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To persist in the blood circulation and to be available for mosquitoes, Plasmodium falciparum gametocytes modify the deformability and the permeability of their erythrocyte host via cyclic AMP (cAMP) signaling pathway. Cyclic nucleotide levels are tightly controlled by phosphodiesterases (PDE), however in Plasmodium these proteins are poorly characterized.

Here, we characterize the P. falciparum phosphodiesterase delta (PfPDEδ) and we investigate its role in the cAMP signaling-mediated regulation of gametocyte-infected erythrocyte mechanical properties. Our results revealed that PfPDEδ is a dual-function enzyme capable of hydrolyzing both cAMP and cGMP, with a higher affinity for cAMP. We also show that PfPDEδ is the most expressed PDE in mature gametocytes and we propose that it is located in parasitophorous vacuole at the interface between the host cell and the parasite. We conclude that PfPDEδ is the master regulator of both the increase in deformability and the inhibition of channel activity in mature gametocyte stages, and may therefore play a crucial role in the persistence of mature gametocytes in the bloodstream.

INTRODUCTION

Malaria parasites have a complex life cycle in both the human host and the Anopheles mosquito vector. In these very different environments, cyclic nucleotide signaling plays vital roles in orchestrating every stage of the parasite life cycle [START_REF] Baker | Cyclic nucleotide signalling in malaria parasites[END_REF]. During the pathogenic asexual blood stages of Plasmodium falciparum in humans, cyclic AMP (cAMP) and cyclic GMP (cGMP) signaling are involved in the invasion of erythrocytes by merozoites [START_REF] Dawn | The Central Role of cAMP in Regulating Plasmodium falciparum Merozoite Invasion of Human Erythrocytes[END_REF][START_REF] Flueck | Phosphodiesterase beta is the master regulator of cAMP signalling during malaria parasite invasion[END_REF][START_REF] Patel | Cyclic AMP signalling controls key components of malaria parasite host cell invasion machinery[END_REF], the regulation of anion channels responsible for new permeability pathways (NPPs) at the erythrocyte membrane [START_REF] Merckx | Plasmodium falciparum regulatory subunit of cAMPdependent PKA and anion channel conductance[END_REF] and the release of merozoites from erythrocytes [START_REF] Collins | Malaria parasite cGMP-dependent protein kinase regulates blood stage merozoite secretory organelle discharge and egress[END_REF][START_REF] Nofal | Plasmodium falciparum Guanylyl Cyclase-Alpha and the Activity of Its Appended P4-ATPase Domain Are Essential for cGMP Synthesis and Blood-Stage Egress[END_REF][START_REF] Taylor | The malaria parasite cyclic GMP-dependent protein kinase plays a central role in blood-stage schizogony[END_REF]. In gametocyte stages, which are responsible for parasite transmission from humans to mosquitoes, cGMP governs the induction of gametogenesis upon ingestion of gametocytes by a mosquito [START_REF] Mcrobert | Gametogenesis in malaria parasites is mediated by the cGMP-dependent protein kinase[END_REF][START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF], whereas cAMP regulates the deformability and the permeability of gametocyte-infected erythrocytes (GIE) [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF]. During gametocyte maturation from stage I to V, which lasts about 10 days, immature gametocytes first increase the permeability and stiffness of their host cell, then channel activity declines during gametocyte maturation while a switch in deformability occurs at the transition between stage IV and stage V [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF]. These processes are crucial for parasite persistence in blood circulation because the newly acquired deformability of mature GIE allows them to escape mechanical retention and clearance by the spleen [START_REF] Duez | Splenic retention of Plasmodium falciparum gametocytes to block the transmission of malaria[END_REF][START_REF] Lavazec | Molecular mechanisms of deformability of Plasmodium-infected erythrocytes[END_REF]. In addition, the virtual absence of channel activity at the erythrocyte membrane likely contributes to decreasing the osmotic fragility of mature GIE and may protect them from hemolysis. In immature gametocyte stages, the cAMP-mediated stiffness of infected erythrocyte is linked to PKA-induced phosphorylation of the parasite-encoded STEVOR proteins that interact with the erythrocyte cytoskeleton [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. Likewise, cAMP signaling and PKA activity contribute to the activation of NPPs in immature GIE, although the phosphorylated substrate at the erythrocyte membrane has not yet been identified [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF]. Both GIE stiffness and permeability decline during J o u r n a l P r e -p r o o f gametocyte maturation due to a drop in cAMP concentration in infected erythrocytes [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF]. In mature stages, decreased cAMP levels reduce the phosphorylation of STEVORs and of other proteins potentially involved in channel activity, leading to an increase in mature GIE deformability and a decrease in mature GIE permeability [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. Cyclic nucleotide levels are tightly controlled by cyclases, which synthesize cAMP and cGMP from ATP and GTP, respectively, and by phosphodiesterases (PDEs), metal ion-dependent enzymes that hydrolyze the 3'-phosphoester bond of cAMP and cGMP [START_REF] Soderling | Regulation of cAMP and cGMP signaling: new phosphodiesterases and new functions[END_REF]. In P. falciparum, four genes encode PDEs: Pfpde (PF3D7_1209500), Pfpde (PF3D7_1321500), Pfpde (PF3D7_1321600) and Pfpde (PF3D7_1470500) [START_REF] Baker | Cyclic nucleotide signalling in malaria parasites[END_REF]. Previous studies reported that the deletion of Pfpde results in increased stiffness and permeability of mature GIE [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF], suggesting that this enzyme is involved in the cAMP signaling-mediated regulation of GIE mechanical properties. However, the precise role of PfPDE in this process is still unclear and several questions remain unsolved. Phenotypic analysis of pde null mutants in both P. falciparum and the rodent malaria parasite P. berghei suggested that PDE has cGMP-specific hydrolytic activity [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF][START_REF] Moon | A cyclic GMP signalling module that regulates gliding motility in a malaria parasite[END_REF]. Therefore, it remains to be determined how this enzyme can regulate a cAMP-dependent mechanism in gametocytes. It is also unclear whether PfPDE expression profile is consistent with the regulation of GIE mechanical properties and whether it is the only PDE involved in this mechanism. Previous work reported that the Pfpde gene is more transcribed in gametocytes than in asexual stages [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF], however its expression has never been compared to others in all gametocytes stages and has never been addressed at the protein level. Another outstanding question is how PfPDE, which is devoid of any recognizable PEXEL/HT export motif [START_REF] Hiller | A host-targeting signal in virulence proteins reveals a secretome in malarial infection[END_REF][START_REF] Marti | Targeting malaria virulence and remodeling proteins to the host erythrocyte[END_REF], can regulate protein phosphorylation at the erythrocyte membrane. One could speculate that the modulation of cAMP levels in the parasite affects cAMP levels in the erythrocyte cytoplasm where they could activate the human PKA. However, the transport pathway of cAMP across J o u r n a l P r e -p r o o f the parasite plasma membrane (PPM) and the parasite parasitophorous membrane (PVM) to reach the erythrocyte cytoplasm remains elusive.

In this study, we generated a recombinant protein and antibodies to characterize PfPDEδ enzymatic activity, subcellular localization in the infected erythrocyte and expression profile throughout the parasite life cycle. Our results also highlight the essential role of this enzyme in the regulation of GIE mechanical properties.
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MATERIALS AND METHODS

Parasite culture and gametocyte production

The P. falciparum NF54 strain, the NF54 clone B10 and the transgenic line PfPDEδ -have been described elsewhere [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF][START_REF] Lavazec | Expression switching in the stevor and Pfmc-2TM superfamilies in Plasmodium falciparum[END_REF]. Parasites were cultivated in vitro under standard conditions using RPMI 1640 medium supplemented with 10 % heat-inactivated human serum and human erythrocytes at 5 % hematocrit. To obtain synchronous asexual stages, parasites were synchronized by the isolation of schizonts by magnetic isolation using a MACS depletion column (Miltenyi Biotec) in conjunction with a magnetic separator, and placed back into culture. After invasion of merozoites, a second magnetic isolation was used for the selection of ring-stage parasites to obtain a tighter window of synchronization. Synchronous production of specific gametocytes stages was achieved by treating synchronized cultures at the ring stage (10-15 % parasitemia, day 0) with 50 mM N-acetylglucosamine (NAG) for 5 days to eliminate asexual parasites. Gametocyte preparations were enriched in different experiments by magnetic isolation. Stage I GIE were collected at day 2 post NAG treatment, stage II GIE were collected at days 3 and 4, stage III GIE were collected at days 5 and 6, stage IV GIE were collected at days 7 and 8, and stage V GIE were collected at day 9 and 10.

Construction of the His-Sumo-PfPDEδ plasmid

A sequence alignment of PfPDEα and PfPDEδ was used to delineate the catalytic domain of PfPDEδ. The catalytic domain sequence extending from residue Ile 391 to residue Ile 794 was synthesized and enriched in GC (Integrated DNA Technologies) to facilitate its expression in E. coli. To add 5' and 3' homology sequences to the PT7-HIS-SUMO vector, the catalytic domain sequence was amplified by PCR using primers: F: 5'-ATTGAGGCTCACCGCGAACAGATTGGTCCG-3'; R: 5'-AGATCCGGCTGCTAACAAAGCCCGAAAGGA-3', and the PCR product was inserted into J o u r n a l P r e -p r o o f the vector using a recombinase (IN-FUSION HD cloning plus, Clontech). After validation of the resulting plasmid by sequencing, BL21 bacteria (Codon plus) were transformed by heat shock.

Expression and purification of recombinant PfPDEδ.

A pre-culture of BL21 bacteria transformed with the His-Sumo-PfPDEδ vector (1:100 of the final culture) was placed in LB medium with 100 µg kanamycin (Euromedex) + 30 µg chloramphenicol (Sigma) overnight at 37°C. This pre-culture was then diluted in LB with 100 µg kanamycin and incubated at 37°C until the exponential growth phase is reached (0.6-0.8 OD). Production of the recombinant protein was induced by the addition of 0.3 mM IPTG (Sigma) at 18°C overnight. The bacterial pellet was recovered after 15 min of centrifugation at 5000 rpm and then re-suspended in a buffer containing 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.1 % Triton X-100, 2 mg/ml lysozyme, 10 % anti-protease and 40 mM imidazole.

After 1 h incubation on ice, the pellet was sonicated three times for 30 sec at 40 % power (Branson). The bacterial solution was then centrifuged for 1 h 30 at 5000 rpm and the supernatant was collected and placed in the presence of nickel-coupled sepharose beads (GE-Health care) for 1 h. The beads were then washed 3 times in re-suspension buffer, and a final wash in this buffer with the addition of 500 mM imidazole allows the removal of recombinant PfPDEδ from the beads. The presence and quality of recombinant PfPDEδ in the eluate was assessed on SDS-PAGE gel. The protein concentration was determined by on-gel quantification using Quantity One software. The recombinant protein was stored at -80°C in aliquots in 20 % glycerol, 1 mM DTT and 20 µM ZnSO4. 50 µg protein in elution buffer with 50 mM Tris-HCl pH 8, 150 mM NaCl, 250 mM imidazole and 4 M urea were used to immunize mice and produce anti-PfPDEδ antibodies (Covalab).
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Characterization of PfPDEδ enzymatic activity

The enzymatic activity of recombinant PfPDEδ was determined using the Cyclic Nucleotide Phosphodiesterase assay kit (Enzo), which is a colorimetric detection assay measuring cleavage of cAMP and cGMP. The activity of recombinant PfPDEδ was first determined using 500 nM cAMP or 500 nM cGMP as substrate concentration and 20 mM EDTA as a noncompetitive PDE inhibitor. To determine the Km and Vmax of PfPDEδ, the reaction was performed with a range of substrate concentrations from 0.039063 µM to 5 µM and the initial rate (vi) of the enzymatic reaction was determined for each substrate concentration. Km and Vmax were obtained by a non-linear regression of the vi = f ([XMPc]) curve on Graph Prism.

SDS-PAGE gel and western blot

For SDS-PAGE gels, samples were diluted with lysis buffer (XT Sample Buffer, Biorad) in the presence or absence of reducing agent (Biorad), heated for 5 min at 90°C and then separated on 4-12 % gradient polyacrylamide gels (Biorad). After 1 h 30 migration at 150 V, the gels were stained for 1 h 30 with Coomassie blue (Thermo Fisher Scientific).

For western blots, proteins were transferred to PVDF membranes (Biorad) for 1 h at 100 V.

After blocking for 2-3 h in a solution of PBS 1X / Tween 20 0.005 % / 5 % skimmed milk powder (Régilait), antibody reactions were carried out in in PBS 1X / Tween 20 0.005 % / 5 % skimmed milk and washing in PBS 1 X / Tween 20 0.005 %. Immunoblots were probed overnight with anti-PfPDEδ (1:500) or anti-HSP70 [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF] (1/2000) antibodies followed by 1 hour with horseradish peroxidase-conjugated anti-mouse or anti-mouse IgG secondary antibodies (Promega) at 1:10,000. Bands of interest were visualized by chemiluminescence after the addition SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher). The intensity of the bands was quantified with Quantity One software.
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RNA extraction, reverse transcription and quantitative PCR

Total RNAs were obtained from MACS-purified synchronized asexual parasites at 12 hours post-invasion (hpi), 22 hpi, 32 hpi and 42 hpi and of synchronized gametocytes at different stages. RNA was isolated with Trizol (Thermo Fisher) according to the manufacturer's instructions and treated with DNAse I (Roche). RNA was reverse-transcribed using Superscript II (Invitrogen) that was primed with 6-Nucleotide Random Hexamer (Invitrogen). Real-time gene amplification was realized using SyberGreen PCR master mix (Roche) in a Light Cycler 480 (Thermo Fisher). Each qPCR reaction was run in triplicate in a final volume of 10 µL. Signal analysis was performed using the 2ΔCT method. The detection threshold was defined as 4 CT (Cycle Threshold) below that of RNA samples processed without reverse transcriptase or those containing water. Gene-specific primers used to profile the expression of Pfpde, Pfpde, Pfpde and Pfpde were published in [START_REF] Wentzinger | Cyclic nucleotide-specific phosphodiesterases of Plasmodium falciparum: PfPDEalpha, a non-essential cGMP-specific PDE that is an integral membrane protein[END_REF] and those for the ubiquitin-conjugating enzyme gene Hk (PF08_0085), used as a housekeeping gene, were published in [START_REF] Joice | Plasmodium falciparum transmission stages accumulate in the human bone marrow[END_REF].

Extraction of membrane proteins from gametocytes

Membrane proteins were extracted from MACS-purified stage V GIE. Parasite pellet was resuspended in 10 mM Tris pH 7.5, 150 mM NaCl, 1X anti-proteases and 0.1 % saponin and was then incubated at 4°C for 10 min and centrifuged for 15 min at 15,000g. The soluble fraction was collected while the pellet was re-suspended in the previous buffer in which the saponin was replaced by 0.5 % Nonidet P40 (NP40). After 30 min incubation at 4°C, the mixture was centrifuged for 10 min at 16,000 g. The soluble fraction was collected while the pellet was resuspended in the buffer with 2 % SDS and incubated for 30 min at 4°C on a wheel. The membrane proteins were found in the last pellet.
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Immunofluorescence experiments

To determine the localization of PfPDEδ during the parasite life cycle, NF54 cultures containing asexual stages or gametocytes of different stages were spotted on 10-well glass slides and fixed in methanol for 10 min at -20°C. To perform selective permeabilization experiments, stage IV-V GIE were fixed 15 min in 1X PBS / 4 % paraformaldehyde (PFA) / 0.0075 % glutaraldehyde, and then incubated either with 1X PBS for 30 min at 4°C, with 1X PBS / 0.1 % Triton-100 (Sigma-Aldrich) for 10 min at 4°C, with 1X PBS / 0.01 % saponin (Sigma-Aldrich) for 15 min at 4°C or with 1X PBS / 2 units streptolysin O (Sigma-Aldrich) for 30 min at 37°C.

Streptolysin O was activated using 10 mM DTT in 1X PBS before addition to infected erythrocytes. Samples were washed in 1X PBS, spotted on 10-well glass slides and dried. To determine the localization of PfPDEδ during gamete egress, NF54 cultures containing stage V gametocytes were pelleted at 1000 g for 1 min and rapidly resuspended in 50 µl human serum at room temperature for 0, 5, 15 or 30 min during which gametogenesis took place. Samples were pelleted at 1000 g for 1 min, smeared on glass slides and then methanol-fixed for 10 min at -20°C.

For all PFA-fixed or methanol-fixed samples, the non-specific binding sites were saturated for 2 h in 1X PBS / 2 % BSA. The smears were then incubated with anti-PfPDEδ mouse serum at 1:200 and rabbit anti-Pfg27 antibody [START_REF] Olivieri | The Plasmodium falciparum protein Pfg27 is dispensable for gametocyte and gamete production, but contributes to cell integrity during gametocytogenesis[END_REF] 
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Microsphiltration

Microsphiltration experiments were performed on tips as described previously with slight modifications [START_REF] Lavazec | Microsphiltration: a microsphere matrix to explore erythrocyte deformability[END_REF]. Briefly, 400 µl of a mixture of tin beads ranging in size from 5 to 25 µm (Industrie des Poudres Sphériques) were deposited on the filter of a cone acting as a support. 600 µl of infected red blood cells at 1-2 % hematocrit were injected into the cone using a syringe and pushed through the beads using a syringe pump injecting 5 ml of RPMI medium supplemented with 10 % human AB serum at a flow rate of 60 ml/h. The upstream and downstream samples were collected and smeared onto glass slides for staining with Giemsa reagent, and parasitemia was assayed by counting 2000 erythrocytes. Retention on the beads, which is inversely proportional to the deformability of the cells, was calculated by determining the ratio of the parasitemia after bead passage to the parasitemia before bead passage.

Micropipette aspiration

Parasite cultures were washed and resuspended in pre-warmed 1X PBS / 0.4 %BSA, and then set into a sample chamber placed on the stage of an inverted light microscope (Nikon Diaphot). A glass micropipette mounted on a hydraulic micromanipulator (Narishige, Japan) was used to extract the GIE membrane shear modulus by micropipette aspiration technique.

The membrane shear elastic modulus (units: pN/µm) was accessed by the formula:

Shear elastic modulus = (P * D 2 ) / [4 * (2.45 * L)],
where L represents the length of the membrane tongue aspirated, D corresponds to the micropipette diameter, and P corresponding to the applied pressure in Pa [START_REF] Malleret | Plasmodium vivax: restricted tropism and rapid remodeling of CD71-positive reticulocytes[END_REF]. The cell membrane was monitored using a 40X lens. Images were captured using a Nikon D5600 Camera (Nikon). The images were analyzed with ImageJ software for obtention of L and D measurements.
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Isosmotic lysis assay 500 µl of a culture containing 1-3 % gametocytes were washed with RPMI and resuspended in in 500 µl isosmotic solution containing 300 mM Sorbitol, 10 mM HEPES, 5 mM glucose, with a pH adjusted at 7.4, with or without the addition of 100 µM 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), which is an inhibitor of NPPs [START_REF] Kirk | Transport of diverse substrates into malaria-infected erythrocytes via a pathway showing functional characteristics of a chloride channel[END_REF]. After 60 min, a smear was prepared and stained with Giemsa reagent. The percentage of gametocyte lysis was obtained by calculating the ratio of parasitemia before and after incubation in the sorbitol solution.

Inhibitor treatment of gametocytes

Gametocytes from the NF54 and PfPDEδ -lines were cultivated in vitro under standard conditions. At day 3 post NAG treatment, culture medium was supplemented with 0.1 % DMSO or 0.1 µM NPPB (Sigma) and Giemsa-stained smears were prepared daily to determine gametocytemia.
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RESULTS

Enzymatic characterization of recombinant PfPDEδcat

Among the four putative plasmodial PDEs, only PfPDEα has been successfully produced under a recombinant form, showing a cGMP-specific activity [START_REF] Wentzinger | Cyclic nucleotide-specific phosphodiesterases of Plasmodium falciparum: PfPDEalpha, a non-essential cGMP-specific PDE that is an integral membrane protein[END_REF][START_REF] Yuasa | PfPDE1, a novel cGMP-specific phosphodiesterase from the human malaria parasite Plasmodium falciparum[END_REF]. To analyze the enzymatic activity of PfPDEδ, we expressed and purified the recombinant catalytic domain of this protein in E. coli. Alignment of PfPDEα and PfPDEδ amino acid sequences (Supplemental Fig. S1) allowed to delineate the catalytic domain of PfPDEδ from amino acid Ile 391 to Ile 794 (Fig. 1A).

After several attempts to produce the PfPDEδ catalytic domain (PfPDEδcat) with a GST tag, a codon harmonized version could be expressed in a soluble form as a fusion protein with a His-Sumo tag (Fig. 1B). The soluble fraction was used for characterization of its enzymatic activity, whereas the non-soluble fraction was used to generate antibodies in mice (Covalab) (Supplemental Fig. S2A). Notably, the protein was partly expressed under a DTT-sensitive dimeric form in the insoluble fraction. Antibodies were validated by western blot on the recombinant protein (Fig. 1C and Supplemental Fig. S2B) and by immunofluorescence analysis of transgenic parasites in which the pfpdeδ gene had been deleted [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF] (Supplemental Fig. S2C). Enzymatic assays showed that the recombinant PfPDEδcat was able to hydrolyze both cAMP and cGMP substrates, indicating that the purified protein is active (Fig. 1D). Absence of activity in a purified fraction from bacteria cultivated without IPTG induction of protein expression indicated that the detected activity does not derived from bacterial PDEs (Supplemental Fig. S2D). This activity was dependent of the presence of Mg2+ and Zn2+ ions in the buffer and was inhibited in the presence of EDTA (Fig. 1D and1E), consistent with the fact that PDEs usually require bivalent cations for their activities [START_REF] Francis | Zinc interactions and conserved motifs of the cGMP-binding cGMP-specific phosphodiesterase suggest that it is a zinc hydrolase[END_REF]. For both cAMP and cGMP substrates, PfPDEδcat activity was optimal at pH 7.5 (Fig. 1F). To further characterize the substrate specificity and the kinetic parameters of PfPDEδ, the enzymatic activity of the J o u r n a l P r e -p r o o f recombinant protein was measured in the presence of serial dilutions of cAMP and cGMP to determine the Km and Vmax for both substrates using the Michaelis-Menten method (Fig. 1G and Table 1). Under our experimental conditions, the Km of the enzyme was 0.28 µM for cAMP and 4.55 µM for cGMP, respectively. These results indicate that PfPDEδ is a dual-specific PDE with approximately 16-fold more affinity for cAMP than for cGMP. 
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PfPDEδ is a membrane-associated protein with its catalytic domain located in the parasitophorous vacuole.

Bioinformatics analysis (TMHMM -2.0) of the PfPDEδ protein sequence predicts the presence of six hydrophobic regions related to transmembrane domains (Fig. 1A), suggesting that PfPDEδ is a membrane-associated protein. To validate this prediction, we used a three-step protocol with different detergents that allow differential extraction of cytoplasmic and membrane-associated proteins from mature GIE extracts. Western blot analysis of different fractions with antibodies raised against PfPDEδcat showed that PfPDEδ was totally absent from the saponin fraction, slightly detected after treatment with NP40 and mainly extracted upon SDS treatment, indicating that this protein is associated with the membrane fraction (Fig. 2A). Interestingly, PfPDEδ forms a high molecular weight complex of approximately 200 kDa under non-reducing conditions, which may be consistent with predicted size of a homodimer. Under reducing conditions, a band between 75 kDa and 100 kDa, which may correspond to the expected size of PfPDEδ at 97 kDa, appears in addition to the 200 kDa band.

These results suggest that PfPDEδ is a membrane-associated protein predominantly expressed in a dimeric form. To further determine the subcellular localization of PfPDEδ, we first performed immunofluorescence analysis of methanol-fixed stage IV and stage V GIE. Results indicated that the protein is absent from the erythrocyte membrane (EM) (Fig. 2B). This observation is in accordance with the absence of any PEXEL domain in the PfPDEδ amino acid sequence, which suggests that the protein is not exported to the host cell. Anti-PfPDEδ antibodies rather stained the parasite periphery, suggesting that PfPDEδ is associated with either the parasite plasma membrane (PPM) or the parasitophorous vacuole membrane (PVM). To confirm this hypothesis, we performed immunofluorescence analysis of paraformaldehyde-fixed GIE after selective permeabilization of the different membranes (Fig.
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2C). Following saponin treatment, which permeabilizes the EM and the PVM but leaves the PPM intact [START_REF] Ansorge | Protein sorting in Plasmodium falciparum-infected red blood cells permeabilized with the pore-forming protein streptolysin O[END_REF], the anti-PfPDEδ antibodies showed a signal at the parasite periphery whereas the parasite cytoplasm marker Pfg27 was not detected, suggesting that the PfPDEδ catalytic domain, targeted by the antibodies, is not localized inside the parasite. In contrast, the PfPDEδ signal disappeared when GIE were permeabilized with streptolysin O, which selectively forms pores on the EM, leaving PVM and PPM intact [START_REF] Ansorge | Protein sorting in Plasmodium falciparum-infected red blood cells permeabilized with the pore-forming protein streptolysin O[END_REF]. These results indicate that PfPDEδ is localized either at the PPM or the PVM and that in both cases, its catalytic domain is facing the parasitophorous vacuole. To further discriminate between these two compartments, we analyzed the presence of PfPDEδ during a gamete activation assay, which should theoretically trigger the disappearance of the PVM concomitantly with the EM release [START_REF] Eksi | Protein targeting to the parasitophorous vacuole membrane of Plasmodium falciparum[END_REF]. To this end, mature gametocytes were subjected to a temperature drop and an increase in human serum concentration. They were then fixed at 0, 5, 15 and 30 minutes after activation.

Immunofluorescence analysis indicated that the PfPDEδ signal progressively disappeared during gametogenesis (Fig. 2D and2E). Upon 5 minutes activation, the protein concentrated at the ends of the gametocyte and then continues to aggregate as the parasite rounds up and egresses from the erythrocyte (Fig. 2D and Supplemental Fig. S3). After 30 minutes activation, the PfPDEδ signal was totally gone in 92 % activated gametes (Fig. 2E). As this labeling pattern is reminiscent of the progressive disappearance of the PVM-associated Pfs16 protein [START_REF] Eksi | Protein targeting to the parasitophorous vacuole membrane of Plasmodium falciparum[END_REF], it suggests that PfPDEδ is probably associated with the PVM. 
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PfPDEδ is the predominant PDE expressed in mature gametocytes

Several transcriptional studies revealed that the expression level of the four P. falciparum PDEs are developmentally regulated (http://plasmodb.org). In addition, previous work suggested that PfPDEδ is more expressed in gametocytes than in asexual stages [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF], whereas the three other plasmodial PDEs are mainly expressed in asexual stages or in mosquito stages [START_REF] Flueck | Phosphodiesterase beta is the master regulator of cAMP signalling during malaria parasite invasion[END_REF][START_REF] Yuasa | PfPDE1, a novel cGMP-specific phosphodiesterase from the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Lakshmanan | Cyclic GMP balance is critical for malaria parasite transmission from the mosquito to the mammalian host[END_REF]. To characterize in more details the expression kinetics of PfPDEδ during the parasite blood stages and to compare its expression levels to that of the three other PDEs, we quantified its expression at the mRNA and protein level along the parasite asexual and sexual development. First, RT-qPCR analysis in asexual stages showed that Pfpde, Pfpde and Pfpde mRNA was virtually absent from rings to schizonts, whereas Pfpde was expressed in late stages, with a predominant expression at 32 and 42 hours post invasion (Supplemental Fig. S4A). Immunofluorescence analysis using anti-PfPDEδ antibodies confirmed that PfPDEδ was not detected in rings, trophozoites or schizonts (Supplemental Fig. S4B). Next, we J o u r n a l P r e -p r o o f examined by RT-qPCR the transcription profile of the four PDEs during gametocytogenesis (Fig. 3A). Although Pfpde and Pfpde mRNA was not detected in gametocytes, Pfpde was modestly transcribed at stages II and III and then its expression declines until stage V. In contrast, Pfpde expression progressively increased during gametocyte maturation and then reached its maximum at stage V with mRNA levels about 10-fold more abundant than that of Pfpde. At the protein level, a western blot performed on membrane protein extracts from gametocytes at stages II, III, IV and V showed that PfPDEδ was detected from stage II and then its expression raises upon gametocytogenesis with the strongest expression at stage V (Fig. 3B). These results were supported by immunofluorescence analyses on methanol-fixed smears of gametocytes at different stages, which revealed the presence of PfPDEδ in GIE from stage III to stage V (Fig. 3C). Altogether, these results indicate that PfPDEδ expression progressively raises along gametocyte maturation and that PfPDEδ is the most expressed PDE in mature gametocytes. Previous work showed that the deletion of PfPDEδ triggers an increase of stiffness and permeability of mature GIE [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF]. To confirm these results and to examine in more details the function of PfPDEδ along gametocytogenesis, we analyzed the mechanical properties of synchronized stage II, III, IV, and V GIE from transgenic parasites in which the pfpdeδ gene had been deleted [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF]. First, we assessed the role of PfPDEδ in GIE filterability using a matrix of microspheres that mimics the filtration across the spleen [START_REF] Lavazec | Microsphiltration: a microsphere matrix to explore erythrocyte deformability[END_REF]. In this system, increased retention rates correspond to increased GIE stiffness and impaired filterability. The retention rates of immature GIE from both the PfPDEδ -line and the control line were all above 85 % from stage II to stage IV (Fig. 4A). The retention of mature GIE from the control line dropped to approximatively 45 %, confirming the switch in deformability previously observed in wildtype parasites [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF]. In contrast, more than 80 % of mature GIE from the PfPDEδ -line remained retained in the microspheres, indicating important stiffness of the infected cell. These observations were confirmed by membrane shear elastic modulus measurements using the micropipette aspiration technique. At stage IV, the membrane deformability was comparable in both the PfPDEδ -line and the control line (Fig. 4B). The membrane shear elastic modulus of J o u r n a l P r e -p r o o f stage V GIE was significantly reduced in the control line, whereas it remained virtually unchanged between stage IV and stage V in the PfPDEδ -line. Therefore, these results indicate that PfPDEδ expression is essential to trigger the switch in deformability occurring at the transition between stage IV and stage V GIE.

J o u r n a l P r e -p r o o f

To further analyze the role of PfPDEδ in GIE permeability, we performed measurements of isosmotic lysis of synchronized stage II, III, IV, and V GIE in sorbitol, a sugar alcohol permeant through NPPs [START_REF] Ginsburg | New permeability pathways induced in membranes of Plasmodium falciparum infected erythrocytes[END_REF]. After 60 minutes in sorbitol, we observed a progressive decrease in GIE permeability in the control line from stage II to stage V, leading to undetectable channel activity in mature GIE, as previously described [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF] (Fig. 4C and Supplemental Fig. S5). The PfPDEδ -mutant line exhibited sorbitol-induced lysis similar to the control line in stage II and III GIE. However, the absence of PfPDEδ in stage IV and stage V restored the permeability to the levels observed in stage II. As a result, mature GIE of the PfPDEδ -line showed 10-fold greater sorbitol-induced lysis than the control line. We hypothesized that this enhanced permeability in mature GIE may increase their osmotic fragility and thereby promote hemolysis. To address this hypothesis, we followed gametocytemia of both the PfPDEδ -line and the control line over gametocyte maturation from stage II to stage V (Fig. 4D). In the control line, the gametocytemia slightly decreased over time from 5% to less than 2%, as usually observed in in vitro cultures. Interestingly, the gametocytemia of the PfPDEδ -line followed the same trend during the first days and then dropped more rapidly from stage III, when PfPDEδ expression starts in the control line. At day 11 after NAG treatment, only 0.1 % gametocytes survived in the PfPDEδ -line vs 1.6 % in the control line. To address whether this increased hemolysis in the mutant line results from NPP activation due to the deletion of PfPDEδ, both lines were cultivated with and without the NPP inhibitor NPPB (Fig. 4E). Importantly, we observed that chemical inhibition of NPPs in the PfPDEδ -line fully restored J o u r n a l P r e -p r o o f the gametocytemia to that of the control line, suggesting that PfPDEδ is essential to prevent hemolysis of stage IV and V GIE. Altogether, these results show that PfPDEδ is the master regulator of both the increase in deformability and the inhibition of channel activity observed in mature gametocyte stages. Phenotypic analyses of parasites deleted for PfPDEα, PfPDEβ and PfPDEδ have been reported [START_REF] Flueck | Phosphodiesterase beta is the master regulator of cAMP signalling during malaria parasite invasion[END_REF][START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF][START_REF] Wentzinger | Cyclic nucleotide-specific phosphodiesterases of Plasmodium falciparum: PfPDEalpha, a non-essential cGMP-specific PDE that is an integral membrane protein[END_REF] but only PfPDEα has been biochemically characterized [START_REF] Wentzinger | Cyclic nucleotide-specific phosphodiesterases of Plasmodium falciparum: PfPDEalpha, a non-essential cGMP-specific PDE that is an integral membrane protein[END_REF][START_REF] Yuasa | PfPDE1, a novel cGMP-specific phosphodiesterase from the human malaria parasite Plasmodium falciparum[END_REF]. The objective of this study was to analyze the enzymatic activity, the subcellular localization, the expression pattern and the role of PfPDEδ during gametocytogenesis. We showed that PfPDEδ is a dualfunction enzyme capable of hydrolyzing both cAMP and cGMP, with a higher affinity for cAMP. This observation may explain the discrepancies between studies suggesting that PfPDEδ specifically hydrolyzes cGMP [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF] and those suggesting that this enzyme regulates cAMP levels in gametocytes [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF]. Our results revealed that PfPDEδ is involved in both the regulation of GIE mechanical properties via the cAMP pathway [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF][START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF] and the initiation of gametogenesis, which is dependent of the cGMP-PKG pathway [START_REF] Mcrobert | Gametogenesis in malaria parasites is mediated by the cGMP-dependent protein kinase[END_REF][START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF][START_REF] Moon | A cyclic GMP signalling module that regulates gliding motility in a malaria parasite[END_REF]. PfPDEβ has also the ability to hydrolyze both substrates [START_REF] Flueck | Phosphodiesterase beta is the master regulator of cAMP signalling during malaria parasite invasion[END_REF], indicating that P. falciparum genome contains at least two dualspecificity PDEs. This property is also observed in human PDEs such as PDE1, PDE2, and PDE3 [START_REF] Baillie | Therapeutic targeting of 3',5'-cyclic nucleotide phosphodiesterases: inhibition and beyond[END_REF], in Trypanosoma cruzi PDEC [START_REF] Kunz | A FYVE-containing unusual cyclic nucleotide phosphodiesterase from Trypanosoma cruzi[END_REF] or in Toxoplasma gondii TgPDE1 [START_REF] Moss | Functional Analysis of the Expanded Phosphodiesterase Gene Family in Toxoplasma gondii Tachyzoites[END_REF]. Such dual specificity may reflect that one of the two substrates can act as competitive inhibitor for the other substrate, as observed for the human PDE3 which is unable to hydrolyze cAMP in the presence of a high concentration of cGMP [START_REF] Knebel | Synergistic effects of prostacyclin analogs and phosphodiesterase inhibitors on cyclic adenosine 3',5' monophosphate accumulation J o u r n a l P r e -p r o o f and adenosine 3'5' triphosphate release from human erythrocytes[END_REF]. Our results also suggested that PfPDEδ can be expressed in a dimeric form both in bacteria and in parasites, consistent with the fact that a majority of PDEs form catalytic dimers [START_REF] Muradov | Analysis of dimerization determinants of PDE6 catalytic subunits[END_REF]. Further investigations will be needed to determine whether PfPDEδ may be regulated by quaternary structure changes, as reported for the human PDE5 which assembles as homodimers or tetradimers in vitro and in vivo [START_REF] Cardarelli | The oligomeric assembly of the phosphodiesterase-5 is a mixture of dimers and tetramers: A putative role in the regulation of function[END_REF].

The distribution of PDEs within a cell is crucial to ensure their role as regulators of various biological processes because it allows the compartmentalization of cell signaling. For instance, J o u r n a l P r e -p r o o f the distribution of different isoforms of PDE3 and PDE4 in human cardiomyocytes locally and specifically regulates the cAMP signaling pathway activated by different stimuli [START_REF] Bhogal | The Development of Compartmentation of cAMP Signaling in Cardiomyocytes: The Role of T-Tubules and Caveolae Microdomains[END_REF]. PDE compartmentalization is also observed in protozoan parasites, as the presence of two different PDEs in the flagellum and the body of the parasite Trypanosoma brucei allows for spatial regulation of cell signaling [START_REF] Luginbuehl | The N terminus of phosphodiesterase TbrPDEB1 of Trypanosoma brucei contains the signal for integration into the flagellar skeleton[END_REF]. Our results suggested that PfPDEδ catalytic domain is localized in the parasitophorous vacuole, at the interface of the gametocyte and the erythrocyte. The presence at the PVM of pores allowing the passage of molecules with a molecular weight of 1400 Da or less [START_REF] Desai | A nutrient-permeable channel on the intraerythrocytic malaria parasite[END_REF][START_REF] Desai | Pore size of the malaria parasite's nutrient channel[END_REF], implies that nucleotides can cross the PVM. Thus, we hypothesize that this localization could allow PfPDEδ to regulate cAMP levels in both the parasitophorous vacuole and the erythrocyte cytoplasm. We therefore propose a model where the parasite could regulate the cAMP signaling in the cytoplasm of its host cell, thereby regulating channel activity and deformability of the erythrocyte membrane (Fig. 5). This hypothesis is consistent with our results showing that PfPDEδ deletion impairs both the decrease in GIE permeability and the increase in GIE deformability observed in wild-type mature GIE. It has been proposed that the switch in deformability occurring in mature GIE may facilitate their release in the bloodstream and their ability to circulate across the spleen [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF][START_REF] Aingaran | Host cell deformability is linked to transmission in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Dearnley | Origin, composition[END_REF]. Also, the virtual absence of channel activity in mature stages may allow the infected erythrocyte to decrease its osmotic fragility and thus resist to hemolysis [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF]. Therefore, our results suggest that PfPDEδ plays a crucial role in the persistence of mature gametocytes in the bloodstream. This hypothesis is supported by our data showing that mature gametocytes deleted for PfPDEδ persist for a shorter time in culture than wild-type parasites. Thus, drugs targeting PfPDEδ are expected to interrupt parasite transmission by promoting both GIE clearance by the spleen and GIE hemolysis. Inhibitors targeting human PDE5, such as sildenafil and tadalafil, have been shown to increase the stiffness and the osmotic fragility of mature J o u r n a l P r e -p r o o f 

  at 1:2000 for 1 h 30 or overnight. After three washes in 1X PBS / 2 % BSA the smears were incubated with Alexa488 anti-mouse and Alexa594 antirabbit secondary antibodies at 1:2000 (Life Technologies) and a DNA marker, Hoechst 33342, at 1:20000 (Life technologies). The different smears were observed at 100X magnification using a Leica DMi8 fluorescence microscope.
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			Km (µM)	Kcat (min -1 )	Kcat/Km
					(µM.min -1 )
	cAMP	0.8116 ± 0.05828	0.2774 ± 0.07511 1.73	6.236
	cGMP	0.6139 ± 0.08428	4.551 ± 1.069	1.32
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