ AS01 vaccine that is already in phase IV of clinical trials (Gosling and von Seidlein 2016). This vaccine contains the central repeat region of the P. falciparum circumsporozoite protein (CSP) fused to the Hepatitis B surface antigen, HBS. Other vaccines are composed by whole attenuated parasites by either radiation (PfSPZ) (Greenwood 2017;Mordmüller et al. 2017), genetic attenuation (GAP) or chemical attenuation (CVac). Vaccines

targeting the blood stage include the vaccine containing the Plasmodium Apical Membrane Antigen (AMA1) together with the rhoptry neck protein 2 (RON2), or the one containing the parasite s Reticulocyte Binding Protein Homolog 5 (PfRH5) [START_REF] Douglas | A PfRH -Based Vaccine Is Efficacious against Heterologous Strain Blood-Stage Plasmodium Falciparum Infection in Aotus Monkeys[END_REF]. All these vaccines contain essential components of the merozoite s invasion machinery and, therefore, they are designed to block infection. Some vaccines are designed to block the transmission by the mosquito, targeting antigens present in the sexual stage parasite inside the mosquito. After vaccination, the antibodies generated by the host s immune response are taken by the mosquito during blood feeding and, therefore, they can reach their target. Finally, and since placental malaria caused by P.

falciparum is a major cause of maternal, foetal and infant mortality, important efforts have been made to understand the mechanisms of this type of infection, representing a promising path for vaccine development (Fried and Duffy 2015).

Treatments

One of the first isolated molecules with antimalarial properties was the quinine, a molecule extracted from the tree Cinchona succirubra in 1817 by the French pharmacists Pelletier and Caventou (Lee 2002). Quinine remained the mainstay of malaria treatment until the 1920s when more effective synthetic anti-malarials became available like chloroquine. Quinine is still used in combination with antibiotics mainly for uncomplicated malaria and pregnant women (Achan et al. 2011). Chloroquine attained a worldwide use as antimalarial drug at the end of the 1940s due to its low toxicity, efficacy and affordable price (Slater 1993). It was commonly used together with the insecticide DDT, and its use has had a huge impact on malaria elimination in low transmission-rate countries. However, from the 1960s onwards, use of chloroquine progressively succumbed to the appearance and spread of resistant strains of Plasmodium around the world [START_REF] Trape | The Public Health Impact of Chloroquine Resistance in Africa[END_REF]) that stalled the elimination of malaria (Fidock et al. 2004). Nowadays, chloroquine still maintains some efficacy in areas where patients have acquired partial immunity to malaria (Petersen, Eastman, and Lanzer 2011). Currently, the most effective treatment for malaria are artemisinin-based combination therapies (ACTs), that combine a semi-synthetic derivative of artemisinin, a chemical compound isolated from the Chinese wormwood Artemisia annua, with a partner drug. Artemisinin was first isolated in the 1970s by Chinese scientists and more particularly by Youyou Tu who was awarded the Nobel Prize in 2015 (Youyou 2015). At present, the most common derivatives of artemisinin are artesunate, artemether, arteether and dihydroartemisinin (Meshnick 2002).

Antimalarial drugs in the current arsenal have been classified in three broad categories according to their chemical structure and mechanism of action [START_REF] Arrow | Saving Lives, Buying Time: Economics of Malaria Drugs in an Age of Resistance[END_REF].

(1) Aryl aminoalcohol compounds: quinine, quinidine, chloroquine, amodiaquine, mefloquine, halofantrine, lumefantrine, piperaquine and tafenoquine; (2) Antifolate compounds: pyrimethamine, proguanil, chlorproguanil and trimethoprim; and (3) Artemisinin compounds: artemisinin, dihydroartemisinin, artemether and artesunate. Atovaquone is an antimalarial on its own class, commonly combined with proguanil (Malarone®) (Flannery, Chatterjee, and Winzeler 2013).

The ACTs consist in using two compounds that, theoretically, interact with two different targets in the parasite. This strategy aims at decreasing the appearance of resistant strains to this treatment since the probability of generating resistance to both compounds at the same time while preserving parasite s fitness is very low. In addition,

ACTs combine a compound with short half-life and rapid action (artemisinin and derivatives) with slowly-eliminated compounds which remain active much longer (amino alcohol compounds) (Eastman and Fidock 2009;Ashley, Pyae Phyo, and Woodrow 2018). The current ACTs used as first-line treatment of uncomplicated malaria are (table 1): artemether/lumefantrine, artesunate/amodiaquine, artesunate/mefloquine, artesunate/sulfadoxine/pyrimethamine, dihydroartemisinin /piperaquine. As to severe malaria, the treatment consists in artenusate, quinine or artemether. Finally, in the case of pregnancy, the treatment consists in a combination quinine/clindamycin or, in some cases, chloroquine.

Several antibacterial drugs (e.g., tetracycline, clindamycin) have also anti-malarial activity although, in general, their action is slow, so they are recommended only in combination with other antimalarial drugs.

Table 1: Artemisinin-based combination therapies with their target and the associated resistance to the partner drug [START_REF] Ouji | Plasmodium Falciparum Resistance to Artemisinin-Based Combination Therapies: A Sword of Damocles in the Path toward Malaria Elimination[END_REF] 

Mechanisms of action of antimalarial drugs and resistance to them

To develop new antimalarial drugs outwitting the capacity of the parasite to develop resistance against them, it is very important to have a deep knowledge of the mechanisms of action of the current drugs and also to understand the mechanisms that the parasite develops to fight back while keeping its physiological roles (also called, fitness cost).

The physical chemistry properties of chloroquine allow this drug to concentrate in the interior of the acidic food vacuole, since once on its interior the drug is protonated and cannot cross back the membrane. The food vacuole is involved in the enzymatic digestion of the host haemoglobin and, at the same time, in detoxifying the group heme resulting from haemoglobin digestion, which is dimerized to -haematin and crystallizes as the chemically inert malaria pigment, hemozoin (Rosenthal 2005). Chloroquine interferes with the heme dimerization process and therefore, avoids heme detoxification. The most common way for the parasite to develop resistance to this drug is by simply expelling it out from the food vacuole. In P. falciparum, this is achieved through different mutations in the gene that encodes the essential food vacuole transporter PfCRT (initially named chloroquine resistant transporter because the physiological substrates were unkown), giving it the capacity to recognize chloroquine and to transport it outside the food vacuole (Sidhu, Verdier-Pinard, and Fidock 2002). In addition, in chloroquine-resistant strains, point mutation in the encoding gene of another food-vacuole transporter, the P. falciparum multidrug-resistant transporter, PfMDR1 is also implicated in chloroquine resistance (Schlitzer 2007;Duraisingh and Cowman 2005).

Antifolate drugs interfere with the folic acid synthesis by inhibiting the parasite s enzymes dihydrofolate reductase-thymidilate synthase (DHFR) and dihydropteroate synthase (DHPS). Mutations in both genes allow the parasite to acquire resistance to those drugs (Antony and Parija 2016).

Atovaquone interferes with the mitochondrial electron transport leading to the inhibition of cellular respiration. Atovaquone s resistance is accomplished by the parasite by single-point mutations in the gene encoding the cytochrome b (Antony and Parija 2016).

The mechanism of action of artemisinin is still under considerable debate. It was first proposed that the main mechanism of action of artemisinin is to create toxic free radicals in the parasite s cytoplasm. Other proposed mechanisms involve targeting the heme polymerization (as chloroquine does) or inhibiting the respiratory chain of the parasite s mitochondrion (Cui and Su 2009). A few years ago, Krishna and co-workers (Eckstein-Ludwig et al. 2003) proposed that PfATP6, the unique endoplasmic reticulum Ca 2+ ATPase homolog of P. falciparum, was indeed the target of artemisinin; however, a direct interaction of PfATP6 and artemisinin was discarded in our laboratory using recombinantly-produced PfATP6 (Arnou et al. 2011;[START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF]). Instead, recent studies have provided solid evidences that artemisinin and derivatives are potent inhibitors of the P. falciparum phosphatidylinositol-3-kinase (PfPI3K) (Mbengue et al. 2015). In addition and although the resistance mechanism is still not fully understood, a mutation in the propeller domain of the gene encoding the Kelch protein 13 (K13) was associated with artemisinin resistance (Mbengue et al. 2015). The function of this protein is still unknown but it shares homologies with the human Keap1 protein, involved in the cell response to oxidative stress. K13 is localised in the reticulum endoplasmic of the parasite [START_REF] Ouji | Plasmodium Falciparum Resistance to Artemisinin-Based Combination Therapies: A Sword of Damocles in the Path toward Malaria Elimination[END_REF]).

Although the mechanism of action of quinine is still unknown, the main resistance is due to an increased number of the gene copies encoding PfMDR1, also implicated in the resistance to other amino alcohol (Schlitzer 2007). In addition, resistance to this drug is linked to simultaneous mutations in different membrane transporters as PfMDR1,

PfCRT, and the sodium/hydrogen exchanger , PfNHE1 (Cheruiyot et al. 2014).,

The antibiotics used in combination with other antimalarial drugs are prokaryotic protein-synthesis inhibitors and their target is localized in the apicoplast (Fidock et al. 2004).

Finally, a new class of antimalarial drug molecules, the spiroindolones, were shown to target the P. falciparum Na + /K + ATPase pump, PfATP4 (Rottmann et al. 2010; Natalie J. Spillman et al. 2013).

I-2 Membrane transport proteins from Plasmodium falciparum

The appearance and spreading of P. falciparum strains resistant to practically all the antimalarial drugs urge the development of new treatments, which implies more efforts towards the identification and validation of essential proteins of the parasite that can be used as drug targets. Membrane transport proteins (MTP) encoded by the parasite represent an important, yet little explored, potential source of new drug targets. In fact, in humans, MTPs are considered as one of the most important pharmacological targets due to their essential role in many physiological processes (Giacomini et al. 2010;Rask-Andersen, Almén, and Schiöth 2011). The intracellular mode of living of Plasmodium species requires precise mechanisms to import nutrients and precursors to fuel metabolic pathways, in addition to highly efficient systems to expel metabolites; and

MTPs are the main proteins responsible of these tasks. In addition, and as indicated earlier, they are directly involved in the drug-resistance mechanisms against current drugs. Therefore, to identify future candidates for drug targeting, it is very important to study in detail the different membrane transporters encoded by the parasite, to know at which stage of its life cycle they are expressed, where they are localised within the cell, what are their functional characteristics (this include the identification of their physiological substrate), and how the absence or functional depletion of a particular transporter may affect the viability of the parasite.

The genome of the P. falciparum strain 3D7 is composed of ~23 megabases distributed on 14 chromosomes. It is one of the most A+T rich genome, accounting for 80% of its composition. The sequencing of the entire genome in 2002 (Gardner et al. 2002) allowed the identification of about 5 268 protein-coding genes. 

I-2-1 Membrane transporters in the infected erythrocyte

As explained earlier, MTPs are necessary for the physiology and the development of the parasite within the erythrocyte. They mediate the uptake of nutrients through the different membrane compartments of the parasitized cell, as well as the generation and maintenance of the electrochemical gradients across the membranes and the removal of the metabolic wastes, including xenobiotics. MTPs are also associated to the resistance to antimalarial drugs and can be themselves drugs targets (Kirk & Lehane, 2014;Staines et al., 2010).

After invading the erythrocyte, P, falciparum starts developing inside the host, where it multiplies different organelles such as the nucleus, the endoplasmic reticulum, the Golgi apparatus, the food vacuole, the mitochondrion or the apicoplast; all of them surrounded by lipid membranes (see scheme fig 4) (Staines et al., 2010). In addition, P. falciparum radically modifies the properties of its host cell plasma membrane by exporting and inserting in it its own proteins (Maier et al. 2009). The subcellular localisation of a few number of MTPs have been determined by fluorescent tagging in the cell using antibodies (Martin, Ginsburg, & Kirk, 2009), in situ tagging with the GFP or hemagglutinin tags. However, for a large proportion of them, the localisation still needs to be determined. Most of the information we have with respect MTPs localization in the different membranes comes from functional studies or indirect assays. 

I-2-2 Genetic studies on the membrane transporters

Different genetic manipulation tools have been recently used to study the role of MTPs in the Plasmodium life cycle. The importance of some Plasmodium MTPs has been uncovered after disrupting the target genes and observing a deleterious effect upon parasite's survival. A transposon mutagenesis approach on P. falciparum showed that 2680 out of 5399 genes (87%), were essential for optimal growth during in vitro asexual blood stages (M. Zhang et al. 2018). A similar screening, although doing a full knockout of 2,578 genes of P. berghei, reported 1,652 essential genes needed for the parasite to grow in mice (Bushell et al. 2017), therefore estimating that almost two-thirds of the parasite genes are required for normal asexual growth during in vivo blood stage.

Concerning MTPs, the former study showed that 26 out of 79 MTPs, are essential for the parasite and another 19 from these 79 are required for normal growth (Bushell et al. 2017). Among these essential transporters, there is a considerable number of MTPs belonging to the P-type ATPase family (Weiner and Kooij 2016), implicated on both maintaining ion homeostasis and lipid translocation in membranes. For instance, PfATP4, the P. falciparum Na + /H + pump is required to maintain Na + homeostasis in the parasite and, therefore, it is not surprising to find that PfATP4 deletion resulted in a growth defect of the parasite (M. Zhang et al. 2018). Moreover, PfATP4 was identified as the target of the antimalarial drugs spiroindolones (Rottmann et al. 2010), and one of these molecules has already reached clinical trials (Natalie Jane Spillman and Kirk 2015). Another example of an essential P-type ATPase is the Plasmodium homolog of the sarcoplasmic/endoplasmic reticulum calcium pump, PfATP6, which regulates the intracellular Ca 2+ concentration of the parasitized cell (Kiaran Kirk 2015). As in other organisms, ion-transporting P-type ATPases encoded by malaria parasites are already considered as potential drug targets (Yatime et al. 2009; Natalie Jane Spillman and Kirk 2015). Importantly, besides these already characterized P-type ATPases, these studies have also shown that four putative aminophospholipid transporters belonging to the P4 subfamily of P-type ATPases are also essential or important for the parasite's normal development (Kenthirapalan et al. 2016;M. Zhang et al. 2018;Bushell et al. 2017). These transporters are still only poorly known and, therefore, their functional characterisation will give insights into their role for the parasite and into their potential as drug target.

I-2-3 Heterologous expression of Plasmodium membrane transporters

Plasmodium MTPs have important physiological roles for the parasite but our understanding of the Plasmodium membrane proteome is still quite limited: many essential Plasmodium MTPs are still waiting to be functionally characterized to understand their role within the parasite's life cycle (and, of course, to assess their suitability for drug targeting). Unfortunately, biochemical characterization of individual transporters in Plasmodium-infected erythrocyte cultures or in other "in vivo"

Plasmodium cultures is always complicated due to the low amount of protein under study, it has nevertheless been successful in a recent study with PfATP4 (Rosling et al. 2018). The production of Plasmodium MTPs in heterologous hosts is a valuable tool to assess in detail their functional properties, since it is possible to produce sufficient amount of protein for the desired experimental technique and, in addition, no other proteins from the parasite are present that, presumably, might interfere with the results.

Different organisms can be used and the choice depends on the type of protein that will be produced, the resources and experience of the laboratory, and what kind of analysis will be performed with the recombinant MTP. Moreover, one of the difficulties to heterogously produce proteins from P. falciparum is that its genome contains a very high proportion of A+T bases (Weber 1987), hardly compatible with commonly used heterologous hosts. Consequently, to overexpress P. falciparum proteins it is necessary to use synthetic cDNA, where both the whole sequence and the individual codons are optimised for the chosen expression host.

Different expression systems have been already used to produce Plasmodium proteins (reviewed by Birkholtz et al. 2008): E. coli, S. cerevisiae, Pichia pastoris, insect cells, mammalian cells, X. laevis oocytes, single-celled amoeba Dictyostelium discoideum, T.

gondii and even cell-free system. Interestingly, the most popular expression systems to produce and study Plasmodium MTPs are the X. laevis oocytes and yeast (K Kirk et al.

2005). Using Xenopus oocytes has been the method of choice for characterizing

Plasmodium MTPs, particularly because the oocytes appear to be more tolerant than other eukaryotic cells to the peculiar codon preferences of Plasmodium genes (Penny et al. 1998). The oocyte system has been shown to provide a useful method for the characterisation of several Plasmodium MTPs (Natalie Jane Spillman and Kirk 2015) like the Equilibrative Nucleoside Transporters 1 and 4, PfENT1 and PfENT4 (Frame et al. 2012;Carter et al. 2000;Parker et al. 2000), the Hexose Transporter PfHT (Woodrow, Penny, and Krishna 1999;Woodrow, Burchmore, and Krishna 2000), the Plasmodium aquaglyceroporin PfAQP (Hansen et al. 2001), the Plasmodium Ca 2+ /H + exchanger PfCHA (Rotmann et al. 2010), PfMDR1 [START_REF] Sanchez | Polymorphisms within PfMDR Alter the Substrate Specificity for Anti-Malarial Drugs in Plasmodium Falciparum[END_REF]), the Plasmodium Folate Transporters 1 and 2, PfFT1 and PfFT2 (Salcedo-Sora et al. 2011), the Plasmodium inorganic phosphate transporter PfPiT (Saliba et al. 2006), PfCRT (Martin et al. 2009) and the Plasmodium Formate-Nitrite Transporter PfFNT (Marchetti et al. 2015).

Functional characterization of PfATP6 expressed in oocytes has also recently provided further evidence that artemisinin is not interacting with PfATP6 (David-Bosne et al.

2016

). Notably, recent expression of PfCRT expressed in E. coli has provided one of the first evidences that PfCRT is a H + -coupled transporter able to transport peptides of different sizes generated after haemoglobin digestion [START_REF] Juge | Plasmodium Falciparum Chloroquine Resistance Transporter Is a H+-Coupled Polyspecific Nutrient and Drug Exporter[END_REF]). The well-known yeast expression hosts Saccharomyces cerevisiae and Pichia pastoris have also been used

to characterise a number of Plasmodium MTPs, for instance, the Plasmodium Ca 2+ /H + exchanger PfCHA (Salcedo-Sora, Ward, and Biagini 2012;Guttery et al. 2013), PfATP6 [START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF]Arnou et al. 2011), PfCRT (Baro, Pooput, and Roepe 2011), PfMDR1 (Amoah, Lekostaj, and Roepe 2007), PfFNT (Wu et al. 2015), or the P. falciparum homolog of the tryptophan transporter Tat2p of S. cerevisiae (Tindall et al. 2018). We also find recent examples of Plasmodium MTP expression using cell-free expression, for example for the Plasmodium lactate transporter PfFNT (Holm-Bertelsen et al. 2016;[START_REF] Lim | The Carbon and Energy Sources of the Non-Photosynthetic Plastid in the Malaria Parasite[END_REF]).

Finally, it is very important to note here that among all these heterogously expressed transporters, to date, only three were purified and functionally or structurally characterized: PfAQ (Hedfalk et al. 2008), providing the first atomic-resolution 3D structure of a Plasmodium membrane protein, PfCRT (Tan et al. 2006b;[START_REF] Juge | Plasmodium Falciparum Chloroquine Resistance Transporter Is a H+-Coupled Polyspecific Nutrient and Drug Exporter[END_REF] and PfATP6 [START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF]Arnou et al. 2011;[START_REF] David-Bosne | Antimalarial Screening via Large-Scale Purification of Plasmodium Falciparum Ca 2+ -ATPase 6 and in Vitro Studies[END_REF]).

I-3 P4-ATPases I-3-1 P-type ATPases

General information and subfamilies

P-type ATPases are primary MTPs that use the energy of the hydrolysis of ATP to pump their substrates against their concentration gradient. One of their characteristics is that, during the catalytic cycle, they are transiently phosphorylated at a conserved aspartate residue [START_REF] Palmgren | Ptype ATPases[END_REF].

P-type ATPases are classified within five subfamilies:

P1-ATPases, comprising two groups:

• P1A: represented by the bacterial K + transporters. P2-ATPases, divided into three groups:

• P2A, which includes the sarco (endo)plasmic reticulum Ca 2+ ATPases SERCA (Ca 2+ /H + ), the most studied P-type ATPases from functional and structural points of view.

• P2B: PMCA plasma membrane calcium ATPase; calmodulin binding ATPases, they have one Ca 2+ binding site.

• P2C: comprising the Na + /K + and the gastric H + /K + ATPases. These P-type ATPases are associated to a subunit.

P3-ATPases, which include the H + pumps found at the plasma membrane of plants and fungi.

P4-ATPases. Members of this subfamily transport phospholipids rather than ions, and they are only found in eukaryotes. As the P2C members, P4-ATPases are also associated to a β subunit.

P5-ATPases. This subfamily has still unknown substrates. There are two subgroups:

P5A, whose members are localized in the ER, and P5B which includes transporters found in lysosomes (humans), vacuole (yeast) or plasma membrane (C. elegans).

Structural characteristics:

Different structures of the sarcoplasmic reticulum Ca 2+ ATPase (SERCA) have defined the molecular architecture of this family, providing a deep understanding of the relations between structure and activity during the transport cycle (for review see Some P-type ATPases possess associated subunits needed during biogenesis, trafficking or function [START_REF] Kühlbrandt | Biology, Structure and Mechanism of P-Type ATPases[END_REF][START_REF] Palmgren | Ptype ATPases[END_REF]. For example, the renal Na + /K + ATPase has an integral membrane protein -subunit with only one TM and a large cytoplasmic domain. It is suggested that this -subunit is required for targeting the complex to the final membrane destination during biogenesis, and also it has shown that it can modulate the affinity of the pump for the K + substrate (Geering 2001). In some cells, the Na + /K + ATPase and its -subunit can interact with a -subunit, a peptide from the FXYD family, also containing one TM (Geering et al. 2003). Similarly, in the muscle, SERCA1a is regulated by sarcolipin (Montigny, Decottignies, et al. 2014;[START_REF] Barbot | Regulation of Ca2+-ATPases,V-ATPases and F-ATPases[END_REF]), a small peptide. Likewise, in the heart, SERCA2a can be regulated by phospholamban, a 52-amino acid transmembrane peptide (MacLennan, Asahi, and Tupling 2003).

Catalytic cycle of P-Type ATPases

As commented earlier, different atomic-resolution 3D structures of SERCA have provided a framework of different structural conformers of the protein along the catalytic cycle. This information, together with a remarkable amount of functional and computational data, has permitted a good understanding of the catalytic cycle of this pump in particular and, of P-type ATPases in general [START_REF] Møller | The sarcoplasmic Ca 2+ -ATPase: Design of a perfect chemi-osmotic pump[END_REF]).

Figure 6: Scheme of the catalytic cycle of P-type ATPases [START_REF] Kühlbrandt | Biology, Structure and Mechanism of P-Type ATPases[END_REF].

Ion 1 (inside the cell) binds to a high-affinity site in the E1 conformation of the ATPase. Ion binding leads to phosphorylation of the enzyme by Mg 2+ -ATP, leading to the phosphorylated E1-P conformation. Transition to the phosphorylated E2-P conformation leads to a reduced affinity for ion 1, which is released outside of the cell. Ion 2 then binds (from outside) and the enzyme dephosphorylates, releasing ion 2 inside the cell. Another ion 1 will subsequently start another cycle. n and m are the numbers of ions transported (between 1 and 3). Pi : inorganic phosphate.

Taking as example an ion exchanger pump like the Na + /K + P-type ATPase [START_REF] Kühlbrandt | Biology, Structure and Mechanism of P-Type ATPases[END_REF]), the transport cycle begins when ion 1 binds the high-affinity fixation site of the pump through a channel open towards the cytoplasmic side and replaces the ion 2 that has been transported from the other side of the membrane and now is released into the cytoplasmic side. The protein is thus in the E1 conformation. The ion 1 induces a rearrangement of the P domain, which brings a Mg 2+ binding-site close to the conserved aspartate of this domain, which is then phosphorylated by the ATP previously bound in the N domain. This leads to the E1-P conformation that releases ADP. This conformation is a high energy conformation and, therefore, the addition of ADP will lead to the inverse reaction and the formation of ATP. In the E1-P conformation, the ion 1 has no longer access to the cytoplasm. At this moment, there is a spontaneous transition from the E1-P conformation to the E2-P conformation or low energy conformation . This transition brings the TGES sequence of the A domain close to the phosphorylated aspartate and opens the channel to the extracellular side. In SERCA, this transition is the rate-limiting step of the transport cycle. Then, ion 1 is released in the extracellular side of the membrane and ion 2 binds in the same binding site, since now this site has evolved to a high-affinity fixation site for ion 2. Upon ion 2 binding, the channel gets occluded from the extracellular side, and the P domain changes conformation and gets dephosphorylated, resulting into the dephosphorylated E2 conformation. Finally, domain A moves away from P domain and the protein goes back to the E1 conformation. The activity of P4-ATPases has a direct relation with important cellular functions. For instance, the imbalance in phospholipid number between the two leaflets determines the curvature of the phospholipid bilayer inducing membrane invagination, thus facilitating endocytic or secretory vesicle budding, a key step for protein trafficking and membrane biogenesis. In addition, they play an important role in cell signaling, since the exposition of PE in the external leaflet of the cell is a signal that triggers apoptosis and blood clotting. In plants, the transport of lysophospholipids mediated by P4-ATPases is suggested to have an important role in cell signaling (Lisbeth R. Poulsen et al. 2015). In addition, P4-ATPases are also implicated in cell polarity and migration both, in yeast (Koji Saito et al. 2007) and in humans (Kato et al. 2013). Also, P4-ATPases are implicated in the virulence of pathogens as Cryptococcus (Huang et al. 2016;Shor et al. 2016) 
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Regulation of the P4-ATPases

As mentioned earlier, P-type ATPases are highly regulated through different mechanisms. Drs2p, the S. cerevisiae P4-ATPase requires the presence of PI4P for its activation (Jacquot et al. 2012), possibly upon interaction in the RMKKQR motif located at the C-terminal end [START_REF] Natarajan | Regulation of a Golgi Flippase by Phosphoinositides and an ArfGEF[END_REF]). In addition, both the N-and the C-terminal ends of Drs2p exert an autoinhibitory effect on enzyme's activity (Azouaoui et al. 2017).

Moreover, the C-terminal end of Drs2p has a potential binding site for Gea2p, a protein known to regulate Drs2p activity during the formation of clathrin vesicles. Other S. cerevisiae P4-ATPases, Dnf1p and Dnf2p, contain the phosphorylation site RXSLD, recognized by the Fpk1p kinase. The Fpk1p kinase is activated in response to the sphingophospholipids composition in membranes. Finally, the activity of the human flippases ATP11A and ATP11C seem to be down-regulated by exposure to calcium (Segawa et al., 2016).

Transport mechanism of P4-ATPases: two different models.

It is likely that all P-type ATPases share the main conformational changes along the transport cycle despite having differences on their primary sequence and on their substrates. In this view, the catalytic cycle of P4-ATPases should be similar to the one described for SERCA. There are experimental evidences showing similar functional characteristics between P2 and P4-ATPases. For instance, a similar transient authophosphorylation step (as studied using [γ-32 P]ATP), similar requirement for Mg 2+ and similar sensitivity to inhibitors that mimic the phosphate group [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). In P4-ATPases, phospholipids are transported from the extracellular (or luminal) side to the cystoplasmic side of the membrane, therefore it is the phospholipid substrate who induces the dephosphorylation of the enzyme (E2-P to E2 transition, see fig 6).

However, since P4-ATPases do not require any other species to activate phosphorylation, it is generally thought that the phospholipid substrate is the only species transported.

Accepting the above similarities between the catalytic cycles of P2 and P4 ATPases, the main difference between them is the nature of transported substrate, cations for P2 and phospholipids for P4. In the absence of a high-resolution 3D structure of a P4-ATPase, In the two-gates model, (Baldridge and Graham 2013) the phospholipid molecule is first recognized in the exoplasmic leaflet of the membrane by residues forming a so-called entry gate that drives the phospholipid to a protein groove delineated by TMs 1, 3 and 4. After translocation, the phospholipid will be delivered to the membrane s cytosolic leaflet through a new exit gate . In this model, the phospholipid molecule is completely surrounded by the protein during translocation (fig 9, left). The second model: the hydrophobic gate model is formulated based on homology modelling between P2 and P4 ATPases, which revealed the presence of a large groove formed by TMs 1, 2, 4, and 6, forming a network of hydrophobic residues around I364 (TM4) (Vestergaard et al. 2014). These residues form the so-called hydrophobic gate . Thus, the up and down movements of TM4 during the catalytic cycle would move the hydrophobic gate from one leaflet to the other leaflet of the membrane, and along this groove, there will be water filled pockets where the phospholipid head group would bind. In this way, the fatty acid chains of the phospholipid substrate would always remain in the membrane during translocation (fig 9, right).

I-3-3 P4-ATPases and Cdc50 proteins in Plasmodium parasites

The genome of P. falciparum contains approximately 140 MTPs (Martin, Ginsburg, and Kirk 2009) and among them, 13 P-type ATPases. 5 out of these 13 P-type ATPases have been classified as P4 ATPases: ATP2 (PF3D7_1219600), ATP7 (PF3D7_0319000) and ATP8 (PF3D7_1223400), as well as two combined transporters GC PF D _ and GC PF D _ , which contain a P -ATPase fused to a guanylyl cyclase. Note that the first reports on Plasmodium P4-ATPases appeared in the mid-1990s where the P. falciparum ATP2 (PfATP2) was first identified as a P-type ATPase based on sequence analysis and similarity with Drs2p, the S. cerevisiae P4-ATPase (Trottein and Cowman 1995;[START_REF] Krishna | Plasmodium Falciparum: Further Characterization of Putative Cation ATPases[END_REF]). But at the time of those studies both PfATP2 and Drs2p were thought to be Ca 2+ ATPases. Several years later, in 2003, Pasini andco-workers (Pasini et al. 2013) showed that the ortholog gene encoding for ATP2 in P. berghei was refractory to gene deletion and thus considered as essential during the blood stage. In agreement with this and using gene-deletion tools in murine malaria models and in P. falciparum cultures, three recent publications have confirmed the essentiality of ATP2 for Plasmodium (Kenthirapalan et al. 2016;Bushell et al. 2017;M. Zhang et al. 2018). As for the other P4-ATPases, the results are not clear; Kooij and colleagues (Kenthirapalan et al., 2016) found that ATP , ATP and GC are all essential for the parasite; while Bushell and collaborators (Bushell et al., 2017) reported that ATP7 is dispensable whereas knocking down ATP , GC and GC lead only to a growth defect of the parasite (fig 10, panel A). Interestingly, a phylogenetic analysis showed that ATP2 and ATP8 are very well conserved not only in the Apicomplexa phylum, but also they seem to have orthologs in men, whereas ATP7 is largely apicomplexan-specific (Weiner and Kooij 2016). An in situ fluorescent tagging of intra-erythrocytic parasites revealed that ATP2 and ATP8 are localized at the parasite-host interface, and ATP and GC in intraparasitic structures and surrounding membranes (fig 10, panel B) (Kenthirapalan et al. 2016). At the moment Plasmodium P4-ATPases, including ATP2, have no functional annotation and they are still considered as putative transporters. Besides their importance for the parasite, ATP2 has brought further attention from a therapeutic perspective. A recent study has shown that amplification events of the gene encoding ATP2 were induced after culturing the parasite with two antimalarial drugs present in the malaria box (Cowell et al. 2018;Spangenberg et al. 2013) strongly suggesting that ATP2 can be the target of these two compounds.

With respect to Cdc50 proteins encoded by malaria parasites, in this thesis we have found that the genome of P. falciparum contains 3 putative CDC50/Lem3 family members, well conserved as well among the Apicomplexa phylum. From our knowledge, there is not a single publication focusing on these putative proteins and, therefore, there is no information about their functional role and possible association with a Plasmodium P4-ATPase. Notably, a recent study using saturation mutagenesis has revealed that all three putative CDC50/Lem3 proteins are also essential for P. falciparum during intreerythrocytic stage (M. Zhang et al. 2018).

I-4 Project

Although genetic studies have revealed the importance of Plasmodium-encoded P4-ATPases during malaria infection, particularly ATP2, none of these proteins has been functionally characterized and therefore, there is no information linking their activity with their important biological role for the parasite s survival. Indeed, many important processes during the complex life cycle of the parasite can be imagined to include the participation of P4-ATPases. For instance, during the intracellular stages of Plasmodium, the dynamic and transit of phospholipids is fundamental in order to build intracellular organelles and to remodel the host's membrane. In addition, lipidomic analyses of different intraerythrocytic stages of P. falciparum have revealed continuous changes in membrane s lipid composition during parasite s maturation (Tran et al. 2016).

Plasmodium parasites have a limited capacity of synthesizing fatty acids, the precursors of phospholipids; consequently the majority of lipids are obtained from the host cell membrane or from the serum. Therefore, the malaria parasite must have strong mechanisms to maintain and modify the lipid composition of the different membrane compartments and, eventually, phospholipid transporters like P4-ATPases can play important roles.

To advance in the knowledge of these putative and yet important transporters during the malaria parasite life cycle, in this thesis we undertook the challenge to clone these Plasmodium P4-ATPases and express them in the yeast S. cerevisiae with the long-term goal to study the function and the structure of these putative lipid flippases. In addition,

we also aimed at investigating the possible association of these transporters with a Cdc50 partner and therefore we also conducted the co-expression of Plasmodium P4-ATPases with the different Cdc50 proteins encoded by Plasmodium. As discussed before, the production and purification of recombinant protein is a powerful tool to study in detail the functional properties of orphan proteins and, ultimately, its 3D atomic structure. In our project, two different options were considered before starting: (1) study the three main putative flippases ATP2, ATP7 and ATP8 from P. falciparum, or (2) focus on only one, ATP2, together with other well-conserved ATP2 orthologs from other Plasmodium species. In this thesis we have chosen the option (2): to work only with ATP2 and orthologs. This choice was initially made on the basis of the amino acid identity with the well-characterized P4-ATPase of S. cerevisiae, Drs2p, and, also, on the basis of the high sequence identity between Plasmodium ATP2 orthologs (about 60%).

Remarkably, during the initial months on this thesis, different publications appeared demonstrating by genetic manipulation tools that ATP2 is indeed the only P4-ATPase essential for the parasite (Kenthirapalan et al. 2016;Bushell et al. 2017;Cowell et al. 2018;M. Zhang et al. 2018).

II.Objectives

As ATP2 is an essential protein for the parasite survival, understanding what is its role within the parasite and in which transport process actually ATP2 intervenes is desirable.

In order to understand the precise role of ATP2 within the cell, it is important to have knowledge on the functional and structural properties of this transporter. And as ATP2 is a putative P4-ATPase, it is important to first check:

-If ATP2 is actually a lipid flippase, as predicted.

-If it can associate to one or several putative Cdc50 subunits.

-What is (are) the physiological substrate(s) transported?

To try to address these questions we undertook the cloning of ATP2 and Cdc50 subunits and their co-express in the yeast S. cerevisiae.

III.Results and discussion

This project has aimed to initiate the biochemical characterization of P4-ATPases or lipid flippases encoded by the malaria parasites of the genus Plasmodium. As mentioned in the introduction, none of these transporters has been functionally characterized to this day and therefore, they still remain putative transporters. Despite this, genetic studies in Plasmodium have revealed the importance of these P4-ATPases for the survival of the parasite as well as their potential importance as drug targets. This thesis has therefore focused on the expression in yeast of one of these putative Plasmodiumencoded flippases, ATP2, in complex with its putative associated Cdc50 subunits. We describe here our strategies and results for protein co-expression, solubilisation by detergent and purification, and the first trials for its functional characterization.

III-1Analysis of ATP2 and Cdc50 sequences present in the genome of Plasmodium species

As mentioned in the introduction, P4-ATPases are implicated in important physiological processes in many organisms, including yeast, plants or humans (Lopez-Marques et al. 2014). Many different studies have identified conserved residues and protein motifs within P4-ATPases sequence with important roles in phospholipid transport and/or Ptype ATPase activity (J. [START_REF] Coleman | Critical Role of a Transmembrane Lysine in Aminophospholipid Transport by Mammalian Photoreceptor P4-ATPase ATP A[END_REF]Perandrés-López et al. 2018;Gantzel et al. 2017;[START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). The purpose of this section is to identify these essential residues and motifs in Plasmodium ATP2 orthologs and in other homologs encoded by parasites of the Apicomplexa phylum in order to analyse the degree of conservation among them.

The alignment of ATP2 orthologs from P. falciparum (PF3D7_1219600), P. vivax (PVX_123625) and the malaria mouse models, P. berghei (PBANKA_1434800) and P. The highlighted DKTGT sequence found here contains the aspartate transiently phosphorylated. The alignments were performed with the multiple sequence alignment CLUSTALW resource (Thompson, Higgins, and Gibson 1994) for the following proteins: P. falciparum PF3D7_1219600; P. vivax PVX_123625; P. berghei PBANKA_1434800; P. chabaudi PCHAS_1436800; Toxoplasma gondii TGME49_247690; Cryptosporidium parvum cgd7_1760; Babesia microti BMR1_01G01915. (Klomp et al. 2004). The homologous replacement by proline of I91, the homologous residue of L127 of the bovine flippase bATP8A2, leads to a lower expression of the protein and a decrease of the maximal rate of ATP hydrolysis (or Vmax) in the presence of the phospholipid substrates PS and PE (Gantzel et al. 2017).

Moreover, a conserved isoleucine in TM3 is also present in these putative P4-ATPases (fig 12, panel B). The congenital mutation of the corresponding residue in hATP8B1, I344F, is responsible of a pathology called benign recurrent intrahepatic cholestasis type 1 (BRIC1) (Klomp et al. 2004). Mutation of the homologous residue in bATP8A2, L308, to a phenylalanine leads to a reduced affinity for PS and PE, although does not impair protein expression (Gantzel et al. 2017). These Apicomplexan P4-ATPases also contain the highly conserved PICL (or PISL) motif in TM4, a region suggested to have an essential role in substrate recognition and translocation in P4-ATPases (fig 12, panel B). Indeed, residues I364 in bATP8A2 and I508 in Drs2p of this conserved motif are involved in substrate recognition and selectivity [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). In the sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA), the isoleucine in this PICL motif is always a glutamate that coordinates a Ca 2+ ion in the so-called second binding site of the protein (Olesen et al. 2007). The residues highlighted in yellow correspond to residues involved in diseases when mutated in ATP8B1 (Klomp et al. 2004). The motif highlighted in pink corresponds to the PISL/PICL motif [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). TMs were defined using the TOPCONS web server for combined membrane protein topology and signal peptide prediction (Tsirigos et al. 2015). The alignments were performed using the multiple sequence alignment CLUSTALW resource (Thompson, Higgins, and Gibson 1994) for P. falciparum PF3D7_1219600; P. vivax PVX_123625; P. berghei PBANKA_1434800; P. chabaudi PCHAS_1436800; Toxoplasma gondii TGME49_247690; Cryptosporidium parvum cgd7_1760; Babesia microti BMR1_01G01915.

The FYKN motif in TM5 present in these Apicomplexan sequences is also well conserved in P4-ATPases. Indeed, mutations of the lysine residue of this motif in bATP8A2 (K873) result in a reduction in the dephosphorylation rate of the enzyme and a reduced affinity for PS (J. [START_REF] Coleman | Critical Role of a Transmembrane Lysine in Aminophospholipid Transport by Mammalian Photoreceptor P4-ATPase ATP A[END_REF]). The same study with bATP8A2 has suggested that the conserved FE residues in the extracellular loop between TMs 5 and 6 (fig 13) participate in substrate selectivity, probably because they are located in the hypothetical entry gate of the lipid substrate. Finally, a conserved asparagine found in TM6 (fig 13) is also present in SERCA and participates in the coordination of Ca 2+ in the second binding site.

Its functional involvement in P4-ATPases has not studied yet [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). Residues highlighted in pink are involved in the recognition and affinity for the phospholipid substrate in other P4-ATPases. The FYKN motif in TM5 (J. [START_REF] Coleman | Critical Role of a Transmembrane Lysine in Aminophospholipid Transport by Mammalian Photoreceptor P4-ATPase ATP A[END_REF]), the FE residues before the TM6 and the conserved asparagine in the TM6 [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). Alignments were performed using the multiple sequence alignment resource CLUSTALW (Thompson, Higgins, and Gibson 1994) for P. falciparum PF3D7_1219600; P. vivax PVX_123625; P. berghei PBANKA_1434800; P. chabaudi PCHAS_1436800; Toxoplasma gondii TGME49_247690; Cryptosporidium parvum cgd7_1760; Babesia microti BMR1_01G01915.

After a BLAST search, we found in the genome of P. falciparum three putative Cdc50 (or LEM) proteins. As for P. falciparum ATP2, we also found well-conserved orthologs of these putative Cdc50 proteins in other Plasmodium species such as P. vivax and the mouse malaria parasites, P. berghei and P. chabaudi. The amino acid identity between them is about 50 to 60 %, indicating a high degree of conservation between Plasmodium species, similar to the one for ATP2. The residues highlighted in pink correspond to the four cysteines, conserved in the ectodomain of the putative Cdc50 subunits and involved in the formation of two disulfide bridges. TMs were defined using the TOPCONS web server for combined membrane protein topology and signal peptide prediction (Tsirigos, Peters, Shu, Käll, & Elofsson, 2015), and the alignment was performed using multiple sequence alignment CLUSTALW (Thompson, Higgins, and Gibson 1994). P. falciparum PF3D7_1133300; P. vivax PVX_092270; P. berghei PBANKA_091510; P. chabaudi PCHAS_093090; Toxoplasma gondii TGME49_230820; Cryptosporidium parvum cgd5_360; Babesia microti BMR1_03g01157.

To better analyse these putative Cdc50 sequences, we aligned the P. falciparum putative Cdc50 subunit PF3D7_1133300 (lately referred to Cdc50.1) with its orthologs encoded by three other Plasmodium species, P. vivax (PVX_092270), P. berghei (PBANKA_091510), P. chabaudi (PCHAS_093090), and with homologous sequences from Apicomplexan parasites such Toxoplasma gondii (TGME49_230820), Cryptosporidium parvum (cgd5_360) and Babesia microti (BMR1_03g01157) (fig 14). The length of the Nterminal here also varies between sequences (fig 14), however all of them possess two predicted TMs. We clearly observed that the four cysteines potentially involved in the two disulfide bridges found in Cdc50 proteins are very well conserved among these sequences (Puts et al. 2012). Previous studies have shown that these potential disulfide bridges are important for association of the Cdc50 protein with the P4-ATPase and for the functional behaviour of the enzyme complex (Puts et al. 2012). Surprisingly, there is no predicted glycosylation sites in these Cdc50.1 sequences, despite the fact that in some organisms, glycosylation of Cdc50 seems to be essential for protein maturation and for heterodimerization with the P4-ATPase partner [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF] PfCdc50 sequences in order to identify the eventual partner of PfATP2 during coexpression. To increase our chances of success, and given the high amino acid identity (~ 60 %) of Plasmodium ATP2 orthologs, we also proceeded to the cloning of the ATP2 orthologs from P. berghei and P. chabaudi, as well as all their predicted Cdc50 orthologs found in each species. Table 2 displays the three flippases and the nine Cdc50 subunits studied in this thesis, with their corresponding accession numbers from PlasmoDB (EuPathDB project), and the nomenclature we used along this thesis.

III-2 Expression of ATP2 and potentially associated Cdc50 subunits in S. cerevisiae

Our laboratory possesses a long-standing expertise for producing P-type ATPases in the yeast S. cerevisiae, for functional characterization and structural determination [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]Jidenko et al. 2006;[START_REF] Marchand | Crystal structure of D351A and P312A mutant forms of the mammalian sarcoplasmic reticulum Ca( 2+ )-ATPase reveals key events in phosphorylation and Ca( 2+ ) release[END_REF]). Proteins successfully expressed include the rabbit Ca 2+ ATPase SERCA1a [START_REF] Lenoir | Overproduction in yeast and rapid and efficient purification of the rabbit SERCA1a Ca( 2+ )-ATPase[END_REF], the Ca 2+ ATPase of P. falciparum PfATP6 [START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF][START_REF] David-Bosne | Antimalarial Screening via Large-Scale Purification of Plasmodium Falciparum Ca 2+ -ATPase 6 and in Vitro Studies[END_REF], and P4-ATPase/Cdc50 complexes, Drs2p/Cdc50p [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]Jacquot et al. 2012) from S. cerevisiae and ATP8B1/CDC50A from men (still unpublished). Among the multiple advantages of S. cerevisiae as heterologous host for membrane protein production [START_REF] Routledge | The Synthesis of Recombinant Membrane Proteins in Yeast for Structural Studies[END_REF], it is worth mentioning that this organism is easy to handle and transform with plasmids. In addition, large volumes of S. cerevisiae culture can be grown, being more affordable than other eukaryote expression system as mammalian cell lines or insect cells [START_REF] Lyons | Expression Strategies for Structural Studies of Eukaryotic Membrane Proteins[END_REF]). The cDNA encoding all ATP2 and Cdc50 variants was synthetized. Each cDNA, designed by Genscript, was optimized to theoretically attain the maximum level of protein expression in S. cerevisiae (see the Material and Methods section V-2-2-1). Previous work in our laboratory with PfATP6, the Ca 2+ -ATPase of P. falciparum [START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF][START_REF] David-Bosne | Antimalarial Screening via Large-Scale Purification of Plasmodium Falciparum Ca 2+ -ATPase 6 and in Vitro Studies[END_REF]) as well as in other laboratories (H. Zhang, Howard, and Roepe 2002) has concluded that it is mandatory to use cDNA sequences previously optimized to express membrane transport proteins from Plasmodium species (particularly from P.

falciparum) in S. cerevisiae. In particular, the A/T-rich genome of P. falciparum can lead to premature transcriptional termination (Graber et al. 1999). Three optimized ATP2 cDNA sequences were ordered to Genscript: PfATP2 from P. falciparum, PbATP2 from P.

berghei and PcATP2 from P. chabaudi (Table 2). Similarly, the cDNA encoding the three putative Cdc50 subunits from each species were also ordered, giving a total of nine Cdc50 sequences (Table 2).

III-2-1 Construction of expression plasmid vectors

The vector used in our laboratory for single-expression and co-expression of Plasmodium ATP2 and Cdc50 subunits orthologs was the pYeDP60 (described in the The reason of changing the position of the tag was to know whether the presence of this tag at either the N-or the C-terminal end could affect the expression (or even the function) of ATP2 

III-2-2 Expression tests in small-scale cultures

Once all the expression vectors were verified by DNA sequencing, they were transformed into the S. cerevisiae strain W3031b GAL4-2 by the lithium acetate method

(see section V-2-2-2)
Transformed S. cerevisiae harbouring the vectors encoding the two Plasmodium ATP2 orthologs, alone or with one of the three putative Cdc50 subunits were tested in smallscale cultures to first assess protein expression. The cells were grown during 30 h at 28°C, and after dropping the temperature of the culture to 18°C, the expression was induced by the addition of galactose in the medium. After 18 h of induction, the cells were collected and broken. Total membranes were prepared and protein expression in these membranes was analysed by western blot. In parallel, S. cerevisiae total membranes, expressing no protein or co-expressing the yeast flippase Drs2p and its corresponding Cdc50 subunit, were used as negative and positive controls, respectively.

The two ATP2 orthologs and Drs2p were detected using a biotin probe (avidin coupled to HRP) that recognizes biotinylated proteins; the biotin acceptor domain (BAD) fused to the flippases, at either the N-terminal or the C-terminal end, is actually directly biotinylated by the yeast (Cronan 2005). Cdc50 subunits were detected using the His probe (Ni 2+ -NTA coupled to HRP), that recognizes the His10 tag fused at the C-terminal end of the protein.

Initial controls are here first described. As seen on figure 16 panel A, a negative control experiment with the biotin probe and total membranes from cells transformed with an empty pYeDP60 vector, shows the different biotinylated proteins of S. cerevisiae present in the membrane (fig 16, panel A, lane 1). We observed the following biotinylated proteins: the acetyl-CoA carboxylase (Acc1p, ~250 kDa), the urea carboxylases (Dur 1/2p, ~200 kDa), the pyruvate carboxylase isoforms 1 and 2 (Pyc 1/2p ~130 kDa), and the complex acyl-RNA (Arc 1p ~42 kDa). All of them are membrane-associated proteins.

In a positive control experiment using membranes expressing Drs2p (fig 16, panel A, lane 2), the efficiency of the biotin probe to detect BAD fusion proteins was confirmed as previously observed (Jacquot et al. 2012;Jidenko et al. 2006). Nevertheless, given that PfATP2 is not expressed in any of the experiments presented here, it is somehow logical to find that there is no change in the expression of the subunits between the single expression and the co-expression experiments. Large-scale cultures were done in 500 mL of rich media in fernbach culture flasks (see section V-2-2-4). The cells were grown for 36 h, then galactose was added and the induction of protein expression was performed for 18 h at 18°C. After collecting and breaking the cells, sequential centrifugation steps (see section V-2-2-5 for full description) allowed to obtain the heavy membranes fraction (or P2 pellet fraction), known to be enriched in plasma membrane and mitochondrial membranes, and the light membrane fraction (or P3 pellet fraction), enriched in Golgi and endoplasmic reticulum membranes (Jidenko et al. 2006). As for the small-scale cultures, cells transformed with the empty vector or co-expressing Drs2p/Cdc50p were grown in parallel and membranes were prepared in the same way. that over-expressed membrane proteins localized in the P2 membrane fraction are less prone to solubilisation with detergent than the same proteins in the P3 fraction. This suggests that some of the proteins found in P2 might be poorly folded and, therefore, less likely to be active [START_REF] Lenoir | Overproduction in yeast and rapid and efficient purification of the rabbit SERCA1a Ca( 2+ )-ATPase[END_REF]. Since in the P3 membrane fraction the proportion of PcATP2/PcCdc50.1 was higher than the one of PcATP2/ PcCdc50.3,this would indicate that in our expression system, PcCdc50.1 is a better partner to form the complex with PcATP2 than with PcCdc50. 3. This hypothesis still needs to be experimentally tested.

III-2-4 Deglycosylation analysis of the PcCdc50.1 and PcCdc50.3

Following the analysis of the expression of PcATP2 and PcCdc50 subunits, we assessed the glycosylation state of the PcCdc50 subunits expressed in S. cerevisiae. We used the online tool NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/) to predict the possible N-glycosylations sites of both subunits containing the motif Asp-Xaa-(Ser/Thr).

We found no potential sites for N-glycosylation in the sequence of PcCdc50.1, however one glycosylation site was found in the sequence of PcCdc50. (Thompson, Higgins, and Gibson 1994).

To test this hypothesis we used the amidase PNGase F and the N-glycosydase EndoH to confirm this predicted glycosylation site. The reactions of deglycosylation were performed on membranes co-expressing PcATP2/PcCdc50.1 and PcATP2/PcCdc50. 

III-2-5 Functional complementation assay in S. cerevisiae

In order to qualitatively assess the functionality of PcATP2 and PcCdc50 subunits expressed in S. cerevisiae, a functional complementation assay was performed using the S. cerevisiae strains W3031b Gal4-Δcdc where Cdc50p is disrupted from the genome [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]Koji Saito 2004). This strain is unable to grow at the restrictive temperature of 20°C due to the functional absence of the Drs2p/Cdc50p complex (K. Saito 2004). The wild-type phenotype can be rescued after transforming the yeast with a vector containing the missing copy of these genes or, eventually, with a gene (or genes) with the ability to do a similar functional work as the Drs2p/Cdc50p complex [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]; L. R. Poulsen et al. 2008). The different single-expression vectors 

III-2-6 Discussion

The heterologous expression of proteins and, especially membrane transport proteins, can be challenging. In our case, we undertook the co-expression of two integral membrane proteins supposed to form a complex and originating from Plasmodium species. The different sequences were codon optimized as shown to be necessary for the expression in yeast. Indeed, the high A/T rich sequences found in P. falciparum can lead to premature transcriptional end of the proteins (Graber et al. 1999). The strategy used for co-expression was set up in the laboratory for the expression of the yeast P4-ATPase Drs2p/Cdc50p. It has been previously used for co-expression of the Na+/K+ ATPase, a P2C ATPase, with its beta subunit (Strugatsky et al. 2003). However, we could not detect an expression of PfATP2 in any of the constructs used, while some expression was observed for PfCdc50. suggests that PcATP2 can have some role in helping to fold and stabilize the PcCdc50 subunit, as similar results were previously documented for human CDC50A and CDC50B subunits (van der Velden et al. 2010). The level of expression obtained is not very high perhaps are not functional. On the other hand, it is possible that PcATP2, although having an amino acid identity with Drs2p of ~ 36%, recognizes different substrates and, therefore, functional rescue would never occur with this particular strain. PcATP2, PcCdc50.1 andPcCdc50.3 Solubilisation with detergent is an important step for the isolation of membrane proteins if possible in a stable and active form for subsequent purification and functional In order to find the optimal conditions for solubilisation of PcATP2 and its potentially associated subunits, PcCdc50.1 and PcCdc50.3, we undertook detergent screening assays. In addition to test different detergents, we also tested other parameters like changing the protein versus detergent ratio, solubilisation time, temperature, or pH; we also tested the effect of additives as the cholesteryl hemisuccinate (CHS), phospholipids and salts. We also tested to wash both the P2 and the P3 membrane fractions (or membrane stripping) prior to solubilisation.

III-3 Detergent solubilisation of

III-3-1 Screening detergents

As commented earlier, our lab has found for other P-type ATPases, like SERCA1a, PfATP6 or Drs2p, that recombinantly-produced membrane proteins present in the P3 membrane fraction are easier to solubilize with detergent, having at the same time a better chance to be functional [START_REF] Lenoir | Overproduction in yeast and rapid and efficient purification of the rabbit SERCA1a Ca( 2+ )-ATPase[END_REF]Jacquot et al. 2012). Since, in our case, a considerable amount of PcATP2, PcCdc50.1 and PcCdc50.3 is found in the P2 fraction, in addition to the P3 fraction, we also tried to solubilize these P2 membranes hoping to recover active protein from this fraction too. Eleven detergents from different classes were used in this initial screening: DM, UDM, DDM, OG, OTG, C12E8, LMNG, LDAO, CHAPS, FosC12, and CYMAL-5 (see section V-2-4-3). We performed solubilisation tests of P2 and P3 membrane fractions co-expressing PcATP2/PcCdc50.1 or PcATP2/PcCdc50. 3. The first experimental conditions for solubilisation were, a protein:detergent ratio of 1:10 (w/w), pH 7.8, 4°C and overnight incubation (about 15 h). After incubation, solubilized and non-solubilized fractions were separated by ultracentrifugation and every fraction was analysed by western-blot. gave the same results as for the P2 membranes: no solubilisation of PcATP2 or PcCdc50.1 except when FosC12 was used. Solubilisation of PcCdc50.1 was not complete with FosC12, and PcATP2 was not detectable neither in the total extract nor in the supernatant, suggesting again that PcATP2 is not stable in FosC12. The solubilisation attempts gave similar results for PcATP2/PcCdc50. Clearly, the solubilisation conditions used in these first tests were unable to efficiently solubilize PcATP2 and the two Cdc50 subunits in both the P2 and the P3 membrane fractions. Solubilisation with FosC12 resulted into some solubilized PcATP2; however, the signal in the western blot was weak or not detectable, even in the total solubilized extract, suggesting a very poor stability of PcATP2 in FosC12.

III-3-2 Improving

PcATP2/Cdc50.1 and PcATP2/PcCdc50.

solubilisation: membrane stripping and addition of cholesteryl hemisuccinate

We then included a step of membrane stripping prior to solubilisation to remove as much as possible the biotinylated membrane-associated proteins of S. cerevisiae (Fig 16). The purpose was to improve sensitivity in the western blot and therefore better visualize the presence of PcATP2, and also to make future purifications (with a streptavidin resin, see below) easier by decreasing the amount of biotinylated proteins of no interest (which might compete with the BAD tagged P4-ATPase for the resin). In addition, with this stripping step we can remove non only biotinylated proteins, but also other proteins that will eventually increase the efficiency of the detergents to solubilize our proteins. We tested different buffers during membrane stripping using high concentration of salt, NaCl or KCl. In parallel, solubilisation was also tested without the stripping step to assure that the conditions used did not affect the solubilisation. The membranes were stripped for 30 min at 4°C with different stripping buffers. The results were similar between the different conditions, the presence of concentrations up to 0.5 M of NaCl or KCl did not change the solubilisation efficiency observed in the previous experiments. In addition, no difference in solubilisation before or after the stripping was observed either (data not shown), indicating that this stripping step was not affecting the solubilisation.

We also tested whether the presence of the cholesterol derivative CHS affected the solubilisation efficiency of the detergents used, and whether CHS improved the stability of the proteins in the soluble mixed micelles. It has indeed been described for some membrane proteins that the addition of CHS is important for solubilisation and also for activity (Sonoda et al. 2010). As P. falciparum parasites possess cholesterol in their membranes (Wunderlich et al. 1991), the addition of CHS might be helpful for the stability of PcATP2 and/or the two Cdc50 subunits in mixed micelles (it is important to remark here that S. cerevisiae has no cholesterol on its membrane, but ergosterol). 2 µg of total protein were loaded in each line. The top of the blot was revealed with a biotin probe to detect BAD-PcATP2 and the bottom part with a histidine probe to detect the PcCdc50.1-His10 subunit. The P3 membranes were first stripped to remove membrane associated proteins and solubilisation was performed with 2 mg/mL of total proteins in 10 mg/mL detergent +/-2 mg/mL CHS for 1h, at pH 7.8 and 20°C. TE: total extract before ultracentrifugation; P: pellet after ultracentrifugation (non-soluble material); S: supernatant (solubilized material).

Consequently, membrane stripping and addition of CHS were tested in the new solubilisation assays; combining this with different times and temperatures. After several attempts, we found that the most efficient conditions for solubilisation were the following ones: incubation for 1 h at 20°C, 2 mg/mL of total protein concentration of membranes, and 10 mg/mL and 2 mg/mL of detergent and CHS, respectively 

III-3-3 Discussion

This chapter describes the experimental work done in order to find the best conditions to extract from the membrane and solubilize in detergent PcATP2 and the PcCdc50 subunits expressed in both the P2 and the P3 membrane fractions of S. cerevisiae cells.

As explained before, different parameters can have an effect on the solubilisation and on the stability of the protein (and in our case, the putative complex). First, a battery of ten detergents were not able to solubilize any protein in both P2 and P3 membrane fractions. Only FosC12, an ionic detergent, was able to solubilize a fraction of PcATP2 and the two PcCdc50 subunits. The stability of PcATP2 in FosC12 was questioned due to the difficulty to detect the protein by western blot in the supernatant after centrifugation or even in the total solubilized extract. As the detection of PcATP2 with the biotin probe was difficult during these solubilisation trials, we added a membrane stripping step to remove as much as possible the others biotinylated proteins and therefore try to obtain a better contrast in the western blot. In parallel, the addition of CHS was tested to improve solubilisation as well as stabilisation of the protein in the detergent micelles, as previously shown for some mammalian membrane proteins as 
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III-4 Introducing the GFP for the study of the PcATP2/PcCdc50 complex

This section will focus on the study of the potential association between PcATP2 and the two PcCdc50 subunits when co-expressed in yeast. As shown before, the level of expression of PcATP2 is fairly low, the yield of its solubilisation is also low, and difficulties for detecting PcATP2-BAD arise from the presence of yeast endogenously biotinylated proteins. We therefore decided to introduce the Green Fluorescent Protein 

III-4-1 Analysis of the cellular localisation of PcATP2 and PcCdc50.1 subunit expressed in S. cerevisiae by confocal microscopy

We were interested in studying the possibly different localisation of PcATP2 and PcCdc50 subunits in the yeast S. cerevisiae after these proteins were expressed alone or co-expressed. A small-scale expression (as described previously in the section V-2-2-4) was performed to obtain cells expressing the GFP-tagged PcATP2 or the GFP-tagged PcCdc50.1, either alone or co-expressed with their counterpart. Then, a small drop of cells resuspended in PBS was deposited on an agarose pad, a thin piece of agarose on top of a glass slide, to immobilize the cells (see section V-2-6).

Cells co-expressing Drs2p-GFP/Cdc50p were used as reference in these experiments since we already know that these two proteins can be nicely expressed using the same A quite different result is obtained when PcATP2-GFP-BAD is co-expressed with PcCdc50.3 (fig 33,panel B,continuous line), in this case a small shift towards the right is observed (smaller Mw) but is more an artefact due to the saturating signal of the second peak.

To support the potential interaction between PcATP2 and PcCdc50.1, we collected fractions of the peak corresponding to PcATP2-GFP-BAD when co-expressed with Fractions of 200 µl were collected from the elution peak of PcATP2-GFP-BAD and the presence of the PcCdc50.1-His10 was analysed by western blot. 9 fractions were deposited from 10.4 

mL to 12 mL of elution. The western blot is detected by the His probe

We also used FSEC to study elution of GFP-tagged PcCdc50 subunits in the absence or presence of PcATP2. The difference in size between the subunits alone, 75 kDa for In all FSECs experiments we normalized all the chromatograms in order to compare the shape of the elution profiles between the different experiments. However, quantitatively, the fluorescence signal obtained for the PcCdc50-GFP-His10 subunits was about 10 times higher compared to the fluorescence signal obtained for PcATP2-GFP-BAD. This indicates that PcCdc50-GFP-His10 expression yield is about ten times higher than that of PcATP2-GFP-BAD. Thereby, this implies that the maximum signal expected for the BAD-PcATP2/PcCdc50.1-GFP-His10 complex in the chromatogram of figure 35 would be about 0.1 and, therefore, it would be completely hidden by the shoulder of the main elution peaks of both subunits. 

III-4-3 Determination of the interaction by co-immunoprecipitation

In order to demonstrate the association between PcATP2 and the PcCDc50 subunits in a more direct way, we decided to do a co-immunoprecipitation assay. Our approach consisted in immobilizing on agarose beads detergent-solubilized PcATP2-GFP coexpressed with the PcCdc50 subunits. After extensive washing of the proteins bound to the beads and their elution, the eluted PcATP2-GFP will contain its corresponding coexpressed subunit if the two proteins are forming a heterodimer (and if this heterodimer is conserved in detergent micelles). To immobilize PcATP2-GFP we used agarose beads coupled to anti-GFP nanobodies (or nanoGFP). Nanobodies are small single-domain antibodies from camelids of about 12-15 kDa. Their small size, their remarkable stability in solution and the possibility to produce large amounts of them in recombinant hosts like E. coli, make them very useful tools in protein research, for instance, in inmunoprecipitation studies or as co-crystallization helpers (Traenkle et al. 2016;Rothbauer et al. 2008). NanoGFP recognize specifically the GFP with a binding affinity in the nanomolar range [START_REF] Kubala | Structural and Thermodynamic Analysis of the GFP:GFP-Nanobody Complex[END_REF]. In these experiments we used the co-expression constructs PcATP2-GFP-BAD/PcCdc50.1-His10 and PcATP2-GFP-BAD/PcCdc50.3-His10. In addition and, as negative controls, the same co-expression constructs without the GFP were also tested, (BAD-PcATP2/PcCdc50.1-His10 and BAD-PcATP2/PcCdc50.3-His10), providing the non-specific binding background of the detergent-solubilized membranes to the nanoGFP-coupled beads. The positive control used to verify the association flippase/subunit was the co-expression Drs2p-GFP-BAD/Cdc50p-His10. As in the FSEC studies, P3 membrane fractions at 2 mg/mL of total protein concentration were solubilised with 10 mg/mL of DDM and 2 mg/mL of CHS during 1 h at 20°C. After ultracentrifugation, the supernatant recovered was incubated with the beads coupled to the nanoGFP. After the washing steps, the proteins bound to the resin were eluted with a low pH buffer and samples were analysed by western blot.

As expected, the elution of the co-immunoprecipitation experiment with co-expressed Drs2p-GFP-BAD/Cdc50p-His10 (fig. 36,panel A Given that the control experiments demonstrated that non-specific binding of PcCdc50.1-His10 with the nanoGFP-coupled beads does not occur, this result strongly support the existence of the heteromeric complex between PcATP2 and PcCdc50.1. With these experiments we confirmed that the agarose beads coupled to the nanoGFP can specifically recognize the GFP fused to PcATP2, since we found no binding of either PcATP2 or PcCdc50 subunits when these proteins were only tagged, respectively, with the BAD or the His10 tag. More importantly, these experiments fairly demonstrated that PcATP2 is able to associate with both PcCdc50.1 and PcCdc50.3, and, as also seen in the FSEC experiments, that these complexes are not dissociated in detergent micelles.

III-4-4 Discussion

The introduction of the GFP as a reporter allowed the use of more sensitive techniques to assess the association between PcATP2 and the two PcCdc50 subunits. We have Despite the fact that the two PcCdc50 subunits can be associated with PcATP2, the presence of PcATP2 has not the same effect with regard the stability of the two subunits in detergent micelles, suggesting that the association PcATP2/PcCdc50.1 is more stable or less prone to aggregate than the PcATP2/PcCdc50.3 association, at least, when coexpressed in yeast. In agreement with this, we found that both PcATP2 and PcCdc50. 

III-5 Purification and functional characterization of PcATP2/PcCdc50.1 complex

All the results obtained support the idea that the PcATP2/PcCdc50.1 complex is the best candidate for purification and functional characterization. Given the low expression yield of this complex together with the relatively low solubilisation efficiency (not higher than 20 %) of the protein fraction present in the P3 membrane fraction, we decided to set up a new affinity purification protocol. PcATP2-GFP/PcCdc50.1-His10 purification was performed using a home-made affinity resin by covalently coupling agarose beads with nanoGFP nanobodies produced in our laboratory. The resulting purified PcATP2/PcCdc50.1 was functionally tested using two different assays in order to characterize the P-type ATPase-like functional behaviour of PcATP2.

III-5-1 Purification of PcATP2/PcCdc50.1

The already reported immunoprecipitation assays demonstrated the ability of the nanoGFP nanobodies coupled to agarose beads to trap specifically the PcATP2-GFP/PcCdc50.1-His10 complex. Therefore, we decided to apply the same strategy to purify this complex using the co-expression vector pYeDP60-PcATP2-TEV-GFP-BAD-PcCdc50.1-TEV-His10. Unlike immuneprecipitation assays, purification requires much larger quantities of agarose beads coupled to nanoGFP, therefore we decided to prepare our own affinity resin. NanoGFP was produced in E. coli and after purification it was covalently coupled to NHS-activated agarose resin (see section V-2-4-6-b). Using a standard GFP-tagged membrane protein, we calculated that the binding capacity of our agarose beads coupled to nanoGFP was around 300 micrograms of protein per mL of beads. P3 membranes expressing PcATP2-GFP/PcCdc50.1-His10 were solubilised as previously described, and the solubilised material was then incubated with the nanoGFP resin. To elute the complex out of the column we incubated the beads with the TEV protease overnight at 4°C. Unfortunately, the analysis of the elution fractions by

Coomassie blue staining and western blot showed that the proteins were still bound to the beads after protease incubation, suggesting that the TEV protease digestion did not Rb: resin with bound proteins after the washings; E: elution (the two elutions pooled and concentrated 12x); Re: resin after elution of the proteins remained bound with low pH buffer.

III-5-2 Towards the functional characterization of purified PcATP2/PcCdc50.1 complex in detergent micelles.

Despite the low amount of protein obtained after purification of the PcATP2/PcCdc50.1 complex, we initiated the functional characterization of this complex in detergent micelles using two different functional assays: (1) autophosphorylation of PcATP2 using radioactive ATP ([γ-32 P] ATP), and (2) ATPase activity of PcATP2 using an enzymecoupled assay [START_REF] Sehgal | ATPase activity measurements by an enzymecoupled spectrophotometric assay[END_REF]. To evaluate the specific activity of purified PcATP2 versus a possible background due to protein contaminants, we undertook the construction and expression of two predicted non-functional mutants of PcATP2, the E235Q and the D596N. In other P-type ATPases these mutations are known to impair, respectively, dephosphorylation and phosphorylation of the enzyme during the catalytic cycle.

Construction of non-functional mutants of PcATP2

A ). We however detected some small differences: for wild type we have about 60% of PcATP2 and PcCdc50.1 in the P2 fraction and 40% of both proteins in the P3, whereas in both E235Q

and D596N mutants, it seems an equal repartition of the protein between the two membrane fractions (fig 39). This result might suggest that these non-functional mutants of PcATP2 could be slightly more stable than the wild type. We then undertook the purification of the D596N-PcATP2 mutant in complex with These results show that the two mutants of PcATP2, E235Q and D596N, expected to be functionally deficient, can be co-expressed with PcCdc50.1 in S. cerevisiae. Moreover, we managed to purify the D596N mutant in complex with PcCdc50.1-His10 in a yield similar as wild type.

Phosphorylation assay of purified PcATP2

Purified PcATP2 was subjected to an in vitro autophosphorylation assay using radioactive [γ-32 P] ATP. This is a sensitive technique which does not require a large amount of protein and allows the detection of the phosphorylated intermediate of the protein during the catalytic cycle (fig 6) (Azouaoui et al. 2017). The purified protein is incubated for 2 min with the radiolabelled ATP and the reaction is stopped by the addition of trichloroacetic acid (TCA). The samples are then subjected to SDS-PAGE using an acidic or Sarkadi gel [START_REF] Sarkadi | Characterization of Membrane Calcium Pumps by Simultaneous Immunoblotting and 32p Radiography[END_REF]) because the formed aspartyl phosphate is only stable in acidic conditions and rapidly hydrolyzed in alkaline conditions. After Coomassie blue staining and drying of the gel, the radioactive [γ-32 P] bound to PcATP2 in the gel was measured by autoradiography in a phosphoimager. This assay was performed on the following purified complexes: wild-type PcATP2/PcCdc50.1-His10, D596N-PcATP2 /PcCdc50.1-His10 and, as positive control, human ATP8B1/CDC50A complex (kindly given by Thibaud Dieudonné) expressed in S.

cerevisiae as well. As negative control in the assays with the PcATP2/PcCdc50.1 complexes, we added the well-known ATPase inhibitor beryllium trifluoride (BeF3 -) (Olesen et al. 2007). This molecule is not only an inhibitor of P-type ATPases, but also inhibits other ATP-binding proteins because it competes with ATP for the ATP-binding site of the protein; in our case, situated in the N domain of PcATP2. We also tested whether the presence of two drugs from the malaria box, MMV007224 and MMV665852 (Spangenberg et al. 2013) could affect autophosphorylation of purified PcATP2. A recent study based on chemogenomics has predicted an inhibitory effect of these two drugs on ATP2 (as mentioned in the introduction) (Cowell et al. 2018). Those two drugs were also tested on ATP8B1 autophosphorylation.

On 

ATPase activity of purified PcATP2

In parallel of the autophosphorylation assays, ATPase activity of purified PcATP2 was also tested. ATPase activity is measured thanks to an enzyme-coupled assay, where the The negative results obtained in these experiments initially suggested that the purified PcATP2/PcCdc50.1 was simply inactive. However other considerations should be taken into account. For instance, PcATP2 might not be able to recognize the phospholipids chosen as substrates or, even, PIP2 and PI4P do not activate PcATP2. In addition, it is also possible that the presence of DDM is inhibiting PcATP2 or simply that this detergent is not the optimal one to keep the PcATP2/PcCdc50.1 complex stable and functional, as was already shown for SERCA1a [START_REF] Champeil | A robust method to screen detergents for membrane protein stabilization, revisited[END_REF]). There are still many possibilities and conditions that should be explored.

III-5-3 Discussion

After demonstrating the association of PcATP2 with PcCdc50.1 after detergent solubilisation, we undertook the purification of this complex using a resin coupled to nanoGFP nanobodies. To our knowledge, this is perhaps the first example of the use of a nanobody against the GFP for affinity purification of a membrane protein, since these nanobodies are mostly used for cellular localization or co-immunoprecipitation. This approach allowed us to purify the complex of PcATP2 with PcCdc50.1. The purified complex obtained was fairly pure except for one non-specific protein contaminant of about 50 kDa (fig 37) and the 3C protease. As a common issue in protein purification, we lost some protein during the enzymatic elution as the cleavage was not 100% efficient.

We estimated that after elution, we obtained about 100 µg of purified protein from 4 L of culture and after concentration of the sample we were at 5 µg for 4 L of culture. We actually lost a substantial amount of protein complex in the concentrator, probably because aggregation after concentrating the sample. Therefore, we had to prepare a large quantity of membranes in order to obtain a sufficient quantity of purified PcATP2/PcCdc50.1 complex to perform the functional assays. In addition, to be able to measure the specific activity of purified PcATP2, we made two presumably nonfunctional mutants of PcATP2: E235Q and D596N. The two mutants were expressed at approximately similar level as wild type, although we found a slightly higher proportion (1) these drugs are not able to target ATP8B1, which, in fact, is an interesting result or

(2) they do affect ATP8B1 phosphorylation, but by interfering with another step of its catalytic cycle.

The ATPase activity assays of purified PcATP2/PcCdc50.1 gave negative results like the autophosphorylation tests. None of the possible substrates were able to trigger ATPase activity in PcATP2 and the addition of PIP2, PI4P or trypsin did not activate the protein, either. Consequently, one of the first conclusions was that the purified complex is simply inactive. If this is the case and the conditions and/or detergent used during membrane solubilisation and protein purification were not the right ones to keep PcATP2 in an active form, we have to make adjustments in the purification process. With regard the detergent used to solubilize the PcATP2/PcCdc50.1 complex, DDM is a mild detergent considered sometimes as a quality control detergent to solubilize eukaryotic membrane proteins expressed in heterologous hosts [START_REF] Privé | Detergents for the stabilization and crystallization of membrane proteins[END_REF]. In fact, it is considered by many researches that if DDM can solubilize a membrane protein, there is a good probability that this protein is properly folded. In any case, our experience in the laboratory with other P-type ATPases like SERCA1a and Drs2p (Lenoir et al. 2018) indicate that the choice of the right detergent and phospholipid additives during protein solubilisation are key not only on the stability of the protein but also on its activity. For example, a detergent like OG was able to solubilize SERCA1a; however within a few minutes the enzyme was completely inactivated [START_REF] Champeil | A robust method to screen detergents for membrane protein stabilization, revisited[END_REF]). In addition, solubilisation using mixtures of detergent and lipids has proved to be quite efficient to stabilize the solubilized protein in detergent/lipid micelles. Successful examples are the mixtures DDM+POPS and LMNG+POPS+PI4P to solubilize and functionally stabilize SERCA1a and Drs2p, respectively (Lenoir et al. 2018;[START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]). In the case of PcATP2, we needed to add CHS to solubilize the protein and, in addition, we added DOPC during the purification steps. It will be necessary to screen other phospholipid (or mixtures), some of them potential substrates as well, to improve and optimize the stability of the PcATP2/PcCdc50.1 complex during membrane extraction and purification.

Other considerations to explain the lack of PcATP2 functionally should be taken into account. For instance, PcATP2 might not be able to recognize the phospholipids chosen as substrates in our experiments: PC, PE and PS. Due to the low amount of purified complex obtained during purification we could not test other lipids like lysophospholipids, known substrates of some plant P4-ATPases (Lisbeth R. Poulsen et al. 2015). Moreover, the addition of the phosphoinositides PIP2 and PI4P, and trypsin did not activate PcATP2 ATPase activity as it does with Drs2p. Functional data on Drs2p has revealed that PI4P is necessary to activate the ATPase activity of the enzyme together with a partial trypsin cleavage of the N-and C-terminal extensions of the protein (Azouaoui et al. 2017). Therefore, the auto-inhibitory effect of the N-and C-terminal ends of Drs2p can be partially supressed after PI4P binding. Our laboratory and collaborators has recently identified from the 3D structure of Drs2p a new PI4P binding site at the C-terminal end of Drs2p (Guillaume Lenoir, personal communication).

Interestingly, the alignment of PcATP2 with Drs2p reveals that this new identified domain involved in PI4P binding is also well conserved in PcATP2 (and other Plasmodium ATP2 orthologs as well) unlike the other binding sequence RMKKQR previously determined [START_REF] Natarajan | Regulation of a Golgi Flippase by Phosphoinositides and an ArfGEF[END_REF]), suggesting that the C-terminal end of PcATP2 could play a similar regulatory role as the C-terminal end of Drs2p. These observations lead us to speculate that probably the addition of PI4P and trypsin are necessary to activate PcATP2, so we should put our focus on finding the right substrates and/or improving the purification protocol in order to have an active protein. Overall, there are still many experimental conditions that need to be explored with regard the purification and functional characterization of the PcATP2/PcCdc50.1 complex; however, our main handicap is the amount of protein complex we can obtain using S.

cerevisiae as expression host. In this respect, we decided to clone and express PcATP2 and PcCdc50.1 in a new yeast expression host: Pichia pastoris.

III-6 Pichia Pastoris: an expression host

The amount of PcATP2 in complex with PcCdc50.1 that we were able to purify from S.

cerevisiae was quite low, mostly due to the low expression yield and the poor efficiency to solubilize the expressed protein in detergent. We then decided to use another expression host like the yeast Pichia pastoris, also an organism largely used for membrane protein production, including MTPs from Plasmodium (Tan et al. 2006a;Amoah, Lekostaj, and Roepe 2007). Given the results with S. cerevisiae, we focused only in the PcATP2 co-expression with PcCdc50.1 or PcCdc50. 3. The same codon-optimized cDNA sequences used for S. cerevisiae were kept for P. pastoris as codon usage is similar.

P. pastoris has the specificity that it can grow at high-density levels, and protein expression is controlled under the strong methanol-inducible promoter AOX1. In addition, it is also relatively easy to do molecular and genetic manipulations with this yeast (Cregg 1993).

III-6-1 Vectors construction and clones selection

As for the experiments in S. cerevisiae, the strategy consisted in constructing the coexpression vectors PcATP2/PcCdc50.1 and PcATP2/PcCdc50. The strain SMD1168H (Δpep ) of P. pastoris was transformed with the co-expression plasmids by electroporation (section V-2-3-4). Unlike S. cerevisiae, the plasmids in P.

pastoris need to be integrated in the yeast genome by homologous recombination in the AOX1 loci. It is always recommended to linearize the vector to facilitate the integration of the vector, however after the introduction of the subunits, we left the co-expression plasmid without unique restriction sites. Therefore, we did the transformation with a high amount of circular plasmid DNA, as also recommended by Invitrogen. After transformation, we started the selection of clones using the Zeocin-resistant phenotype. This gene is present in the expression vectors and is integrated in the yeast genome together with the gene or genes of interest. Therefore, positive-transformed clones were selected on YPDS plates supplemented with Zeocin. To verify that the whole vector was inserted in the yeast genome, Zeocin-resistant clones were subjected to a PCR on colony in order to find the DNA sequences of PcATP2 and PcCdc50.1 or PcCdc50. well that the assay was working. Out of the 20 tested clones, only a few of them showed a fluorescent intensity substantially higher than the background, for example, clones 9 and 14. Consequently, these two clones were selected for further protein expression analysis using small-scale cultures followed by membrane preparation and western blot analysis. 

III-6-2 Expression tests in P. pastoris

After the plate-induction assay (fig 45), a few clones harbouring PcATP2/Cdc50.1 were selected and cultured in small-scale cells cultures, to test PcATP2 and PcCdc50.1 expression. However, analysis by western blot of these samples showed no expression of either PcATP2-GFP or PcCdc50.1-His8 in any of the selected clones (data not shown).

Indeed, although the plate-induction assay reported GFP fluorescence in the selected clones, in subsequent western blots we could not detect any band with the anti-GFP antibody, not even free GFP sometimes observed in GFP-fused proteins. We thought that, maybe, the cell breaking protocol used in this assay was poorly efficient. We therefore tested different protocols to break the cells (section V-2-3-4). But unfortunately, analysis by western blot of membranes obtained from all different protocols again did not show expression of either PcATP2-GFP or PcCdc50.1-His8 (data not shown).

III-6-3 Discussion

Up to this day, our trials for expression in the yeast P. pastoris were not conclusive. We were able to selected clones on Zeocin plates assuming that these clones integrated the Zeocin resistant marker of the vector. Then we performed PCR on colony to amplify a portion of the PcATP2, PcCdc50.1 or PcCdc50.3 genes, and a positive amplification was obtained for the majority of the clones. In the same way, plate induction selection showed the presence of the GFP suggesting that GFP can be produced. Unfortunately, the expression analysis showed no detection of PcATP2 or PcCdc50 subunit on western blot, revealing troubles in the expression or in the cloning of the genes. We followed the strategy suggested by Invitrogen to transform non-linearized plasmid DNA. Our results suggest that, perhaps, by using our protocol, only a portion of the plasmid vector got inserted in the genome of P. pastoris. Alternatively, it is also possible that the homologous recombination did not occur, resulting in the generation of false positives.

IV.Summary and prospects

To our knowledge, this thesis reports the first biochemical attempts to study Plasmodium P4-ATPases (or lipid flippases) and their Cdc50-associated subunits. Furthermore, PfATP2 was also identified as a potential drug target of two antimalarial molecules included in the malaria box (Cowell et al. 2018). Since P4-ATPases are normally associated to a -subunit protein from the Cdc50/LEM family, we also identified from a BLAST search three putative Cdc50 proteins encoded by P. falciparum, with also a good degree of conservation among Plasmodium species and Apicomplexa (fig 14), together with the typical conserved features of Cdc50 proteins. Notably, a saturation mutagenesis analysis have recently reported that all three putative Cdc50 proteins are essential for the parasite, just like PfATP2 (M. Zhang et al. 2018). Obviously, all this information reinforced our interest for functional characterization of ATP2 and its possible association with one of the tree putative Cdc50 proteins encoded by Plasmodium species (including the functional consequences of this). Logically, the long-term goal of our studies was to better understand the essential functional role of ATP2 within the parasite.

Besides the experimental difficulty of handling Plasmodium-infected erythrocyte cultures, the usually obtained yield of membrane protein expression in such systems was quite low for most of our experimental needs. In this scenario, heterologous expression is an excellent choice to produce a sufficient amount of the target protein to undertake a deep functional characterization or, eventually, structural determination (Birkholtz et al. 2008). and if this has a role on PcATP2 interaction and membrane localization within the Plasmodium-infected host. Indeed, N-glycosylation is not very common in Plasmodium parasites and mostly occurs in the erythrocyte s plasma membrane (Cova et al. 2015).

Given the low expression yield of PcATP2 in all conditions tested, we decided to introduce the GFP as reporter at the C-terminal end of PcATP2 or the PcCdc50 subunits.

This allowed us to use more sensitive techniques to explore the interaction of PcATP2 with the Cdc50 subunits, either in yeast cells or after detergent solubilisation. These experiments also showed that the PcATP2 expression yield was approximately ten times lower than the one of the two subunits. Therefore, even with this different expression level, PcATP2 was still able to help on keeping PcCdc50.1 proper folding, most likely during biogenesis in the yeast cell.

Next, we proceeded to purify the PcATP2-GFP/PcCdc50.1 complex using the nanoGFP coupled to agarose beads for affinity purification. We decided to set up this new purification approach due to the low yield of detergent-solubilized PcATP2/PcCdc50.1, incompatible in our hands with other techniques like His-tag purification or Streptavidin-biotin affinity purification. We succeed on purifying the PcATP2/PcCdc50.1 complex but, although both proteins were visible on Coomassie blue staining SDS-PAGE and western blot (fig 37), the total amount of complex recovered was quite low (about 100 micrograms from 4 liters of culture). In addition, when we tried to concentrate the eluted protein sample, a substantial amount of the sample got trapped in the concentrator filter, probably due to aggregation. Nevertheless, we analyzed the functional state of the PcATP2/PcCdc50.1 complex that had remained in solution, by assaying its ATPase activity and its autophosphorylation ability with γ-32 P-ATP, as well as its ATPase activity. Unfortunately, the results from ATPase activity were all negative and the autophosphorylation assays did not give any conclusive results either. There are many factors that can explain the lack of functional activity of the purified PcATP2/PcCdc50.1 complex. Perhaps the most obvious is the low stability of the complex after eluting from the column and its tendency to aggregate when trying to concentrate. For future purifications, it can be worth to avoid the concentration step by eluting the complex in smaller volumes. Moreover, the detergent used for solubilisation may not be the most suitable for the activity of the protein, something already documented for other membrane proteins. It would be interesting to assess the stability of the complex by FSEC after solubilisation with other detergents like C12E8, LMNG or LDAO, which gave some positive results during solubilisation trials when combined with CHS. Stabilization with phospholipids during purification is also a common strategy on membrane protein purification. We added DOPC during purification; however, other phospholipids (or mixtures) should be tried as well; as for example, PE or PS. [START_REF] Champeil | A robust method to screen detergents for membrane protein stabilization, revisited[END_REF] In summary, in the yeast S. cerevisiae, we succeeded in producing and purifying the putative P4-ATPase, ATP2 from the Plasmodium chabaudi in complex with its associated Cdc50 subunit. Our studies also identified that the two subunits PcCdc50.1 and PcCdc50.3 can interact with PcATP2, although PcCdc50.1 seems to be the preferential associated subunit, at least, when expressed in S. cerevisiae. Despite the low expression yield and poor solubilisation, we succeeded in purifying PcATP2 in complex with PcCdc50.1. The purified complex appears not to be functional in the conditions used but it gives a good starting point for further optimization towards its biochemical and functional characterization.

During this thesis and in order to improve the expression of PcATP2, we made the plasmid expression vectors encoding PcATP2 with PcCdc50.1 or PcCdc50.2 to use the yeast Pichia pastoris as expression host. Unfortunately, we were unable to obtained clones of P. pastoris co-expressing PcATP2 and PcCdc50.1 or PcCdc50. 3. We needed to transform the cells with circular plasmid encoding both proteins and although this protocol has worked before for other constructs, we did not succeed on the proper integration of our proteins into the yeast genome. Certainly, it will be necessary to introduce a new restriction site in the plasmid vector to linearize the vector and, consequently, to increase the chance for homologous recombination in the Pichia genome [START_REF] Bornert | Overexpression of Membrane Proteins Using Pichia Pastoris[END_REF]Strugatsky et al. 2003).

We also started to test other strategies to improve the expression yield of PfATP2 in S.

cerevisiae, such as codon harmonization (Angov 2011). This strategy implies the incorporation of low-frequency codons in suitable positions within the protein sequence aiming to slow down the translation of the protein in the chosen positions that eventually will help to achieve a better folding of the proteins. One of the most sensitive parts of proteins during translation is the N-terminal region. It is relatively frequent to find low-frequency codons within the first 30-50 codons of proteins and, indeed, this is the case of PcATP2. Therefore, we replaced four codons in the N-terminal region of our optimized cDNA encoding PcATP2 to match with the codon-frequency used by the parasite on its genome. The results showed that this change in the cDNA of PcATP2 did not improve the expression level of ATP2. We are now planning to apply the codon harmonization strategy to the rest of the protein, particularly in the intracellular region between TMs 4 and 5 (approximately 700 residues) where the P and the N domain are located.

V.Material and methods

V-1 Material

V-1-1 Chemicals products

The 

V-2 Methods

V-2-1 Cloning strategy and vectors design for expression 1. Optimisation of the gene sequence

The heterologous expression of lipid flippases from Plasmodium species and associated Cdc50 subunits was done in the yeast Saccharomyces cerevisiae. The genome of Plasmodium falciparum has a highly rich A-T content of about 82% (Weber 1987),

hampering the heterologous expression in yeast [START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF]Amoah, Lekostaj, and Roepe 2007). In addition, A-T rich regions can lead to premature transcriptional termination in the yeast (Graber et al. 1999). Therefore, the cDNA encoding these transporters was codon-optimized for S. cerevisiae expression. We ordered to Genscript synthetic cDNAs encoding the three ATP2 orthologs from P. falciparum, P. berghei and P. 

Construction of the expression vectors for S. cerevisiae

Over the last years, our laboratory has optimized the plasmid vector pYeDP60 for the [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF])

Construction of the single expression vectors:

As mentioned before, the optimized sequences of the three ATP2 orthologs (PfATP2, We also constructed the vectors with the tagging at the N-terminal of the flippases. In this case, the flippase sequences were amplified by PCR to add the PmeI and SacI restrictions sites at the and ends, respectively, using the following primers:

For PfATP2:

-cacagtttaaacggtggtgagaatctttattttcagggcggtggtggtggtATGTCTTTGGTCTACAGAAAG-(forward, insertion of the PmeI site)

-agcatggagctctcaaatcatattatcttgttttct-reverse, insertion of a STOP codon and a SacI site)

For PcATP2:

-cacagtttaaacggtggtgagaatctttattttcagggcggtggtggtggtATGCCAAAACATATTAAGGGT-(forward, insertion of the PmeI site)

-agcatggagctctcagatcaacttatcctgttttct-reverse, insertion of a STOP codon and a SacI site)

A gradient of temperature was performed to find the best annealing temperature for this 

Construction of the co-expression vectors:

To construct the co-expression vectors, the two cassettes containing the Gal10/Cyc1

promoter, the coding sequence for each ATP2 ortholog or the corresponding Cdc50 subunit and the terminator were cloned in the same vector. First, the fragment containing the cassette GAl10/Cyc1 promoter-Cdc50-TEV-His10-PGK terminator from each single expression vectors pYeDP60-Cdc50-TEV-His10 was amplified by PCR in order to insert a SbfI restriction site at both the and the ends. The primers used for this reaction were:

-cacacctgcaggtgcatgtatactaaactcaca-forward, SbfI site)

-cacacctgcaggagctatgaccatgattacgc-reverse SbfI site)

Introduction of the superfolder Green Fluorescent Protein (sGFP)

To introduce the sGFP (referred simply as GFP before) between the end of the ATP2 othologs and the BAD tag, the cDNA coding the sGFP was PCR amplified from the pTTQ18-SteT-3C Protease-GFP-His plasmid [START_REF] Rodríguez-Banqueri | Stabilization of a prokaryotic LAT transporter by random mutagenesis[END_REF]), using primers to introduce a NotI site at the end and a XmaI site at the end of the sGFP. In the forward primer we added the TEV cleavage site sequence because in the pYeDP60 it is located after the NotI site and we will lose it after digestion with NotI.

-GCGGCCGCGGAGAATCTTTATTTTCAGGGCGAAAGCAAAGGAGAAGAAC-forward, Two complementary primers containing the desired mutation were used to amplify by PCR the whole vector pJet-PcATP2 (EcoRI/NotI). The PCR products were digested with DpnI which digests the matrix plasmid vector allowing the transformation of E. coli cells with only the mutated plasmid vector. 

NotI

Construction of the expression vectors for Pichia pastoris

Construction of the co expression vectors:

We used the same strategy as for the pYeDP60 co-expression vectors and cloned each gene under the control of its own promoter and terminator in the same expression used for the majority of the enzymes. The digestions were carried out at 37°C for 1 hour.

In the case of a digestion with a unique restriction site in the vector, dephosphorylation of the end was also performed to avoid vector self-ligation during the ligation. For this, after the restriction enzymes digestion, 1 µL of calf intestine phosphatase (CIP) was added and incubated at 37°C for 30 min.

Purification of DNA fragments:

After digestion and dephosphorylation (if needed), the different fragments of DNA required for the construction of the vectors were run in a 1% agarose gel electrophoresis at 60 V. The gel was then stained in 2 µg/mL of ethidium bromide (EB)

for 10-15 min and then washed in 1 mM MgSO4 for 10-15 min. The fragments were purified using the Nucleospin® Gel and PCR clean up kit (Macherey Nagel), after DNA extraction from the agarose gels.

Ligation:

Two protocols were used for cloning the purified fragments. In a first procedure the 

Preparation of chemically-competent bacteria and transformation:

We prepared our own E. coli competent cells following the protocol of Inoue (Inoue, Nojima, and Okayama 1990). First, an overnight culture was made in 5 mL of Luria-Bertani (LB) media, supplemented with 50 µg/mL of tetracycline for the XL1-blue, at 37°C with 200 rpm shaking. 200 µL of the overnight culture was added to 100 mL SOB media, supplemented or not with tetracycline. The flask was placed in the incubator at 20°C with 200 rpm shaking. Once the cell density reaches an optical density at 600 nm (OD600nm) of about 0.6, the culture flasks were placed on ice for 10 min. The cells were centrifuged in 50 mL sterile tubes during 10 min and 4°C at 2500 x g (, and the cell pellet was re-suspended by gentle shaking in 32 mL of ice-cold TB buffer (10 mM PIPES, 15 mM CaCl2, 250 mM KCl, adjusted to pH 6.7 with KOH, and supplemented afterwards with 55 mM of MnCl2). Then, the cell suspension was kept on ice for 10 min and centrifuged during 10 min and 4°C at 2500 x g. The supernatant was discarded, the cell pellet was gently re-suspended in 8 mL of ice-cold TB buffer and DMSO was added to reach a final concentration of 7%. The cells were left on ice for 10 min and 200 µL aliquots were placed in 1.5 mL Eppendorf tubes. The tubes were flash-frozen in liquid nitrogen and stored at -80°C.

Between 50 µL and 100 µL of chemically-competent cells were incubated with the DNA (0.5 µL of a plasmid miniprep or 10 µL of a ligation) and incubated for 15-30 min on ice.

A thermic shock was done at 42°C, for 45 sec for the XL1-blue and BL21, and for 30 sec for the EPI400. Then, the cells were left on ice for 2 min and 800 µL of LB was added.

The cells were left at 37°C for 45 min to 1 hour and then plated on LB agar plates supplemented with ampicillin (100 µg/mL) and incubated overnight at 37°C.

Plasmid DNA preparation and sequencing:

In order to select the right vectors after ligation, a 5 mL overnight culture of each clone was done in LB media supplemented with ampicillin. For the CopyCutter EPI400 cells, the replication of the plasmid DNA was induced to obtain a higher copy number and to get enough material for the miniprep. For this, the overnight culture was diluted to an OD600 of 0.2 in LB supplemented with ampicillin and 1 X CopyCutter solution (from a stock solution of 1000 X). The culture was incubated at 37°C for 4 h with vigorous shaking as the aeration of the culture is critical here to obtain a high density culture at the end. From these cultures, the plasmid DNA was isolated using the Nucleospin® Plasmid kit (Macherey Nagel). The plasmids were then controlled by enzymatic

Transformation by the lithium acetate method

A pre-culture of non-transformed yeast was done in 5 mL of S6AU minimal media for 24 h at 28°C and 200 rpm agitation. Then, a volume of this pre-culture corresponding to 4 optical density units at 600 nm was centrifuged in a sterile 2 mL Eppendorf tube at 800 x g for 5 min . The media was removed and 1 µg of plasmid DNA and 100 µg of salmon sperm DNA (denatured at 100°C for 5 min and cooled down on ice) were added.

After vortexing the tube, 500 µL of PLATE buffer and 20 µL of 1 M DTT filtered were added. The tube was vortexed again and left overnight at room temperature. The next morning the tube was centrifuged at 350 x g for 2 min, the supernatant was removed and the cells were re-suspended in 100 µL of S6A minimal media and plated on S6A agar plates. The plates were left in the incubator at 28°C for 3 to 5 days until the transformed colonies appeared.

Functional complementation (cold-sensitive assay)

Our lab possesses a S. cerevisiae strains where the gene encoding for Cdc50p has been removed: W3031b Gal 4-Δcdc50. This strain shows a cold-sensitive phenotype, since it is not able to grow at 20°C (C. Y. Chen et al. 1999). A normal growing can be rescued after expressing Cdc50p in the W3031b Gal 4-Δcdc50 strain, or co-expressing Drs2p/Cdc50p, suggesting functional restoration [START_REF] Azouaoui | Coordinated overexpression in yeast of a P4-ATPase and its associated Cdc50 subunit: The case of the Drs2p/Cdc50p lipid flippase complex[END_REF]). In our assay, W3031b Gal 4-Δcdc50 was transformed with pYeDP60 plasmids containing the following proteins: no protein or the empty vector, the single-expression Drs2p-BAD or Cdc50p-His10 vectors, co-expression Drs2p-BAD/Cdc50p-His10, the single expression PcATP2-BAD, PcCdc50.1-His10, and PcCdc50.3-His10, and the co-expression PcATP2-BAD/PcCdc50.1-His10 and PcATP2-BAD/PcCdc50.3-His10. After transformation, clones of each construct were grown in 5 mL of S6A media during 24 h at 28°C with 200 rpm shaking. Then, the OD600 of each culture was measured and cultures were diluted to reach OD600 of 0.2, 0.02 and 0.002. 5µL of each sample dilution were deposited on S5AF agar plates, containing galactose and fructose, and incubated at 28°C from 48 h to 72 h.

Protein expression in S. cerevisiae

Protein expression in small-scale cultures:

In order to screen the different constructs for protein expression, we did a small-scale expression test in rich media. A pre-culture of 5 mL of S6A media was made for each construct. The cells were grown for 24 h at 28°C with 200 rpm shaking. After 24 h, the OD600 of the pre-culture was measured and the culture was diluted to an OD600 of 0.2 in 20 mL of YPE2X rich media. The culture was incubated for 30 h at 28°C with 150 rpm shaking. After 30 h, the culture was cooled down on ice until it reached 18°C, then 20 g/L of galactose was added to induce expression and the culture was left for 18 h at 18°C

with 150 rpm shaking.

Protein expression in large-scale cultures:

For large-scale experiments, we used Fernbach type flasks to grow 500 mL of cells per flask. A first pre-culture was done in 5 mL of S6A media and the cells were grown for 24 h at 28°C with 200 rpm shaking. After this 24 h, the OD600nm was measured and the culture was diluted to an OD600nm of 0.1 in 50 mL of S6A media. This second pre-culture was incubated at 28°C for 24 h with 200 rpm shaking. After this second incubation, the OD600nm was measured and the culture was diluted to an OD600nm of 0.05 in 500 mL of YPGE2X media, previously preheated at 28°C. The cells were grown for 36 h at 28°C with 130 rpm shaking. After 36 h, when the yeast has consumed almost all the totality of the glucose present in the media, the culture was cooled down (on ice) to 18°C, and 2%

(w/v) of galactose was added (10 g of powder to each 500 mL culture) to induce proteins expression. After 13 h at 18°C with 130 rpm shaking, a second addition of 2% (w/v) galactose was done and the culture was left for five more hours resulting, finally, in 18 h of total induction time. The cells were then centrifuged at 4000 x g during 10 min at 4°C and washed several times with water. The cell pellet was weighted and resuspended in 2 mL of TEKS buffer per gram of cells. After incubation at 4°C for 15 min, the cells were centrifuged and the resulting pellet was flash-frozen in liquid nitrogen, and then stored at -80°C.

Membrane preparation

Total membrane preparation from small-scale cultures:

To analyse the expression of the proteins induced in the small-scale cultures, a total membrane preparation was done. First, the OD600nm of the culture was measured and in order to have approximately the same amount of cells for each condition, a volume of each culture corresponding to 10 optical density units at 600 nm was centrifuged at 800

x g for 10 min and 4°C. Then, the cells were re-suspended in 1 mL of ice-cold TEPI buffer and transferred into 1.5 mL Eppendorf tubes to be centrifuged at 1000 x g for 10 min and 4°C (Beckman allegra X20, rotor 3015). The pellet was re-suspended in 100 µL of ice-cold TEPI and about 100 µL of glass beads (0.5 mm of diameter) were added. The tubes were vortexed for 25 min at 4°C. TEPI buffer was then added up to 1 mL and the tubes were centrifuged at 500 x g for 5 min at 4°C. The supernatant was transferred into an ultracentrifuge 1.5 mL Eppendorf tube, and was centrifuged at 100000 x g for 90 min at 4°C (benchtop TL-100 Beckman ultracentrifuge with the TLA-45 Beckman rotor). The resulting pellet was re-suspended directly in 200 µL of either 2 X U loading buffer or resuspension buffer (see section V-1-2).

Membrane preparation and fractionation from large-scale cultures:

The cell-pellet from large-scale cultures harbouring the different plasmid constructs were thawed at room temperature and re-suspended in 1 mL of TES buffer per gram of cell-pellet and supplemented 1 X of Protease Inhibitor Cocktail (PIC) and 1 mM PMSF.

The cells were broken with glass beads using a planetary mill (Pulverisette 6 from Fritsch). The cell suspension was poured into an agate grinding bowl with an equal volume of 0.5 mm diameter glass beads and the instrument was set to grind the sample: 450 rpm during 3 min, pause for 30 sec and 450 rpm during 3 min in the reverse sense.

The crude extract was recovered and the beads were washed with 1.5 mL of TES buffer supplemented with1 X PIC and 1 mM PMSF per gram of cell pellet. At this step, the pH of the broken cells was adjusted to 7.5 to prevent the action of endogenous proteases. The crude extract was centrifuged at 1000 x g for 20 min and 4°C. After the centrifugation, the first pellet (dubbed P1) contains unbroken cells, cell debris and some glass beads were removed. The resulting supernatant (S1), was centrifuged at 20000 x g for 20 min at °C to obtain the second pellet P that contains the heavy membranes . The After cell breaking, the crude extract obtained was subjected to a first low-speed centrifugation in order to remove non-broken cells and cell debris. Then, the S1 supernatant was subjected to a medium-speed centrifugation where we obtained the P2 « heavy membranes » and the S2 supernatant which is subjected to a final ultracentrifugation to obtain the P3 « light membranes » fractions.

Deglycosylation of PcCdc50.1 and PcCdc50.3 subunits

The two subunits PcCdc50.1 and PcCdc50.3 were tested for deglycosylation by the enzymes PGNase F and EndoH. P3 membranes of S. cerevisiae cells co-expressing PcATP2/PcCdc50.1, PcATP2/PcCdc50.3 and Drs2p/Cdc50p were diluted up to 4 mg/mL in Hepes-sucrose buffer. Then, 5 µL of this dilution, corresponding to 20 µg of total protein, were added to 1 µL of the 10 X Glycoprotein denaturing buffer and 4 µl of MilliQ water. The denaturation was performed for 10 min at 100°C in a dry bath. Then, the tubes were cooled down on ice for 5 min and centrifuged 10 sec in a mini-centrifuge. In the deglycosylation assays with PGNase F, 10 µL of denatured sample were added to 2 µL of Glycobuffer 2 (10 X), 2 µL of NP-40 buffer, 5 µL of milliQ water and 1 µL of PGNase F. In the deglycosylation by EndoH, 10 µL of denatured sample were added to 2 µL of Glycobuffer 3 (10 X), 7 µL of MilliQ water and 1 µL of EndoH. The tubes were incubated for 1 h at 37°C. The samples were analyzed by western blot.

V-2-3 Expression in the yeast Pichia pastoris

Pichia pastoris strain

We used the P. pastoris strain SMD1168H which is derived from the original strain NRRL-Y 11430 (Northern Regional Research Laboratories, Peoria, Ill.), and commercially available by Invitrogen. This strain is Δpep4 which means that it is deficient for proteinase A and carboxypeptidase Y, and has approximately half of proteinase B activity. Pichia pastoris is a methylotrophic yeast, so it can metabolize methanol using different alcohol oxidase enzymes, mostly AOX1.

Transformation by electroporation

To prepare the competent cells, a 100 mL overnight culture of P. pastoris SMD1168H in YPD media was made at 30°C with 200 rpm shaking until the cell density reached an OD600 of 1.3-1.5. The cells were then pelleted at 1500 x g for 5 min and 4°C, and then washed in 100 mL of ice-cold sterile water. A second washing step was done in 50 mL of ice-cold sterile water and then the cells were re-suspended in 5 mL of 1 M ice-cold sorbitol. After centrifugation the cells were re-suspended in 500 µL of 1 M ice-cold sorbitol and kept on ice until electroporation, always the same day.

For transformation by electroporation, 80 µL of these cells were incubated with 50 to 100 µg of non-linearized plasmid DNA in a sterile ice-cold 0.2 cm electroporation cuvette for 5 min. The cells were subjected to a pulse of 1.5 kV, 25 µF and 200 Ω gene pulser, Bio-Rad). Immediately after, 1 mL of 1 M ice-cold sorbitol was added to the cells. The cells were then transferred to a 15 mL falcon tube with 1 mL of YPD and left at 28°C without shaking for 4 to 8 h. 200 µL of cells were plated on YPDS plates supplemented with 100 µg/mL of Zeocin and left at 28°C for 3 to 10 days until colonies appeared.

Clones selection PCR on colony:

Some colonies were picked and re-suspended in 20 µL of milliQ water in small PCR tubes. The cells were then boiled for 5 min at 98°C. To test the incorporation of PcATP2 and PcCdc50.1 on each clone, we amplified both genes by PCR using the following primers. For the PcATP2 we used the primers forward -ccgattacggtatctctcaat-and reverse -agcatggagctctcagatcaacttatcctgttttct-. To amplify a part of the PcCdc . subunit, we used the primers forward -gacaaggtatacttctggat-and reverse aagactgcggccgcatcttctattcttctcataaa-. For the reaction, the Quick-Load® Taq 2X Master Mix from NEB was used as recommended by the supplier.

Screening PcATP2 expression following GFP fluorescence:

500 µL of each clone was grown overnight in YPD at 30°C with 250 rpm shaking in 2 mL Eppendorf tubes. Then, the OD600nm was measured and the cultures were centrifuged during 5 min at 2000 x g. The cells were re-suspended in MM media to a final OD600nm of 1. Then, 5 µL drops of these cells were dispensed on top of MM agar plates and left for drying, before incubation at 28°C for 48 h. After 24h, a few mL of 100% methanol was added at the lid of the plates and left in the incubator for another 24 h of incubation at 28°C.

Protein expression and membrane preparation

Protein expression in small-scale:

A first culture of 5 mL of selected clones was done in MG media. The cells were grown overnight at 30°C with 200 rpm shaking. The next day the OD600nm of the culture was measured, and cells were centrifuged for 5 min at 2000 x g. The cell-pellet was resuspended in an appropriate volume of MM media (induction media) to reach an OD600nm of 1 and incubated at 30°C during 24 h with 200 rpm shaking. After 24 h, a second induction was done by addition of 0.5% (v/v) of methanol.

Total-membrane preparation from small-scale cultures:

Two different methods were tested to break P. pastoris cells as described in the following table :   Protocole 1 Protocole 2 1 mL of cells ≈ OD600 units) mL of cells ≈ OD600 units)

Centrifugation at 800 x g for 5 min Centrifugation at 800 x g for 5 min Re-suspension of the cells in 1 mL of TEPI buffer and centrifugation at 800 x g for 5 min Re-suspension of the cells in 1 mL TEPI buffer and centrifugation at 800 x g for 5 min Re-suspension of the cells in 500 µL TEPI buffer Re-suspension of the cells in 1mL PBS and centrifugation at 800 x g for 5 min Addition of 500 µL of 0.5 mm glass beads Freeze in liquid nitrogen and thaw. Repeat this 2 times 8 cycles of 1 min vortex/1 min on ice Re-suspension of the cells in 500 µL TEPI buffer Centrifugation at 200 x g for 5 min

Add 500 µL of 0.5 mm glass beads Take the supernatant and transfer into a 1.5 mL ultracentrifuge Eppendorf tube 8 cycles of 1 min vortex/1 min on ice Ultracentrifugation at 100 000 x g for 1 h and 4°C Centrifugation at 200 x g for 5 min Take the supernatant and transfer into a 1.5 mL ultracentrifuge Eppendorf tube Ultracentrifugation at 100 000 x g for 1 h and 4°C

After the ultracentrifugation, the expression of PcATP2-GFP and PcCdc50.1-His8 in the membrane preparation was analysed by western blot.

V-2-4 Protein detection 1. Determination of total protein concentration

The concentration of proteins in the samples was measured by the bicinchoninic acid assay (BCA). This assay is compatible with detergents, allowing the use of SDS to solubilize the membrane fractions. In this assay, the first step is the reduction of Cu 2+ to Cu 1+ by the proteins, and then, the cuprous cation is chelated by the BCA forming a purple-coloured product that can be detected by light absorption at 562 nm. The samples were diluted 1/10 in milliQ water and different concentrations of bovine serum albumin (BSA), 0, 1, 2, 3, 4, 5, 6, 7 and 8 mg/mL, were used for the standard curve. 10 µL of the diluted sample was added to 10 µL of milliQ water and 5 µL of 10 % (w/v) SDS.

For the standard curve, 10 µL of the different dilutions of BSA were added to 10 µL of a dilution 1/10 of TES buffer or HEPES sucrose buffer and 5 µL of 10% (w/v) SDS. Then, a 50/1 (vol/vol) solution of BCA/CuSO4 was prepared, and 225 µL of this solution was added to the different samples and standards. 200 µL of each sample or standard was transferred to a 96-well plate and incubated for 30 min at 37°C. The absorbance of each sample was measured at 562 nm using the Epoch microplate spectrophotometer (BioTek Instruments).

SDS PAGE and western blot

For protein electrophoresis, 8% SDS PAGE gels were used. Samples at the appropriate total protein concentration were mixed with 2 X U loading buffer to limit membrane protein aggregation (Soulié et al. 1992). The electrophoresis was performed using regular electrophoresis running buffer for 90 min at constant voltage of 110 Volts.

After migration, the gel was stained with a Coomassie-blue staining solution (0.05% (w/v) Coomassie-blue R-250, 40% (v/v) methanol and 10% (v/v) acetic acid)

for 30 min at room temperature. The excess of dye was washed with several baths of hot milliQ water. Then, the gel was dried in 10% (v/v) ethanol, 10% (v/v) acetic acid and 5% (v/v) glycerol between two cellophane sheets (Bio-Rad).

In addition, we washed the membranes prior the solubilisation to remove membraneassociated proteins using the membrane washing buffer (see section V-1-2) for 30 min at 4°C with gentle rotation. Different ratios of protein/detergent (w/w) were tested: 1:4, 1:5 and 1:10. The addition of the cholesterol derivative, cholesteryl hemisuccinate (CHS) was also tested at a 5:1 (w/w) detergent/CHS ratio.

Fluorescence size exclusion chromatography (FSEC)

The P3 membranes were diluted to 2 mg/mL of total protein concentration and solubilized with 10 mg/mL of DDM and 2 mg/mL of CHS in solubilisation buffer during 1 h at 20°C. After solubilisation, the samples were centrifuged at 125 000 x g during 1 h at 4°C to remove large aggregates and non-solubilised membranes. 200 µL of the supernatant was injected into a Superose 6 10/300 GL (GE healthcare) column equilibrated with FSEC equilibration buffer (see sections V-1-2). The AKTA chromatography system (GE healthcare) was used in combination with a fluorescence detector (JASCO FP 4025). The elution profile of PcATP2-GFP, PcCdc50.1-GFP or PcCdc50.3-GFP was analysed following the fluorescence of the GFP. The instrument was piloted by the software UNICORN.

Co-immunoprecipitation

To study the interaction of PcATP2 with their Cdc50 subunits after detergent solubilisation, a co-immunoprecipitation assay was performed using agarose beads coupled to nanobodies that specifically bind the GFP (GFP-Trap®, ChromoTek).

Therefore, these beads allowed to trap the GFP fused to PcATP2 or the Cdc50 subunits.

P3 membranes diluted to 2 mg/mL of total protein concentration were solubilized in solubilisation buffer with 10 mg/mL of DDM, 2 mg/mL CHS (ratio protein:detergent:CHS 1:5:1, w/w/w) during 1 h at 20°C. After solubilisation, the membranes were ultracentrifuged at 125 000 x g for 90 min at 4°C. 25 µL of the GFP-trap beads slurry was put into a 1.5 mL spin column. The beads were equilibrated by addition of 500 µL of ice cold washing buffer 1 (20 mM Tris-HCl pH 7.8, 150 mM NaCl, 0.2 mg/mL DDM 0.04 mg/mL CHS, 10% (v/v) glycerol) and the column was centrifuged at 100 x g for 30 seconds. This equilibration step was repeated twice. After the ultracentrifugation, the detergentsolubilized membranes were added to the beads and incubated for 1 h at 4°C with gentle rotation. After incubation the flow-through was collected by centrifugating the sample at 100 x g for 30 seconds. The beads were then washed with 500 µL of ice-cold washing buffer 1 followed by centrifugation at 100 x g for 30 seconds. A second wash was done with 500 µL of washing buffer 2 (20mM Tris-HCl pH 7.8, 500 mM NaCl, 0.2mg/mL DDM and 10% (v/v) glycerol). The proteins were finally eluted by adding 50 µL of 0.2 M glycine buffer pH 2.5 to the beads and pipetting up and down for 30 seconds. The column was placed on a 1.5 ml Eppendorf tube containing 5 µL of 1 M Tris base pH 10.4, and the eluted proteins were collected after centrifugation at 100 x g for 30 sec. This elution step was repeated a second time. The samples were then analysed by western blot.

Purification of PcATP2-GFP/PcCdc50.1 complex by affinity chromatography a. Expression and purification of nanobodies targeting the GFP (nanoGFP):

We obtained from Addgene the plasmid vector pOPINE nanoGFP (reference #49172) to express in E. coli a C-terminally His-tagged nanobody directed against the GFP (nanoGFP). First, E. coli BL21 cells were transformed with the pOPINE nanoGFP plasmid vector and grown overnight at 37°C with 200 rpm shaking in 10 mL LB supplemented with 100 µg/mL of ampicillin. 500 mL of LB with ampicillin were inoculated with 4 mL of the overnight pre-culture and the cells were grown at 37°C with 200 rpm shaking.

When the OD600 of the culture reached ~ 0.6, the temperature of the culture and the incubator were reduced down to 20°C. To induce the expression, IPTG was added at a final concentration of 1 mM and the cells were left for 20-24h at 20°C with 200 rpm shaking. The cells were spun down and flash-frozen in liquid nitrogen and stored at -80°C.

For the nanoGFP purification, thawed E. coli cells were first re-suspended in 10 mL of lysis buffer (PBS pH 8, 0.5 M NaCl, 5 mM imidazole, 1 mM PMSF and 10 µg/µL of lysozyme) and left 1 h at 4°C with gentle rotation. The cells were broken by sonication (Vibra-cell, Bioblock Scientific): 6 cycles of 10 sec on at 40% amplitude and 10 sec off, maintaining the cells always on ice. Broken cells were centrifuged at 20000 x g for 20 min at 4°C. Meanwhile, the TALON ® cobalt resin (TAKARA) was prepared; 1 mL of the resin was first washed with milliQ water and then equilibrated with 10 resin volumes of equilibration buffer (PBS pH 8, 0.5 M NaCl and 5 mM imidazole). After centrifugation, the supernatant was added to the resin and incubated for 1 h at 4°C with gentle rotation to achieve the binding of the His-tagged nanobodies into the resin. After incubation, the flow through was recovered and the resin was first washed with 20 resin volumes of equilibration buffer. A second washing was done with 10 resin volumes of equilibration buffer supplemented with 20 mM imidazole and a third washing was done with 10 resin-volumes of equilibration buffer supplemented with 30 mM imidazole. The elution was performed in three steps, two steps where the proteins were eluted with 5 resinvolumes of equilibration buffer supplemented with 150 mM of imidazole and a final step where the remaining proteins were eluted with 5 resin-volumes of equilibration buffer supplemented with 300 mM imidazole. Elution fractions and the different fractions obtained during the purification were analysed in a 14% SDS-PAGE (fig 57). The three elution fractions were pooled and concentrated using a Vivaspin ® 20 5000 Mw concentrator (Sartorius) up to a 3 mL of final volume. Concentrated proteins were dialyzed at 4°C to remove the imidazole using a Slide-a-Lyzer ( 3000Mw)(ThermoFisher) against, first 500 mL of PBS pH 8 for 5 h and, second, overnight against 500 mL of PBS pH 8. After dialysis, protein concentration was measured and the nanobodies were left at 4°C for several weeks in PBS. 

b. NanoGFP coupling to agarose beads:

We made the nanoGFP sepharose resin by coupling the purified nanoGFP to a NHSactivated agarose beads (GE healthcare). We mostly followed the protocol given by GE and described in Rothbauer et al., (2008). The volume ratio recommended was 0.5:1 nanoGFP/resin. Accordingly, we used 1 mL of NHS-activated agarose beads (2 mL slurry) per mg of purified nanoGFP. 2 ml of NHS-activated slurry (resin + isopropanol) was poured into a plastic column and washed with milliQ water. Just before the reaction, the resin was washed with 10-15 resin-volumes of 1 mM HCl followed by equilibration with PBS pH 7.5 by adding 10 resin volumes. Thereafter, 1 mg of nanoGFP was added to the 1 mL resin. The volume of the nanoGFP added was kept always between 0.5 to 0.7 mL in order to comply with volume ratio nanoGFP/resin of the reaction. The resin with the nanoGFP was incubated overnight at 4°C under gentle rotation. The next morning, the remaining non-reacted sites of the resin were blocked by the addition of 10-15 resin volumes of 0.1 M Tris-HCl pH 8.5. The resin was incubated in this Tris buffer for 4-5 h at 4°C with gentle rotation. The Tris buffer was removed and the resin was subjected to 3 washing cycles of 3 resin volumes of 0.1 M Tris-HCl, 0.5 M NaCl, pH 8.5 followed by 3 resin volumes of 0.1 M Acetate buffer, 0.5 M NaCl, pH 5.0. Finally, the resin was left in PBS pH 8.0 at 4°C until use.

c. 3C protease production

An E. coli BL21 glycerol stock transformed by a plasmid containing the cDNA encoding the 3C Protease tagged with a 6xHis tag at the N-terminal of the protein was kindly provided by Dr Joe Lyons (Aarhus University, Denmark). The cells from the glycerol stock were first plated on a LB plate supplemented with ampicillin. One E. coli colony was inoculated in 10 mL LB supplemented with ampicillin and cells were grown overnight at 37°C with 200 rpm shaking. 2 L of LB supplemented with ampicillin were inoculated with the pre-culture and the cells were allowed to grow at 37°C until they reached a cell density of OD600nm = 0.8. Then, the cells and the incubator were cooled down to 18°C. Protein expression was induced by the addition of 0.2 mM IPTG in the culture media and the culture was left overnight at 18 °C with 200 rpm shaking.

After pelleting the cells, they were re-suspended in an appropriate volume of Lysis Buffer (50 mM NaPi pH . , mM NaCl, mM Imidazole, mM ofmercaptoethanol, and no protease inhibitors) in order to obtain a cell density of OD600 = 10. The cells were broken with 0.1 mm glass beads in planetary mill Pulverisette 6 using the same program as for the yeast. Broken cells were centrifuged at 15000 x g during 30 min at 4°C. Meanwhile 6 mL of TALON ® cobalt beads, previously washed with milliQ water, were equilibrated with 10 resin-volumes of Column Buffer (50 mM NaPi pH 8.0, 500 mM NaCl, mM Imidazole and mM of -mercaptoethanol). The beads and the supernatant were incubated in a beaker for 1 h at 4°C with soft stirring. After incubation, the beads were washed with 20 column volumes of Column Buffer and the proteins were eluted with 30 mL (5 column-volumes) of Elution Buffer (50 mM NaPi pH 8.0, 150 mM NaCl, 250 mM Imidazole and 5 mM of -mercaptoethanol). Eluted proteins were concentrated up to 1 ml using Vivaspin® 20, 30,000 MWCO spin concentrators and further purified by size-exclusion chromatography using a Superose ® 6 10/300 GL column equilibrated in 50 mM NaPi pH 8.0, 100 mM NaCl, 1 mM DTT and 0.1 mM EDTA.

The purified protein was aliquoted and supplemented with 20 % glycerol and 250 mM NaCl before freezing in liquid N2 and stored at -80°C.

d. Purification of the PcATP2/PcCdc50.1 complex

The purification of PcATP2/PcCdc50.1 complex was done using the home-made affinity chromatography column containing the nanoGFP coupled to agarose beads (see nanoGFP coupling to agarose beads). P3 membranes expressing PcATP2/PcCdc50.1

were diluted up to 5 mg/mL of total protein concentration in a buffer containing 20 mM Tris pH 7.8, 150 mM Nacl, 10% (w/v) glycerol, 1X PIC, 20 mg/mL DDM and 4 mg/mL CHS. The solubilisation was performed in a beaker during 1h at 20°C with soft stirring.

Then, the sample was ultracentrifuged at 125 000 x g during 1h at 4°C. Meantime, in a plastic column, 1 mL of nanoGFP coupled to agarose beads slurry was taken and equilibrated with 10 resin volumes of washing buffer 1 (20 mM Tris pH 7.8, 150 mM NaCl, 10% (w/v) glycerol, 0.2 mg/mL DDM, 0.04 mg/mL CHS and 0.01 mg/mL DOPC).

After ultracentrifugation, the detergent-solubilized membranes were incubated with the nanoGFP resin in a beaker for 2 h at 4°C with soft stirring. After incubation, the resin was poured back into the plastic column and the flow-through was recovered. The resin was washed first with 10 resin-volumes of washing buffer 1 and then a second washing was done with 10 resin-volumes of the washing buffer 2 containing a higher amount of salt (20 mM Tris pH 7.8, 500 mM NaCl, 10% (v/v) glycerol, 0.2 mg/mL DDM, 0.04 mg/mL CHS, 0.01 mg/mL DOPC). The resin was then washed with 10 resin volumes of the elution buffer 1 (20 mM Tris pH 7.8, 150 mM Nacl, 10% (w/v) glycerol, 0.2 mg/mL DDM, 0.04 mg/mL CHS, 0.01 mg/mL DOPC and 1 mM DTT). The resin was re-suspended in 1 mL of elution buffer 1 and transferred to a 2 mL Eppendorf tube. 5 µg of purified 3C

protease was added to the resin and the sample was incubated overnight at 4°C with gentle rotation. After 3C protease digestion, the resin was poured back into the plastic column and the 1 mL of flow-through elution was recovered. The beads were also washed with 0.5 mL of elution buffer 1. A second elution was done with 3 resin volumes of the elution buffer 2 (20 mM Tris pH 7.8, 500 mM NaCl; 10% (w/v) glycerol; 0.2 mg/mL DDM; 0.04 mg/mL CHS; 0.01 mg/mL DOPC; 1mM DTT). The two elution fractions were combined and concentrated to 250 µL using a Vivaspin ® 100 concentrator following several centrifugations at 4000 x g during 10 min. The different samples from the different steps of the purification were subjected to a SDS-PAGE followed by Coomassie-blue staining analysis and western blot.

V-2-5 Activity assays of the purified PcATP2/PcCdc50.1 complex

ATPase activity assay

The ATPase activity of the purified complex was measured by an enzyme coupled The reaction was done in a spectrophotometer cuvette at 30°C in 2 mL of SSR buffer supplemented with 0.04 mg/mL of pyruvate kinase, 0.1 mg/mL lactate deshydrogenase, 1 mM DTT, 0.2 mg/ml DDM, 1 mM phosphoenolpyruvate, 1 mM NaN3 and about 2 µg/mL of the purified complex PcATP2/PcCdc50.1. Then, 1 mM of MgATP was added and then we did the baseline on the spectrophotometer. The measure started when 250 µM of NADH was added in the cuvette. Different lipids mixed with DDM (0.5 to 1 mg/mL) were added along the reaction as 0.1 mg/mL DOPC, 0.2 mg/mL POPS, 0.1 mg/mL POPE, 0.2 mg/mL POPC, 0.03 mg/mL PIP2 and 0.03 mg/mL PI4P. 120 µg final of trypsin was also added and if desired AP5-A, an inhibitor of adenylate kinase, was also added at 1.1 µM concentration. The reaction was stopped by addition of 1 mM BeF3 - (1mM BeCl2 + 20 mM KF).

Phosphorylation assay

100 µL of the purified PcATP2/PcCdc50.1 complex (about 2 µg of proteins) was mixed with 2 µg of pyruvate kinase ( loading control ). The samples were incubated on ice before the phosphorylation in the absence or presence of inhibitors as BeF3 -( 50µMBeCl2/1mM KF) or the compounds from the Malaria box, MMV007224 and MMV665852 (Spangenberg et al. 2013). Then, [γ-32 P] ATP was added to a final concentration of 2 µM corresponding to 0.5 mCi/µmol and incubated for 2 min on ice. The reaction was stopped after the addition of an equal volume of 1 M TCA and 5 mM H3PO4, and left on ice for 45 min to allow the precipitation of the proteins. The samples were centrifuged at 14000 x g during 25 min at 4°C. Each pellet was washed with 100 µL of 0.5 M TCA and 5 mM H3PO4 followed by centrifugation at 14000 x g during 25 min at 4°C. The supernatant was removed and the pellet was centrifuged one more time at 14000 x g during 5 min at 4°C to remove the residual TCA. Then, the samples were re-suspended in 30 µl of 1xU sarkadi loading buffer (see) and 20 µl were loaded on 7% SDS_PAGE sarkadi gels. The electrophoresis was run at constant intensity of 12.5 mA per gel at 4°C during 3-4 h. After the electrophoresis, the gel was stained with Coomassie blue and dried overnight. The next day the gel was placed in contact with a Phosphor screen (GE healthcare) and phosphorylated proteins were detected 72 h later with a Typhoon PhosphorImager (GE healthcare).

V-2-6 Fluorescence Microscopy of S. cerevisiae cells expressing PcATP2-GFP and Cdc50.1-GFP

A small-scale culture of S. cerevisiae expressing PcATP2 alone or co-expressed with A square is cut in a piece of parafilm and this piece is put on a glass slide. The parafilm will serve as frame to cast the agarose pad made with 1% agarose melted in milliQ water. The 2 µl of induced S. cerevisiae cells are deposited on the top of the pad. Then a coverslip is placed on the top of the pad and sealed with nail polish.

INTRODUCTION

Membrane proteins (MPs) are usually solubilized in detergent for purification and downstream studies. Several detergents or polymers can be used for this purpose, and their presence is mandatory for extraction of proteins from native membranes, their purification, their functional studies and occasionally their crystallization. In the latter case, long-term MP stability is essential to perform accurate functional studies and crystallogenesis [START_REF] Frauenfeld | A saposin-lipoprotein nanoparticle system for membrane proteins[END_REF][START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF][START_REF] Popot | Amphipols from A to Z[END_REF][START_REF] Privé | Detergents for the stabilization and crystallization of membrane proteins[END_REF] 1of27

detergents, as they are directly inspired from the structure of phospholipids: they have a hydrophilic headgroup attached to an aliphatic chain. The nature of the headgroup can vary greatly, e.g., sugars, hydrophilic polymers, or amino acids. Depending on the nature of this headgroup, detergents are generally categorized as non-polar, anionic, cationic, or zwitterionic, depending on their global charge at neutral pH (note that most protein purifications are done at pH ranging from 6.5 to 8.5). The length of the aliphatic chain may also vary, although detergents commonly used in MP stabilization and solubilization usually have aliphatic chains of 6 to 12 carbons (le Maire et al., 2000). Note that nonionic detergents with mid-length hydrocarbon chains (10 to 14 carbons) have proven efficient for MP stabilization in most cases. For instance, n-dodecyl-β-D-maltopyranoside (DDM) displays a maltose headgroup attached to a 12-carbon aliphatic chain and is often used in preliminary screens as it is usually a good detergent for MP stabilization. New detergents and polymers are regularly synthesized to improve long-term stabilization of MPs [START_REF] Hardy | Overcoming bottlenecks in the membrane protein structural biology pipeline[END_REF].

Unfortunately, many MPs may become irreversibly inactive after solubilization by detergent [START_REF] Columbus | Post-expression strategies for structural investigations of membrane proteins[END_REF][START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF][START_REF] Privé | Detergents for the stabilization and crystallization of membrane proteins[END_REF]. The presence of various osmolytes (e.g., sugars, amino acids, glycerol, betaine) in the incubation medium can slow down such irreversible inactivation. For example, sarco-endoplasmic reticulum Ca 2+ -ATPase (SERCA1a) is stabilized by addition of glycerol or glycyl-betaine [START_REF] Montigny | Use of glycerol-containing media to study the intrinsic fluorescence properties of detergent-solubilized native or expressed SERCA1a[END_REF]Champeil, 2008, 2010, andreferences therein). Glycylbetaine also protects the photosystem II complex from dissociation [START_REF] Murata | Glycinebetaine stabilizes the association of extrinsic proteins with the photosynthetic oxygen-evolving complex[END_REF] and the erythrocyte plasma membrane calcium pump from urea-induced denaturation [START_REF] Coelho-Sampaio | Betaine counteracts urea-induced conformational changes and uncoupling of the human erythrocyte Ca 2+ pump[END_REF]. The presence of a ligand can also be critical for stabilization. For instance, addition of calcium to detergent-solubilized SERCA1a increased its long-term stability from a few hours to several days [START_REF] Montigny | Glycyl betaine is effective in slowing down the irreversible denaturation of a detergent-solubilized membrane protein, sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1a)[END_REF]. The two bound calcium ions make several interactions with transmembrane helices and limit the movement of the transmembrane helices, consequently also limiting the insertion of detergent between the helices. Detergent properties can also be influenced by temperature (see Basic Protocol 1). While most biochemists may consider incubation at 4°C to be the most appropriate condition for storing a protein for a long time, one should consider that detergent-solubilized proteins are sometimes more stable at 20°C. For example, timedependent irreversible inactivation of SERCA1a solubilized with either C 12 E 8 or DDM is slower at 20°Cthanat6°C, regardless of the presence of calcium [START_REF] Champeil | Interaction of amphipols with sarcoplasmic reticulum Ca 2+ -Lenoir et al. AT Pa s e[END_REF][START_REF] Montigny | Glycyl betaine is effective in slowing down the irreversible denaturation of a detergent-solubilized membrane protein, sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1a)[END_REF]. Another possibility to improve the stability of an MP involves generating thermostable mutants [START_REF] Magnani | A mutagenesis and screening strategy to generate optimally thermostabilized membrane proteins for structural studies[END_REF][START_REF] Rodríguez-Banqueri | Stabilization of a prokaryotic LAT transporter by random mutagenesis[END_REF][START_REF] Vaidehi | How can mutations thermostabilize G-protein-coupled receptors[END_REF]. However, none of these tips can fully prevent detergent-induced irreversible inactivation. Furthermore, it is essential to develop convenient protocols for screening detergents for their ability to solubilize and stabilize an MP, preferably before advancing to the purification process. Indeed, a detergent that efficiently solubilizes an MP might not necessarily be the best choice for its long-term stabilization or for downstream functional and structural characterization. The present article aims to help the experimenter by setting up protocols to screen detergents for their ability to stabilize a particular MP in its active form. Basic Protocol 1 will help the experimenter verify that detergent behavior is not perturbed excessively during the purification and functional characterization of a particular MP. Basic Protocol 2 and the Alternate Protocol take advantage of particular features of P-type ATPases, a large family of MP transporters, to assess the effect of several detergents on the long-term stabilization of the SERCA1a (Basic Protocol 2) and a yeast trans-Golgi flippase complex (Drs2p/Cdc50p, Alternate Protocol). Basic Protocol 2 is more appropriate for purified samples, whereas the Alternate Protocol is suitable for crude membranes analysis. 

DETERMINATION OF THE CRITICAL MIXED MICELLAR CONCENTRATION OF A DETERGENT

As is true of other amphipathic molecules, detergents are soluble in aqueous solution and can also insert into hydrophobic phases, including membranes. The critical micellar concentration (CMC) reflects the solubility of the individual detergent monomer in pure water. Above the CMC, the concentration of monomers is constant and detergent molecules in excess start to spontaneously form aggregates to prevent the exposure of their hydrophobic tails toward the aqueous phase. Such aggregates are called micelles and their size depends particularly on the chemical nature of the detergent [START_REF] Helenius | Solubilization of membranes by detergents[END_REF][START_REF] Tanford | Characterization of membrane proteins in detergent solutions[END_REF]. The number of aggregation (N A ) corresponds to the average number of monomers found in a micelle. The concentration of detergent to be used for MP solubilization and stabilization directly depends on the CMC (see Commentary). Nevertheless, the CMC can be greatly influenced by the physical and chemical parameters of the environment such as temperature or ionic strength (Walter, Kuehl, Barnes, & VanderWaerdt, 2000; also see Orwick-Rydmark et al., 2016, and references therein). In this respect, protein purification processes may sometimes require temperature variations from 4°Ct o2 0 °C, high salt concentrations (e.g., ionexchange chromatography), and sometimes addition of stabilizing additives like glycerol, sucrose, or betaine as mentioned in the Introduction. Moreover, functional characterization usually requires long incubation of the sample to estimate activity or ligand binding ability.

The critical mixed micellar concentration (CMMC) reflects the solubility of the detergent monomer in a complex aqueous phase such as the buffer used in a particular experiment.

The CMMC is usually close to, but always slightly lower than, the CMC in water.

It is mandatory to check that the CMMC of a detergent does not vary significantly during the different steps of the purification, functional characterization, and possibly crystallization setup. An increase of the CMMC could result in aggregation of the MP, as the total detergent concentration becomes too low to keep the MP in a soluble state.

Conversely, a decrease of the CMMC can trigger denaturation, as the amount of available detergent for interaction with the MP may increase and eventually result in destabilization of membrane bundles, dissociation of MP complexes, or removal of essential lipids for stabilization.

Several techniques have been developed for CMC and CMMC determination. Some techniques are based on measurement of surface tension or refractive index. These methods have the advantage of allowing estimation of the CMC (not only the CMMC) in pure water, i.e., in absence of any probe (see below). The oldest method, but still useful, was proposed by du Noüy [START_REF] Du Noüy | A new apparatus for measuring surface tension[END_REF]. The force required to raise a platinum ring from the surface of a liquid depends on the surface tension. When the surface tension diminishes, the force required also decreases. The surface tension decreases when the concentration of detergent monomers increases. The CMC is reached when the force becomes constant [START_REF] Benzonana | Study of bile salts micelles: Properties of mixed oleate-deoxycholate solutions at pH 9.0[END_REF]. Similarly, it has been observed that the refractive index of a detergent solution changes when the CMC is reached. However, this method is more appropriate to detergents with CMCs in the millimolar range, as refractive index change becomes significant only when the total concentration of detergent is high [START_REF] Tan | Rapid determination of surfactant crit-Lenoir et al. 26 of 27 Current Protocols in Protein Science ical micelle concentration in aqueous solutions using fiber-optic refractive index sensing[END_REF]. Other methods involve the use of chemical probes whose absorption or fluorescence spectra changes when the probe moves from the aqueous environment to the hydrophobic core of micelles [START_REF] Slavík | Anilinonaphthalene sulfonate as a probe of membrane composition and function[END_REF][START_REF] Jumpertz | High-throughput evaluation of the critical micelle concentration of detergents[END_REF][START_REF] Orwick-Rydmark | The use of detergents to purify membrane proteins[END_REF] describes a protocol using pyrene fluorescence properties in hydrophobic phases (see Commentary). As most biochemistry labs possess a spectrophotometer, this protocol describes a simple method exploiting a colorimetric probe sensitive to micelle formation. Methyl orange is generally used as pH indicator, as its color changes from red to yellow at pH 3-4 (Benzonana, 1969). However, it also changes color after incorporation into hydrophobic phases such as micelles. G. Benzonana took advantage of this property to estimate the CMC of deoxycholate, a biliary salt-derived detergent [START_REF] Benzonana | Study of bile salts micelles: Properties of mixed oleate-deoxycholate solutions at pH 9.0[END_REF].

Methyl orange has also proven useful for the determination of the CMC of aliphatic detergents. Figure 1 presents the use of methyl orange to estimate the effect of glycerol on the CMMC of DDM. First, glycerol itself has an effect on the absorption spectrum of methyl orange even in the absence of detergent (Fig. 1A). This may reflect a change in the polarity of the medium upon adding glycerol, as the medium becomes less polar when the concentration of glycerol increases. For this reason, the wavelength chosen to follow methyl orange spectral changes was different in the three conditions investigated (see procedure below [START_REF] Ohnishi | Characterization of the murexide method: Dual-wavelength spectrophotometry of cations under physiological conditions[END_REF]. Figure 1B depicts an example of difference spectra recorded after several additions of DDM in a buffer without glycerol. Changes in absorbance were extracted from these difference spectra (see procedure below) to obtain the values represented on Figure 1C, which show that the presence of glycerol alters the CMMC of DDM. The CMMC DDM is ß80 µg/ml in the absence of glycerol and increases to ß90 and ß120 µg/ml in the presence of 20% and 40% glycerol, respectively. Additionally, the slopes of the line segments used for CMMC estimation decrease when the amount of glycerol increases (Fig. 1C), revealing a change in the partition coefficient of methyl orange between the aqueous phase and the micelles. Similar results were obtained with C 12 E 8 , another aliphatic detergent [START_REF] Aramaki | Effect of water-soluble alcohols on surfactant aggregation in the C12CO8 system[END_REF]. The methyl orange method is robust and suitable for estimating CMMC changes in varying chemical and physical conditions, for instance in the presence of a particular compound in the medium (e.g., glycerol; Fig. 1), in the presence of different salts concentrations, or even when the temperature varies. As an example, a few CMMC values of different detergents in various solvents determined with the methyl orange method are given in Table 1. It illustrates the effect of such parameters on CMMC, especially for detergents with high CMC values, such as n-octylβ-D-glucopyranoside (OG).

Materials

Buffer A with 0%, 20%, or 40% (v/v) glycerol (see recipe) 2 mM methyl orange (see recipe) 20 mg/ml DDM (see recipe for detergent stock solutions)

Agilent 8453 diode array spectrophotometer with thermostatic cell holder (connected to a circulating water bath to ensure constant temperature and continuous stirring of the sample; see Troubleshooting) 2-ml plastic or glass cuvette 1. Switch on the spectrophotometer ß15 min before starting experiments to allow the lamps to warm up. Switch on the water bath to set up the temperature of the cell holder. Warm buffers to the desired temperature.

The spectrophotometer will be used in a record spectra mode.

2. Add 2 ml of the first buffer to be tested (in this example, buffer A without glycerol) to a 2-ml cuvette. Record blank from 440 to 640 nm.

3. Add 40 µl of 2 mM methyl orange (final 40 µM) and record spectrum again from 440 to 640 nm (Fig. 1A, continuous line).

4. Record blank again but now in the presence of methyl orange.

5.

To generate difference spectra (Fig. 1B), perform serial additions of 40 µg DDM (2 µl of 20 mg/ml stock) until the final concentration is ß220 µg/ml. After each addition, wait for a few seconds before recording the difference spectrum, as equilibrium between detergent monomers and micelles may take some time (see Troubleshooting).

6. Select two wavelengths with equal absorbance of methyl orange.

Three characteristic wavelengths are observed on difference spectra (Fig. 1B) upon detergent additions: an increase of absorption at λ max = 414 nm, a decrease of absorption at λ min = 490 nm, and an isosbestic point at λ = 441 nm, a wavelength where no change occurs (see Troubleshooting). Although maximum sensitivity can be achieved by using a λ max -λ min difference, a slight dilution effect may be observed and may perturb CMMC determination. This dilution effect can be avoided by selecting two wavelengths where the absorbance of methyl orange is the same (Fig. 1A, λ 1 and λ 2 ; [START_REF] Ohnishi | Characterization of the murexide method: Dual-wavelength spectrophotometry of cations under physiological conditions[END_REF].

7. Estimate the difference in absorbance at these wavelengths (A λ1 -A λ2 ) on each difference spectrum (Fig. 1B) and plot them as a function of total DDM concentration in the cuvette (Fig. 1C).

Note that the total concentration in DDM in the cuvette must be calculated for each recorded spectrum as the total volume of the cuvette increases after each addition of detergent.

8. Determine the CMMC as the point where the difference in absorbance increases sharply.

a. Draw a straight line segment along the points corresponding to the concentration of DDM where no significant absorption changes occur (horizontal gray line in Fig. 1C).

This can be done manually for a quick estimate or by fitting the selected points to a linear function.

b. Draw another straight line segment along the points exhibiting a proportional increase in absorption as a function of detergent concentration (continuous gray line in the absence of glycerol). c. Determine the CMMC as the intercept of these two lines (light gray triangle on x axis in the absence of glycerol).
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BASIC PROTOCOL 2

USE OF ATPASE ACTIVITY MEASUREMENTS TO SCREEN DETERGENTS FOR LONG-TERM STABILIZATION OF SERCA1a

It is not straightforward to predict the appropriate detergent to solubilize and stabilize a particular MP. In most cases, the primary goal is to achieve functional and/or structural characterization of the MP in a native-like state and under well-defined conditions. As a large panel of detergents is available for the study of MPs, simple and quick procedures that allow the screening of a large number of detergents are required. ATPase activity can be used to screen the potential stabilization effect of several detergents on MPs in the presence of remaining native lipids.

Several protocols have been developed to determine ATPase activity. Some colorimetric methods estimate the amount of inorganic phosphate (P i ) arising from hydrolysis of ATP [START_REF] Sehgal | ATPase activity measurements by an enzymecoupled spectrophotometric assay[END_REF], and references therein). These methods are very convenient for detecting and assessing very low activity, as inorganic phosphate can be accumulated for a long period. They are also convenient for treating several samples simultaneously, e.g., screening multiple conditions by conducting the test in 96-well microplates. Unfortunately, these colorimetric methods also have several major disadvantages. First, they do not reflect fluctuations in the ATP hydrolysis rate that may occur during the incubation period, e.g., if irreversible inactivation progressively happens during turnover. Second, the accumulation of ADP during the incubation period can inhibit ATP hydrolysis, even though an ATP regenerating system can be added to the reaction medium (see below). Moreover, colorimetric assays require the use of a standard series to estimate the P i concentration. Finally, a possible nonspecific ATP hydrolysis background may be revealed by using, for example, a control sample that has been inactivated beforehand.

The method presented here allows continuous monitoring of enzyme turnover using a spectrophotometer. ATPase activity is determined according to a method developed by Pullman and colleagues [START_REF] Pullman | Partial resolution of the enzymes catalyzing oxidative phosphorylation: I. Purification and properties of soluble, dinitrophenol-stimulated adenoside triphosphatase[END_REF]. Figure 2 presents a scheme of the principle of the method; a complete description of the procedure is found in [START_REF] Sehgal | ATPase activity measurements by an enzymecoupled spectrophotometric assay[END_REF] and references therein. Briefly, ATPase hydrolyzes ATP into ADP and P i . The ATP is regenerated by pyruvate kinase from ADP and phosphoenolpyruvate.

Pyruvate kinase and phosphoenolpyruvate constitute the regenerating system. The resulting pyruvate is converted to lactate by lactate dehydrogenase with concomitant oxidation of NADH,H + to NAD + . As NADH, and not NAD + , absorbs at 340 nm, the negative slope of the recorded kinetic trace will correspond to the rate of ATP hydrolysis during the experiment. Lactate dehydrogenase and NADH constitute the reporting system. Finally, for every mole of ATP hydrolyzed by ATPase, 1 mole of NADH,H + is consumed by the regenerating and reporting systems. The ATPase activity (in µmol ATP hydrolyzed/mg protein/min) can be easily calculated from the molar extinction coefficient of NADH,H + and its rate of oxidation (slope corresponding to a decrease of absorbance per second).

This method is suitable for assessing activity of various ATPases. It can be also applied to a large number of samples, although this requires an appropriate microplate reader to record numerous kinetic traces simultaneously [START_REF] Zhou | Building a thermostable membrane protein[END_REF]. The main advantage of the method is that it allows a direct observation of possible changes in the ATP hydrolysis rate during the experiment: a stable protein with a constant ATPase activity results in a straight decrease, while curvature of the trace may reflect inactivation of the enzyme or possible interaction with cofactors [START_REF] Montigny | Use of glycerol-containing media to study the intrinsic fluorescence properties of detergent-solubilized native or expressed SERCA1a[END_REF][START_REF] Montigny | Glycyl betaine is effective in slowing down the irreversible denaturation of a detergent-solubilized membrane protein, sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1a)[END_REF](Montigny et al., , 2017)). Furthermore, addition of an inhibitor directly in the cuvette (here, EGTA to chelate calcium) allows simultaneous measurement of possible nonspecific ATPase activity that has to be subtracted from the rate of hydrolysis measured in the absence of inhibitor.

The presence of a regenerating system maintains the concentration of ADP at a very low level and the concentration of ATP close to its maximum, ensuring constant experimental conditions. As a general comment, ATPase activity measurements are more appropriate for purified proteins, as crude extracted membranes may contain a large variety of ATPases. Use of specific inhibitors of endogenous ATPases could help improve the signal-to-noise ratio [START_REF] Centeno | Expression of the sarcoplasmic reticulum Ca( 2+ )-ATPase in yeast[END_REF].

Sarco-endoplasmic reticulum Ca 2+ -ATPase (SERCA1a) is a 994-amino acid integral MP.

A large cytosolic domain, responsible for hydrolysis of ATP, is connected to a transmembrane domain made of ten α-helices. This bundle of helices contains the calcium-binding sites [START_REF] Møller | The sarcoplasmic Ca 2+ -ATPase: Design of a perfect chemi-osmotic pump[END_REF]. SERCA1a hydrolyses ATP to drive the transport of calcium from the cytosol to the lumen of the endoplasmic reticulum against a steep concentration gradient. The ATP hydrolysis is calcium-dependent. This membrane transporter belongs to the P-type ATPase family, a large family of membrane transporters mainly involved in the transport of cations or lipids across membranes [START_REF] Palmgren | Ptype ATPases[END_REF]. During the catalytic cycle, these enzymes are autophosphorylated from ATP, forming a phosphorylated intermediate dubbed "EP". This autophosphorylation is a key event in the transport mechanism and a hallmark of this family of transporters [START_REF] Møller | The sarcoplasmic Ca 2+ -ATPase: Design of a perfect chemi-osmotic pump[END_REF] see Alternate Protocol dedicated to P-type ATPases). This autophosphorylation occurs on a conserved aspartate residue in the cytosolic domain of the protein and it results in the formation of an acylphosphate bond that is highly stable at acidic pH [START_REF] Hokin | Evidence that a phosphorylated intermediate in a brain transport adenosine triphosphatase is an acyl phosphate[END_REF]. It has been demonstrated for several members of this family of transporters that dephosphorylation is the rate-limiting step of the catalytic cycle, so the phosphorylated intermediate accumulates at steady-state.

SERCA1a-enriched membranes are commonly prepared from rabbit fast-twitch skeletal muscle (as this procedure is specific for SERCA1a, it is not described here; for a detailed protocol see Møller & Olesen, 2016). These membranes contain ß0.5 g of lipid per gram of protein and are mostly enriched in SERCA1a (Roux & Champeil, 1984). The procedure described here consists of solubilizing SERCA1a-containing membranes with a large amount of the detergent to be tested (see below for methods to predict the required amount of detergent to obtain a fully solubilized sample). Solubilization can be testified by the clear-cut drop in absorbance (turbidity of the membrane suspension in the absence or presence of detergent) observed at all wavelengths after adding the detergent. Of note, partial or total delipidation may occur at a high detergent/lipid ratio [START_REF] Lund | Detergent structure and associated lipid as determinants in the stabilization of solubilized Ca 2+ -ATPase from sarcoplasmic reticulum[END_REF]Montigny et al., 2017) 2016; [START_REF] Møller | Enzyme kinetics and substrate stabilization of detergent-solubilized and membraneous (Ca 2+ + Mg 2+ )-activated ATPase from sarcoplasmic reticulum. Effect of protein-protein interactions[END_REF]. Depending on the protein, another detergent could be used in the assay medium (for discussion, see Commentary). Consequently, the detergent tested during the preincubation period is highly diluted in C 12 E 8 micelles, and therefore barely interferes with the ATPase activity measurement, allowing assessment of the residual ATPase activity.

Figure 3 illustrates a typical experiment showing the effect of different types of detergents on the stabilization of SERCA1a. The experiment included two chemically pure nonpolar detergents (DDM and OG, with 12-carbon chains and 8-carbon aliphatic chains, respectively), as well as a natural extract of l-α-lysophosphatidylcholine (LPC) from soybean. In addition, the experiment illustrates the effect of additional lipid on the stabilization of SERCA1a. As previously documented [START_REF] Lund | Detergent structure and associated lipid as determinants in the stabilization of solubilized Ca 2+ -ATPase from sarcoplasmic reticulum[END_REF], DDM-solubilized SERCA1a is stable for hours, as the residual ATPase activity after 3 hr of incubation at 20°Cisß80% of the initial activity. Inversely, the activity of OG-solubilized SERCA1a decreases dramatically within a few minutes of preincubation, indicating that irreversible inactivation of SERCA1a occurs quickly in the presence of OG. This test can be also used for detergent mixtures as depicted by the results obtained with LPC. The CMC of this detergent determined by the methyl orange method is about 2 µg/ml. This low value may reflect the presence of a diversity of aliphatic chains (fatty acid distribution is available at https://avantilipids.com/product/840072/). SERCA1a solubilized in LPC is fairly stable, but less so than in DDM. Furthermore, lipids can be essential for MP stabilization and activity [START_REF] Drachmann | Comparing crystal structures of Ca( 2+ ) -ATPase in the presence of different lipids[END_REF][START_REF] Hunte | Lipids and membrane protein structures[END_REF][START_REF] Picas | Lactose permease lipid selectivity using Förster resonance energy transfer[END_REF]; also see Commentary for procedures that allow complete delipidation of MPs). In some cases, use of detergent/lipid mixtures may help the stabilization of an MP [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF][START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF]. Incubation of the DDM-solubilized SERCA1a in the additional presence of phosphatidylserine (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine, POPS) has a higher long-term stabilizing effect than DDM alone.

The following protocol describes the procedure for measuring the residual ATPase activity of SERCA1a. It may be readily transposed to any other membrane-embedded ATPase or to transmembrane receptors, as the binding affinity for different ligands can be used as readout as well. The spectrophotometer will be used in a kinetics record mode at 340 nm.

Pre-incubate samples 2. Suspend SERCA1a-containing membranes in buffer B at 0.21 mg protein/ml. Adjust the protein concentration as needed to be able to detect activity (see comments about the limit of detection of the method at the end of the protocol). To avoid pipetting errors, prepare only one master suspension to cover all the needs of the experiment.

As an example, to obtain the results presented in Figure 3, prepare 2.1 ml suspension by adding 11 µl of 40 mg/ml membranes to 2.09 ml buffer B. 3. Divide the suspension into five aliquots of 380 µl (for the five detergents to be tested). Store samples on ice.

4. At time 0, add detergents at a final concentration of 10 mg/ml (e.g., 20 µlo f 200 mg/ml DDM stock solution). Homogenize the suspension using a vortex.

When several conditions are tested in parallel, start incubations at different times (by staggering the addition of detergent) so there is enough time to measure the residual ATPase activity.

The SERCA1a-containing suspension is now at 0.2 mg protein/ml and should be transparent if solubilization has occurred.
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. Incubate samples at the chosen temperature (here, 20°C). After different periods of incubation, withdraw 40 µl(8µg protein) for immediate ATPase activity measurements.

Measure residual ATPase activity 6. Add 2 ml ATPase assay medium without NADH to the cuvette and record blank. (Azouaoui et al., 2017).

8. Add the 40-µl sample (step 5) and wait for 1 to 3 min.

For low activities, longer waiting times give more precise measurements.

9. Add 1 mM EGTA (4 µl at 0.5 M) to chelate calcium and stop hydrolysis of ATP.

Wait another 1 to 3 min.

10. Stop recording.

11. Measure the slope before EGTA addition to give total activity, a tot , expressed as a decay of absorbance per second.

12. Measure the slope after EGTA addition to give the calcium-independent activity, a 0 , also expressed as decay of absorbance per second.

13. Calculate the calcium-dependent activity, which corresponds to the residual ATPase activity of detergent-solubilized SERCA1a, as a tot -a 0 .

14. Convert activity to µmol ATP hydrolyzed/mg protein/min according to the Beer-Lambert law:

A ∼ 4838 × a
where a is activity measured and 4838 is a factor that takes into account the NADH molar extinction coefficient at 340 nm (ε NADH at 340 nm = 6200 liters/mol/cm), the volume of the cuvette, the concentration of protein, the conversion from seconds to minutes, the conversion from µg protein to mg, and the conversion from moles NADH to µmoles.

In Figure 3, the final ATPase concentration in the cuvette was 4 µg/ml (see step 5). In these conditions, calcium-independent decay measured after EGTA addition was ß0.00001. This decay is mainly attributed to spontaneous oxidation of NADH and can be assumed as the background of the method. Additionally, the decay of absorbance measured at time 0 was about 0.0025 for each condition tested and was ß0.0001 after a 15-hr incubation in the presence of LPC, one of the lowest activities measured in that experiment, but still about ten times higher than the background.

Specific activity may be slightly different at time 0 for each condition, as it may depend on the presence of the detergent tested during incubation or on the accuracy of pipetting.

To make the results fully comparable, residual specific activity (RSA n , where n is the incubation time), initially expressed in µmol ATP hydrolyzed/mg protein/min, can be converted as a percentage of the specific activity measured at time 0 (RSA 0 ) for each condition: %RAS n = (RSA n × 100)/RAS 0 . Figure 4 shows a typical experiment where the purified Drs2p/Cdc50p complex was incubated in the presence of different detergent/lipid mixtures for various time periods before phosphorylation was triggered by addition of [γ-32 P]ATP. In the mixtures tested here, inactivation rates are very slow, probably due to the presence of lipids. [START_REF] De Foresta | Kinetic characterization of the perturbation by dodecylmaltoside of sarcoplasmic reticulum Ca( 2+ )-ATPase[END_REF].Therefore, variations of EP levels observed at time 0 probably reflect the fact that the maximum achievable EP level is not the same in different detergent/lipid mixtures. Additionally, the EP level increases during the first 8 hr of incubation. As the rate of detergent-to-lipid exchange (and vice versa) may be very slow at 4°C, this increase in the EP level during the first 8 hr of incubation may simply reflect the time necessary for this protein/detergent/lipid system to reach equilibrium (Montigny et al., 2017). Consequently, as the EP level is greatly dependent on the nature of the detergent, one should consider the variations of the EP level for estimating the stability of the Drs2p/Cdc50p complex, once the maximum has been reached. As seen in Figure 4, it appears that at 4°C, irrespective of the presence of PI4P, LMNG supplemented with PS confers the highest stability to the Drs2p/Cdc50p complex.

CAUTION: When working with radioactivity, take appropriate precautions to avoid contamination of the experimenter and the surroundings. Carry out the experiment and dispose of wastes in appropriately designated areas, following guidelines provided by your local radiation safety officer.

Materials

Buffer C (see recipe) 0.2-0.3 mg/ml purified Drs2p/Cdc50p obtained as in [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF] and stored in buffer C supplemented with 0.5 mg/ml DDM and 0.025 mg/ml POPS Detergent stock solutions and detergent/lipid stock mixtures (see recipes): 50 mg/ml DDM or C 12 E 8 25 mg/ml LMNG DDM/POPS or C 12 E 8 /POPS at 50 and 10 mg/ml, respectively LMNG/POPS at 25 and 10 mg/ml, respectively DDM/PI4P or C 12 E 8 /PI4P at 50 and 5 mg/ml, respectively LMNG/PI4P at 25 and 5 mg/ml, respectively 20 µM[γ-32 P]ATP (0.25-1 mCi/µmol ATP) Quenching solution (see recipe) Rinsing solution: 0.1× quenching solution 4-ml polycarbonate test tubes Cellulose GS filters (0.22-µm porosity, Millipore), presoaked in quenching solution Scintillation vials (Perkin Elmer) Filter-count scintillation solution (Packard Biosciences, 6013149) Liquid scintillation counter (Beckman Coulter LS-5801) 1. Dilute purified Drs2p/Cdc50p complex to 11 µg/ml in buffer C supplemented with 1 mg/ml detergent, POPS at 50 µg/ml, and if necessary PI4P at 25 µg/ml by combining the different detergents or detergent/lipid mixtures available. Adjust the sample volume to the number of measurements to be made and the amount of protein required for each measurement.

Typically, the experiment presented in Figure 4 requires 30 µlof11µg/ml Drs2p/Cdc50p complex per measurement and five measurements are made for each series over nine days (i.e., 150 µl enzyme for each series). For long-term incubation at 4°C, samples are stored in the refrigerator.

2. As soon as the protein sample is diluted into the detergent/lipid-containing buffer, withdraw 27 µl for measurement at t 0 and store on ice.

3. Initiate phosphorylation by adding 3 µlo f2 0µM[ γ-32 P]ATP (final 2 µM). Mix thoroughly and immediately transfer to 30°C.

4. Incubate 1.5 min, then immediately withdraw 10 µl and transfer it to a 4-ml test tube containing 1 ml quenching solution, on ice, to stop the phosphorylation reaction (t 0 , sample 1, tube 1).

5. Withdraw another 10 µL from the same sample (ß15-30 sec after the previous aliquot) and place it in a second 4-ml test tube containing 1 ml quenching solution on ice (t 0 , sample 1, tube 2). Once samples have been acid quenched, keep them on ice for at least 30 min (a period sufficient for aggregation of the precipitated protein and therefore retention by the filter).

This second point may correspond to a duplicate. It aims at verifying that the maximum EP level was already reached after the first 1.5 min of phosphorylation. The EP level may be the same for tubes 1 and 2, resulting in the obtaining of a duplicate.

6.

Filter the precipitated samples on GS filters that have been pre-soaked in quenching solution for several minutes.

7. Carefully rinse the tubes with 4 ml rinsing buffer and apply it to the same filters.

Repeat for a total of three rinses.

8. Place each filter in a scintillation vial and add 4 ml Filter-count solution. Shake vials until the filter is completely dissolved. 9. Measure radioactivity by scintillation counting.

10. Repeat steps 4-9 at the appropriate times to complete the time course (e.g., Fig. 4).

11. Convert counts per min (cpm) to moles of phosphoenzyme (EP) formed. For conversion, measure the radioactivity of several dilutions of 20 µM[γ-32 P]ATP stock solution to make a standard curve.

REAGENTS AND SOLUTIONS

All reagents and chemicals should be of analytical grade. Milli-Q water or other ultrapure type I water should be used to prepare buffers and solutions.

For convenience, some of buffer components can be prepared as concentrated stock solutions (e. g.,pH 7;pH 7.5 Storage and handling of detergent powders: Store up to several years at -20°C under an argon or nitrogen atmosphere. To avoid condensation, remove the flacon from the freezer and warm at room temperature for ß10 min before opening. After taking the required amount of powder, fill the flacon with dry nitrogen or argon before closing and returning to the freezer.

Condensation may cause oxidation or partial hydrolysis of detergent. A desiccator can be used, if available.

CAUTION: Detergent powders may be dangerous when inhaled and may be harmful upon contact with skin or eyes. Wear appropriate personal protective equipment and clothing, including lab coat, safety glasses, gloves, and mask when manipulating powders. Collect residual powders in a manner that does not create dust, and place in a suitable waste container. Use adequate ventilation or work under a chemical fume hood.

Detergent/lipid stock mixtures

POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine; Avanti Polar Lipids, cat. no. 840034P) PI4P (l-α-phosphatidylinositol-4-phosphate extract from porcine brain; Avanti Polar Lipids, 840045P)

Preparation of detergent/lipid mixtures: Dissolve 20 mg POPS in 4 ml of 100 mg/ml detergent stock solution (see recipe) to achieve a final detergent/POPS mixture at 100 and 5 mg/ml, respectively. Mix vigorously. Store up to several days at 4°C or several years at -20°C. Pay attention to thawing when removing a stock solution from the freezer, as phase transition can occur with temperature changes. Mix vigorously after reaching room temperature to obtain a clear solution.

The final solution should be visually clear at 20°C. Note that the detergent/lipid ratio in the final mixture may depend on the solubilities of the detergent and lipid. If the final mixture is not limpid, the detergent/lipid ratio must be increased until complete clarification. 
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For DDM/POPS, a 5:1 (w/w) ratio is a maximum. However, it is obviously possible to prepare stock solutions with a lower detergent/lipid ratio, depending on the need of the experiment.

Lipids should be added to buffers just before use.

Storage and handling of lipid powders: Store up to several years at -20°C under an argon or nitrogen atmosphere. To avoid condensation, remove the flacon from the freezer and warm at room temperature for ß10 min before opening. After taking the required amount of powder, fill the flacon with dry nitrogen or argon before closing and returning to the freezer. 

COMMENTARY Background Information

Integral MPs are by nature embedded in cell membranes, but most of the functional or structural approaches require isolating the MP from its native environment. Although detergents are essential tools for biochemists to isolate and study MPs, extracting MPs from their surrounding lipids, which usually stabilize the hydrophobic core of these proteins, re-mains a difficult task. Exposure of hydrophobic regions to aqueous solvent and/or removal of essential lipids may indeed lead to irreversible inactivation or aggregation of the protein [START_REF] Hunte | Lipids and membrane protein structures[END_REF]. Thus, while the ultimate goal probably consists in understanding the mechanism of the protein of interest, acquiring knowledge about the behavior of the protein in detergent and developing tools to study protein-detergent interactions is another key aspect of MP biochemistry.

Use of other probes for CMC determination

As mentioned above, detergent behavior in aqueous solvent, in absence of lipids or proteins, can be summed up to two main features: the CMC and the aggregation number, N A .As mentioned in Basic Protocol 1, these two features are generally influenced by the physical and chemical parameters of the solvent. Consequently, methods have been developed to check the possible effect of experimental conditions on detergents to anticipate their behavior during isolation and purification of MPs. Some of these methods are briefly discussed in the Basic Protocol 1 introduction. In Orwick-Rydmark et al. ( 2016), a method to determine detergent CMMC using pyrene fluorescence is described. Pyrene fluorescence is highly sensitive to the environment, especially when it partitions in hydrophobic phases, and has been widely used to study micellar systems [START_REF] Kalyanasundaram | Environmental effects on vibronic band intensities in pyrene monomer fluorescence and their application in studies of micellar systems[END_REF]. The main advantage of this technique is its high sensitivity, as the quantum yield of pyrene is very high in the presence of hydrophobic phases. Nonetheless, pyrene needs to be used with caution. First, pyrene belongs to the polycyclic aromatic hydrocarbon family, so it is potentially toxic. It requires the use of appropriate protective equipment to avoid inhalation and contact with skin or eyes, and also the use of a suitable waste container. Second, its solubility in aqueous buffer is very low and it may form aggregates known as excimers when used in buffers suitable for biochemical studies. Excimers have particular fluorescence properties [START_REF] Mataga | Electronic processes in hetero-excimers and the mechanism of fluorescence quenching[END_REF] and their presence may mask micelle formation and consequently result in mis-estimation of the CMMC. Depending on the nature of the detergent, pyrene may also interact with detergent monomers before micelle formation, also contributing to mis-estimation of the CMMC [START_REF] Mukerjee | A re-evaluation of the spectral change method of determining critical micelle concentration[END_REF]. The use of pyrene at very low concentration (1-3 µM) together with repeating CMMC determination at different probe concentrations may help prevent these problems [START_REF] Kalyanasundaram | Environmental effects on vibronic band intensities in pyrene monomer fluorescence and their application in studies of micellar systems[END_REF]. Note that several other fluorescent probes have been used to study hydrophobic environments and micelle formation. 1-Anilino-8-naphtalene (ANS) is one of those common probes and has the advantage of being markedly less toxic than pyrene [START_REF] Slavík | Anilinonaphthalene sulfonate as a probe of membrane composition and function[END_REF]. However, ANS is a charged molecule, so its use is limited to nonionic detergents.

The present article presents a procedure using the properties of methyl orange (see Basic Protocol 1). The advantages of methyl orange are that it is non-toxic and its measurement requires only a spectrophotometer, as interaction with micelles leads to spectral changes in the visible wavelength range. Nevertheless, methyl orange also has some drawbacks. It is sensitive to pH changes, and consequently should be used in a buffered medium. Furthermore, fluorescent probes are generally more sensitive than methyl orange and consequently more appropriate for detergents with very low CMC.

In summary, the most reasonable way to determine CMMC of a detergent is probably to measure it using two or three different methods to avoid bias due to the probe. Additionally, one should be aware that neither the CMMC nor the CMC are exact values. Depending on the method used for their estimation, micelles can be detected at a very early stage in their formation, i.e., when just a few detergent monomers start to interact with each other. Therefore, the values determined by these methods provide ranges rather than exact values. One solution to overcome this issue could be to continuously inject the detergent in the medium used for measurement instead of adding a fixed amount of detergent as shown in Figure 1. If the method is highly sensitive, it may be possible to reveal the formation of the earliest aggregates. However, in the particular context of purification and stabilization of membrane proteins, one is not interested in exact CMMC values, but rather a verification that no sudden and substantial changes in CMMC will occur during the study of the protein (Table 1), as such changes are likely to lead to irreversible inactivation of the protein.

Interaction of detergents with membrane proteins during extraction and purification

The nature of the detergent is critical for MP stability. However, its concentration is also critical, as a large excess may trigger removal of essential lipids or cofactors and, in some cases, induce membrane complex dissociation or denaturation [START_REF] Hunte | Lipids and membrane protein structures[END_REF][START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF][START_REF] Lee | Biological membranes: The importance of molecular detail[END_REF]. Methods described as Basic Protocol 2 and the Alternate Protocol may help to determine the nature of the best detergent to be used for long-term stabilization. Afterwards, the next experiment may consist of testing several concentrations of the selected detergent to determine the best conditions for stabilization. The detergent/protein ratio and detergent/lipid ratio are critical. During the solubilization step that precedes purification of a membrane protein, it may be important to optimize these ratios. As colloidal systems, membranes in solution produce light scattering. This light scattering is observable on a simple spectrophotometer. The sample may become transparent following detergent addition. One useful technique is to monitor light scattering during continuous addition of detergent into the samplecontaining cuvette to obtain solubilization curves. The obtained curves may reveal at least two important pieces of information: the saturation point and the solubilization point [START_REF] Lichtenberg | Detergent solubilization of lipid bilayers: A balance of driving forces[END_REF][START_REF] Paternostre | Mechanisms of membrane protein insertion into liposomes during reconstitution procedures involving the use of detergents. 1. Solubilization of large unilamellar liposomes (prepared by reverse-phase evaporation) by Triton X-100, octyl glucoside, and sodium cholate[END_REF]. The saturation point corresponds to the maximum amount of detergent that can be incorporated in the membrane before solubilization. The solubilization point corresponds to the minimum amount of detergent necessary to complete clarification of the sample. Parallel aliquots can be taken to detect the protein of interest (for instance, by western blotting) to define the minimum amount of detergent necessary to extract the protein from the membrane (i.e., after ultracentrifugation, the solubilized protein should be recovered in the supernatant). Interestingly, it is sometimes not necessary to attain complete solubilization of the membrane to release the protein of interest into the solubilized phase. As native membranes are heterogeneous media (e.g., nature of the lipids, micro-domains) and MPs behave differently in the presence of different detergents, some MPs can be extracted at a detergent concentration in the range of the concentrations necessary to attain saturation and solubilization of the membrane, i.e., before reaching complete clarification of the sample (Kragh-Hansen, le [START_REF] Kragh-Hansen | The mechanism of detergent solubilization of liposomes and protein-containing membranes[END_REF][START_REF] Lichtenberg | Detergent solubilization of lipid bilayers: A balance of driving forces[END_REF]. As lipids can be essential for MP stabilization and activity [START_REF] Hunte | Lipids and membrane protein structures[END_REF], complete solubilization of the membrane is not necessarily desirable, as it can be important to avoid removal of critical lipids from the protein. The total detergent concentration in the sample [det] total (in moles) can be defined as followed:

[det] total = [det] free + [det] bound where [det] bound corresponds to the detergent present in the membrane phase and [det] free corresponds to the detergent that remains in the aqueous phase. [det] free is a constant, as it corresponds to the monomeric detergent. In fact, as soon as micelles form, lipids will partition into these micelles to form detergentlipid mixed micelles. The amount of micelle is negligible until saturation of the membrane, as a detergent "prefers" to partition into the lipid phase instead of interacting with itself, i.e., the hydrophobic environment is more favorable than the aqueous phase. Consequently, [det] free is approximately equal to the CMMC and [det] total can be expressed as:

[det] total = CMMC + [det] bound / lip total × lip total where [lip] total corresponds to the total amount of lipid in the sample. Consequently, this equation now corresponds to a linear dependence of [det] total on [lip] total , where the CMMC corresponds to the intercept at [lip] = 0 and the ratio R = [det] bound /[lip] total corresponds to the slope. Interestingly, saturation and solubilization points may be generally anticipated. Empirically, and primarily for aliphatic detergents, the value of R at saturation (R sat )is close to 1 mole of detergent per mole of lipids, and the value at solubilization (R sol )iscloseto 3 moles of detergent per mole of lipids [START_REF] Kragh-Hansen | The mechanism of detergent solubilization of liposomes and protein-containing membranes[END_REF]. Note that a rough estimate of the concentration of detergent to use for an initial solubilization trial can be obtained by considering the detergent/protein mass ratio instead of detergent/lipid molar ratio. As lipids and detergents have molecular weights in the same order of magnitude, and considering that the lipid/protein ratio in biological membranes is generally in the range of 0.5 to 2 (g/g), a starting attempt at a 3:1 detergent/protein weight ratio (g/g) corresponds to about a 3:1 to 10:1 detergent/lipid molar ratio, i.e., a ratio close or even above the empirical value of 3f o rR sol . This rough estimate is certainly useful for low-CMMC detergents, i.e., when the CMMC is negligible in comparison to the total amount of detergent used. For high-CMMC detergents, i.e., detergents for which the CMMC is not negligible in comparison to the total amount of detergent used, biochemists have to consider the second equation above. From this equation, the CMMC of a detergent can be determined by repeating the experiment with different concentrations of membranes (for a detailed procedure and more theoretical concept, see le Maire et al., 2000;[START_REF] Lichtenberg | Detergent solubilization of lipid bilayers: A balance of driving forces[END_REF].

In these equations, it should be kept in mind that the concentration of proteins and detergents can vary greatly during purification processes. Stabilization of an MP requires maintaining a sufficient amount of detergent around its hydrophobic core to prevent aggregation. When the MP is purified through a column, the [det] total should remain constant, especially during the washing and elution steps. Accidental dilution of the detergent below its CMMC often results in aggregation of the MP, as it is no longer solubilized. Similarly, concentration of purified proteins by ultrafiltration can be fraught with potential problems for solubilized MPs. First, filter units must be carefully rinsed with a detergent-containing buffer before use in order to limit nonspecific binding of the detergent (and especially of the protein) to the filter. The choice of the molecular weight cut-off should take into account the size of the detergent/protein complex and the size of the detergent micelles. As the detergent/protein complex is concentrated on the top of the filter unit, detergent micelles have to pass through the filter pore to limit the concentration of the detergent and to prevent exposure of the MP to high detergent concentrations that may eventually induce inactivation, dissociation, or denaturation of the protein. Additionally, inactivation of MPs by detergents can result from loss of essential partners such as cofactors, lipids, or proteins that may be dispersed in the micellar phase. Working as close as possible to the CMMC of the detergent can limit this effect.

It should also be stressed that an appropriate detergent for solubilization is not necessarily the best detergent for long-term stabilization. Some detergents can be incompatible with some functional assays or with some structural biology approaches. Crystallogenesis of an MP may occur in the presence of a given detergent but not in the presence of another with similar properties. For instance, recombinant SERCA1a was crystallized in the presence of C 12 E 8 , but initial solubilization and purification from yeast membranes were performed in the presence of DDM, because poor solubilization was observed with C 12 E 8 [START_REF] Clausen | SERCA mutant E309Q binds two Ca( 2+ ) ions but adopts a catalytically incompetent conformation[END_REF][START_REF] Lenoir | Crystallization of a mammalian membrane protein overexpressed in Saccharomyces cerevisiae[END_REF][START_REF] Lenoir | Overproduction in yeast and rapid and efficient purification of the rabbit SERCA1a Ca( 2+ )-ATPase[END_REF][START_REF] Marchand | Crystal structure of D351A and P312A mutant forms of the mammalian sarcoplasmic reticulum Ca( 2+ )-ATPase reveals key events in phosphorylation and Ca( 2+ ) release[END_REF]. In this case, the DDM-to-C 12 E 8 exchange was done by sizeexclusion chromatography (for SEC analysis of MPs, see [START_REF] Korepanova | HPLC-SEC characterization of membrane proteindetergent complexes[END_REF][START_REF] Le Maire | Gel chromatography and analytical ultracentrifugation to determine the extent of detergent binding and aggregation, and Stokes radius of membrane proteins using sarcoplasmic reticulum Ca 2+ -ATPase as an example[END_REF] and was mandatory to obtain crystals [START_REF] Sørensen | Crystals of sarcoplasmic reticulum Ca( 2+ )-ATPase[END_REF]. Moreover, detergentto-detergent (or lipid-to-detergent) exchange is not an instantaneous phenomenon. Equilibrium between monomers and micelles requires a few seconds to be achieved when adding detergent from a concentrated stock solution to the cuvette, and the lipid-to-detergent exchange around a protein may be very slow depending on the nature of the molecules and the parameters of the experiment (e.g., temperature, viscosity, relative affinity of the protein for the molecule of concern; see [START_REF] Carney | Fluorescence quenching methods to study lipid-protein interactions[END_REF]Montigny et al., 2017, for methods to follow detergent/protein or lipid/protein interactions). For instance, a lipid-to-detergent exchange that occurs within a minute at 30°C could need >10 min at 4°C, the latter being a temperature usually used in purification procedures. Consequently, addition of detergent or detergent/lipid mixtures to investigate their potential stabilizing effect on an MP must be monitored at various incubation time points, with the aim of reaching an equilibrium state between protein, detergent, and lipids. Additionally, it has been demonstrated that the rate of addition of a detergent to the membranes can have an impact on the rate of solubilization; addition that is too rapid may lead to an overestimation of R sat and R sol [START_REF] Paternostre | Mechanisms of membrane protein insertion into liposomes during reconstitution procedures involving the use of detergents. 1. Solubilization of large unilamellar liposomes (prepared by reverse-phase evaporation) by Triton X-100, octyl glucoside, and sodium cholate[END_REF] and consequently an overestimation of the amount of detergent necessary to extract a particular protein from its membrane.

Methods for assessing the effect of detergent on the overall structure of membrane proteins

The present article focuses on functional assays to assess the stability of an MP in the presence of detergents. However, several protocols are also available to easily and quickly detect the deleterious effect of detergent on the overall structure of an MP. Interestingly, some MPs have associated chromophores whose absorption spectra depend on their environment, thereby reflecting overall protein structure (e.g., bacteriorhodopsin, rhodopsin, or lightharvesting complexes). Detergent destabilization of such MPs leads to significant changes in their absorption spectra in the UV/visible range. Therefore, the stability of such proteins can be easily monitored by spectrophotometry [START_REF] Arluison | The reaction order of the dissociation reaction of the B820 subunit of Rhodospirillum rubrum lightharvesting I complex[END_REF][START_REF] Breyton | Hemifluorinated surfactants: A non-dissociating environment for handling membrane proteins in aqueous solutions?[END_REF][START_REF] Meyer | Solubilization steps of dark-adapted purple membrane by Triton X-100. A spectroscopic study[END_REF]. However, a few MPs have chromophores. Alternatively, SEC is a powerful technique to study the structural integrity or possible aggregation of a solubilized MP (le Maire et al., 2000; see also [START_REF] Korepanova | HPLC-SEC characterization of membrane proteindetergent complexes[END_REF]. This allows monitoring of monodispersity (i.e., the homogeneity of the protein) and also subunit association in the case of MP complexes, as subunit interactions can be perturbed or abolished by detergents [START_REF] Boulter | Purification and characterization of human erythrocyte glucose transporter in decylmaltoside detergent solution[END_REF]. Moreover, if an expressed MP is fused to a GFP or another analog fluorescent protein, Fluorescence-SEC (F-SEC) can allow a quick upstream analysis of unpurified proteins and may give information about the behavior of the GFP-fused MP in crude solubilized membranes, i.e., before any purification [START_REF] Kawate | Fluorescencedetection size-exclusion chromatography for precrystallization screening of integral membrane proteins[END_REF]. Along those lines, F-SEC can be used to monitor a protein after each step of a purification procedure [START_REF] Drew | GFP-based optimization scheme for the overexpression and purification of eukaryotic membrane proteins in Saccharomyces cerevisiae[END_REF][START_REF] Ellinger | Detergent screening and purification of the human liver ABC transporters BSEP (ABCB11) and MDR3 (ABCB4) expressed in the yeast Pichia pastoris[END_REF]. It should be kept in mind, however, that monodispersity of a protein in the presence of detergent is sometimes not an indicator of proper function. For instance, detergents may compete for inter-or intramolecular interactions with partners or within the protein, respectively [START_REF] Cross | Influence of solubilizing environments on membrane protein structures[END_REF]. The detergent may sometimes stabilize misfolded conformations that are not functional as shown for the NMR structure of the uncoupling protein (UCP2) in dodecylphosphocholine (DPC; [START_REF] Berardi | Mitochondrial uncoupling protein 2 structure determined by NMR molecular fragment searching[END_REF]. By combining biochemistry and molecular dynamics, it was demonstrated that DPC severely alters the structure as well as the function of UCP2, even though a high-resolution structure was obtained [START_REF] Zoonens | Dangerous liaisons between detergents and membrane proteins. The case of mitochondrial uncoupling protein 2[END_REF]. DPC probably induced misfolding of UCP2 by intercalating between the transmembrane helices. This last point highlights the importance of the choice of a proper detergent for MP handling. To limit this mechanism of inactivation and improve the stability of MPs, new detergents derived from DDM and including a more rigid hydrophobic tails have been developed [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF][START_REF] Hong | Design, synthesis, and properties of branch-chained maltoside detergents for stabilization and crystallization of integral membrane proteins: Human connexin 26[END_REF][START_REF] Hovers | A class of mild surfactants that keep integral membrane proteins water-soluble for functional studies and crystallization[END_REF].

Critical Parameters

The availability of an MP is often the main limiting parameter for its functional and/or structural characterization. Membrane proteins are usually expressed at low levels in the cell. Even though heterologous expression can be used to increase the yield of expression, obtaining pure, active, and stable MPs still remains a major bottleneck for biochemists [START_REF] Andréll | Overexpression of membrane proteins in mammalian cells for structural studies[END_REF][START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]. Experiments presented here can be carried out with small amounts of protein.

The ATPase assays can be miniaturized by adapting the enzyme-coupled assay to 96-well microplates [START_REF] Zhou | Building a thermostable membrane protein[END_REF]. Moreover, as detergents could trigger MP aggregation, a simple ultracentrifugation after a period of incubation in the presence of the detergent, followed by western blotting of the supernatant, will also yield information on the stability of the protein, even though it does not provide information regarding its function [START_REF] Ellinger | Detergent screening and purification of the human liver ABC transporters BSEP (ABCB11) and MDR3 (ABCB4) expressed in the yeast Pichia pastoris[END_REF].

A word should also be said about the detergent used in the assay medium. In the present protocol, C 12 E 8 is appropriate to maintain long-term activity of SERCA1a [START_REF] Lund | Detergent structure and associated lipid as determinants in the stabilization of solubilized Ca 2+ -ATPase from sarcoplasmic reticulum[END_REF]. However, when working with a new MP sample, without any idea of the ability of a given detergent to stabilize the protein, C 12 E 8 could be replaced by the detergent used during the pre-incubation period. However, it is essential to verify that this detergent does not interfere with the enzyme-coupled assay. As mentioned above, 1 mole of NADH is converted to NAD + when 1 mole of ATP is regenerated. Consequently, addition of ADP should result in a decrease of absorbance corresponding to the amount of ATP synthetized from the ADP. Additionally, if signals are integrated on a second timescale, the kinetics of ATP regeneration (NADH consumption) should also be controlled. In normal conditions, addition of 10 µM ADP should result in a drop in absorbance of 0.062 in about 6 to 10 sec at 20°C.

Troubleshooting

Basic Protocol 1 describes approaches to correct the dilution effect that may be observed during CMC determination using methyl orange or any other colorimetric assay (Fig. 1A; [START_REF] Ohnishi | Characterization of the murexide method: Dual-wavelength spectrophotometry of cations under physiological conditions[END_REF]. The isosbestic point is an indication that the probe is only interacting with one component: the detergent, in the present case. If ternary complexes form with another compound present in the medium, this isosbestic point will no longer exist. For example, as glycerol affects the absorption spectra of methyl orange (Fig. 1A), other compounds in the assay medium may obviously also affect it. Ionic strength also affects methyl orange spectra, but does not interfere with the CMMC estimate. The presence of other hydrophobic macromolecules in the medium could obviously interfere with the assay. Methyl orange may partition in hydrophobic phases like lipid phases. It may also interact with hydrophobic patches on proteins or other macromolecules containing such patches. For example, interactions with human serum albumin have been reported [START_REF] Ito | Structure of the methyl orange-binding site on human serum albumin and its color-change mechanism[END_REF]. To our knowledge, methyl orange alone does not interact with DNA; however, when used in combination with other dyes like crystal violet or indoine blue, the resulting complexes are able to interact with DNA [START_REF] Hwang | Counterion-dye staining for DNA in electrophoresed gels using indoine blue and methyl orange[END_REF][START_REF] Yang | Reconstitution of phospholipid translocase activity with purified Drs2p, a type-IV P-type ATPase from budding yeast[END_REF]. In such delicate conditions, another method for CMC determination should be considered.

The methyl orange method can be used for a wide range of CMCs. When a detergent has a high CMC, the volume of detergent added starts to be pretty high compared to the volume of the cuvette. In that case, the dilution of methyl orange with each detergent addition, before micelle formation, is not negligible and the experimenter should take into account the dilution factor even when using the Ohnishi method. For a low-CMC detergent, the limit depends particularly on the spectrophotometer. Some diode array spectrophotometers allow accurate measurement of absorbance changes in the 10 -3 range, making it possible to determine CMMCs of detergents close to 0.08-0.09 mM (e.g., for C 12 E 8 ). For detergents with lower CMC (e.g., LMNG, CMC < 0.01 mM), this method is not sensitive enough.

Achieving equilibrium between monomers and micelles requires a few seconds. Consequently, it is critical to wait for a few seconds after adding detergent to the cuvette. Continuous stirring and temperature regulation of the medium using a temperature-controlled cell holder is mandatory.

Basic Protocol 2 allows one to follow the ATPase activity of solubilized membrane AT-Pases. It should be kept in mind that protein aggregation may occur because the detergent is present at a fairly high concentration in the cuvette. Protein aggregates generate light scattering. Thus, it is important to follow simultaneously the absorbance at 340 nm (to observe NADH consumption) and the absorbance at 500-600 nm (to look at possible variations in light scattering). NADH does not absorb at such wavelengths.

The Alternate Protocol takes advantage of a specific feature of P-type ATPases, namely formation of a stable phosphoenzyme (EP). In the present experiment, the signal-to-noise ratio is good, with raw data gathered from 60 to 1400 cpm for samples and 20 to 25 cpm for background. If the background is high, check that the filters were rinsed properly. If available, a specific inhibitor of the protein can be used to evaluate the background.

Although the present experiment used GS nitrocellulose filters, other filters are avail-able and may be compared for their tendency to nonspecifically bind compounds in the medium that could increase background. For instance, glass fiber filters (type A/E, porosity 1 µm) represent an alternative to GS filters. For phosphorylation measurements, the question arises as to whether the acid-denatured detergent-solubilized Drs2p would be retained efficiently by the filters, in view of the presence of detergents. In this respect, incubation of the acid-quenched proteins on ice for a period sufficient for aggregation is a critical step, as efficient and reproducible aggregation is a prerequisite for further retention by filters. In our case, samples had to be incubated on ice for at least half an hour for aggregation and therefore retention by filters. Additionally, for several detergents, when two filters were used on top of each other, the bottom filter contained about 10-20% of the total radioactivity, with the main part being recovered on the top filter. Therefore, it may be necessary in some cases to use two filters for maximal recovery of precipitated proteins.

Anticipated Results

The experiments described in this article will help the experimenter to identify an appropriate detergent for long-term stabilization of a particular integral membrane protein.

From Basic Protocol 1, the experimenter will obtain the CMMC of a detergent in specific experimental conditions. High variation in the value of the CMMC will suggest that the detergent concentration needs to be adapted during the different steps of the experiment in order to maintain the protein in an appropriate environment. Typically, the experimenter must take into account the CMMC values to define the protocol for detergent screening. The screening methods described in Basic Protocol 2 and the Alternate Protocol should result in the selection of the best detergent to ensure long-term stability of an active and functional membrane protein. The experimental conditions arising from this screen hopefully will be important for subsequent purification, functional characterization, and crystallogenesis. The latter usually requires a careful estimation and adjustment of the amount of detergent around the protein to favor crystal contact [START_REF] Dahout-Gonzalez | Crystallization of the bovine ADP/ATP carrier is critically dependent upon the detergent-to-protein ratio[END_REF][START_REF] Parker | Membrane protein crystallisation: Current trends and future perspectives[END_REF][START_REF] Sørensen | Crystals of sarcoplasmic reticulum Ca( 2+ )-ATPase[END_REF].

Time Considerations

Preparing detergent solutions and detergent/lipid mixtures can take a few hours. The determination of the CMMC for one detergent by the methyl orange method takes about 1 hr to be performed twice. From the moment the solutions are prepared, measuring an ATPase activity takes about 5 to 15 min depending on the activity (for low activity, it will be necessary to wait longer in order to distinguish the activity of the protein of interest from that of the background). For instance, the experiment shown in Figure 3 takes 1.5 days. Similarly, the time required for phosphorylation assays depends on the number of samples. For the experiment shown in Figure 4, each series of samples (8 tubes per series) takes about 2 hr from phosphorylation to first counting results.

Résumé en français

Le paludisme est une maladie causée par une infection par un parasite du genre Plasmodium. Elle touche 91 pays dans le monde et, en 2016, a causé la mort de 450 000 personnes. Cinq espèces sont responsables de la maladie chez l Homme, P. falciparum, P. vivax, P. ovale, P. malariae and P. 

  Inhibitor Cocktail PIP2: Phosphatidylinositol 4,5-bisphosphate PfCRT: Plasmodium falciparum Chloroquine Resistance Transporter PK: pyruvate kinase PMSF: Phenylmethanesulfonyl fluoride POPC: 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine POPE: 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine POPS: 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoserine PVDF: Polyvinylidene difluoride PVM: parasitophorus vacuole membrane SDS: sodium dodecylsulfate SDS-PAGE: polyacrylamide gel electrophoresis (with SDS) SERCA: sarco-endoplasmic reticulum Ca 2+ ATPase sGFP: superfolded Green Fluorescent Protein RDTinformation on the disease Malaria is a parasitic disease caused by different species of the genus Plasmodium and transmitted by the bite of a female mosquito of the genus Anopheles. This disease is considered as a global health problem, as it occurs in 91 tropical and subtropical countries worldwide (fig 1).
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 1 Figure 1: Evolution of the malaria endemic countries between 2000 and 2016 (World Health Organization 2017a).
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 2 Figure 2: Schematic organisation of a Plasmodium falciparum merozoite.
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 3 Figure 3: Scheme of the life cycle of Plasmodium falciparum.

Figure 4 :

 4 Figure 4: Membrane transport proteins within the infected erythrocyte. Schematic representation of membrane transport within the infected erythrocyte. Erythrocyte plasma membrane: transport of the essential nutrients and ions into the infected erythrocyte via the NPP. Parasitophorous vacuole membrane: protein translocon EXP2. Parasite plasma membrane: are found here the hexose transporter (PfHT), the nucleoside transporter PfENT1, amino acid transporter(s) (LATs) still unknown. Food vacuole membrane: are found here the drug transporters PfMDR1 and PfCRT (chloroquine transport). Picture in the upper left corner: schematic representation of the different organelles and membranes found in the infected erythrocyte (Tilley et al. 2007) Several P. falciparum-encoded MTPs are involved in the establishment of new permeability pathways (NPP) in the plasma membrane of the erythrocyte (fig 4). Theidentity of all the MTPs participating in the NPP is not known yet, and some transporters from the host s erythrocyte participate as well. The NPPs role is to transport nutrients like sugar, amino acids, nucleosides and vitamins into the erythrocyte s cytoplasm. They also are involved in maintaining the ionic composition of the erythrocyte s cytoplasm, and in extruding wastes from the metabolic reactions like lactate(Kiaran Kirk and Lehane 2014). The parasitophorous vacuole membrane (PVM) is known to be highly permeable to many and quite different solutes, ions and even small peptides and proteins[START_REF] Spielmann | Molecular Make-up of the Plasmodium Parasitophorous Vacuolar Membrane[END_REF]). It is suggested that the Plasmodium-encoded protein

(

  Møller et al. 2010)). Structurally, P-type ATPases are organized into three cytoplasmic domains (A, P, and N) and two membrane-embedded domains (T and S) (fig 5). The transported substrates bind in the middle of the T-domain and alternate between being exposed to the cytoplasm and the extracytoplasmic side. The S-domain is an auxiliary domain with high rigidity that provides structural support to the T-domain and can have specialized functions such as providing substrate-coordinating side chains for additional substrate binding sites (Toyoshima and Nomura 2002). P-type ATPases also have a large cytoplasmic part composed of three domains, named P, N and A. (fig 5). The phosphorylation domain (P domain) contains the conserved sequence DKTG where the initial aspartate is transiently phosphorylated during the transport cycle. In this P domain we also find two other conserved motifs: the TGDN and the GDGXND that are involved in the coordination of the Mg 2+ associated to the bound ATP in the N domain.The nucleotide-binding domain (N domain) binds ATP and allows the phosphorylation of the P domain. The N domain is inserted in the P domain and it is the most variable part of P-type ATPases. The actuator domain (A domain) is constituted by the loop between TMs 2 and 3 and a region in the N-terminal of the protein. The A domain contains the TGES motif conserved among all P-type ATPases, and implicated in the dephosphorylation of the aspartate of the P domain. This domain is flexible and acts as a phosphatase . Several P-type ATPases contain also a regulation domain (R domain)[START_REF] Ekberg | A Novel Mechanism of P-Type ATPase Autoinhibition Involving Both Termini of the Protein[END_REF]), located at the C-terminal, the N-terminal or both extremities of the pump. This R domain can act as an auto-inhibitory element by interacting with a still unknown region of the pump(Azouaoui et al. 2017; Zhou, Sebastian, and Graham 2013a).

Figure 5 :

 5 Figure 5: Schematic overview of a P-Type ATPase: the example of SERCA1a. Schematic overview of the structural organization of P-type ATPases. Left: Ribbon model of the crystal structure of the sarco(endo)plasmic reticulum Ca2+ ATPase SERCA1a with its two types of ligand bound: one ATP and two Ca 2+ (PDB Accession number 1T5S). Right: Structural organization of P-type ATPase domains. The domains described in the text are indicated with capital letters (A, N, P, T, S). From reference (Palmgren and Nissen 2011).

  also known as flippases) constitute a particular subfamily of the P-type ATPase family and are present only in eukaryotic organisms. Unlike the rest of P-type ATPase members that pump ions, P4-ATPases mediate the translocation of phospholipids from the exoplasmic to the cytoplasmic leaflet of biological membranes (fig 7) (López-Marqués, Holthuis, and Pomorski 2011). This process enables eukaryotic cells to create and maintain non-random lipid distribution between the two leaflets of the membrane. They mostly transport PS, PE, PC and lysophospholipids, although recently they were shown to transport glycosphingolipids (Roland et al. 2018).

Figure

  Figure 7: Schematic flipping of a phospholipid by a P4-ATPase.

  , and they mediate the transport of drugs in the Leishmania parasite (Pérez-Victoria et al. 2003). In humans, mutations in certain P4-ATPases may leads to intrahepatic cholestasis e.g. mutations in ATP8B1 (van der Mark, Oude Elferink, and Paulusma 2013). P4-ATPases are predicted to have 10 TMs and they are associated to a subunit from the CDC50/LEM family (fig 8). The subunits possess two TMs with a large exoplasmic loop containing 4 conserved cysteines that form two intramolecular disulfide bridges. In addition, this extracellular domain is glycosylated, which is important during biogenesis and for the interaction with the P4-ATPase (Jonathan A Coleman and Molday 2011). Cdc50 proteins are able to interact with more than one type of P4 ATPase: for example the S. cerevisiae Cdc50 protein Lem3p can interact with two P4-ATPases, Dnf1 and Dnf2 (Koji Saito 2004; Furuta et al. 2007). Moreover, different studies have revealed the crucial role of Cdc50 for proper protein folding and membrane localization of the P4-ATPase/Cdc50 functional complex (Van Der Velden et al. 2010; López-Marqués et al. 2010; S. Chen et al. 2006). There are few exceptions of P4-ATPases that do not have a Cdc50-associated subunit; among them, Neo1p in S. cerevisiae or the human ATP9A and ATP9B (López-Marqués, Holthuis, and Pomorski 2011; van der Mark, Oude Elferink, and Paulusma 2013).

Figure 8 :

 8 Figure 8: Predicted topology of P4-ATPases and CDC50 subunits.

  two putative transport models have been proposed for P4-ATPases: the two-gates model, in which the phospholipid is transported through the interior of the transporter and the hydrophobic gate model where the phospholipid travels at the proteinmembrane interface (fig 9) (Lopez-Marques et al. 2014; Montigny et al. 2016).

Figure 9 :

 9 Figure 9: Scheme of the proposed pathways for phospholipid transport. On the left: the two gates model with the phospholipid going through the transporters itself during translocation. On the right, the hydrophobic gate model, in with the fatty acid chains of the phospholipid substrate remain in the membrane during translocation. (Lopez-Marques et al. 2014).

Figure 10 :

 10 Figure 10: Knockout phenotypes and localisation of putative P4-ATPases of P. berghei. Panel A: Knockout phenotypes of putative P. berghei P4-ATPases. Modified from (Bushell et al. 2017) The phenotypes are from this study (top) and from published P. berghei studies (bottom). Dispensable, slow, and essential phenotypes are indicated by coloured boxes. ATP11 from P. falciparum has no homolog in the P. berghei genome. Panel B: Endogenous fluorescent tagging of four putative P4-ATPases refractory to gene deletion in the erythrocyte stage. Red: endogenous tagged MTP; Blue: DNA: Green: cytoplasm. scale bars 5µm modified from (Kenthirapalan et al. 2016).

  chabaudi (PCHAS_1436800)(fig 11), indicates a high conservation of this transporter among Plasmodium species, as judged by an average of 60 % amino acid identity between all of them. This degree of conservation might reflect the fact that ATP2 is an essential protein in several species of Plasmodium(Cowell et al. 2018; Bushell et al. 2017; M. Zhang et al. 2018). Importantly, well-conserved P4-ATPases homologous to ATP2 are also present in other disease-causing parasites belonging, like Plasmodium, to the Apicomplexa phylum: the Toxoplasma gondii (TGME49_247690), the Cryptosporidium parvum (cgd7_1760) or the Babesia microti (BMR1_01G011915) P4-ATPases (fig 11). All these Apicomplexan P4-ATPases are still putative and uncharacterized like the Plasmodium P4-ATPases. Their conservation among these Apicomplexan parasites might support the idea that these proteins perform important functional roles during the intracellular life-cycle of these parasites. As expected, all the sequences contain the typical P-type ATPase motifs, like the DGET motif in the A domain (intracellular loop between TMs 2 and 3), containing a key glutamate involved in the dephosphorylation of the enzyme (fig 11, panel A), or the DKTGT motif in the P domain (intracellular loop between TMs 4 and 5), where the initial aspartate is transiently phosphorylated during the transport cycle (fig 11, panel B).

Figure 11 :

 11 Figure 11: Conservation of P-type ATPase consensus motifs in ATP2 homologs encoded by apicomplexan parasites. Multiple alignment of ATP2 homologs of Plasmodium and Apicomplexan parasites. Panel A: Detail of the A domain (the intracellular loop between TMs 2 and 3) of P4-ATPases. The highlighted consensus DGET sequence found here (TGES instead of DGET in most other P-type ATPases) contains the conserved glutamate involved in dephosphorylation. Panel B: Detail of the P domain ( intracellular loop between TMs 4 and 5).The highlighted DKTGT sequence found here contains the aspartate transiently phosphorylated. The alignments were performed with the multiple sequence alignment CLUSTALW resource(Thompson, Higgins, and Gibson 1994) for the following proteins: P. falciparum PF3D7_1219600; P. vivax PVX_123625; P. berghei PBANKA_1434800; P. chabaudi PCHAS_1436800; Toxoplasma gondii TGME49_247690; Cryptosporidium parvum cgd7_1760; Babesia microti BMR1_01G01915.

Figure 12 :

 12 Figure 12: Multiple alignment of ATP2 homologs of Plasmodium and apicomplexan parasites. Panel A: Multiple alignment of the N-terminal region and TMs 1 and 2 of Plasmodium and Apicomplexan ATP2 homologs. Panel B: Detail of a multiple alignment of Plasmodium and Apicomplexan ATP2 homologs displaying TM3 and TM4 regions. The residues highlighted in blue correspond to the conserved N-terminal residues (Perandrés-López et al. 2018).The residues highlighted in yellow correspond to residues involved in diseases when mutated in ATP8B1(Klomp et al. 2004). The motif highlighted in pink corresponds to the PISL/PICL motif[START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]). TMs were defined using the TOPCONS web server for combined membrane protein topology and signal peptide prediction(Tsirigos et al. 2015). The alignments were performed using the multiple sequence alignment CLUSTALW resource(Thompson, Higgins, and Gibson 1994) for P. falciparum PF3D7_1219600; P. vivax PVX_123625; P. berghei PBANKA_1434800; P. chabaudi PCHAS_1436800; Toxoplasma gondii TGME49_247690; Cryptosporidium parvum cgd7_1760; Babesia microti BMR1_01G01915.

Figure 13 :

 13 Figure 13: Detail of the multiple alignments of ATP2 homologs of Plasmodium and apicomplexan parasites.

Figure 14 :

 14 Figure 14: Multiple alignment of Plasmodium and apicomplexan Cdc50.1 homologs.

  material and methods, and originally provided by Denis Pompon (Pompon et al 1996)). The optimized ATP2 cDNA sequences ordered to Genscript were cloned by the company in the pYeDP60 vector with the TEV cleavage site and the Biotin Acceptor Domain (BAD) at the end of each sequence (fig 15, panel A). The optimized Cdc50 cDNA sequences provided by Genscript were originally cloned between the EcoRI and BamHI sites in a pUC57 vector. We therefore subcloned each Cdc50 subunit into the EcoRI/BamHI sites of the pYeDP60 vector, adding a decahistidine tag (His10) and the TEV protease cleavage site at the end of each sequence fig , panel B). We also cloned the ATP2 sequences in the pYeDP60 vector with the BAD and the TEV protease cleavage site at the end.

  chabaudi sequences. Once the single-expression vectors were obtained, we undertook the construction of the different co-expression vectors. The sequences of the Cdc50 subunits in the pYeDP60 vectors were amplified together with the GAL10/Cyc1 promoter, the TEV protease cleavage site, the His10 tag, and the PGK terminator (fig 15, panel B). This cassette was then introduced into the corresponding single-expression vectors containing the ATP2 sequence tagged with the BAD at either, the or the terminal end fig 15 panel C).

Figure 15 :

 15 Figure 15: The different types of plasmid constructs used to express the Plasmodium ATP2 orthologs alone or in complex with the Cdc50 subunits in S. cerevisiae. Panel A: The yeast expression vector encoding PcATP2 alone, pYeDP60-PcATP2-TEV-BAD. Panel B: The yeast expression vector encoding the PcCdc50 subunits pYeDP60-PcCdc50.1-TEV-His10. Panel C: The yeast coexpression vector pYeDP60-BAD-TEV-PcATP2-PcCdc50.1-TEV-His10 encoding both PcATP2 and PcCdc50.1. Replication and selection in E. coli: origin of replication, ori; ampicillin-resistance β-lactamase gene, Amp R . Replication and selection in the yeast S. cerevisiae: origin of replication, 2µ; auxotrophy selection marker for adenine, ADE2; auxotrophy marker for uracil, URA3. Expression: Galactose hybrid promoter GAL10/Cyc1 (pro GAL10/CYC1), and terminator PGK (ter PGK). ATP2 orthologs are cloned in frame with the sequence of the TEV protease cleavage site followed by a BAD either at the N-or at the C-terminal end of the protein. For the Cdc50 subunits a TEV protease cleavage site followed by a 10xHis tag is fused at the C-terminal end of the protein.

  Figure 16 panel B then shows a similar western blot but now revealed with a His probe to detect His10 tagged proteins. For the empty vector membrane preparation (fig 16, panel B, lane 1), three non-specific bands were found, at around 100 kDa, 75 kDa and below 50 kDa, respectively, while our positive control (of membranes expressing Cdc50p) showed in addition a band corresponding to the fully glycosylated Cdc50p subunit, in agreement with previous works (Azouaoui et al. 2014) (fig 16,panel B, lane 2). Thus, the galatoseinducible expression system is working in our hands too.

Figure 16 :

 16 Figure 16: Western blot analysis of total membrane from S. cerevisiae all expressing no protein or co-expressing Drs2p/Cdc50p. Panel A: Western blot revealed with a biotin probe to detected biotinylated proteins. Lane 1, membranes of S. cerevisiae transformed with an empty vector (negative control) showing the endogenous biotinylated proteins of S. cerevisiae; lane 2: membranes obtained after co-expressing Drs2p-BAD/Cdc50p-His10 (positive control). Panel B: Western blot revealed with a His probe to detect His10 tagged proteins. Lane 1 membranes of S. cerevisiae transformed with an empty vector showing the background obtained with the His probe; lane 2: membranes obtained after co-expresing Drs2p-BAD/Cdc50p-His10. 20µl at 0.04 OD unit of cells, of each membrane sample, were loaded on the gel. Theoretical masses: Acc1p, acetyl-CoA carboxylase ≈ kDa; Dur 1/2p, urea carboxylase ≈ kDa; Drs p-BAD, ≈ kDa; Pyc / p, pyruvate carboxylase isoform and ≈ kDa; Arc p, complex acyl-RNA ≈ kDa; Cdc50p≈ 52kDa (fully glycosylated). In the experiments testing PfATP2 expression (fig 17), we were expecting a protein band at about 190 kDa (the expected size of PfATP2 is about 180 kDa and the size of the BAD tag is about 10 kDa). In our experiment, however, we could not detect a band at the expected size, neither after expression of PfATP2 expressed alone (fig 17, lanes 1 and 2), or after its co-expression with any of the three PfCdc50 subunits (fig 17, lanes 3 to 8).

Figure 17 :

 17 Figure 17: Expression of P. falciparum ATP2, PfATP2 in total membranes obtained from small-scale cultures of S. cerevisiae. Expression for the various vectors containing the putative flippase PfATP2 labelled at the N-or C-terminal end with the biotin acceptor domain (BAD), and with or without each of the three putative PfCdc50 subunits. The western blots are revealed with a biotin probe to detect the BAD domain fused to PfATP2. 20 µl of each membrane sample was loaded in the gel corresponding to 0.04 OD unit of cells. Lane 1: PfATP2-BAD; lane 2: BAD-PfATP2; lane 3: PfATP2-BAD/PfCdc50.1-His10; lane 4: BAD-PfATP2/PfCdc50.1-His10; lane 5: PfATP2-BAD/PfCdc50.2-His10; lane 6: BAD-PfATP2/PfCdc50.2-His10; lane 7: PfATP2-BAD/PfCdc50.3-His10; lane 8: BAD-PfATP2/PfCdc50.3-His10. Theoretical masses: Acc1p , acetyl-CoA carboxylase ≈ kDa; Dur / p, urea carboxylase ≈ kDa; Pyc / p, pyruvate carboxylase isoform and ≈ kDa; Arc p, complex acyl-RNA ≈ kDa; PfATP -BAD, ≈ 190 kDa.

Figure 18 :

 18 Figure 18: Expression of the P. falciparum putative subunits PfCdc50.1, PfCdc50.2 and PfCdc50.3 in total membranes obtained from small-scale cultures of S. cerevisiae. Western blots revealed with a His probe for detection of the His10-labelled subunits. Panel A: singleexpression of the three putative Cdc50 subunits. Lane 1: PfCdc50.1; lane 2: PfCdc50.2; lane 3: PfCdc50.3. Panel B: Co-expression of the Cdc50 subunits with the flippase PfATP2 labelled at the Nor C-terminus with the BAD. 20µl of each membrane sample at 0.04 OD unit of cells were loaded on the gel. Lane 1: PfATP2-BAD/PfCdc50.1-His10; lane 2: BAD-PfATP2/PfCdc50.1-His10; lane 3: PfATP2-BAD/PfCdc50.2-His10; lane 4: BAD-PfATP2/PfCdc50.2-His10; lane 5: PfATP2-BAD/PfCdc50.3-His10; lane 6: BAD-PfATP2/PfCdc50.3-His10; lane 7: PfATP2-BAD. Theoretical masses: Cdc p ≈ kDa; PfCdc . ≈ kDa; PfCdc . ≈ kDa; PfCdc . ≈ kDa. The same expression analysis was carried with the P. chabaudi ATP2 and Cdc50 subunits orthologs. PcATP2 with the BAD tag has a theoretical molecular mass of about 180 kDa (PcATP2 weights 170 kDa and the BAD 10 kDa). Lanes 1 and 2 of the SDS-PAGE gel of figure 19 correspond to the expression alone of PfATP2-BAD and BAD-PfATP2, respectively. In both constructs we observe protein expression (fig 19, lanes 1 and 2). Notably, despite having the same molecular mass, PcATP2 runs differently depending on the position of the BAD tag. The presence of two bands in the BAD-PcATP2 construct can indicate a proteolysis event of the protein is occurring at the C-terminal end. Moreover, no apparent difference in the expression yield of PcATP2 was observed after changing the position of the BAD tag. Co-expressing PcATP2 with the different PcCdc50 subunits showed no significant differences with respect to the PcATP2 level of expression in the absence of these subunits (fig 19, lanes 3 to 8). One band is still observed in the Cterminal tagged PcATP2 and two bands for the N-terminal tagged PcATP2. A different
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 19 Figure 19: Expression of P. chabaudi ATP2 in total membranes obtained from small-scale cultures of S. cerevisiae. Expression of the various flippases PcATP2 labelled at the N-or C-terminus with the BAD, alone or in the presence of each of the three putative Cdc50 subunits. 20µl of each membrane sample at 0.04 OD unit of cells were loaded in the gel. Lane 1: PcATP2-BAD; lane 2: BAD-PcATP2; lane 3: PcATP2-BAD/PcCdc50.1-His10; lane 4: BAD-PcATP2/PcCdc50.1-His10; lane 5: PcATP2-BAD/PcCdc50.2-His10; lane 6: BAD-PcATP2/PcCdc50.2-His10; lane 7: PcATP2-BAD/PcCdc50.3-His10; lane 8: BAD-PcATP2/PcCdc50.3-His10. Theoretical masses: Acc1p, acetyl-CoA carboxylase ≈ kDa; Dur / p, urea carboxylase ≈ kDa; Drs p, ≈ kDa; Pyc / p, pyruvate carboxylase isoform 1 and 2 ≈ kDa; Arc p, complex acyl-RNA ≈ kDa; PcATP2-BAD ≈ 180 kDa. Next, we performed the single-expression tests of the P. chabaudi Cdc50 subunits. The expected size of PcCdc50.1 is 45 kDa, 61 kDa for PcCdc50.2, and 51 kDa for PcCdc50.3. As seen in the western blot, the three subunits were expressed and localized in total membranes (fig 20, panel A). PcCdc50.1 (fig 20, panel A, lane 1) migrated faster than expected (~37 kDa), a likely artefact of the SDS-PAGE gels commonly seen for membrane proteins. Moreover, PcCdc50.2 appeared to be less expressed than the other two, and PcCdc50.3 showed two bands in the gel with, apparently, similar intensity (fig 20, panel A lanes 2 and 3). The upper band of PcCdc50.3 suggested a glycosylated form of this subunit (see the section III-2-4). When the PcCdc50 subunits were co-expressed with PcATP2 (fig 20, panel B, lanes 1 to 7), we found a very low expression yield of

Figure 20 :

 20 Figure 20: Expression of P. chabaudi putative subunits PcCdc50.1, PcCdc50.2 and PcCdc50.3 in total membranes obtained from small-scale cultures of S. cerevisiae. Panel A: single-expression of the three putative Cdc50 subunits. Lane 1: PcCdc50.1; lane 2: PcCdc50.2; lane 3: PcCdc.3. Panel B: Co-expression of each of the three putative Cdc50 subunits with PcATP2 tagged at the N-or C-terminal end with the BAD. 20µl of each membrane sample at 0.04 OD units of cells were loaded on a gel. Lane 1: PcATP2-BAD/PcCdc50.1-His10; lane 2: BAD-PcATP2/PcCdc50.1-His10; lane 3: PcATP2-BAD/PcCdc50.2-His10; lane 4: BAD-PcATP2/PcCdc50.2-His10; lane 5: PcATP2-BAD/PcCdc50.3-His10; lane 6: BAD-PcATP2/PcCdc50.3-His10; lane 7: PcATP2-BAD. Theoretical masses: PcCdc50.1 ≈ kDa; PcCdc . ≈ kDa; PcCdc . ≈ kDa.These small-scale expression tests of ATP2 and related Cdc50 subunits from the two Plasmodium species therefore allowed a quick screening of protein expression for the different constructs (single-expression of ATP2 or co-expression with the Cdc50 subunits) and gave the first hint of which one of the Cdc50 subunits can be associated to ATP2. Based on the results obtained in these experiments, we chose to continue working with two co-expression constructs of P. chabaudi proteins, BAD-PcATP2/PcCdc50.1-His10 and BAD-PcATP2/PcCdc50.3-His10 for expression in large-scale cultures and study of the localization of PcATP2 and the two subunits PcCdc50.1 and PcCdc50.3 in different membrane fractions.

  The corresponding P3 membranes of both controls were analysed by western blot (fig 21, panels A and B, lanes 1 and 2) to reveal background levels and show positive controls for Drs2p and Cdc50p. In the two co-expression experiments of Plasmodium ATP2/Cdc50 complexes (fig 21, panels A and B), PcATP2 and both PcCdc50 subunits were found in the P2 and P3 membranes, as expected. In the co-expression of BAD-PcATP2/PcCdc50.1-His10 (fig 21, panel A), the apparent distribution of both ATP2 and the subunit is practically one half in the P2 and the other half in the P3 fraction. We can notice that, in this case, the lowest band of PcATP2 is much stronger than the upper band, a slightly different behaviour of what we saw in total membranes from small-scale cultures where the two bands of PcATP2 displayed similar intensity (fig 19, lane 4). On the other hand, in the experiments of BAD-PcAPT2/PcCdc50.3-His10 co-expression (fig 21, panel B), the flippase and the subunit were mostly localized in the P2 membrane fraction. As in the total membrane preparation from small-scale cultures, a second band of PcCdc50.3, presumably a glycosylated form of this subunit, is also present in the western blot, at an apparent similar intensity as the eventual unglycosilated form (fig 21, panel B). It is worth mentioning that for Cdc50p, the predominant band is the glycosylated one (fig 21, panels A and B lane 2).

Figure 21 :

 21 Figure 21: Western blot analysis of the various yeast membrane fractions obtained after co-expressing BAD-PcATP2/PcCdc50.1-His10 or BAD-PcATP2/PcCdc50.3-His10. 1µg of total protein is loaded in each line. The top of the membrane is revealed with a biotin probe to detect the flippase and the bottom with a His probe to detect the subunit. Panel A: co-expression BAD-PcATP2/PcCdc50.1-His10. Lane 1: S. cerevisiae P3 membranes transformed with the empty vector; lane 2: P3 membranes with Drs2p/Cdc50p; lane 3: crude extract; lanes 4 and 5: respectively pellet 1 (P1) and supernatant 1 (S1) obtained after the first centrifuge at 1000 x g; lanes 6 and 7: respectively pellet 2 (P2) and supernatant 2 (S2) obtained after the centrifugation at 20000 x g; lanes 8 and 9: respectively pellet 3 (P3) and supernatant 3 (S3) obtained after the centrifugation at 125000 x g. Panel B: co-expression BAD-PcATP2/PcCdc50.3-His10. Lane 1: S. cerevisiae P3 membranes transformed with the empty vector; lane 2: P3 membranes with Drs2p/Cdc50p; lane 3: crude extract; lanes 4 and 5: respectively pellet 1 (P1) and supernatant 1 (S1); lanes 6 and 7: respectively pellet 2 (P2) and supernatant 2 (S2); lanes 8 and 9: respectively pellet 3 (P3) and supernatant 3 (S3).The results obtained in these two co-expression experiments using large-scale cultures and membrane fractionation shows that PcATP2 and the two PcCdc50 subunits can be localized in both P2 and P3 membrane fractions. Interestingly, PcATP2 distribution between P2 and P3 membrane fractions switches depending on the Cdc50 subunit that is co-expressed with it (fig21). In addition, the distribution of PcATP2 between the two fractions is identical as the distribution of its co-expressed subunit(Fig 21); in other words, they co-localize in the same membrane fraction. These observations strongly

3 .

 3 Indeed, the FNDT motif found in Cdc50p, the yeast Cdc50 subunit known to be glycosylated, is also conserved in other subunits from other organisms (L. R.Poulsen et al. 2008; García-Sánchez et al. 2014), includingPcCdc50.3, which contains the potential glycosylation site N260 (fig22).

Figure 22 :

 22 Figure 22: Conserved glycosylation site of the Cdc50 subunits encoded by different organisms.

  3. As control, we used membranes co-expressing Drs2p/Cdc50p. Cdc50p (fig 23, lanes 7 to 9), which on the western blot display two major bands, the fully glycosylated form above 50 kDa and the core Cdc50p above 37 kDa. After incubation with PNGase F or EndoH, the glycosylated band disappeared and the core Cdc50p was predominantly found. In the deglycosylation experiments ofPcCdc50.1 (fig 23, lanes 1 to 3), there was no difference in the western blot after the addition of the enzymes; as expected since this subunit does not contain predicted glycosylated sites and it always runs in the SDS-PAGE as a single band. In contrast, for the PcCdc50.3 subunit, two bands were originally present (fig 23, lane 4), but after digestion with either PNGase or EndoH, the upper band disappeared, and the lowest band remained (fig 23, lanes 5 and 6), demonstrating that, as predicted, PcCdc50.3 can indeed be glycosylated when expressed in yeast.

Figure 23 :

 23 Figure 23: Deglycosylation assays of PcCdc50.1 and PcCdc50.3 co expressed with PcATP2. Deglycosylation was achieved with the PNGase F or the EndoH enzymes. 10 µg total proteins of P3 membranes deglycosylated (+) or not (-) were deposited in the experiments with PcAT2/PcCdc50 subunits and 5 µg total proteins of P3 membranes deglycosylated (+) or not (-) in the control experiment with Drs2p/Cdc50p. The western blot was revealed with the His probe. Lanes 1 to 3: P3 membranes co-expressing PcATP2/PcCdc50.1; lanes 4 to 6: P3 membranes co-expressing PcATP2/PcCdc50.3; lanes 7 to 9: P3 membranes co-expressing Drs2p/Cdc50p.

(

  pYeDP60-BAD-TEV-PcATP2, pYeDP60-PcCdc50.1-TEV-His10, and pYeDP60-PcCdc50.3-TEV-His10) and co-expression vectors (pYeDP60-BAD-TEV-PcATP2-PcCdc50.1-TEV-His10 and pYeDP60-BAD-TEV-PcATP2-PcCdc50.3-TEV-His10) were transformed into the Δcdc strain.

Figure 24 :

 24 Figure 24: Functional complementation in Δcdc50 temperature-sensitive S. cerevisiae strain Panel A: Test of the phenotype of the wild type strain W3031b Gal4-2 (WT) and the temperaturesensitive W3031b Gal4-2 Δcdc growing at both 28°C and 20°C on S6AU plates. Panel B: Δcdc cells were transformed with the empty vector (EV), single-expression vector encoding DRS2 or CDC50, singleexpression vector encoding PcATP2, PcCdc50.1 or PcCdc50.3 and co-expression vectors encoding PcATP2/PcCdc50.1 or PcATP2/Cdc50.3. Wild type strain (WT) expressing Drs2p/Cdc50p was used as control. Serial dilutions of yeast cells were spotted on plates and incubated at 28°C or at the restrictive temperature of 20°C on S5AF plates. PcATP2 was tagged with a BAD tag at the N-terminus and the PcCdc50 with a His10 tag at the C-terminus. First, the cold sensitive phenotype of the non-transformed Δcdc strain was verified by growing it at 20°C and 28°C on S6AU plates. The non-transformed wild type strain was used as control (fig 24, panel A). As expected Δcdc cells did not grow at 20°C when transformed with the empty vector or with the vector expressing only Drs2p (fig 24, panel B). The wild-type phenotype was rescued after transforming this strain with the

  2 and PfCdc50.3 (fig 20). In addition, neither the position of the BAD tag in PfATP2 nor the co-expression with any of the three Cdc50 subunits helped to detect the expression of PfATP2 in S. cerevisiae. On the other hand, expression of the P. chabaudi ATP2 was detected in total membranes, displaying a slightly different pattern in the gel depending on the position of the BAD tag (fig 19). In addition, a change in the intensity of the SDS-PAGE bands corresponding to PcATP2 tagged at the N-terminal end was observed when it was co-expressed with PcCdc50.3 (fig 19, lane 8). The intensity of the lowest band was higher than the upper band only in the co-expression experiment (fig 21). Moreover, two PcCdc50 subunits showed an apparent higher expression level when co-expressed with PcATP2 with the tag in the N-terminal end (fig 20). This result

  studies. In our laboratory we have established different protocols to screen detergents for membrane protein solubilisation, and we have set up different methodologies to assess the stability and functional behaviour of solubilized P-type ATPases (Lenoir, G., Dieudonné, T., Lamy, A., Lejeune, M., Vázquez-Ibar,J.-L., & Montigny, C. (2018). Screening of detergents for stabilization of functional membrane proteins. Current Protocols in Protein Science, 93, e59. doi: 10.1002/cpps.59 ) (Lenoir et al. 2018). Detergents are normally categorized in four classes: non-polar, anionic, cationic and zwitterionic. This classification is based on the nature of the head group and the length of the hydrocarbon chain (Le Maire, Champeil, and Møller 2000). Non-polar detergents with mid-length hydrocarbon chains (non-toxic and referred as mild detergent) are often used in solubilisation and stabilization of membrane proteins. In such attempts, it is always necessary to find a correct ratio of detergent versus protein because a sufficient amount of detergent around the hydrophobic core is required to prevent aggregation of the protein, but too large excess can lead to delipidation and destabilisation of the protein. It is also very important to carefully choose and control the temperature and composition of the solubilisation buffer because the presence of osmolytes such as glycerol or salts as well as changes of temperature can influence the critical micellar concentration (CMC) of the detergent and, therefore, the amount of detergent available for membrane solubilisation.

  Figure 25 shows the results of PcATP2/PcCdc50.1 solubilisation with six of the above detergents. Panel A displays the experiments done with P2 membrane fractions: no solubilisation can be observed with the detergents DM, UDM, DDM, LMNG and C12E8, neither for PcATP2 nor for PcCdc50.1 which are only found in the pellet after ultracentrifugating the detergentcontaining solubilisation medium. Identical negative results were obtained with the other detergents tested: OG, OTG, LDAO, CYMAL-5 (not shown). In contrast, FosC12 (Fig 25, panel A) was able to solubilize the PcCdc50.1 subunit as well as PcATP2, to some extent. However, PcATP2 was hardly detected in the total extract solubilized fraction (TE) and in the solubilised supernatant (fig 25, Panel A), an indication that probably PcATP2 is not stable in FosC12. Solubilisation of the P3 membranes (fig 25, panel B),

Figure 25 :

 25 Figure 25: Western blot analysis of the solubilisation of P2 and P3 membrane fraction coexpressing PcATP2 and PcCdc50.1. 1µg of total protein was loaded in each line. The top of the blot was revealed with a biotin probe to detect BAD-PcATP2 and the bottom with a His probe to detect PcCdc50.1-His10. The solubilisation medium contained 2 mg/mL of total protein and 20 mg/mL of detergent, at pH 7.8 and 4°C for overnight incubation. Panel A: Solubilisation of P2 membranes. Panel B: solubilisation of P3 membranes. TE: total extract before ultra-centrifugation; P: pellet after ultracentrifugation (non-soluble material); S: supernatant (solubilized material); detergents: DM; DDM; UDM; LMNG; C12E8; FosC12.

Figure 26 :

 26 Figure 26: Western blot analysis of solubilisation of P2 membranes co-expressing PcATP2 and PcCdc50.3.1µg of total protein was loaded in each line. The top of the membrane was revealed with a biotin probe to detect BAD-PcATP2 and the bottom with a His probe to detect PcCdc50.3-His10. Solubilisation was performed with 2 mg/mL of total protein and 20 mg/mL detergent, at pH 7.8 and 4°C, overnight. TE: total extract before ultracentrifugation; P: pellet after ultracentrifugation (non-soluble material); S: supernatant (solubilized material); detergents: FosC12; CYMAL-5.

Figure 27 :

 27 Figure 27: Western blot analysis of the solubilisation of P3 membrane co-expressing PcATP2/PcCdc50.1 in the presence of CHS.

Figure 28 :

 28 Figure 28: effect of DDM/CHS concentration upon the solubilisation of PcATP2/PcCdc50.1 or PcATP2/PcCdc50.3 in P3 membranes. 2µg of total protein were loaded in each line. The top of the blot is revealed with a biotin probe to detect BAD-PcATP2 and the bottom with a histidine probe to detect PcCdc50.1-His10 or PcCdc50.3-His10. Solubilisation of 2mg/ml of total protein in 10 mg/mL of DDM/ 2 mg/mL of CHS or in 20 mg/mL of DDM/ 4 mg/mL of CHS for 1h at 20°C. Panel A: solubilisation of PcATP2/PcCdc50.1. Panel B: solubilisation of PcATP2/PcCdc50.3. TE: total extract before ultracentrifugation; P: pellet after ultracentrifugation (nonsoluble material); S: supernatant (solubilized material).

(

  GFP) in our expression system. The use of the GFP fluorescence, which is a very sensitive tool, should more easily allow the detection of both proteins and, in particular provide new tools to study the association of PcATP2 with its PcCdc50 subunits. With this objective, we made new plasmid vectors by introducing the GFP at the C-terminal end of PcATP2, between the TEV cleavage site and the BAD tag, obtaining the pYeDP60-PcATP2-TEV-GFP-BAD expression vector (fig 29, panel A). In addition, a 3C protease cleavage was inserted at the C-terminal end of the PcCdc50 subunits immediately before the GFP and the TEV cleavage site, yielding the pYeDP60-PcCdc50.1-3C-GFP-TEV-His10 and the pYeDP60-PcCdc50.3-3C-GFP-TEV-His10 expression vectors (fig 29, Panel A). From these vectors, the different co-expressions vectors were made, containing either, PcATP2 with the GFP or the PcCdc50 subunits with the GFP (fig 29, Panel B).

Figure 29 :

 29 Figure 29: Single expression and co-expression pYeDP60 vectors encoding PcATP2/PcCdc50 subunits with a GFP tag. The sequence of the GFP was cloned at the C-terminal end of PCATP2 or PcCdc50 subunits. Panel A: singleexpression vectors, pYeDP60-PcATP2-TEV-GFP-BAD, pYeDP60-PcCdc50.1-3C-GFP-TEV-His10, pYeDP60-PcCdc50.3-3C-GFP-TEV-His10. Panel B: co-expression vectors, pYeDP60-PcATP2-TEV-GFP-BAD-PcCdc50.1-TEV-His10, pYeDP60-PcATP2-TEV-GFP-BAD-PcCdc50.3-TEV-His10, pYeDP60-BAD-TEV-PcATP2-PcCdc50.1-3C-GFP-TEV-His10 and pYeDP60-BAD-TEV-PcATP2-PcCdc50.3-3C-GFP-TEV-His10. The presence of GFP at the C-terminal end of either PcATP2 or the PcCdc50 subunits allowed additional strategies for the study these proteins: (1) their localisation in the yeast S. cerevisiae by confocal microscopy, (2) their stability and heterodimeric association by fluorescence-detection size exclusion chromatography (FSEC), and (3) coimmunoprecipitation experiments aimed at revealling PcATP2/PcCdc50 association using nanobodies targeting the GFP.

Figure 30 :

 30 Figure 30: Confocal microscopy image of S. cerevisiae cells co-expressing Drs2p-GFP-BAD/Cdc50p. Pictures were taken with a Leica SP8 confocal microscope, using the 63x oil objective, excitation wavelength 488 nm. Picture on left: GFP emission; Picture on the middle: brigthfield; Picture on the right: merge pictures. The images obtained from cells expressing PcATP2-GFP-BAD alone or co-expressed with PcCdc50.1, are shown in figure 31. PcATP2-GFP-BAD expressed alone was found in large compartments but not as close to the plasma membrane as Drs2p-GFP (fig 31, panel A).

Figure 31 :

 31 Figure 31: Confocal microscopy images of S. cerevisiae cells expressing PcATP2-GFP-BAD alone or co-expressed with PcCdc50.1. Pictures were taken with a Leica SP8 confocal microscope, using the 63x oil objective, excitation wavelength 488 nm. Panel A: PcATP2-GFP-BAD. Panel B: PcATP2-GFP-BAD-Cdc50.1-His10. Pictures on left: GFP emission; Pictures on the middle: brigthfield; Pictures on the right: merge pictures. The previous experiments suggested a small effect of PcCdc50.1 on PcATP2-GFP localization. We then performed similar experiments but moving the GFP tag from PcATP2 to PcCdc50.1. The fluorescent images of cell expressing PcCdc50.1-GFP-His10 alone (fig 32, panel A) show most of the fluorescence localized in large compartments but not close to the plasma membrane. When PcCdc50.1-GFP-His10 was co-expressed with PcATP2, the fluorescence was localized in smaller dot-like compartments closer to the plasma membrane: again, the distribution of the GFP fluorescence in the cytoplasm of S. cerevisiae changes when PcATP2 and PcCdc50.1 are co-expressed. In this case, changes in compartment's shape and intracellular localization of PcCdc50.1-GFP after

Figure 32 :

 32 Figure 32: Confocal microscopy images of S. cerevisiae expressing PcCdc50.1-GFP-His10 alone or co-expressed with PcATP2. Pictures were taken with a Leica SP8 confocal microscope, using the 63x oil objective, excitation wavelength 488 nm. Panel A: PcCdc50.1-GFP-His10. Panel B: PcATP2/PcCdc50.1-GFP. Pictures on left: GFP emission. Pictures on the middle: brigthfield. Pictures on the right: merge pictures.It is however clear that irrespective of the protein to which GFP is bound, the subcellular localizations of PcATP2 or PcCdc50.1 after their co-expression with the respective partner do not seem to be identical. However, these experiments are unable to inform about the folding state of PcATP2 and PcCdc50.1, either alone or in the presence of each other. Rather, these experiments are only suggesting again that these two proteins interact in the membrane, probably during biogenesis, and that this interaction induces a change in the final membrane compartment destination of both proteins as judged by the small changes in the localisation and the shape of the GFP fluorescence between single and co-expression experiments (fig 31 and 32). To be certain of the localization and the type of membranes in which the proteins are found we need to use specific
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 33 Figure 33: Fluorescence-detection Size Exclusion Chromatography of solubilized P3 membranes expressing PcATP2-GFP-BAD alone or co-expressed with PcCdc50 subunits. 2 mg/mL of P3 membranes were solubilized with 10 mg/mL of DDM and 2 mg/mL of CHS during 1h at 20°C. The supernatant obtained was loaded into a Superose 6 10/300 GL column coupled to an AKTA purifier and the JASCO FP 4025 fluorescence detector. Panel A: FSEC profile of the single-expression PcATP2-GFP-BAD and the co-expression PcATP2-GFP-BAD/PcCdc50.1-His10. Panel B: FSEC profile of the single-expression PcATP2-GFP-BAD and the co-expression PcATP2-GFP-BAD/PcCdc50.3-His10. Mw standard in grey shadows: 1: blue dextran (void volume); 2: Thyroglobulin Mw 669 000; 3: Aldolase Mw 158 000; 4: DDM/CHS micelles Mw 124 000; 5: Ovalbumin Mw 43 000; 6: sGFP Mw 30 000.

  PcCdc50.1-His10. These fractions were analysed by western blot to detect the presence of PcCdc50.1-His10 (fig 34). PcCdc50.1-His10 was detected in the nine deposited fractions at a level more or less in line with the intensity of the PcATP2-GFP-BAD elution pattern, suggesting its co-elution with PcATP2.

Figure 34 :

 34 Figure 34: Western blot analysis of the PcATP2-GFP-BAD elution peak co-expressed with PcCd50.1.

  PcCdc50.1-GFP-His10 and 81 kDa for PcCdc50.3-GFP-His10 and the BAD-PcATP2/PcCdc50-GFP-His10 complexes, 255 kDa for BAD-PcATP2/PcCdc50.1-GFP-His10 and 261 kDa for BAD-PcATP2/PcCdc50.3-GFP-His10, allows even clear potential separating in the FSEC chromatogram. Elution of PcCdc50.1-GFP-His10 expressed alone, displayed a quite heterogeneous profile (fig 35, panel A, dotted line). A small amount of aggregated protein was seen in the void volume (fig 33), followed by a very wide peak corresponding to high Mw (probably, the peak around 13-14 mL of elution corresponds to the least aggregated forms of PcCdc50.1-GFP-His10 in the mixed micelles). This result clearly suggests that the PcCdc50.1 subunit expressed alone was not stable in detergent or, perhaps, not well folded in the yeast membrane when PcATP2 is absent. The chromatogram of the second subunit PcCdc50.3-GFP-His10 expressed alone (fig 35, panel B, dotted line) showed a similar profile as for PcCdc50.1-GFP-His10. We then did the chromatograms of the GFP-tagged PcCdc50 subunits when co-expressed with PcATP2, expecting to see a main peak at around 11 mL corresponding to the complex, as the one seen previously for the complexes PcATP2-GFP-BAD/PcCdc50.1-His10 or PcATP2-GFP-BAD/PcCdc50.3-His10 (fig 33). However, we observed a completely different behaviour when PcCdc50.1-GFP-His10 was co-expressed with PcATP2. The profile drastically changed with respect to the single-expression chromatogram (fig 35, panel A, continuous line); the elution peak of PcCdc50.1-GFP-His10 was shifted to the right at about 14 mL, becoming narrow and sharp. This result is a clear indication of the positive effect of PcATP2 for the stabilisation of PcCdc50.1 either at the level of the membrane during biogenesis or after detergent solubilisation (or both). This stabilization effect of the flippase has been observed before in the human CDC50A and CDC50B subunits (van der Velden et al. 2010). Contrarily, when PcCdc50.3-GFP-His10 was co-expressed with PcATP2, the elution profile of the subunits appeared quite similar to the singleexpression chromatogram, although slightly shifted to the left (fig 35, panel B). Clearly, the presence of PcATP2 did not rescue PcCdc50.3-GFP from being aggregated.

Figure 35 :

 35 Figure 35: Fluorescence-detection Size Exclusion Chromatography of solubilized P3 membranes expressing GFP-tagged PcCdc50 subunits alone or co-expressed with PcATP2. 5 mg/mL of P3 membranes were solubilized with 20 mg/mL of DDM and 4 mg/mL of CHS during 1h at 20°C. The supernatant obtained was loaded into a Superose 6 10/300 GL column coupled to an AKTA purifier and the JASCO FP 4025 fluorescence detector. Panel A: FSEC profile of the single-expression PcCdc50.1-GFP-His10 and co-expression BAD-PcATP2/PcCdc50.1-GFP. Panel B: FSEC profile of the single-expression PcCdc50.3-GFP and co-expression BAD-PcATP2/PcCdc50.3-GFP. Mw standard in grey shadow: 1: blue dextran (void volume); 2: Thyroglobulin Mw 669 000; 3: Aldolase Mw 158 000; 4: DDM/CHS micelles Mw 124 000; 5: Ovalbumin Mw 43000; 6: sGFP Mw30 000.

  , lane 9), shows that Cdc50p-His10 is coeluted with Drs2p-GFP-BAD, proving the feasibility of this assay to detect a P4-ATPase/Cdc50 association. Next, in the negative controls using co-expressed BAD-PcATP2/PcCDc50.1-His10 (fig 36, panel A, lane 8) and BAD-PcATP2/PcCDc50. panel B, lane 8), no PcCdc50 subunit is detected in the elutions, indicating that no specific interactions between either, the BAD or the His10 tag, and the nanoGFPcoupled beads did occur. In these experiments, BAD-PcATP2 is revealed with an antibody against the GFP, and therefore the BAD-PcATP2 cannot be detected (fig 36, panel A and B, lanes 8). Nevertheless, further verification of the absence of BAD-PcATP2 in these samples was done using the biotin probe in the western blot (data not shown).In the experiments corresponding to the co-expression of PcATP2-GFP/PcCdc50.1-His10 (fig 36, panel A, lanes 1 to 4), the presence of PcATP2 is difficult to see in the detergentsolubilized supernatant (sample before adding to the nanoGFP-coupled beads); however, the band corresponding to PcATP2-GFP-BAD (about 210 kDa, fig 36, panel A lane 4) is clearly detected in the elution fraction. In addition, the band corresponding to PcCdc50.1-His10 is also detected in the same elution fraction (fig 36, panel A, lane 4).

Figure 36 :

 36 Figure 36: Western blot analysis of co-immunoprecipitation of PcATP2-GFP-BAD/PcCdc50.1-His10 and PcATP2-GFP-BAD/PcCdc50.3-His10. The top of the blot was revealed with an antibody against the GFP to detect the PcATP2-GFP-BAD and the bottom with a histidine probe to detect the PcCdc50-His10. Panel A: co-immunoprecipitation of PcATP2-GFP-BAD and PcCdc50.1-His10. Lanes 1 to 4: PcATP2-GFP-BAD/PcCdc50.1-His10 respectively: supernatant, flowthrough, washings, elution; Lanes 5 to 8: negative control BAD-ATP2/Cdc50.1-His10 ; fraction corresponding respectively to, supernatant, flowthrough, washings, elution; Lane 9: eluted Drs2p-GFP-BAD/Cdc50p-His10. Panel B: co-immunoprecipitation of PcATP2-GFP-BAD and PcCdc50.3-His10. Lanes 1 to 4: PcATP2-GFP-BAD/PcCdc50.3-His10; fractions corresponding respectively to, supernatant, flowthrough, washings, elution; Lanes 5 to 8: negative control BAD-PcATP2/PcCdc50.3; fractions corresponding respectively to, supernatant, flowthrough, washings, elution; Lane 9: eluted Drs2p-GFP-BAD/Cdc50p-His10. Similarly, in the experiments with co-expressed PcATP2-GFP-BAD/PcCdc50.3-His10, weak but clear bands corresponding to PcATP2-GFP and PcCdc50.3-His10 can also be seen in the elution fraction (fig 36, panel B, lane 4). Clearly there is a very low amount of protein in this elution fraction compared to the experiment with co-expressed PcATP2-GFP and PcCdc50.1-His10 (fig 36), even though the experimental conditions were identical. However, the amount of PcATP2-GFP and PcCdc50.3-His10 present in the P3 membrane fraction is substantially lower than the amount found in P3 membranes coexpressing PcATP2-GFP and PcCdc50.1-His10. In addition to this, and as observed in the

  exploited the GFP tag to directly demonstrate their association by FSEC and immunoprecipitation, and to analyse how this association affects the stability of both subunits (as judged by the FSEC elution profiles) after detergent solubilisation. Analysis by confocal microscopy of the intracellular localisation in S. cerevisiae of PcATP2-GFP-BAD or PcCdc50.1-GFP-His10, either, alone or co-expressed, showed that in both cases the proteins are present in compartments that look like proliferated membranes deriving from the ER (fig 31 and fig 32). Studies of Plasmodium-infected erythrocytes suggested that ATP2 of P. berghei is targeted to the parasite's plasma membrane(Kenthirapalan et al. 2016). The fact that both proteins are found in these compartments might be due to some of them encountering some problems during biogenesis and protein folding, since unfolded or not well-folded proteins are retained in the ER and redirected to the degradation pathways of the yeast(Ellgaard and Helenius 2003; Bleve, Di Sansebastiano, and Grieco 2011). This would explain the fact that the solubilisation efficiency is only about 20 %-30%, if only properly folded proteins can be solubilized by a mild detergent like DDM (Thomas and Tate 2014). We also observed some small differences in the subcellular localization of PcCdc50.1-GFP-His10 when co-expressed with PcATP2 (fig 32). However, PcATP2-GFP intracellular localization did not change drastically after co-expressing with PcCdc50.1 (fig 31). This different behaviour was also noticed in the FSEC experiments. The difference in the shape and intensity of the peaks corresponding to PcATP2-GFP-BAD elution, alone or co-expressed with PcCdc50 subunits were not substantially different (fig 33, panel A). In contrast, the elution profile of PcCdc50.1-GFP changed dramatically from highly polydisperse to monodisperse after co-expressing this subunit with GFP-untagged PcATP2 (fig 35, panel A). From theseexperiments we can suppose that PcCdc50.1 requires the presence of PcATP2, at least in detergent micelles, to avoid its aggregation. Our experimental data is not sufficient to confirm that PcCdc50.1 is already misfolded in the yeast membranes before detergent solubilisation when expressed alone. However the small changes observed in the confocal microscopy studies between PcCdc50.1-GFP single expression and PcATP2/PcCdc50.1-GFP co-expression suggest some misfolding issues of PcCdc50.1 when expressed alone.When we tried to analyse directly the association of PcATP2 and PcCdc50 subunits, we found that both subunits were able to associate with PcATP2 as judged from the coimmunoprecipitation assays (fig36). FSEC analyses were also in agreement with the previous assays, since a small shift in the elution peak of PcATP2-GFP-BAD towards a higher molecular weight was observed when it was co-expressed with either PcCDc50.1 (fig 33, panel A). Moreover, an analysis by western blot of fractions corresponding to the PcATP2-GFP-BAD elution confirms the presence of PcCdc50.1-His10 (fig 34). However, when we look at the results obtained when the GFP tag was moved from PcATP2 to the PcCdc50 subunits we could not distinguish in the chromatograms of the two coexpression experiments any peak corresponding to the complex PcATP2/PcCdc50. This was most likely due to the different level of expression between PcATP2 and the two PcCdc50 subunits. The total intensity of GFP fluorescence in the FSEC experiments indicated that the PcCdc50 subunits are expressed, at least, ten times more than PcATP2; therefore, the monomeric peak of the GFP-tagged PcCdc50 subunits completely hides the elution of the putative PcATP2/PcCdc50.1-GFP or PcATP2/PcCdc50.3-GFP complexes (fig 35). Interestingly, we observed also by FSEC that PcCdc50.1-GFP-His10 and PcCdc50.3-GFP-His10 did not behave similarly in detergent micelles when coexpressed with PcATP2: PcCdc50.1-GFP-His10 elution profile became monodisperse, and the elution profile of PcCdc50.3-GFP-His10 remained highly polydisperse (fig 35).

  work (data not shown). To verify the ability of the TEV protease to cleave between the Cterminal end of PcATP2 and the GFP, we performed the cleavage enzymatic assay directly on the P3 membrane fractions co-expressing PcATP2-GFP-BAD/PcCdc50.1-His10. It appeared that the TEV protease was able to cleave the His10 tag of PcCdc50.1 (there is an identical TEV site between the C-terminal end of PcCdc50.1 and the His10 tag); however, the protease was unable to cleave off the GFP-BAD peptide fused to PcATP2 at the C-terminal end (data not shown). This result explained the incapacity of the TEV digestion to elute the complex from the agarose beads. In view of this, we decided to add extra amino acids (or spacers) between the protease cleavage site and both the C-terminal end of PcATP2 and the N-terminal end of the GFP. At the same time we changed the TEV protease site for the 3C protease cleavage site and put a STOP codon after the GFP, resulting in the new vector: pYeDP60-PcATP2-3C-GFP-PcCdc50.1-TEV-His10 schematized in figure 37, panel A. Using this new construct, we carried out a new purification attempt following the same procedure as before. This time, the elution of the PcATP2/PcCdc50.1-His10 complex was performed by the addition of the 3C protease in the beads to cleave off the GFP fused at the C-terminal end of PcATP2 (fig 37). In the buffer used during this overnight digestion, together with DDM and CHS, we included the phospholipid DOPC to hopefully prevent protein aggregation. The eluted fraction was concentrated, and the different steps of the purification were analysed by Coomassie blue stained SDS-PAGE gel and western blot (fig 37). In the Coomassie blue stained gel (fig 37, panel B) we observed a band between 150 kDa and 250 kDa that corresponds to the size expected for PcATP2 without the GFP,indicating that we were indeed able to elute PcATP2 (hence the complex) from the resin with the 3C protease. We also observed three other bands corresponding to different forms of the well-known 3C protease (monomer at about 48 kDa, dimer around 75 kDa and trimer around 100 kDa), as well a fourth one at 50 kDa which must be a protein contaminant. The amount of protein in the eluted fraction was not sufficient to reveal PcCDc50.1 after Coomassie blue staining (fig 37, panel B, lane E), but we were able to detect its presence by western blot thanks to the His10 tag in it (fig 37, panel C, lane E). In this blot we also detect the 3C-Protease because it contains a His-tag as well. After enzymatic digestion and the first elution, we did a second elution using a low-pH buffer to try to remove some of the proteins which may remain attached to the beads after the previous enzymatic digestion. After this low-pH elution we found some digested or nontagged PcATP2 still attached to the beads (fig 37, panel B, lane Re), and could reveal with an antibody against GFP the residual presence of non-cleaved protein bound to the resin (fig 37, panel C, lane Re). Finally, we also observed a band between 100 and 150 kDa that may correspond to some N-terminal proteolysed form of PcATP2 on the resin. Thus, during the elution we lost a non-negligible portion of the complex due to the fact that the 3C protease does not cleave 100 % of the PcATP2-GFP bound to the beads, and a small proportion of digested PcATP2 remained attached to the beads.

Figure 37 :

 37 Figure 37: Purification of PcATP2/PcCdc50.1. Panel A: scheme of the new pYeDP60-PcATP2-3C-GFP-PcCdc50.1-TEV-His10 vector. Panel B: Coomassie blue staining of the different purification steps. Panel C: western blot analysis of the different purification steps, the top of the blot was revealed by an anti-GFP antibody and the bottom by the His probe. S: supernatant after solubilisation and ultracentrifugation; FT: column flow through; W1: washing number 1; W2: washing number 2; E: elution after 3C protease digestion;the two elutions pooled and concentrated 6x; Re: resin after the two elutions, elution of the proteins by acidic buffer. 3C protease~ 47.8kD, PcATP2 ~170 kDa; PcCDc50.1~45 kDa (run at 37 kDa).We further analysed the protein content bound to the beads before and after elution by enzymatic digestion in another purification experiment of PcATP2-GFP/PcCdc50.1

Figure 38 :

 38 Figure 38: Analysis of PcATP2/PcCdc50.1 bound to the nanoGFP resin and their elution by Coomassie blue staining.

  unique feature of P-type ATPases during transport is the transient autophosphorylation of the well-conserved aspartate in the P domain followed by its dephosphorylation catalysed by a glutamate residue in the A domain (fig5). The mutation on these two fundamental residues leads to the loss of enzyme's activity by impairing critical steps of the transport cycle. Logically, these mutants are excellent negative controls to assess the specific ATPase activity of our purified PcATP2/PcCdc50.1 complex. Consequently, we made these two mutants in PcATP2, the E235Q mutation in the A domain impairing the dephosphorylation and the D596N mutation in the P domain impairing the phosphorylation.The expression of these PcATP2 mutants (E235Q or D596N) was determined by western blot in both the P2 and the P3 membrane fractions and compared to the wild type expression profile figure 39. First, a band at the expected size (PcATP2 + GFP) was observed corresponding to the two mutants, showing that both mutants can be expressed. In addition, as seen at the bottom of the blot, expression of PcCdc50.1 was also observed. The distribution of E235Q or D596N-PcATP2 and PcCdc50.1 between the P2 and P3 membrane fractions is similar as wild-type PcATP2 (fig 39

Figure

  Figure 39: Western blot analysis of PcATP2/PcCdc50.1 wild type, E235Q-PcATP2/PcCdc50.1 and D596N-PcATP2/PcCdc50.1 co-expression. 10µg of total proteins were loaded on the gel. The top of the blot was revealed with an antibody against GFP to detect the flippase, and the bottom was revealed with a histidine probe to detect the subunit. P2 and P3 membranes were analyzed after membrane fractionation. WT: wild type co-expression PcATP2/PcCdc50.1; E235Q: the co-expression PcATP2-E235Q/PcCdc50.1; D596N: the co-expression PcATP2-D596N/PcCdc50.1.

PcCdc50. 1

 1 , in order to obtain the control for the phosphorylation assays. The D596N-PcATP2/PcCdc50.1 complex was purified in the same manner as the wild type PcATP2/PcCdc50.1. As before, the different steps of the purification were analysed by Coomassie blue staining SDS-PAGE and western blot. On the figure 40, panel A, the band corresponding to D596N-PcATP2 is visible in the elution fraction at the expected size. As in wild type purification, the three bands corresponding to the electrophoretic mobilities of the 3C protease and the protein contaminant at about 50 kDa were also visible. In the western blot of the different purification steps (fig 40, panel B), we can observe that PcCdc50.1-His10 is also co-eluted with D596N-PcATP2. As expected, a proportion of the cleaved protein was still bound to the beads after the first elution (fig 40, panel A) and as well as a fraction of non-digested D596N-PcATP2-GFP (fig 40, panel B).

Figure 40 :

 40 Figure 40: Analysis of the purification of D596N-PcATP2-GFP/PcCdc50.1-His10.10µl of each sample were loaded on the gels. Panel A: Coomassie blue staining of the different purification steps. Panel B: western blot analysis of the different purification steps. The top of the gel was revealed with an antibody against the GFP to detect the flippase, and the bottom was revealed with a histidine probe to detect the subunit. S: supernatant after solubilisation and ultracentrifugation; FT: flow through; W1: washing number 1; W2: washing number 2; E: elution, the two elutions pooled and concentrated 12x; Re: resin after elution of the proteins remained bound with low buffer.

  the Coomassie blue stained gel, among other bands, the bands corresponding to wild type PcATP2 and the D596N mutant were visible at the expected size ~ 150 kDa (fig 41, panel A, lanes 1 to 5). We also again observed the different electrophoretic versions of the 3C Protease also seen during our first purification (fig 37). The pyruvate kinase, 57 kDa, was used as loading control of the amount of protein. There was less protein in the lane corresponding to the D596N mutant, and this should be taken into account for the analysis of the phosphorylation. ATP8B1 was also visible at the expected size (~140 kDa). Panel B in figure 37 then shows the results of a autoradiography of this gel revealing the phosphorylated proteins. In the lanes containing both, wild-type PcATP2 and D596N-PcATP2 (fig 41, panel B, lanes 1 to 5), a main phosphorylated band is observed at a similar mobility that phosphorylated ATP8B1 (fig 41, panel B, lanes 6 to 8), around 140 kDa. This band is not visible in the Coomassie blue staining of the same gel (fig 41, panelA, lanes 6 to 8), and, it is unlikely to correspond to a proteolysed form of PcATP2. In addition, and since the same band is also detected in the lane loaded with D596N-PcATP2, a predicted non-phosphorylable variant of PcATP2, we can conclude that this band does not correspond to PcATP2, but rather to a phosphorylated protein contaminant, indeed, the presence of BeF3 -causes a small decrease of phosphorylation (fig 41, panel B, line 2). ATP8B1 appears to be well phosphorylated as expected, and no effect of the two antimalarial drugs used were visible with regard to the phosphorylation rate of ATP8B1.

Figure

  Figure 41: Phosphorylation assay on purified PcATP2/PcCdc50.1, D596N-PcATP2/PcCdc50.1 and ATP8B1/CDC50A Panel A: Coomassie blue staining of the sarkadi gel. Panel B: radioactivity footprint of the phosphorylation by [γ-32P] ATP. For the two panels: lane 1: PcATP2/PcCDc50.1; lane 2: PcATP2/PcCDc50.1+ BeF3 -; lane 3: PcATP2-D596N/PcCdc50.1; lane 4: PcATP2/PcCDc50.1+ MMV007224; lane 5: PcATP2/PcCDc50.1+ MMV665852; lane 6: ATP8B1/CDC50A; lane 7: ATP8B1/CDC50A+ MMV007224; lane 8: ATP8B1/CDC50A+ MMV665852; PK: pyruvate kinase, loading control (1,3 µg).

  hydrolysis of ATP is coupled to the oxidation of NADH, which can be monitored by spectrophotometry (see scheme in fig 58, section V-2-5-1). This ATPase assay not only requires protein autophosphorylation, but also its transit through all the conformational states of the transport cycle (see scheme fig 6, section I-3-1-3), i.e. cycles of phosphorylation and dephosphorylation ((Puts and Holthuis 2009) and scheme fig6). In addition, some P4-ATPases are highly regulated and require the presence of regulatory factors for functional activation. Indeed, this is the case of the yeast flippase Drs2p, that is inhibited by its N-and C-terminal ends, and it only shows ATPase activity after partial enzymatic cleavage of these ends.(Jacquot et al. 2012; Azouaoui et al. 2017). In addition, Dr2p requires the presence of PI4P to perform ATPase activity(Jacquot et al. 2012; Zhou, Sebastian, and Graham 2013b). Unfortunately, PcATP2 is still a putative transporter and therefore there is no data concerning transportable phospholipid substrate(s) or potential regulatory factors. In this regard, we decided to test the ATPase activity of PcATP2 with the most common phospholipids substrates transported by P4-ATPases: PS, PE and PC(Lopez-Marques et al. 2014). In addition, besides the substrates, we tested the ATPase activity of PcATP2 in the presence of the phospho-inositides PI4P and PIP2 as possible regulatory factors. Furthermore, we also tested the effect of adding trypsin to allow a partial enzymatic cleavage of both N-and the C-terminal ends of PcATP2, a strategy which was found to activate Drs2p by removing its auto-inhibitory ends(Azouaoui et al. 2017). A cuvette for spectrophotometry was prepared containing all the necessary enzymes for the ATPase-coupling assay and the purified PcATP2/PcCdc50.1 complex. The reaction was initiated by addition of Mg-ATP and NADH (fig 42). To measure ATPase activity, we follow the decrease in NADH absorbance over the time due to its oxidation to NAD + , which does not absorb at this wavelength (see scheme fig58). We always observe a continuous small decrease of absorbance in the absence of substrates or any treatment(Azouaoui et al. 2017), traditionally attributed to photolysis of NADH, therefore this small and constant decay observed from the beginning of the experiments is considered as background (fig 42). After stabilisation of the NADH absorbance, the different phospholipid substrates, trypsin or the phosphoinositides were sequentially added into the cuvette as indicated in the figure 42. The reaction was finally tentatively stopped by the addition of BeF3 -. On figure 42, panel A, we observed no change in the slope on the absorbance's decay after the addition of DOPC and POPS, indicating that, in these conditions, PcATP2 does not hydrolyse ATP. The addition of PIP2 and trypsin did not show any activity either. An inhibitor of the enzyme adenylate kinase, AP5-A, was added in the cuvette to avoid a possible false positive due to the activity of this enzyme, sometimes present as contaminant in this kind of assays. In a second experiment (fig 42, panel B), POPS and POPC were tested again in addition to POPE. Again, no ATPase activity was detected in these conditions even in the presence of trypsin and PI4P.

Figure 42 :

 42 Figure 42: ATPase activity of purified PcATP2/PcCdc50.1. Experiments done at 30 °C in SSR buffer at pH 7.5 supplemented with 0.2 mg/ml of DDM. Others conditions: ~2 µg PcATP2/PcCdc50.1, 1 mM of MgATP, 250 mM of NADH. Different lipids mixed with DDM (0.5 to 1 mg/mL) were added along the reaction and the reaction was stopped by addition of 1 mM BeF3 -. Panel A: additions of 0.1 mg/mL DOPC; 0.2 mg/mL POPS; 0.03 mg/mL PIP2; 120 µg Trypsin final; 1.1 µM AP5-A. Panel B: additions of 0.2 mg/mL POPS;0.03 mg/mL PI4P; 120 µg Trypsin final; 0.1 mg/mL POPE; 0.2 mg/mL POPC, 0.03 mg/mL PI4P.The continuous decrease in absorbance is considered as background and is due to the photolysis of the NADH.

  of these mutants in the P3 membrane fraction in comparison to wild type (fig 39), suggesting a small improvement of the expression and, perhaps, the stability of the heterodimer due to these two mutations. The non-phosphorylable D596N mutant of PcATP2 in complex with PcCdc50.1 was purified in the same way as wild type, obtaining similar yields (fig 40). Unfortunately, the results obtained in the autophosphorylation experiments showed that purified PcATP2 was unable to autophosphorylate, at least, under our experimental conditions (fig 41, panel B). The observed BeF3 -sensitive phosphorylated band around 140 kDa was a protein contaminant because it appeared in all samples, including the predicted phosphorylation-deficient mutant of PcATP2 (fig 41, panel B). In the same experiment, ATP8B1 did experience phosphorylation, but the two drugs tested predicted to interact with the P. falciparum ortholog of PcATP2 had no effect on ATP8B1 phosphorylation (fig 41, panel B). This result can be interpreted in two different ways:

3 .

 3 The two vectors used for the cloning were the pJIN vectors, pJIN77 and pJINC8H, kindly provided by Dr Alex Peralvarez-Marin (Autonomous University of Barcelona, Barcelona, Spain), which are derived from the pPICZ vector (Invitrogen). The pJIN77 vector contains the sequence of the enhanced GFP (or eGFP) followed by a 6 x His tag (His6 at the end of the cloning site. Between the sequence of the protein of interest and the sequence of the eGFP, there is a thrombin cleavage site. The pJINC8H contains the sequence of an 8 x His tag (His8) at the of the cloning site. In both vectors, the sequence of the protein of interest is cloned between the EcoRI and NotI restriction sites. First, we constructed the single-expression vectors. The sequence of PcATP2 was cloned in the pJIN77 vector resulting in the expression vector: pJIN77-PcATP2-thrombin-eGFP-His6. Likewise, the sequences of the PcCdc50 subunits were cloned into the pJINC8H vector obtaining the pJINC8H-PcCdc50.1-His8 and the pJINC8H-PcCdc50.3-His8 expression vectors. To make the coexpression vectors, we inserted the sequence of the PcCdc50-His8 subunits in the pJIN77-PcATP2-thrombin-eGFP-His6 vector, using the unique BamHI restriction site of the pJIN vectors. This BamHI site is located after the AOX1 terminator, so in order to clone the whole cassette containing the AOX1 promoter, PcCdc50 subunit, His8 tag and AOX1 terminator in the vector containing PcATP2, we had to introduce a second BamHI site in the pJINC8H-PcCdc50 vectors, just at the end of the AOX1 promoter. Finally, we obtained the co-expression vectors pJIN-PcATP2-thrombin-GFP-His6-PcCDC50.1-His8 (fig 43) and pJIN-PcATP2-thrombin-GFP-His6-PcCDC50. 

Figure 43 :

 43 Figure 43: scheme of the co-expression vector pJIN-PcATP2-Thrombin-GFP-His6-PcCdc50.1-His8 used in Pichia pastoris Replication and selection in E. coli: origin of replication pUC, Zeocin resitance gene and EM7 promoter for the expression of the Zeocin resistance gene in E. coli. Replication and selection in the yeast Pichia pastoris: Zeocin resistance gene and TEF1 promoter for the expression of the Zeocin resistance gene in P. pastoris. Expression: AOX1 promoter and AOX1 transcription termination. The sequence of the flippase is cloned in frame with the thrombin cleavage site, the GFP and a His6 tag. The sequence of the Cdc50 is cloned in frame with a His8 tag.

3 .

 3 We amplified a fragment of about 1 kb of PcATP2 and a fragment of about 0.4 kb of PcCdc50.1 (fig 44). 40 clones transformed with either pJIN-PcATP2-thrombin-GFP-His6-Cdc50.1-His8 or pJIN-PcATP2-thrombin-GFP-His6-Cdc50.3-His8 were tested in this screen. In addition, non-transformed cells were used as negative control and the same co-expression vectors, pJIN-PcATP2-thrombin-GFP-His6-Cdc50.1-His8 or the pJIN-PcATP2-thrombin-GFP-His6-Cdc50.3-His8, as positive controls. As we can see on figure 44, in 20 clones tested, almost all of them displayed PcATP2 (fig 44, panel A) and PcCdc50.1 (fig 44, panel B) amplification. Similar results were obtained for the remaining 20 clones transformed with PcATP2 and PcCdc50.1, and the 40 clones transformed with PcATP2/PcCdc50.3. The PCR on colony demonstrated that a partial sequence of PcATP2 and the two PcCdc50 subunits seems to be integrated in the yeast genome in, practically, all the Zeocin-resistant clones. At this stage, however, we decided not to restrict the number of clones in the subsequent screening.

Figure 44 :

 44 Figure 44: Selection of Pichia pastoris clones containing PcATP2/PcCdc50.1 by on colony PCR. After breaking the cells by boiling, a PCR was done in order to amplify a fragment of PcATP2 or PcCdc50.1. The PCR product was analysed in a 1% agarose gel stained with ethidium bromide. Panel A: PCR amplification of a fragment of ATP2 (about 1kb). Panel B: PCR amplification of a fragment of Cdc50.1 (about 400 bp). Positive control C+: PCR amplification using pJIN-ATP2-Thrombin-GFP-His6-Cdc50.1-His8 vector; negative control C-: non transformed P. pastoris SMD1168H; 1 to 20: tested clones.

Figure 45 :

 45 Figure 45: Plate induction test to select P. pastoris clones expressing PcATP2-GFP and PcCdc50.1. The cells were grown in YPD rich media, and then plated on MM agar plates for induction of the expression. They were left at 28°C for 48 h with a second addition of methanol after 24 h. left: image of the clones, to compare their growing. Right: fluorescence. image C-: negative control; the SMD1168H strain non-transformed; C+: SMD1138H strain expressing the eGFP; 1 to 20: the tested clones of PcATP2/PcCdc50.1.

  Indeed, at the time this thesis begun, almost nothing was known about Plasmodium P4-ATPases, except a predicted functional annotation based on sequence homology to Ptype ATPases and P4-ATPases(Trottein and Cowman 1995; Martin, Ginsburg, and Kirk 2009). Among the five putative P4-ATPases encoded by P. falciparum, we decided to focus our efforts on PfATP2 based on its amino acid homology to Drs2p, the yeast P4-ATPase and a paradigm for the P4-ATPase family. We first found that the amino acid identity between different Plasmodium ATP2 orthologs was fairly high (~60%), a first indication of a possible essential role of this transporter for the parasite. We also were able to identify in the sequence alignment of Plasmodium ATP2 orthologs and Apicomplexa ATP2 homologs, well-conserved residues known from previous works to be critical for the stability and the functional activity of P4-ATPases (fig 11, fig 12, and fig 13). Our initial plan to focus only on PfATP2 was actually right since over the last two years different genetic approaches have agreed that ATP2 in P. falciparum (and its ortholog in P. berghei) is the only parasite-encoded P4-ATPase essential for parasite ssurvival(Kenthirapalan et al. 2016; Bushell et al. 2017; M. Zhang et al. 2018).

Fluorescence

  microscopy analysis of S. cerevisiae cells revealed that PcATP2-GFP expressed alone or co-expressed with PcCdc50.1, is localized in compartments that resemble proliferated membranes deriving from the ER (fig31). The question is if these proliferated membranes are indeed intermediate compartments of the yeast s degradation pathways. This could explain the fact that the solubilisation efficiency of PcATP2/PcCdc50.1 with a mild detergent like DDM is low due to, perhaps, partial misfolding. Nevertheless, and despite the low solubilisation yield, we were able to demonstrate by co-immunoprecipitation using nanobodies against the GFP (nanoGFP) that, after detergent solubilisation, PcATP2 interacts with PcCdc50.1 and also, withPcCdc50.3 (fig 36). Analysis by FSEC of the detergent-solubilized complexes using the GFP fused to PcATP2 as reporter indicated that the solubilized fractions of PcATP2/PcCdc50.1 or PcATP2/PcCdc50.3 were probably not aggregated (fig 33), validating the experiments of co-immunoprecipitation. Moreover, using FSEC but tagging the Cdc50 subunits with the GFP, we also observed that the presence of PcATP2 is mandatory to avoid PcCdc50.1 aggregation, at least, after detergent solubilisation (fig35). In contrast, the presence of PcATP2 did not recue PcCdc50.3 from being aggregated.

  restriction enzymes, the Alkaline Phosphatase, Calf Intestinal Phosphatase (CIP), the Phusion® high fidelity DNA polymerase and the 1kb DNA ladder were supplied by New England Biolabs. The dNTPs come from Eurobio. The Luria-Bertani (LB) medium supplemented or not with agar is from Fisher Scientific. The yeast culture media come from BD. The reagents for the different buffers, the SigmaFast TM Protease Inhibitor Cocktail (PIC) tablets (EDTA-free,) the Bicinchoninic acid (BCA), the CuSO4 solution, the ethidium bromide (EB), the salmon sperm DNA (SSD) and the Tween®20 are from Sigma-Aldrich. The Polyvinylidene difluoride (PVDF) membrane immobilon®-P is from Merck. The ECL Western Blotting detection kit is from GE healthcare. The Bovine Serum Albumin (BSA) is from Carl Roth. The Vivaspin® ultrafiltration units are from Sartorius. The n-Decyl--D-maltopyranoside (DM), n-Undecyl--D-maltopyranoside (UDM), C12E8 are from Calbiochem. The n-Dodecyl--D-maltopyranoside (DDM), the Lauryl maltose neopentyl glycol (LMNG), the n-dodecyl phosphocholine 12 (FosC12) are from Anatrace. The n-Octyl--D-glucopyranoside (OG), the n-Octyl--D-thioglucopyranoside (OTG) and the Cholesteryl Hemisuccinate (CHS) are from Sigma-Aldrich. The Laurydimethylaminoxid (LDAO) and the 5-Cyclohexyl-1-Pentyl--D-Maltoside (CYMAL-5) are from Fluka. The 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) is from Avanti Polar Lipids. The TALON® metal affinity resin is from Clontech, and the NHS-Activated Sepharose 4 Fast Flow and the Streptavidin Sepharose high performance resins are from GE healthcare.

  chabaudi, and the three Cdc50 subunits encoded per specie. All the cDNAs were optimized by the provider using OptimumGene™, a proprietary gene-optimization algorithm. The GC content was adjusted to ~ 35% (the optimum being between 30% and 70%), and the codon adaptation index (CAI) to ~0.82, considering an optimum CAI of ~0.8 (the CAI allows the measure of synonymous codon usage bias). The ATP2 sequences were directly cloned between the EcoRI/NotI sites in the pYeDP60 vector (fig 15, panel A) while the Cdc50 subunits were cloned in the pUC57 vector by the provider (fig 46).

Figure 46 :

 46 Figure 46: pUC57 vector. The pUC57 vector is used for the cloning and replication in E. coli. The sequences of the putative Cdc50 subunits were cloned in the multi cloning site region and flanked by the restriction sites EcoRI and BamHI.

  expression of P-type ATPases and, more recently, for the co-expression of P4-ATPase/Cdc50 complexes in the yeast Saccharomyces cerevisiae (fig 15, panel C)[START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]). The pYeDP60 shuttle vector (fig 47) contains the sequences needed for amplification in Escherichia coli: the bacterial origin of replication Ori, and for clone selection, the ampicillin resistance gene that encodes the -lactamase.This vector also contains sequences for the amplification and selection in yeast, as the yeast 2µ origin of replication, and the Adenine and Uracil auxotrophy selection markers.For protein expression, the genes of interest are cloned under the control of a hybrid Gal10/Cyc1 promoter(Guarente, Yocum, and Gifford 1982) which contains the regulatory part of the Gal1/Gal10 promoter (Gal4p fixation site) for induction, and the TATA box of the CyC1 promoter (cytochrome c gene) for a strong transcription. Downstream of the gene of interest, we have the phosphoglycerate kinase (PGK) terminator.

Figure

  Figure: Features of the pYeDP60 containing the gene of the SERCA1a.

  PbATP2 and PcATP2) were directly cloned by Genscript in the pYeDP60 vector between the EcoRI and NotI restriction sites, in upstream position of the tobacco etch virus (TEV) protease cleavage site coding sequence and the biotin acceptor domain (BAD) coding sequence, allowing therefore the tagging in the C-terminal end of the flippase.

The

  PCR fragments obtained were subcloned into the pJet1.2/blunt plasmid vector. The resulting vector and the pYeDP60-BAD-TEV-Drs2p were then digested by PmeI and SacI to clone the ATP2 orthologs in place of the DRS2 sequence in the pYeDP60 with the tag sequence in the end fig , panel A). The resulting vectors were dubbed: pYeDP60-BAD-TEV-PfATP2 pYeDP60-BAD-TEV-PcATP2.

Figure 48 :

 48 Figure 48: Construction of the pYeDP60 single expression vectors. Panel A: Construction of pYeDP60-BAD-TEV-ATP2 single expression vectors with the tag positioned at the Nterminal end of ATP2. The sequences of ATP2 were amplified by PCR to introduce the restriction sites PmeI and SacI. After a subcloning step in a pJET2.1/blunt shuttle vector, the sequence was then cloned into the pYeDP60 vector with the BAD tag and the TEV protease cleavage site at the N-terminal of each ATP2

Figure 51 :

 51 Figure 51: Obtention of D596N-PcATP2 using the Quickchange mutagenesis kit.

For

  the expression in Pichia pastoris we used two vectors kindly provided by Dr Alex Peralvarez-Marin (Autonomous University of Barcelona, Barcelona, Spain) named pJIN vectors and derived from the pPICZ plasmids from Invitrogen. Those vectors contain sequences for the replication and selection in E. coli: the pUC origin of replication and the Zeocin resistance gene (fig 52). In P. pastoris, plasmids containing both the gene of interest and the Zeocin resistance gene are integrated in the genome of the yeast by recombination, Zeocin is then used to select the transformed yeast clones. For the expression, the genes of interest are under the control of the strong Alcohol oxidase I (AOX1) promoter, allowing the induction by addition of methanol in the culture media.In the pJIN vectors, the myc epitope fused to the C-terminal end of the cloned protein was removed and replaced by an octahistidine tag (pJINC8H) or by a eGFP followed by a thrombin cleavage site and a hexahistidine tag (pJIN077) (fig52). Both vectors contain the EcoRI/NotI restriction sites for the cloning of the genes of interest.

Figure 52 :

 52 Figure 52: Features of the pPICZ vector from Invitrogen. The original pPICZ from Invitrogen was modified by replacing the myc epitope by a His8 tag (pJINC8H) or by an eGFP-thrombin-His6 tag (pJIN077). Replication and selection in E. coli. pUC ori: the origin of replication; Zeocin: resistance marker; EM7 promoter and TEF1 promoter for the expression of the Zeocin resistance gene in E. coli and in P. pastoris, respectively. Expression in yeast: AOX1: Alcohol oxidase I promoter; AOX1TT: Alcohol oxidase I terminator.Construction of the single expression vectors:

  vector. The PjIN vectors contain a unique BamHI restriction site after the AOX1 terminator (fig 53). In order to clone the cassette promoter-PcCdc50-His8-terminator in the pJIN-PcATP2-Thrombin-eGFP-His6, I had first to introduce a second BamHI site before the AOX1 promoter in the pJIN-Cdc50 vectors. Here I also used the QuikChange using the PJIN-PcCDC50.1-Thrombin-His8 and the PJIN-PcCDC50.3-Thrombin-His8 as templates. These two vectors were then digested by BamHI together with the pJIN-PcATP2-Thrombin-GFP-His6. The later was also dephosphorylated to avoid self-ligation. The cassette Cdc50 subunit was then cloned in the vector containing PcATP2, so we obtained the co-expression vectors pJIN-PcATP2-Thrombin-GFP-His6-PcCdc50-Thrombin-His8 (fig 53, panel C).

Figure 53 :

 53 Figure 53: Cloning strategy to obtain the P. pastoris co-expression vectors.Panel A: single-expression vector pJIN-PcATP2-thrombin-eGFP-His6 containing a unique BamHI restriction site. Panel B: single-expression vector pJIN-PcCdc50-His8 containing a unique BamHI restriction site. Panel C: strategy to construct the co-expression vector pJIN-PcATP2-thrombin-eGFP-His6-PcCdc50-His8. The BglII restriction site in the PcCdc50 expression vector was replaced by a BamHI restriction site using the QuickChange kit. Then, the PcCdc50 expression vector with the two BamHI sites and the PcATP2 expression vector was digested by BamHI and the PcCdc50 encoding gene with the AOX1 promotor and the AOX1 terminator was inserted into the PcATP2 single-expression vector to finally obtain the co-expression vector.

  quick ligation vector, the CloneJET PCR Cloning kit (Thermo Scientific), was used to easily store and amplify fragments typically obtained after PCR (fig 54). Otherwise, a classical ligation procedure was done using the same PCR fragments as inserts. After purification of the DNA fragments, the reaction of ligation was done using ~30-40 ng of the vector and 90-120 ng of the insert with 400 units of the enzyme T4 DNA ligase. The ligation was performed overnight at 16°C.

Figure 54 :

 54 Figure 54: Features of the pJET1.2/Blunt. The pJET1.2/blunt was used to clone the PCR fragments in order to store and replicate them. It possesses the pMB1 bacterial origin of replication and the ampicillin resistant maker (Ap R ).

  supernatant (S2) was centrifuged again at 125 000 x g during 1h at 4°C. The resulting pellet P contains the light membranes which were re-suspended in 0.2 mL of HEPES-sucrose buffer per gram of cell-pellet. The different membrane pellets were flash-frozen in liquid nitrogen and kept at -80°C (fig 56).

Figure 56 :

 56 Figure 56: Membrane fractionation from S. cerevisiae cells.After cell breaking, the crude extract obtained was subjected to a first low-speed centrifugation in order to remove non-broken cells and cell debris. Then, the S1 supernatant was subjected to a medium-speed centrifugation where we obtained the P2 « heavy membranes » and the S2 supernatant which is subjected to a final ultracentrifugation to obtain the P3 « light membranes » fractions.

Figure 57 :

 57 Figure 57: Purification of the nanoGFP followed by SDS-PAGE and Coomassie blue staining.

  system monitored by spectrophotometry. As shown in the figure58, the hydrolysis of one molecule of ATP leads to the oxidation of one molecule of NADH. As the NADH absorbs at 340 nm, NADH oxidation can be monitored by following the decrease in absorbance at 340 nm that, logically, correlates with ATP hydrolysis.

Figure 58 :

 58 Figure 58: Scheme of the enzyme coupled assay used to determine ATPase activity.

PcCdc50. 1

 1 was done as described in section Protein expression in S. cerevisiae. 1 mL of the culture was centrifuged for 5 min at 2000 x g and then washed two times with 1 mL of PBS pH 7.4. The cells were re-suspended in 1 mL of PBS pH 7.4 and 2 µL of the cell suspension was deposited on a agarose pad made with 1% (w/v) agarose in milliQ water (see fig59). The pictures were taken in the Light Micrscopy Facility of ImaGif (I2BC) using a Leica confocal microscope SP8 controlled by the LAS-X software.

Figure 59 :

 59 Figure 59: Scheme of the assembly of the slide containing S. cerevisiae cells for confocal microscopy analysis.

Figure 1

 1 Figure 1 Use of methyl orange for CMMC determination. The effect of glycerol on the CMMC of n-dodecyl-β-D-maltopyranoside (DDM) is shown as an example. (A) Spectra of methyl orange (40 µM) in buffer A alone (continuous line) or supplemented with 20% (v/v; dashed line) or 40% (dotted line) glycerol. λ 1 and λ 2 are two wavelengths used to follow color changes upon addition of DDM to the cuvette. They are chosen to give equal absorbance in the absence of detergent to minimize the effect of dilution upon addition of detergent[START_REF] Ohnishi | Characterization of the murexide method: Dual-wavelength spectrophotometry of cations under physiological conditions[END_REF]. (B) Difference spectra of methyl orange (40 µM) in buffer A without glycerol upon addition of increasing concentrations of DDM (0 to 220 µg/ml). (C) Differences in absorbance measured at 0% (open symbols), 20% (dotted symbols), and 40% (closed symbols) glycerol. λ 1 and λ 2 were 401 and 506 nm, 410 and 507 nm, and 410 and 509 nm, respectively. The CMMC corresponds to the point where the differences in absorbance increase sharply: ß80 µg/ml in the absence of glycerol (light gray triangle), ß90 µg/ml in 20% glycerol (dark gray triangle), and ß120 µg/ml in 40% glycerol (dark gray triangle).Lenoir et al.5of27

Figure 2

 2 Figure 2 Principle of the enzyme-coupled assay. Two forms of the nicotinamide adenine dinucleotide exist: an oxidized (NAD + ) and reduced form (NADH). NADH, not NAD + , absorbs at 340 nm. Lenoir et al. 7of27

Figure 3

 3 Figure 3Stability of SERCA1a upon long-term incubation in the presence of several detergents or detergent/lipid mixtures. SERCA1a-containing membranes were solubilized at a detergent/endogenous lipid ratio of 100:1 (w/w) and incubated for various periods in the presence of the indicated detergents with or without lipid. Residual activity was measured in the presence of 2 mg/ml C 12 E 8 and 0.02 mg/ml of the detergent tested for stabilization, resulting from a 50fold dilution of the preincubated sample. Residual activity was 6.2, 4.4, 6.3, and 6.4 µmol ATP hydrolyzed/mg protein/min for DDM, OG, LPC, and DDM/POPS, respectively. Relative residual activity was graphed with residual activity at time 0 set at 100%. The CMC of the detergent tested was estimated in the preincubation medium according to the methyl orange method (see Basic Protocol 1). The experiment shown here is representative of several other experiments giving similar results.

7.

  Add freshly prepared NADH to a final concentration of 0.3 mM (40 µlat15mM) and wait for the absorbance to stabilize.

Figure 4

 4 Figure 4 Stability of the Drs2p/Cdc50p flippase complex upon long-term incubation in the presence of several detergent/lipid mixtures. Purified Drs2p/Cdc50p was incubated in the presence of the indicated mixtures. Aliquots were withdrawn after various incubation periods and submitted to phosphorylation assays. This experiment is representative of several similar independent experiments.

  knowlesi. Le cycle de vie du parasite est complexe, une partie se déroulant chez l insecte vecteur, le moustique femelle du genre Anopheles, et une partie chez l hôte. Chez ce dernier, le stade intra-érythrocytaire est responsable des différents symptômes observés. Malgré les différents traitements et contrôles mis en place, la lutte contre le paludisme reste difficile du fait de l apparition de souches résistantes aux traitements et à leur rapide propagation. C est pour cela qu il est nécessaire de trouver de nouvelles molécules, mais aussi de nouvelles cibles thérapeutiques contre le parasite. Il est donc important de comprendre la biologie du parasite. Au stade érythrocytaire, le parasite intracellulaire a besoin de la présence de transporteurs membranaires afin d acquérir des nutriments, évacuer ses métabolites et conserver l homéostasie ionique. A ce jour, très peu de transporteurs membranaires ont été caractérisés chez Plasmodium. De récentes études ont montré que ATP2, un transporteur putatif de la famille des ATPases de type P4, ou flippases, est essentiel à la survie du parasite. Les ATPases de type P permettent le maintien de l asymétrie en lipide dans les membranes biologiques en transportant les lipides du feuillet externe vers le feuillet interne de la membrane, et elles sont impliquées dans différents processus biologiques comme la formation de vésicules, l apoptose ou la signalisation cellulaire par exemple. Ces transporteurs sont associés à une sous-unité de la famille des CDC50 et trois sous-unités putatives sont trouvées dans le génome de P. falciparum. La thèse a pour but d initier la caractérisation biochimique d ATP pour lequel aucune étude fonctionnelle n a été réalisée à ce jour. Les questions que nous pouvons nous poser sont : est-ce que ATP2 est bien une flippase ? Peut-elle s associer à une ou différentes sous-unités Cdc50 ? Quels sont les lipides transportés par ATP2 ? Pour essayer de répondre à ces questions, nous avons entrepris de cloner et d exprimer chez la levure Saccharomyces cerevisiae ATP2 avec les différentes sous-unités Cdc50 putatives afin de caractériser l association entre les deux protéines et, par la suite, débuter la caractérisation fonctionnelle d ATP . Nous avons décidé de ne pas seulement travailler sur les séquences d ATP et des trois sous-unités Cdc50 correspondantes de P. falciparum mais aussi sur celles de deux autres espèces infectant les rongeurs, Plasmodium berghei et Plasmodium chabaudi. L identité de séquence est de à % entre les séquences homologues d ATP chez ces différentes espèces de Plasmodium. Afin de pouvoir exprimer les gènes de Plasmodium dans la levure, nous avons utilisé des séquences optimisées pour l expression chez S. cerevisiae, pour diminuer le taux élevé en AT dans le génome de P. falciparum. La stratégie de clonage, mise en place au laboratoire pour d autres ATPases de type P , est de construire un vecteur de co-expression. Les séquences de la flippase et de la sous unité sont clonées dans le même vecteur, chaque séquence sous le contrôle de son propre promoteur. La séquence de la flippase est clonée avec un domaine accepteur de biotine positionné en N-ou C-terminal de la protéine et une étiquette 10 histidines est clonée en C-terminal des différentes sous unités Cdc50. Les différents vecteurs de coexpression n ont pu être obtenus pour l espèce P. berghei. Les tests d expression ont donc été faits avec les espèces P. falciparum et P. chabaudi. Seules les constructions pour P. chabaudi ont montré une co-expression de PcATP2 et des sous unités correspondantes. Les co-expressions PcATP2/PcCdc50.1 et PcATP2/PcCdc50.3 ont donné les résultats les plus encourageants pour la suite. Un fractionnement membranaire a été réalisé pour chaque construction et celui-ci nous a montré que la distribution d ATP dans les différentes fractions membranaires n était pas la même selon la sous-unité co-exprimée. Nous avons également démontré que la sous-unité PcCdc50.3 possède un site de glycosylation et est glycosylée chez la levure mais sans pouvoir conclure quant à son rôle dans notre système d expression. Nous avons réussi à solubiliser une faible fraction d ATP et les PcCdc à l aide d un détergent dit doux et un dérivé du cholesterol, le cholesteryl hemisuccinate, mais suffisamment pour continuer nos analyses. Nous avons ensuite inséré la Green Fluorescent Protein (GFP) afin d utiliser des techniques plus sensibles pour détecter notre flippase. Grâce à la GFP, nous avons pu étudier la localisation d ATP et PcCdc . dans la levure par microscopie confocale. Nous avons également démontré par co-immunoprécipitation à l aide de nanobodies ciblant la GFP, qu ATP était capable de s associer à PcCdc . et à PcCdc50.3. Nous avons étudié la stabilité d ATP et PcCdc en détergent en utilisant la chromatographie d exclusion stérique couplée à la détection par fluorescence. Cette étude nous a permis de voir que la présence d ATP permettait à PcCdc . d être plus stable. Du fait des résultats obtenus pour l association entre ATP2 et PcCdc50.1, nous avons entrepris la purification du complexe. En parallèle, nous avons obtenu les mutants non-fonctionnels d ATP , E Q et D N, respectivement mutés dans le domaine de déphosphorylation et dans le domaine contenant l aspartate phosphorylé durant le cycle catalytique, nous permettant ainsi d avoir des contrôles négatifs. Les premiers tests fonctionnels de phosphorylation, en utilisant de l ATP radioactif, et les tests d activité ATPasique n ont, à ce jour, pas donné de résultats concluants. Cependant, d autres possibilités peuvent être encore testées comme l utilisation d autres substrats phospholipidiques ou un autre détergent pour la stabilité et la fonction du complexe. Pour résumer, nous avons réussi à produire une flippase putative, ATP2, de P. chabaudi en complexe avec sa sous-unité Cdc50 associée. Nos études ont également démontré que les deux sous-unités PcCdc . et PcCdc . étaient capables de s associer à PcATP . Nous avons pu voir que la sous-unité PcCdc50.3 était glycosylée dans la levure. Malgré le faible niveau d expression et le faible taux de solubilisation, nous avons pu purifier le complexe PcATP /PcCdc . à l aide de nanobodies ciblant l étiquette GFP. Afin d obtenir plus de matériel pour les futurs tests fonctionnels, il est nécessaire d optimiser les différentes étapes de production et de purification de notre complexe. Dans un premier temps, pour tenter d exprimer plus de protéines, nous avons entrepris le clonage des séquences d ATP et des sous-unités Cdc pour l expression chez la levure Pichia pastoris également largement utilisée pour la production de protéines membranaires. Une autre technique que nous avons testée est l harmonisation de codons, c est-à-dire l incorporation de codons peu utilisés par les ribosomes afin de permettre de ralentir la traduction et permettre un meilleur repliement de la protéine.

  

  

  

  

  

  Among these genes, P. falciparum encodes ~ 140 MTPs distributed in 28 families and superfamilies , and representing about 2.5% of the encoded proteins(Martin et al. 2005; Weiner and Kooij 2016). For most of them, the functional annotation is still not completed, and many cases it has been deduced from homology to genes of other organism, already characterized.

Databases like the PlasmoDB (http://plasmodb.org/plasmo/) offers a remarkable tool to study Plasmodium-encoded proteins, where available information of every single gene is presented in a very comprehensible manner. In addition, the TransportDB2 database (http://www.membranetransport.org/transportDB2/index.html) contains the largest dataset for MTPs, and includes phylogenetic classification and functional annotations.

Table 2 : PlasmoDB accession numbers of ATP2 and Cdc50 proteins encoded by P. falciparum, P. berghei and P. chabaudi.
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	P. falciparum	P. berghei	P. chabaudi
	PF3D7_1219600	PBANKA_1434800	PCHAS_1436800
	P4-ATPase		
	PfATP2	PbATP2	PcATP2
	PF3D7_1133300	PBANKA_091510	PCHAS_093090
	PfCdc50.1	PbCdc50.1	PcCdc50.1
	PF3D7_1029400	PBANKA_051340	PCHAS_051350
	Cdc50 subunits		
	PfCdc50.2	PbCdc50.2	PcCdc50.2
	PF3D7_0719500	PBANKA_061700	PCHAS_061870
	PfCdc50.3	PbCdc50.3	PcCdc50.3

  Table summarizes all the expression vectors constructed for the initial screening of expression.

Table 3 : Summary of the different single and co-expression vectors encoding the ATP2 and Cdc50 orthologs from Plasmodium.

 3 Constructs included in the box with white background were tested for expression. The empty grey boxes are the vectors we never succeed to obtain. For clarity the position of the TEV cleavage site is not written in the table. BAD: Biotin Acceptor Domain; His10: 10 x Histidine tag.

	ATP2 single-expression vectors	Cdc50 single-expression vectors	Co-expression vectors
			PfATP2-BAD /PfCdc50.1-
		PfCdc50.1-His10	His10
	PfATP2-BAD		
	P. falciparum		

  or the GABA type A receptor O Malley et al. ; X. Zhang and Miller. In fact, it was also shown in the case of the Na+/K+ ATPase, that a cholesterol binding to of most Cdc50 subunits of other organisms the one needed for the stabilisation of the P4-ATPase partner[START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]; Jonathan A Coleman and Molday 2011). Obviously, our experimental data is not sufficient at this point to explain the effect of this glycosylation upon the interaction with PcATP2 and why it is not solubilised.

	two P2
	and P3 membrane fractions as its PcCdc50 co-expressed subunit, strongly suggest that
	PcATP2 is able to associate in the membrane with its Cdc50 subunit, either PcCdc50.1 or
	PcCdc50.3. In addition, the PcATP2/PcCdc50.1 or PcATP2/PcCdc50.3 heterodimer
	seems to be also present in detergent micelles after solubilisation, since both proteins

the protein enhances the stability of the transporter

(Habeck et al. 2017

). Moreover, as the membranes of Plasmodium parasites contain cholesterol

(Tokumasu et al. 2014

), the presence of ergosterol in the yeast membranes might be not sufficient for the stabilising the heterologously expressed protein. Not only the addition of CHS was assessed but also different solubilisation times and pHs. In summary, we were able to obtain a partial solubilisation of PcATP2 and the two PCdc50 subunits from the P3 membrane fraction, and only in the presence of CHS. The best experimental conditions were a ratio detergent/CHS of 5:1 and a ratio protein/detergent of 1:5, and when the solubilisation was performed at 20°C for 1h. Variations of the pH and/or protein/detergent ratio did not provide any difference on the solubilisation efficiency, even using higher concentrations of detergent, which did not destabilize the protein. Moreover, the stripping buffers containing different amounts of NaCl or KCl had no effect on the solubilisation efficiency. If we analyse carefully the solubilisation of each protein, we can notice that the percentage of solubilized PcATP2 is similar to that of the PcCdc50 subunit co-expressed with it (fig

27

). This observation and the fact that PcATP2 is also present in the same membrane fraction, and similarly distributed between the are solubilized together and in similar proportion (fig

28

). Interestingly, we were unable to solubilize the glycosylated form of

PcCdc50.3 (fig 28)

, and only the unglycosylated form of this subunit was solubilized together with PcATP2. In fact, it is usually the glycosylated form

  3, when co-expressed, are mostly found in the P2 membrane fraction, a fraction more resistant to solubilisation by mild detergents like DDM than P3 membrane fraction. On the other hand, both PcATP2 and PcCdc50.1 were found in the P3 membrane fraction and solubilized with DDM and CHS. As discussed earlier, glycosylation ofPcCdc50.3 might play an essential yet unknown role during association with PcATP2 and/or for stabilizing the complex. However, since the glycosylation form of PcCdc50.3 was not solubilized in none of the membrane fractions, we were unable to test experimentally this hypothesis.

  The most used methods to study and functionally characterize Plasmodium MTPs are the expression in X. laevis oocytes or in yeast(Kiaran Kirk 2004; Amoah, Lekostaj, and Roepe 2007). Our laboratory has a long-standing expertise to PcATP2 co-expressed with PcCdc50.3 was not solubilized with detergent like the glycosylated form of PcCdc50.3. It seems that the yeast host-cell processes the glycosylated form of PcCdc50.3 in a different way than for PcCdc50.1, dragging also PcATP2 to a membrane compartment resistant to solubilization by DDM/CHS. It will be really interesting to investigate in Plasmodium if glycosylation of PcCdc50.3 also occurs,

	chabaudi ATP2 (PcATP2) and its three Cdc50 subunits
	(PcCdc50.1, PcCdc50.2 and PcCdc50.3), but because of the low expression yield of
	PcCdc50.2, we finally decided to focus on the co-expression of PcATP2/PcCdc50.1 and
	PcATP2/PcCdc50.3.
	Analysis of protein expression in two membrane fractions of S. cerevisiae gave us the
	first indications that PcATP2 might interact with both Cdc50 subunits, although with a
	different behavior. While both co-expressed PcATP2 and PcCdc50.1 were localized in
	the P3 membrane fraction and solubilized with DDM/CHS, co-expressed PcATP2 and
	PcCdc50.3 were mostly confined in the P2 membrane fraction, showing also a high
	resistant to be solubilized with mild detergents (fig 21 and 28). Interestingly, we found
	that PcCdc50.3, but not PcCdc50.1, was glycosylated by the yeast (fig 21). In addition,

produce membrane transporters and, more specifically, P-type ATPase transporters in the yeast S. cerevisiae, as for example the Ca 2+ ATPase from P. falciparum, PfATP6, that was expressed and functionally purified in our laboratory

[START_REF] Cardi | Purified E255L mutant SERCA1a and purified PfATP6 are sensitive to SERCA-type inhibitors but insensitive to artemisinins[END_REF] Arnou et al. 2011;[START_REF] David-Bosne | Antimalarial Screening via Large-Scale Purification of Plasmodium Falciparum Ca 2+ -ATPase 6 and in Vitro Studies[END_REF]

). Moreover, our laboratory recently established an experimental strategy to, coordinately, overexpress in S. cerevisiae P4-ATPases and its associated Cdc50 subunits

[START_REF] Azouaoui | Coordinated overexpression in yeast of a P4-ATPase and its associated Cdc50 subunit: The case of the Drs2p/Cdc50p lipid flippase complex[END_REF]

). Using this strategy, we undertook the heterologous co-expression in S. cerevisiae of ATP2 and related Cdc50 subunits from three Plasmodium species: P. falciparum, P. berghei and P. chabaudi. We succeeded to heterogously co-express the P.

the non-glycosylated form of PcCdc50.3 was the only one to be solubilized with detergent (fig

28

). This made us to think that it is perhaps the glycosylated form of

PcCdc50.3 

the one that has the largest affinity for PcATP2, since a large proportion of

  . Stability of an MP can be assessed easily, for instance by ligand binding or monodispersity[START_REF] Borths | In vitro functional characterization of BtuCD-F, the Escherichia coli ABC transporter for vitamin B12 uptake[END_REF]; see Commentary for alternate approaches).Orwick-Rydmark, Arnold, & Linke (2016) presents an extensive review of detergent diversity and focuses on their uses for MP solubilization. Additionally, Saif Hasan etal., (2013) presents a case study that discusses specific strategies for selecting a detergent for purification and crystallization of two different integral MP complexes. Briefly, detergents are amphipathic molecules. Their chemical structures are composed primarily of phospholipids or biliary salts. Some detergents are in fact derived from lipids (e.g., lysolipids or some biliary salts). A subclass of detergent is commonly named aliphatic
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Table 1

 1 Examples of CMMC Values in Different Experimental Conditions Determined by the Methyl Orange Method a CMMC values determined in buffer A at 20°C. Concentrations are in mg/ml. CMC values measured in pure water are given for comparison (Anatrace website and references therein). C 12 E 8 , octaethylene glycol monododecyl ether; DDM, n-dodecyl-β-D-maltopyranoside; OG, n-octyl-β-D-glucopyranoside; n.d., not determined. For a more complete list of detergents and data on their properties, see Orwick-Rydmark et al. (2016) and le Maire et al. (2000).

	C 12 E 8	DDM	OG

a b Values from Anatrace (see Internet Resources). c KCl in buffer A was replaced with NaCl.

  . An aliquot of the solubilized sample is taken after different periods of incubation and this aliquot is diluted into the ATPase assay medium, which already contains C 12 E 8 at 2 mg/ml. C 12 E 8 is a nonionic detergent appropriate for preparing active and stable solubilized SERCA1a as demonstrated previously(Champeil et al., 
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  Switch on the spectrophotometer ß15 min before starting experiments to allow the lamps to warm up. Switch on the water bath to set up the temperature of the cell holder. Warm buffers to the desired temperature.

	Materials
	40 mg protein/ml SERCA1a-containing sarco-endoplasmic reticulum membranes
	from rabbit muscle (for complete detailed procedure, see Møller & Olesen,
	2016)
	Buffer B (see recipe)
	Detergents to be tested:
	200 mg/ml detergent stock solutions (see recipe) of DDM, OG, and LPC
	100:5 (w/w) DDM/POPS stock mixture (see recipe for detergent/lipid stock
	mixtures)
	ATPase assay medium (see recipe)
	15 mM NADH (see recipe)
	0.5 M EGTA (see recipe)
	Agilent 8453 diode array spectrophotometer with thermostatic cell holder
	(connected to a circulating water bath for constant temperature and continuous
	stirring of the sample)
	2-ml quartz cuvette
	Prepare for assay
	1.
	Lenoir et al.
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  Current Protocols in Protein ScienceWith a freshly prepared NADH solution, starting absorbance may be close to1.86. As the stock solution becomes older, the starting absorbance decreases. Moreover, depending on the intensity of the lamp, special attention should be paid to the linear absorbance zone. The starting absorbance must be in this linear zone.Fresh NADH solution will be yellowish. NADH is light sensitive and is spontaneously oxi-dizedtoNAD + if exposed to light. It should be protected from light by covering tubes with aluminum foil or using a suitable smoked-glass bottle. The molar extinction coefficient of NADH at 340 nm is 6200 M/cm. Consequently, a drop of 0.062 in absorbance at 340 nm corresponds to the oxidation of 10 µM NADH. Photobleaching of NADH can be reduced by inserting an MTO J310A filter between the light source of the spectrophotometer and the sample to eliminate the short-wavelength UV-exciting light of the spectrophotometer lamp, as excitation of the 260 nm absorption band of NADH is much more deleterious for light stability of NADH than excitation of its 340 nm band. This setup reduces the spontaneous rate of NADH absorption changes down to ß0.00001 mAU/sec, and therefore make it possible to detect very low activities

  Mg•ATP, phosphoenolpyruvate, and C 12 E 8 stock solutions prepared from powders can be stored up to several years at -20°C. Pyruvate kinase and lactate dehydrogenase stock solutions can also be stored up to several years at -20°C as indicated by the provider.

	; 3 M KCl; 2 M
	MgCl 2 ;1MCaCl 2 ). Solutions should be filtered through a 0.22-µm porosity filter and
	stored up to several months at 4°C.
	[γ -32 P]ATP, 20 µM
	Mix radiolabeled [γ-32 P]ATP (250 µCi, 10 mCi/ml, 3000 Ci/mmol; Perkin Elmer,
	cat. no. BLU002A) with nonradioactive ATP to reach a specific radioactivity of
	0.25-1 mCi/µmol. Typically, 1 ml of 20 µM nonradioactive Mg•ATP solution
	(20 nmol Mg•ATP) is supplemented with 2 µl freshly synthetized [γ-32 P]ATP
	(20 µCi) to obtain a radioactive Mg•[γ-32 P]ATP working solution at 20 µM with
	a specific activity of 1 mCi/µmol.
	The half-life of 32 P is 14.3 days. Thus, [γ -32 P]ATP should be used ideally within ß4 weeks
	(about two periods) following shipment from the supplier. Otherwise, the volume of the
	supplier's solution should be adjusted to achieve the required final specific radioactivity of
	0.25-1 mCi/µmol.
	ATPase assay medium
	Buffer B (see recipe) supplemented with:
	5mMMg•ATP (from 200 mM stock; see recipe)
	40 µg/ml pyruvate kinase (buffered aqueous glycerol solution from rabbit muscle,
	ß3.8 mg/ml; Sigma, cat. no. P7768)
	100 µg/ml lactate dehydrogenase (buffered aqueous glycerol solution from bovine
	heart, ß9.4 mg/ml; Sigma, L1006)
	1 mM phosphoenolpyruvate (from 50 mM phospho(enol)pyruvic acid
	cyclohexylammonium salt; Sigma, cat. no. P3637)
	2mg/mlC 12 E 8 (from 200 mg/ml stock; see recipe for detergent stock solutions)
	Prepare fresh (store up to 1 day at room temperature)
	Buffer A
	50 mM MOPS (3-(N-morpholino)propanesulfonic acid; Sigma, cat. no. M1254)
	50 mM KCl (Sigma, cat. no. P9541)
	5mMMgCl 2 (hexahydrate; Merck, 118A568633)
	Adjust to pH 7 at 20°C with saturated Tris (Trizma base; Sigma, cat. no. T1503)
	Store up to several months at 4°C

CAUTION: High-energy β emissions from 32 P can present a substantial skin and eye dose hazard. Always use appropriate self-protection equipment (gloves, glasses, lab coat). Stock solutions received from the provider must be manipulated under a chemical hood to avoid inhalation. Use a 1-cm thickness Plexiglas screen for proper protect from irradiation. Diluted solutions prepared from the provider's stock solution can be manipulated out from the hood but they should be transported in a 1-cm thickness Plexiglas chamber or pot. Manipulate in a restricted and clearly identified area behind a Plexiglas screen. Use a dedicated and clearly identified bin for waste. As regulation may change from one country to the other, contact the laboratory or institutional Health and Safety Manager for local rules on the use of radiolabeled molecules before planning experiments. For a Safe Handling Guide, please refer also to https://www.perkinelmer.com/lab-solutions/resources/docs/TCH_Phosphorus32.pdf.
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  Preparation of detergent stock solutions: Dissolve detergent powder at the desired concentration in Milli-Q water or other ultrapure type I water. Store up to several days at 4°C or up to several years at -20°C. Add detergent to buffers immediately before use.

	Buffer B
	50 mM TES (2-[(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]ethanesulfonic
	acid; Sigma, cat. no. T1375)
	100 mM KCl (Sigma, P9541)
	1mMMgCl 2 (hexahydrate; Merck, 118A568633)
	50 µMCaCl 2 (Carl Roth, CN93.1)
	Adjust to pH 7.5 at 20°C with saturated Tris (Trizma base; Sigma, T1503)
	Store up to several months at 4°C
	Buffer C
	Buffer A (see recipe) with 20% (v/v) glycerol (Merck, cat. no. 1.04092.1000)
	Store up to several months at 4°C
	Detergent stock solutions
	n-Dodecyl-β-D-maltopyranoside (DDM; Anatrace, cat. no. D310)
	Octa(ethylene glycol) dodecyl monoether (C 12 E 8 ; Nikkol, BL-8SY)
	n-Octyl-β-D-glucoside (OG; Anatrace, O311)
	Soy lysophosphatidylcholine (LPC; Avanti Polar Lipids, 840072)
	Lauryl maltose neopentyl glycol (LMNG; Anatrace, NG310)
	Current Protocols in Protein Science

  ′ ,N ′ -tetraacetic acid (EGTA, Sigma, cat. no. E0396) in Milli-Q water and adjust pH to 7 with NaOH. Adjust volume to 10 ml. Store up to several years at 4°C. Dissolve 13 mg methyl orange (Carl Roth, cat. no. T118.1) in 20 ml Milli-Q water or other ultrapure type I water. Store up to several years at 4°C. Prepare a 220 mM solution of Na 2 •ATP (Sigma, cat. no. A2383) in Milli-Q water or other ultrapure type I water. Adjust to pH 7.5 with NaOH. Mix 9 volumes with 1 volume of 2 M MgCl 2 hexahydrate (Merck, cat. no. 118A568633). Store up to several years at -20°C.

	Condensation may cause oxidation or partial hydrolysis of detergent. A desiccator can be
	used, if available.
	EGTA, 0.5 M
	Dissolve 1.9 g ethylene glycol-bis(2-aminoethylether)-N,N,N Methyl orange, 2 mM
	Mg•ATP stock solution, 200 mM
	NADH, 15 mM
	Dissolve NADH powder (β-nicotinamide adenine dinucleotide, reduced disodium
	salt hydrate; Roche Diagnostic, cat. no. 621676) in Milli-Q water or other
	ultrapure type I water. Prepare fresh.
	Quenching solution
	500 mM trichloroacetic acid (Sigma, cat. no. T6399)
	30 mM H 3 PO 4 (phosphoric acid solution at ß8.7 M; Sigma, W290017)
	Store in a dry place at 4°C (stable for weeks)
	TCA crystals are highly hygroscopic and should be stored in a closed container, if possible,
	in a dry place to limit absorption of water.
	CAUTION: TCA powders and highly concentrated stock solutions are corrosive. Use appro-
	priate equipment (nitrile gloves, glasses, lab coat) when handling. Dissolving TCA powder
	is an exothermic reaction. Use an appropriate container to prepare it.

The molar extinction coefficient of Mg•ATP at 260 nm is

15.4 mM/cm. 
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ADP: adenosine diphosphate but it is in the range obtained in the laboratory for other P-type ATPases as SERCA1a from rabbit and PfATP6 from P. falciparum.

Consequently, for large-scale cell-culture followed by membrane fractionation, we focused on co-expressions of the P. chabaudi variants PcATP2/PcCdc50.1 and PcATP2/PcCdc50. 3. Analysis of the different membrane fractions showed that PcATP2 and PcCdc50 subunits were found in both the P2 and the P3 membrane fractions, with preference towards the P2 fraction (fig 21). Interestingly, PcATP2 distribution between P2 and P3 membrane fractions changes depending on the co-expressed subunit, following the same distribution between P2 and P3 as the co-expressed partner (fig 21) suggesting that PcATP2 can be associated with both subunits in any of the membrane compartments of S. cerevisiae. Moreover, a higher proportion of both PcATP2 and PcCdc50.1 when co-expressed is found in the P3 fraction compared to PcATP2 and PcCdc50.3 co-expression. Since previous experimental data shows that well-folded and functional overexpressed proteins are most likely to be located in the P3 fraction (Jidenko et al. 2006), our results suggest that S. cerevisiae expressed PcATP2 is more prone to associate with PcCdc50.1 than to PcCdc50.3, forming, eventually, a more stable complex. Interestingly, a predicted glycosylation site was found in the sequence of PcCdc50.3 and not in the sequence of PcCdc50.1. It is known for other subunits as Cdc50p, bCDC50A or LiRos3 that glycosylation is important for the stability of the complex, and perhaps for the activity of the flippase (Jacquot et al. 2012; Jonathan A Coleman and Molday 2011;García-Sánchez et al. 2014). Long N-glycosylations are not commonly found in proteins from Plasmodium parasites. In contrast, yeast has the capacity of N-glycosylate with two N-acetylglucosamines that incorporate mannose and glucose residues (Aebi 2013). Proteins from Plasmodium normally contain more truncated or short glycosylations (Cova et al. 2015). In addition, as the two forms of PcCdc50.3 (glycosylated and unglycosylated) are apparently present at similarl level, at this stage we cannot make any conclusion about the role of PcCdc50.3 glycosylation for the association with PcATP2. Perhaps, this could be answered by removing the glycosylation site and analysing PcATP2 expression.

The fact that PcATP2 alone or co-expressed with either PcCdc50.1 or PcCdc50. 

Construction of the predicted non-functional mutants of PcATP2: E235Q-PcATP2 and D596N-PcATP2

We wanted to introduce two single point mutations in the predicted A and P domains of PcATP2 to obtain the non-functional mutants: E235Q-PcATP2 and D596N-PcATP2. The position of these residues was determined from protein sequences alignments with the DGET and DKTG conserved motifs of P4-ATPases. The QuikChange II XL site-directed mutagenesis kit from Agilent technologies was used following all the recommendations given by the supplier. The whole vector was amplified using primers containing the mutation at the desired position. The mutation was done in the pJet-PcATP2

(EcoRI/NotI) vector. The primers used were the following:

E235Q mutation:

-GCCGAAACATCATCCTTAGATGGTCAAACCAACTTG-forward, GAA→CAA)

-CAAGTTGGTTTGACCATCTAAGGATGATGTTTCGGC-reverse D596N mutation:

-GGTCAAATCGAATACATCTTTTCAAATAAGACCGGT-forward, GAT→AAT)

-ACCGGTCTTATTTGAAAAGATGTATTCGATTTGACC-reverse

The PCR conditions used were:

Once the pJet-E235Q-PcATP2 and pJet-D596N-PcATP2 vectors were obtained (fig 51), the mutated PcATP2 sequences were cloned, using EcoRI and NotI, in the pYeDP60-PcATP2-3C-GFP. Next, the cassette Cdc50.1 was then cloned into the previous vector from the pJet-cassette-PcCdC50.1 using SbfI as explained before (Fig 49 

Bacterial strains

To clone, amplify the different cDNA constructs in the plasmid vectors, and express some proteins for our work, we used three different strains of Escherichia coli, the XL1blue, the CopyCutter EPI400 and the BL21 (DE3).

The XL1-blue strain (Agilent) is a common strain for cloning and amplifying plasmid 

General molecular biology

Enzymatic digestion and dephosphorylation:

We usually digested 1 µg of DNA with 1 µL of enzyme, which corresponds to 10-20 units.

All the enzymes were used with the CutSmart buffer (NEB), a unique buffer which can be digestion and samples were sent for sequencing to Eurofins Genomics in order to check the constructs.

V-2-2 Expression in the yeast Saccharomyces cerevisiae

Saccharomyces cerevisiae strain

We used the strain W3031b Gal4-2 (a, leu2, his3, trp1::TRP1-GAL10-GAL4, ura3, ade2-1, can r , cir + ) previously described [START_REF] Lenoir | Overproduction in yeast and rapid and efficient purification of the rabbit SERCA1a Ca( 2+ )-ATPase[END_REF]). This strain is auxotrophic for the amino acids leucine and histidine and also for the nitrogen bases adenine and uracil.

There are two copies of the gene encoding the Gal4 transcription factor in order to increase the expression of this protein and therefore to increase the expression of our protein. GAL4 is constitutively expressed but the amount of protein is low. In order to significantly increase the level of expression of the gene of interest, a second copy of the An additional copy of the GAL4 gene under the control of the GAL10 promoter is present in the W3031b Gal4-2 strain. Gal4p is a transcription factor that induces the activation of the transcription of genes under the control of GAL promoters. In the presence of glucose, the Gal80p represses the action of the Gal4p protein. In the presence of galactose and in the absence of glucose, the interaction between Gal4p and Gal80p is disrupted and Gal4p will activate the GAL promoters [START_REF] Azouaoui | Coordinated overexpression in yeast of a P4-ATPase and its associated Cdc50 subunit: The case of the Drs2p/Cdc50p lipid flippase complex[END_REF]).

For immunoblotting, the proteins in the gel were transferred onto a PVDF (Polyvinylidene difluoride) membrane using a regular transfer buffer during 1 h at constant voltage of 110 Volts, The membranes were then blocked in blocking solution (table 4) for 1 h at room temperature. When the biotin probe (avidin coupled to a peroxydase) was used, the membranes were washed three times for 10 min with PBS-Tween®20 (PBS + 0.02% Tween®20 (v/v)) before the incubation with the probe. The primary antibody (Ab Ir) or the probe was then incubated in blocking solution for 1 h at room temperature, followed by three times 10 min washes with PBS-Tween®20. When needed, the secondary antibody (Ab IIr) was also added in the blocking solution and incubated for 1 h at room temperature. Then, the membranes were washed three times 10 min with PBS-Tween®20 followed by two 10 min washes with PBS. Table 4 displays the different protocols used for the different immunoblots used in this thesis. Probe luminescence was triggered using the ECL Western Blotting Detection kit (GE healthcare). The chemiluminescence was recorded with a CCD camera G:BOX (Syngene)

using GeneSnap software for the acquisition.

General procedure for membrane protein solubilisation

In the initial experiments, the solubilisation of membranes (both P2 and P3 membrane fractions) was performed using membranes at total protein concentration of 2 mg/mL, and detergent at 10 mg/mL (1:5 protein/detergent weight ratio) in solubilisation buffer (see section V-1-2). The solubilisation was done overnight at 4°C followed by an ultracentrifugation for 1 h at 125 000 x g and 4°C. We performed solubilisation screening testing different detergents, solubilisation times (overnight or 1h), and different temperatures (4 or 20°C). We also tested different pHs: pH 7, pH 8 and pH 7. 8.

ALTERNATE PROTOCOL

USE OF A PHOSPHORYLATION ASSAY TO SCREEN DETERGENTS FOR LONG-TERM STABILIZATION OF A FLIPPASE COMPLEX IN THE PRESENCE OF LIPIDS

As mentioned above, determination of the residual ATPase activity after incubation of SERCA1a in the presence of several detergents is a general procedure that should be readily adaptable to other membrane ATPases. In the specific case of P-type ATPases, other functional assays are available to probe the stability of an MP. A general approach in the MP field is to exploit a particular feature of the protein to develop a procedure enabling screening of several conditions for their effect on stabilization (e.g., ligand-binding assay on G protein-coupled receptors; see [START_REF] Magnani | A mutagenesis and screening strategy to generate optimally thermostabilized membrane proteins for structural studies[END_REF].

At acidic pH, the phosphorylated intermediate formed by P-type ATPases during turnover (dubbed EP) can be trapped and the amount of phosphorylatable proteins in a sample can be quantified [START_REF] Azouaoui | Coordinated overexpression in yeast of a P4-ATPase and its associated Cdc50 subunit: The case of the Drs2p/Cdc50p lipid flippase complex[END_REF][START_REF] Hatori | Intermediate phosphorylation reactions in the mechanism of ATP utilization by the copper ATPase (CopA) of Thermotoga maritima[END_REF]. The main advantage of this technique is that it is possible to quantify the amount of phosphorylatable enzyme even in the presence of other ATPases: crude membranes may contain various ATPases, but only P-type ATPases will form a stable phosphorylated species. Furthermore, the affinity of P-type ATPases for ATP is high compared to that of other membrane-embedded ATPases (submicromolar for the former versus high micromolar or even millimolar for the others). Consequently, a low amount of radiolabeled ATP is required for the assay. Therefore, this method is highly sensitive and selective and the background is usually very low, allowing detection of a very small amount of protein.

The protocol described here shows how this particular feature of P-type ATPases, i.e., autophosphorylation, can be used to investigate the stabilizing effect of several detergent/lipid mixtures on the Drs2p/Cdc50p flippase complex. Flippases are P-type ATPases involved in active transbilayer lipid transport [START_REF] Montigny | On the molecular mechanism of flippase-and scramblasemediated phospholipid transport[END_REF]. Drs2p, in association with its subunit Cdc50p, is a yeast flippase localized in the trans-Golgi network. It has been demonstrated that Drs2p is involved in phosphatidylserine (PS) transport [START_REF] Natarajan | Drs2p-coupled aminophospholipid translocase activity in yeast Golgi membranes and relationship to in vivo function[END_REF]Zhou & Graham, 2009). Its ATPase activity depends on the presence of the transported species, PS, and a physiological regulatory lipid, phosphatidylinositol-4phosphate (PI4P; [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]Jacquot et al., 2012;[START_REF] Zhou | Auto-inhibition of Drs2p, a yeast phospholipid flippase, by its carboxyl-terminal tail[END_REF]. The goal here was to test the effect of lauryl maltose neopentyl glycol (LMNG) on Drs2p/Cdc50p structural and functional integrity. LMNG is a peculiar nonpolar detergent with two 12-carbon acyl chains and a large headgroup composed of two maltose units. LMNG was described for its favorable behavior with respect to MP stabilization [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]; https://www.anatrace.com/Products/Detergents/NG-CLASS/NG310). For instance, it was recently used for crystallization of a bacterial lipid-linked oligosaccharide transporter [START_REF] Perez | Structure and mechanism of an active lipid-linked oligosaccharide flippase[END_REF].

Drs2p and Cdc50p are co-overexpressed in Saccharomyces cerevisiae (Jacquot et al., 2012). Drs2p/Cdc50p-enriched membrane fractions are prepared and a complex of both proteins is purified by affinity chromatography. DDM proved to be a very good detergent for solubilization and stabilization of the Drs2p/Cdc50p complex during purification [START_REF] Montigny | Overexpression of membrane proteins in Saccharomyces cerevisiae for structural Lenoir et al. 25 of 27 Current Protocols in Protein Science and functional studies: A focus on the rabbit Ca 2+ -ATPase Serca1a and on the yeast lipid "flippase" complex Drs2p/Cdc50[END_REF]. A procedure was previously described to measure autophosphorylation in crude yeast membranes, i.e., in the presence of endogenous lipids [START_REF] Azouaoui | Coordinated overexpression in yeast of a P4-ATPase and its associated Cdc50 subunit: The case of the Drs2p/Cdc50p lipid flippase complex[END_REF]. This protocol is for investigating the stability of the solubilized and purified complex in the presence of various detergent/lipid mixtures. Briefly, the purified sample in the presence of detergent or detergent/lipid mixtures is supplemented with [γ-32 P]ATP.

Transient phosphorylation occurs within tenths of a second. The reaction is subsequently stopped by acid quenching to precipitate and stabilize the acylphosphate intermediate EP. The sample is then filtered and the radioactivity trapped in the filter is counted by scintillation.
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Lipid flippases of Plasmodium parasites: from heterologous production towards functional characterization

Keywords : P4-ATPases; Cdc50 subunits; membrane proteins; heterologous expression; purification; malaria Malaria is a devastating disease caused by a parasite of the genus Plasmodium. Due to the spread of resistant strains to current antimalarial drug, it is necessary to understand the biology of the parasite in order to find new drug targets. The membrane transporters are an important class of drug targets as they have an essential role in the physiology of the cell. However, from Plasmodium parasites, just a few membrane transporters have been biochemically described. Recent gene-deletion studies in malaria mouse models have shown that one Plasmodium P4-ATPase, or lipid flippase, is essential for the parasite survival. In eukaryotes, the phospholipid translocation activity of P4-ATPases is needed to maintain the asymmetric distribution of membranes, a key element in many essential processes like vesicle budding or apoptosis. Lipid flippases form heteromeric complexes with members of the Cdc50 protein family, also found in the genomes of Plasmodium parasites. To understand the functional role of these still putative transporters during malaria infection we need to study their transport mechanism and identify their substrate(s). We have conducted the heterologous expression in Saccharomyces cerevisiae of ATP2, a P4-ATPase, and Cdc50 subunits from three different Plasmodium species. We succeeded to co-express PcATP2 from P. chabaudi and the related putative PcCdc50 proteins. By co-immunoprecipitation and Fluorescence-detection Size Exclusion Chromatography, we have managed to identify which β-subunit can be associated to PcATP2. We then purified the complex PcATP2/PcCdc50.1 using immobilized nanobodies that recognize the GFP fused at the C-terminal end of PcATP2 and we initiated the functional characterization using