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Species-specific functional regions of the green alga gamete fusion protein HAP2 revealed by structural studies

The cellular fusion protein HAP2, which is structurally homologous to viral class II fusion proteins, drives gamete fusion across several eukaryotic kingdoms. Gamete fusion is a highly controlled process in eukaryotes, and is allowed only between same species gametes. In spite of a conserved architecture, HAP2 displays several species-specific functional regions that were not resolved in the available X-ray structure of the green alga Chlamydomonas reinhardtii HAP2 ectodomain. Here we present an X-ray structure resolving these regions, showing a target-membrane interaction surface made by three amphipathic helices in a horseshoe-shaped arrangement. HAP2 from green algae also features additional speciesspecific motifs inserted in regions that in viral class II proteins are critical for the fusogenic conformational change. Such insertions include a cystine-ladder-like module evocative of EGF-like motifs responsible for extracellular protein-protein interactions in animals, and a mucin-like region. These features suggest potential HAP2 interaction sites involved in gamete fusion control.

Introduction

Cell-cell fusion is ubiquitous across eukaryotes. It is required for fertilization, where two gametes of opposite type merge together to form a zygote [START_REF] Georgadaki | The molecular basis of fertilization (Review)[END_REF]. During the development of multicellular organisms, the formation of syncytial tissues also occurs via fusion of somatic cells [START_REF] Zito | United we stand: Adhesion and molecular mechanisms driving cell fusion across species[END_REF]. The molecular mechanism driving the merger of lipid bilayers has been studied extensively in the case of intracellular fusion events, such as the fusion of transport vesicles [START_REF] Jahn | SNAREs--engines for membrane fusion[END_REF][START_REF] Martens | Mechanisms of membrane fusion: disparate players and common principles[END_REF][START_REF] Sudhof | Membrane fusion: grappling with SNARE and SM proteins[END_REF][START_REF] Wickner | Membrane fusion[END_REF] or the homotypic fusion of intracellular organelles [START_REF] Farmer | Tying trafficking to fusion and fission at the mighty mitochondria[END_REF][START_REF] Hu | Fusion of the endoplasmic reticulum by membrane-bound GTPases[END_REF]. In contrast, relatively 2 little is known about extracellular fusion [START_REF] Hernandez | The hallmarks of cell-cell fusion[END_REF][START_REF] Sampath | Myoblast fusion confusion: the resolution begins[END_REF]. The only well-characterized extracellular fusion process is that of enveloped viruses, which fuse the viral lipid bilayer either with the plasma membrane or with an endosome from the luminal side [START_REF] Harrison | Viral membrane fusion[END_REF]. HAP2/GCS1 is the first bona fide gamete fusion protein identified. Discovered in flowering plants [START_REF] Johnson | Arabidopsis hapless mutations define essential gametophytic functions[END_REF][START_REF] Mori | GENERATIVE CELL SPECIFIC 1 is essential for angiosperm fertilization[END_REF], subsequent studies in the green alga Chlamydomonas reinhardtii and the malaria organism Plasmodium showed that it was essential for bilayer merger [START_REF] Liu | The conserved plant sterility gene HAP2 functions after attachment of fusogenic membranes in Chlamydomonas and Plasmodium gametes[END_REF]. The presence of HAP2 in organisms across the main branches of eukaryotes [START_REF] Cole | Function of the Male-Gamete-Specific Fusion Protein HAP2 in a Seven-Sexed Ciliate[END_REF][START_REF] Ebchuqin | Evidence for participation of GCS1 in fertilization of the starlet sea anemone Nematostella vectensis: implication of a common mechanism of sperm-egg fusion in plants and animals[END_REF][START_REF] Kawai-Toyooka | Sex-specific posttranslational regulation of the gamete fusogen GCS1 in the isogamous volvocine alga Gonium pectorale[END_REF][START_REF] Steele | Evolutionary history of the HAP2/GCS1 gene and sexual reproduction in metazoans[END_REF] suggests that it is likely an ancestral gamete fusogen already present at the origin of eukaryotic life [START_REF] Wong | Is HAP2-GCS1 an ancestral gamete fusogen?[END_REF].

HAP2 is present exclusively in male gametes in most of the organisms where it was identified -or in minus type gametes in the case of isogamous organisms such as algae. The gamete fusion process has been studied in highest detail in C. reinhardtii, where HAP2 was shown to localize to the "mating structure", a projecting organelle at the plasma membrane located in between the two flagella of the minus gametes [START_REF] Pan | Protein transport and signal transduction during fertilization in chlamydomonas[END_REF].

We recently reported the x-ray structure of the C. reinhardtii HAP2 ectodomain. Although this structure lacked information about important functional regions, it revealed clear homology to class II viral fusion proteins [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF], a notion supported by parallel functional studies on HAP2 from other eukaryotic phyla [START_REF] Angrisano | Targeting the Conserved Fusion Loop of HAP2 Inhibits the Transmission of Plasmodium berghei and falciparum[END_REF][START_REF] Pinello | Structure-Function Studies Link Class II Viral Fusogens with the Ancestral Gamete Fusion Protein HAP2[END_REF][START_REF] Valansi | Arabidopsis HAP2/GCS1 is a gamete fusion protein homologous to somatic and viral fusogens[END_REF]. The structural study also showed that the HAP2 ectodomain trimerizes upon insertion to membranes, adopting a hairpin arrangement typical of the postfusion form of the viral proteins, with the transmembrane (TM) proximal region and the fusion loops together at one end of the trimer (Figure 1).

In spite of being structurally unrelated, the three characterized structural classes of viral fusion proteins, termed class I, II and III [START_REF] Igonet | SnapShot: Viral and eukaryotic protein fusogens[END_REF], were shown to function via a similar mechanism [START_REF] Harrison | Viral membrane fusion[END_REF]. Anchored in the viral lipid envelope by a C-terminal TM segment, they have a bulky N-terminal ectodomain folded in a metastable conformation at the viral surface. Interactions with the target membrane trigger an exergonic conformational change during which the protein exposes a polypeptide segment, termed "fusion peptide" when it is N-terminal or "fusion loop" when it is internal. This segment inserts firmly into the outer leaflet of the target cell membrane while the protein adopts a transient, elongated trimeric conformation (Figure 1A). The trimer subunits then further re-organize into a hairpin that brings both membranes into close apposition (within 1 nm), thereby overcoming the repulsive force between the two membranes generated by the required dehydration of the outer leaflets to allow lipid contact, helping catalyze the membrane fusion reaction.

The reported HAP2 structure displayed the three characteristic β-sheet-rich domains of viral class II fusion proteins, organized around the central domain I. In the post-fusion form, domain I is a 10-stranded β-sandwich with the inner A 0 B 0 I 0 H 0 G 0 β-sheet packing against the outer J 0 C 0 D 0 E 0 F 0 β-sheet (Figure 1B). At the domain I "front" end, two of the connections between consecutive β-strands make very long excursions to form the elongated domain II: the D 0 E 0 connection spans domain II β-strands a' through e', while the H 0 I 0 connection makes β-strands f through l (Figure 1B andC). The fusion loops are located in the segment connecting β strands c and d, at the very tip of domain II. At the opposite end of domain Ithe "bottom" end -a flexible linker connects to domain III, which has an immunoglobulin superfamily fold and is in turn connected to the C-terminal viral TM anchor via a flexible segment called "stem". Although the structure of HAP2 in the pre-fusion form is not known, structural studies on pre-and post-fusion forms of viral class II fusion proteins [START_REF] Bressanelli | Structure of a flavivirus envelope glycoprotein in its low-pH-induced membrane fusion conformation[END_REF][START_REF] Gibbons | Conformational change and protein-protein interactions of the fusion protein of Semliki Forest virus[END_REF]Guardado-Calvo et al., 2017;[START_REF] Halldorsson | Structure of a phleboviral envelope glycoprotein reveals a consolidated model of membrane fusion[END_REF][START_REF] Modis | Structure of the dengue virus envelope protein after membrane fusion[END_REF] have shown that the transition mostly involves a rearrangement of the three domains with respect to each other, with domain III undergoing an important translation to relocate to the sides of the trimer (diagrammed in Figure 1A). Importantly, in all cases studied, the central domain I undergoes the most significant internal rearrangement, with β-strand A 0 switching from the inner to the outer β-sheet. This change is accompanied by formation of βstrand J 0 , which in the pre-fusion form is part of the linker between domains I and III, and by a significant rearrangement of the A 0 B 0 , C 0 D 0 and E 0 F 0 inter-strand connections (Figure 1). These studies suggest that these same regions are also likely to undergo structural changes during the HAP2 trimerization to adopt its post-fusion form.

Although they drive fusion in an overall similar way, the viral fusion proteins of the various classes have different ways of ensuring a stable enough insertion into the target membrane to withstand the molecular gymnastics diagrammed in Figure 1A. In the case of the influenza virus hemagglutinin (HA) (the prototype class I fusion protein), the fusion peptide displays a random coil conformation in the pre-fusion form [START_REF] Wilson | Structure of the haemagglutinin membrane glycoprotein of influenza virus at 3 A resolution[END_REF], but restructures upon exposure to a membrane into an α-helical hairpin projecting nine bulky non-polar side chains [START_REF] Harter | Hydrophobic binding of the ectodomain of influenza hemagglutinin to membranes occurs through the "fusion peptide[END_REF][START_REF] Lorieau | The complete influenza hemagglutinin fusion domain adopts a tight helical hairpin arrangement at the lipid:water interface[END_REF]. In contrast, for certain class II proteins such as that of the Rift Valley fever virus (RVFV, a bunyavirus), the fusion loop maintains the same conformation it has in the pre-fusion form. In this case, a pre-formed pocket accommodates the head groups of glycerophospholipids of the membrane's outer leaflet by making multiple hydrogen bonds (Guardado-Calvo et al., 2017). Combined with the insertion of only one or two bulky aromatic side chains of the fusion loop, these polar interactions provide stable enough anchoring to drive the fusion process.

Here, we report the X-ray structure of the C. reinhardtii HAP2 ectodomain derived from a different crystal form that resolves most of the regions that were missing in the previous structure. It shows that the fusion loops are folded as three amphipathic helices in a horseshoe-shaped arrangement. Mutagenesis altering the non-polar character of the exposed residues in the fusion helices disrupted the ability of the HAP2 ectodomain to insert into liposomes. This structure also showed the presence of an unanticipated cystine ladder-like motif reminiscent of the epidermal-growth factor (EGF)-like domains inserted in loop C 0 D 0 , packing against a mucin-like region in loop E 0 F 0 at the bottom end of domain I.

Results

Crystallization of the intact HAP2 ectodomain. The crystals used to determine the previously reported HAP2 X-ray structure grew only after limited proteolysis of the HAP2 ectodomain [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. Here we screened for crystallization conditions of the unproteolysed HAP2 ectodomain in complex with HAP2-specific monoclonal antibodies (Mabs) obtained previously [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. The complex with the single chain variable fragment (scFv) of one of these antibodies resulted in crystals in the hexagonal space group P6 3 22 diffracting to 2.6Å resolution (Figure S1). Structure determination by molecular replacement using the atomic model of HAP2, PDB code 5MF1, resulted in an electron density map of HAP2 displaying 1 protomer per asymmetric unit (i.e., with the trimer axis coincident with a crystallographic 3-fold axis) and 80% of the volume occupied by solvent (Table 1). Unexpectedly, this map did not reveal density for a bound scFv. It is possible that formation of the crystal lattice displaced the bound antibody, or that it is present but disordered in the large solvent volumes in between HAP2 molecules (Figure S1). In any event, the electron density allowed tracing the polypeptide chain for most of the HAP2 ectodomain, including loops that were not resolved in the available structure. In total, the new model contains 551 out of 573 residues (Figure 1B), with a break of about 15 residues in the fg loop in domain II -a loop projecting laterally, perpendicular to the trimer axis and roughly midway between top and bottom. Potential antibody binding to this loop could explain the absence of scFv density in the crystal, and will be the object of future experiments. Also missing was part of loop E 0 F 0 at the trimer bottom (Figure S1).

Crystallographic refinement led to a final model containing 4136 atoms in total, with free R factor of 24.3% at 2.6Å. Comparison of the new model with the previously determined structure resulted in a root mean square deviation (RMSD) of 0.528 Å for 528 aligned Cα atoms, indicating that they are very close, with minor changes at the tip of domain II, where the proteolytic treatment to obtain the crystals may have locally affected the protein conformation.

Potential protein-protein interaction modules in domain I

Mucin-like region (MLR). The new crystals revealed density for loops C 0 D 0 and E 0 F 0 (Figure 2). These two segments are highly variable in sequence and length in HAP2 orthologs across eukaryotes (Figures S2 andS3), and are particularly long in HAP2 from green algae. In C. reinhardtii HAP2, the longest is loop E 0 F 0 (residues 239-284), a 45-residue long segment rich in proline and serine/threonine residues (Figure S2A), which are typical of heavily Oglycosylated proteins such as the mucins [START_REF] Shogren | Role of glycosylation on the conformation and chain dimensions of O-linked glycoproteins: light-scattering studies of ovine submaxillary mucin[END_REF] (Figure 2A, left panel and Figure S2A). MLRs, which are known to confer unique rheological properties on proteins [START_REF] Tabak | In defense of the oral cavity: structure, biosynthesis, and function of salivary mucins[END_REF], are present on viral proteins involved in attachment to cells, for instance in glycoprotein C of herpes simplex viruses [START_REF] Rajcani | The role of herpes simplex virus glycoproteins in the virus replication cycle[END_REF], the respiratory syncytial virus glycoprotein G [START_REF] Satake | Respiratory syncytial virus envelope glycoprotein (G) has a novel structure[END_REF][START_REF] Wertz | Nucleotide sequence of the G protein gene of human respiratory syncytial virus reveals an unusual type of viral membrane protein[END_REF], or in the surface glycoprotein of Ebola virus [START_REF] Kirchdoerfer | Filovirus Structural Biology: The Molecules in the Machine[END_REF]. These viral proteins have in common the recognition and binding of glycosaminoglycans (GAGs) present at the surface of target cells, and the MLR was shown to modulate GAG binding [START_REF] Altgarde | Mucin-like Region of Herpes Simplex Virus Type 1 Attachment Protein Glycoprotein C (gC) Modulates the Virus-Glycosaminoglycan Interaction[END_REF]. In animals, MLRs are found on many proteins anchored at the cell surface, as well in secreted proteins, and were found to modulate cell recognition and adhesion via sugar/lectin interactions [START_REF] Tran | Mucin-type O-glycosylation during development[END_REF]. Although the new crystals did not entirely resolve the E 0 F 0 loop, they showed density for its N-terminal six amino acids (sequence PTAPSP, downstream of strand E 0 ) as well as its C-terminal 14 residues (271-APQFLSPPAPSTRE-285) preceding β-strand F 0 (Figure 2A), accounting in total for 40% of the loop. The latter the proline rich segment packs against the bottom of domain I, and also contacts loops A 0 B 0 and C 0 D 0 of the neighboring subunit. Of note, the downstream F 0 and G 0 β-strands in the previously reported structure were miss-assigned and were out of register by two residues, due to poor electron density in this region and the more limited resolution of those crystals. In addition, the density that had been interpreted as a potential O-glycosylation on residue Thr577 at the end of domain III, is clear in the new structure to correspond to an N-linked glycan attached to Asn578. These errors were corrected in the present structure.

Cystine ladder-like (CLL) motif. The 37-residue long C 0 D 0 loop is completely resolved in the new structure, and displays a CLL motif with three parallel disulfide bonds (Figure 2A, right panel). This motif is present only in HAP2 from green algae (Figure S3), across which it is highly conserved (Figure 2B). Authentic cystine ladder motifs have been observed in θdefensins [START_REF] Conibear | Structural characterization of the cyclic cystine ladder motif of theta-defensins[END_REF], which are 18-residue long cyclic peptides with antifungal, antibacterial, and antiviral activities first isolated from primates [START_REF] Tang | A cyclic antimicrobial peptide produced in primate leukocytes by the ligation of two truncated alpha-defensins[END_REF]. The CLL motif in the C 0 D 0 loop is however more reminiscent of EGF-like domains (Fig. 2D), which are extra-cellular modules identified in animals, found as single or as multiple copies connected sequentially [START_REF] Bork | Structure and distribution of modules in extracellular proteins[END_REF]. Protein-protein contacts involving EGF-like modules are associated with blood coagulation, complement activation, cell adhesion, or determination of embryonic cell fate during animal development [START_REF] Bork | Structure and distribution of modules in extracellular proteins[END_REF][START_REF] Carpenter | Epidermal growth factor[END_REF][START_REF] Stenflo | Structure-function relationships of epidermal growth factor modules in vitamin K-dependent clotting factors[END_REF]. These domains are also around 40 aa long and contain six conserved cysteine residues forming three disulfide bonds. The arrangement of these bonds is intermediate between the CLL and the "cystine knot motif" observed in many bioactive peptides [START_REF] Daly | Bioactive cystine knot proteins[END_REF]. In HAP2, the CLL motif is inserted at the turn of a β-hairpin formed by domain I consecutive β-strands C 0 and D 0 , and so the N-and C-termini are next to each other (Figure 2D, left panel). In contrast, the "chain of beads" organization of sequential EGF-like domains directs their termini to opposite ends (Figure 2D). This different topology results in a change in the disulfide connectivity, with a 1-3, 2-4 and 5-6 bonding pattern in EGF-like modules and 1-2, 3-6 and 4-5 in the HAP2 CLL (Figure 2B). The HAP2 C 0 D 0 loop displays an electrostatically charged surface potential (Figure 2C) -a hallmark of EGF-like modules -although the CLL does not display the Ca 2+ binding motif present in a subset of the EGF-like domains [START_REF] Rao | The structure of a Ca(2+)-binding epidermal growth factor-like domain: its role in protein-protein interactions[END_REF].

The stem region.

Another region that had not been resolved previously is the stem segment that connects domain III to the C-terminal TM helix. The new structure resolves the N-terminal 12 residues of the stem, showing that it is directed toward the tip of domain II of the adjacent "left" subunit in the trimer (Figure 3). Compared to the two viral class II proteins for which the stem is resolved, RVFV Gc and rubella virus (RV) E1, the path of the stem to reach the fusion loops in the HAP2 post-fusion trimer is different. In spite of a similar positioning of domain III, the stem does not turn back to interact with domain II from the same protomer (in yellow in Figure 3) as in RVFV. HAP2 is also different to RV E1, as in this case not only the stem but also domain III interacts with the alternative adjacent subunit (to the "right" in the trimer, Figure 3, right panel). The HAP2 stem fills a surface groove in the adjacent protomer, formed between the bc loop and the aefg β-sheet of domain II. The polar contacts include a short segment of antiparallel main-chain β-interactions (strand m, residues 587-589, Figures 1B and1C) with the bc loop, inducing formation of strand s (residues 149-151) (Figure 3, inset). The construct used for crystallization ended at residue G592, followed by the affinity tag. The last residue ordered in the structure is N591 (Figure 1C), with the stem ending roughly at the level of the bdc β-sheet in the domain II tip. In full-length C. reinhardtii HAP2, there are 42 aa between this point and the TM helix, including an amphipathic membrane proximal external region (MPER). Comparison with the viral proteins (Figure 3) suggests that the distance remaining to reach the fusion loops would be spanned by about 10-12 residues, until about position 604. The sequence of the remaining C-terminal part (residues 605-633, Figure S4) is compatible with the MPER present in a number of viral fusion proteins [START_REF] Cai | Biochemistry and biophysics of HIV-1 gp41membrane interactions and implications for HIV-1 envelope protein mediated viral-cell fusion and fusion inhibitor design[END_REF][START_REF] Guardado-Calvo | The Envelope Proteins of the Bunyavirales[END_REF][START_REF] Shogren | Role of glycosylation on the conformation and chain dimensions of O-linked glycoproteins: light-scattering studies of ovine submaxillary mucin[END_REF]. The MPER has so far eluded structural characterization for any fusion protein in the context of the post-fusion form (the MPER is not represented, for clarity, in the diagram of Fig. 1A).

The HAP2 membrane insertion region

The packing between HAP2 trimers in the new crystals involves 2-fold symmetric head-tohead interactions along the 3-fold crystallographic axis (Figure S1). This "dimer of trimers" is likely to correspond to the "hexamer" observed in the size-exclusion chromatography (SEC) profile of the purified recombinant HAP2 ectodomain (Figure S1A, left panel). In this assembly, the non-polar residues at the tip of domain II are masked from solvent. This interaction between trimers results in the fusion loops being entirely resolved in the new structure. The segment between β-strands c and d of domain II, which is 40 residues long, projects two loops (cd1 and cd2 in Figure 3B) exposing non-polar side chains. In place of the single αF fusion helix observed in A. thaliana HAP2 and the three potential short fusion loops of T. cruzi HAP2 (Figure 4A), in C. reinhardtii the HAP2 membrane insertion surface is composed of helix αF1 in loop cd1 and αF2 in cd2, running roughly antiparallel to each other (Figure 5, left panels), and a small 3 10 helix (ηF) also in loop cd2 directly preceding αF2. The three "fusion helices" are arranged into a horseshoe shape, exposing the non-polar residues toward the target membrane (Figures 4 and5). αF1 is 9 aa long and exposes residues W173 and F177; ηF is only one turn and exposes F192 and W193, and αF2 is 7 aa long and exposes P196, L197, L200 and I201 (Figure 4). In addition to providing a firm hold of the protein onto the target membrane, the substantial membrane insertion surface is likely to generate a significant stress upon insertion into the outer leaflet of the opposing gamete membrane. The resulting lipid bilayer destabilization can potentially also play a role in facilitating the downstream membrane fusion process.

The HAP2 cd segment is long in comparison with the cd loop of the fusion protein of the well-studied flaviviruses (10 residues) [START_REF] Modis | Structure of the dengue virus envelope protein after membrane fusion[END_REF] or bunyaviruses like RVFV ( 15residues) (Guardado-Calvo et al., 2017), but not when comparing to other class II viral fusion proteins. For instance, RV E1 has a 48 aa long cd inter-strand connection [START_REF] Dubois | Functional and evolutionary insight from the crystal structure of rubella virus protein E1[END_REF], featuring an additional β strand (c') that augments the bdc β-sheet at the domain II tip into bdcc' and two fusion loops, cc' and c'd (Figure 3B). In HAP2, cd1 and cd2 are separated by the arginine residue (Figure 4A) making a strictly conserved salt bridge (R185-E126 in C. reinhardtii HAP2) with a glutamic acid in β-strand b [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. This salt-bridge is a distinctive HAP2 feature among all class II proteins, linking the variable membrane insertion region to the highly conserved core of the protein [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF]. The R185 side chain not only makes a salt bridge but also donates multiple hydrogen bonds to backbone carbonyls of the highly conserved "ij loop" (Figure 4A), so named because it takes the place of the ij βhairpin of viral class II proteins. The HAP2 ij loop is the central part of the pfam 10699 motif [START_REF] Finn | Pfam: the protein families database[END_REF], a ~50 aa long stretch of conserved sequence that allowed the identification of HAP2 in numerous eukaryotic species.

Although the aa 184-190 stretch (i.e., including the conserved R185) in between cd1 and cd2 was ordered in the previous structure and formed an α-helix termed α0, it displays an extended conformation in the new structure (Figures 1B and 4A,left panel). This segment is also extended in Arabidopsis thaliana HAP2 (Figure 4A, middle panel) [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF].

The difference between the two C. reinhardtii HAP2 structures in this stretch could have been induced by the in situ proteolytic treatment used to grow the initial crystals. α0 helix folding/unfolding could also be a mechanism required to fully project the cd loop toward the target membrane during the fusogenic conformational change of HAP2. Indeed, the crystal structure of domain II of T. cruzi HAP2 does display an α0 helix in the same location and orientation (Figure 4A, right panel). In contrast to the fusion helices, α0 runs perpendicular to the target membrane. The only non-polar bulky residues present at the membrane insertion region are in the second turn of the T. cruzi HAP2 α0 helix, and are not fully exposed (Figure 4A, third panel), suggesting that this segment may have adopted an alternative conformation in the aqueous environment used for crystallization [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF].

The non-polar residues of the fusion helices are required for liposome binding.

Our previous results demonstrated that gamete fusion in vivo correlates with the ability of HAP2 to insert into liposomes in vitro [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF][START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. To confirm that the exposed residues of the fusion helices are indeed important for membrane insertion, we examined the behavior of the HAP2 ectodomain and of selected mutants in liposome coflotation in density gradients, as described in the STAR Methods section. All the mutants tested were similar to wild type in terms of expression yields and transit through the quality control system of the producer cells for secretion. The SEC profiles of the mutants were also similar to wild type, indicating that the introduced mutations did not induce any obvious misfolding, as expected for exposed residues such as those being tested.

As P196 induces an important kink causing the shift from ηF to αF2 in loop cd2, we tested the effect of the P196A mutation and found that there were no statistically significant differences with wild type (Figure 4C) in liposome co-flotation. The kink induced by P196 in the conformation of the fusion helices is thus not essential for insertion into membranes. In contrast, we found a more drastic effect when we substituted the non-polar residues by histidine, a polar aa. Indeed, the double mutants W173H/F177H (αF1), W192H/F193H (ηF) and the triple mutant L197H/L200H/I201H (αF2) displayed essentially no detectable liposome binding. The triple mutant L197Q/L200Q/I201Q had the same effect, suggesting that any polar side chain replacing the non-polar bulky side chains of these helices will interfere with membrane binding, as expected. This last result is also an important control, as the introduction of multiple neighboring histidines could induce local repulsion upon their protonation, although the membrane binding assays were done at pH 7.4 and the pKa of solvent-exposed histidine side chains is 6.8. Of note, in contrast to virus fusion driven by class II fusion proteins, which takes place in the acidic environment of the endosomes, Chlamydomonas gamete fusion occurs in the extracellular environment at neutral pH.

When the same bulky non-polar residues were replaced by alanine, which has a small nonpolar side chain, the effect on membrane insertion was less striking: the difference in binding of double mutant W192A/F193A in ηF was less significant with respect to wild type, and W173A/F177A (αF1) or L197A/L200A/I201A (αF2) displayed reduced binding although not as significant as the mutants with polar residues. It required a mutant with alanine substitution in both, αF1 and ηF, W176A/F177A/W192A/F193A, for a complete loss of binding comparable to the experiments involving substitution by polar residues (Figure 4C). These experiments therefore demonstrate that the bulky non-polar residues of the fusion loops indeed control the insertion of the HAP2 ectodomain into lipid bilayers. The differences observed when substituting them to alanine instead of polar residues suggest that certain positions are key anchoring sites requiring a bulky non-polar side chain, whereas others are necessary only to maintain the non-polar character of the surface. This is evidenced in particular by the significant difference in insertion to liposomes of the mutant W173A/F177A compared to W192A/F193A (Figure 4C, bottom panels).

Discussion

The X-ray structure of the C. reinhardtii HAP2 ectodomain described here has higher resolution and provides views of important functional regions that were not resolved in the previously reported structure. One crucial segment that was missing is the tip of domain II and its fusion loops, which must insert into the target membrane and are critical for the membrane fusion function of HAP2. The new structure shows that the domain II tip exposes a hydrophobic platform formed by three short helices projecting ten bulky non-polar residues that are used for membrane insertion (Figure 1A, steps ii to v). This region is involved in hydrophobic head-to-head interactions between two HAP2 trimers to form the crystals (Figure S1B), making a dimer of trimers that was also observed in solution (Figure S1A, left panel).

The arrangement of the membrane insertion surface in C. reinhardtii HAP2 is reminiscent of the α-helical hairpin of the influenza virus HA fusion peptide, which projects nine bulky nonpolar residues (Figure 5, second panel) into the target membrane (reviewed in [START_REF] Apellaniz | The three lives of viral fusion peptides[END_REF]). This structure forms only upon interaction of the HA fusion peptide with the outer leaflet of the membrane, whereas in HAP2 the helical arrangement appears to be pre-formed in the protein. An important difference is that in HA the two antiparallel amphipathic helices pack very tightly against each other, whereas in HAP2 they have a rather loose, horseshoeshaped arrangement. The HAP2 fusion loops are also very different to those of the viral class II proteins that have been characterized, such as the fusion proteins of flaviviruses -i.e, dengue virus E [START_REF] Klein | Structure of a dengue virus envelope protein late-stage fusion intermediate[END_REF][START_REF] Modis | Structure of the dengue virus envelope protein after membrane fusion[END_REF], of Gc from bunyaviruses such as RVFV (Guardado-Calvo et al., 2017) (Figure 5, right panels), and also to the RV E1 fusion loops (Figure 3B). Molecular dynamics analyses using RVFV Gc showed that insertion of the fusion loop involves a rearrangement of the membrane such that the bulky lipid head groups move apart to avoid clashes with the main chain of the inserted loop. The presence of lipids with very small polar heads were found to be required in the membrane to fill the void created in the aliphatic moiety at the site of insertion. This effect would be more drastic in the case of C. reinhardtii HAP2 as the inserted motif is much larger (compare panels in Figures 4A and5). We note that the tips of the three domains II in the HAP2 trimer leave an empty space at the center (Figure 4B), which we propose is important to accommodate the displaced bulky lipid head groups upon insertion of the fusion helices. In influenza virus HA2, the tight αhelical platform of the fusion peptide is loosely tethered via a flexible linker to the central, rigid trimeric α-helical coiled coil of the HA2 subunit of HA [START_REF] Bullough | Structure of influenza haemagglutinin at the pH of membrane fusion[END_REF][START_REF] Chen | N-and C-terminal residues combine in the fusion-pH influenza hemagglutinin HA(2) subunit to form an N cap that terminates the triplestranded coiled coil[END_REF], providing flexibility and leaving space to accommodate the displaced lipid head groups. In HAP2, not only the lateral packing of the fusion helices appears to be loose (the minor effect of the P196A mutation in liposome binding shown in Figure 4C indeed suggest that this region displays conformational malleability), but their connection to the rigid bdc βsheet of the domain II tip also displays flexibility (Figure 4A) that is potentially important for membrane insertion. The relatively flexible connection to the bdc β-sheet could combine with a potential rocking about the strictly conserved R185-E125 salt bridge (Figure 4A). The malleability of this region is further exemplified by formation or not of a vertical α0 helix around the R185 position. We also note that sequence analysis of the HAP2 fusion loop region further suggests that the three fusion helices are not conserved in many algae (Figure S5), and some appear to have a single fusion helix, similar to HAP2 from the flowering plants [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF]. Future studies using molecular dynamics simulations by taking advantage of the currently available X-ray structures of three orthologs should be useful to better understand the HAP2 membrane insertion process.

A driver for the high variability observed in certain regions of HAP2 may be the requirement of barriers that avoid cross-species fertilization. In the viral class II proteins, the fusion loops are exposed only at the time of fusion, and until this moment the protein is maintained in a metastable conformation via interaction with itself (as diagrammed in Figure 1A, panel i) or most commonly with other proteins, such that that the fusion loops are masked [START_REF] Guardado-Calvo | The Envelope Proteins of the Bunyavirales[END_REF][START_REF] Kielian | Class II virus membrane fusion proteins[END_REF]. The high sequence variability of the HAP2 fusion loops could thus be driven by its necessary interaction with species-specific proteins that recognize and bind to this region. The controlled release of their grip on HAP2 could then be a way to trigger its fusogenic conformational change and exposure of the fusion helices (corresponding to panel ii in Figure 1A). In our in vitro experiments, in the absence of the putative interacting molecules normally present in the in vivo situation, the recombinant HAP2 ectodomain is triggered spontaneously to change conformation, with monomers trimerizing irreversibly in solution to form post-fusion trimers that interact head-to-head (Figure S1). The remaining monomers in our preparations remain competent for membrane insertion, by forming membrane-inserted post-fusion trimers when incubated with liposomes [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF][START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. Cellular fusion events are normally controlled so that they can take place fast but only at the required time and space. This is evidenced, for instance, in neurotransmitter release, where the fusogenic SNARE proteins are controlled by an array of other synaptic proteins that allow for very fast fusion of vesicles that are pre-bound at the cytosolic side of the plasma membrane. The rate-limiting steps involved in priming the fusion machinery have already taken place when a signal provided by calcium influx activates fusion [START_REF] Brunger | Molecular Mechanisms of Fast Neurotransmitter Release[END_REF]. In the case of HAP2-driven gamete fusion, our results now suggest that in addition to fusion loop masking, there may be additional controls at other steps -such as trimerization, which involves rearrangements in the bottom end of domain I. Our data further suggest additional potential means of identifying interaction partners of HAP2 in vivo, for instance by comparative co-immunoprecipitation using HAP2 wild-type and variants mutated at key sites at the domain I bottom. liposome binding experiments. PL completed the crystallographic refinement. TK, JF, EB and FAR conceived the research.
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The authors declare no financial interest. FAR is a consultant with Flagship Pioneering. [START_REF] Chao | Sequential conformational rearrangements in flavivirus membrane fusion[END_REF]. v) Fusion pore formation. Upon contact of the two membranes, fusion proceeds via an initial merger of the outer leaflets of the two membranes ("hemifusion", not shown) followed by formation of a fusion pore, as illustrated here.

B) The HAP2 ectodomain, crystallized in the post-fusion form (corresponding to panels iv and v in A). Left panel: the previously reported X-ray structure of a partially proteolysed C. reinhardtii HAP2 ectodomain to 3.3Å resolution. The foreground subunit is colored by domains as in A). The intervening α0 helix is highlighted in brown (brown arrow). Disordered In HAP2, the stem interacts with domain II of the "left" subunit in the trimer. In RVFV, it interacts with domain II of the same subunit (in yellow). In the RV E1 trimer, both domain III and the stem interact with the subunit to the right. For context, a fused membrane is schematized at the top, with hydrophilic and aliphatic moieties in light and dark grey, respectively. The inset (left panel) shows a more detailed view of the stem (magenta) inserted in the groove formed by the bc loop and aefg β-sheet of the adjacent protomer (grey). Dashed lines represent inter-chain hydrogen bonds between the stem and domain II. A. thaliana (center) and T. cruzi (right) [START_REF] Fedry | Evolutionary diversification of the HAP2 membrane insertion motifs to drive gamete fusion across eukaryotes[END_REF]. The helices in fusion loops 1 and 2 are colored light orange and yellow, respectively (as in Figure 1B). Broken orange lines mark a 2-residue disordered segment in the bc loop in T. cruzi HAP2 that could potentially also insert into the target membrane. The panels were aligned on the conserved salt bridge (indicated by a continuous horizontal line), showing that the membrane would be at a variable distance from the bdc core β-sheet (the horizonal dashed lines mark roughly the limits of the polar moiety of the membrane's outer leaflet). This figure highlights the potential malleability of the membrane insertion surface. density reaches approximately 7x10 6 cells/ml. At 5 days post-induction, the cells were pelleted and the soluble ectodomain was purified by affinity chromatography from the supernatant on a StrepTactin Superflow column. The strep tag was then removed by treatment with enterokinase and the protein was further purified by SEC on a Superdex200 column equilibrated with 10 mM bicine pH 9.3. As we reported previously [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF], low ionic strength conditions at pH 9.3 reduce formation of HAP2 hexamers. As shown in Figure S1, hexamers appear to form by head-to-head interaction between two trimers via the hydrophobic fusion loops, thus interfering with HAP2 binding to membranes.

The yields of HAP2 ectodomain obtained from S2 cells was around 15 mg/l of cell culture.

The purified protein was concentrated to approximately 5 mg/ml.

We also generated an S2 stable cell line expressing antibody A20 scFv, which was expressed following the same procedures used for the HAP2 ectodomain. The complex between the HAP2 ectdomain and scFv A20 was obtained mixing both proteins in a molar ratio 1:2 and incubating overnight at 4˚C. The HAP2-scFv A20 complex was then separated from unbound scFv on a Superdex200 column. The fractions in Figure S1, right panel, corresponding to the complex were pooled and then concentrated to approximately 7 mg/ml.

Crystallization and Structure Determination

Crystals were grown using the sitting drop method at 293K by mixing HAP2-scFv A20 protein solution in a ratio 1:1 with reservoir solution containing 0.2M LiSO 4 , 0.1M Tris-HCl pH 8.5 and 25% w/v PEG 5000 MME. Small hexagonal plates obtained after 5 days were cryoprotected with reservoir solution containing 15% glycerol and plunged in liquid nitrogen.

Data collection was carried out at the SOLEIL synchrotron (St Aubin, France). Data were processed, scaled and reduced with XDS [START_REF] Kabsch | Automatic indexing of rotation diffraction patterns[END_REF] and AIMLESS [START_REF] Evans | How good are my data and what is the resolution?[END_REF]. Diffraction anisotropy was corrected with DEBYE and STARANISO programs using the STARANISO server (http://staraniso.globalphasing.org/). These programs perform an anisotropic cut-off of merged intensity data, a Bayesian estimation of structure amplitudes and apply an anisotropic correction to the data. The HAP2 structure was determined by molecular replacement using PHASER and the coordinates of the previous crHAP2e ectodomain (PDB accession code 5MF1) as search model. The model was corrected and completed using COOT [START_REF] Emsley | Features and development of Coot[END_REF] and the corrected anisotropic amplitudes were used for model refinement in BUSTER [START_REF] Bricogne | BUSTER version 2.9[END_REF]. The stereochemical properties of the model were validated with MolProbity [START_REF] Chen | MolProbity: all-atom structure validation for macromolecular crystallography[END_REF]. 

Figure 1 .

 1 Figure 1. The new structure reveals functional species-specific regions of HAP2. (A) Diagram illustrating the rearrangement of viral class II fusion proteins to catalyze membrane fusion. The three domains are colored red, yellow and blue (for domains I, II and III, respectively), the fusion loop orange, the stem magenta and the TM segment grey. Viral and cellular membranes are in light and dark grey, respectively. i) Prefusion arrangement, with the fusion loop buried at an oligomeric contact -a homo-dimer in the flaviviruses (as shown here, with the dimer partner striped for clarity, except that the flavivirus fusion protein spans the membrane twice) or a heterodimer with a companion protein (as in alphaviruses and bunyaviruses). ii) Triggering of the fusogenic conformational change. The acidic environment of an endosome leads to dimer dissociation and exposure of the fusion loops. iii) Extended intermediate bridging the two membranes. Multiple monomers at the viral surface insert into the target membrane with concomitant trimerization into an extended intermediate form, separating the two membranes at distances of about 15 nm. The curved arrows indicate the subsequent relocation of domain III to make a hairpin. iv) Hairpin formation and pulling of the two membranes against each other. Domain III relocation to the side of the trimer redirects the stem toward the fusion loops, thereby pulling the two membranes against each other (grey arrows) to a distance within 1nm, forcing outer leaflet dehydration to allow membrane contacts. Domain III relocation is accompanied by a domain I internal reorganization, indicated by a red square instead of a red circle. Several adjacent trimers are required to drive fusion[START_REF] Chao | Sequential conformational rearrangements in flavivirus membrane fusion[END_REF]. v) Fusion pore formation. Upon contact of the

  domain II loops are indicated by arrowheads. Black arrows at the bottom end mark the observed limits of the domain I C 0 D 0 and E 0 F 0 connections. Middle panel: Ribbon representation of the new 2.6Å resolution structure. The foreground subunit is shown in dark grey with regions not resolved previously highlighted in colors according to the domain they belong to (as in Figure 1A). A central light blue bar marks the molecular 3-fold axis of the trimer. Right panel: the foreground subunit rotated as indicated and colored by domains to allow labeling the secondary structure elements buried in the trimer. In all panels, disulfide bonds are drawn as green sticks and N-linked glycan chains as sticks colored according to atom type (carbon white, nitrogen blue, oxygen red). A brown arrow in the middle and right panels marks the region of extended conformation that corresponds to the α0 helix in the left panel. (C) C. reinhardtii HAP2 aa sequence on a background colored by domains (as in A and B) and secondary structure elements marked. Regions not resolved in the previous structure are boxed. The remaining unstructured regions are in white background. N-linked glycosylation are marked by full or empty blue stars for resolved sugar residues or disordered glycans, respectively. The grey arrow marks the last residue (592) in the HAP2e expression construct. A dashed box frames the MPER.

Figure 2

 2 Figure 2 MLR and CLL motifs in domain I. (A) The HAP2 trimer is shown at the center with boxes indicating the two insets, the E 0 F 0 (left) and C 0 D 0 (right) loops. Left panel: the dashed curved line represents the disordered central region of the E 0 F 0 loop (residues 245-270), with its mucin-like sequence displayed underneath with N-linked glycosylation sequons marked in blue. Right panel: The CLL motif in the C 0 D 0 loop with the disulfides drawn in green and labeled as in Figure 1C. (B) Sequence alignment of the CLL motif showing its conservation across green algae, with cysteines in green the disulfide connectivity indicated. See STAR methods for abbreviations. (C) Surface electrostatic potential of the CLL motif displayed on a scale of -1 to 1 kT/e, from red (acidic) through neutral (white) to basic (blue). (D) The C 0 D 0 loop CLL is shown at the center, next to an authentic cystine ladder motif as observed in θ-defensins (Conibear et al., 2012) (left panel) and to an EGF-like module. The cysteines are numbered sequentially to show the different connectivity of the disulfide bonds (green).

Figure 3 .

 3 Figure 3. The stem inserts into an adjacent subunit domain II groove. HAP2 displayed next to the viral class II glycoproteins for which the stem is resolved: RVFV Gc, (PDB code 6EGU) and RV E1 (PDB accession 4ADI) in their post-fusion conformation.

Figure 4 .

 4 Figure 4. The C. reinhardtii HAP2 membrane insertion surface (A) The tip of C. reinhardtii HAP2 domain II (left) compared to the corresponding region in

  (B) Surface representation of the HAP2 trimer tip colored by hydrophobicity. The grey stripe indicates roughly polar head groups layer of the membrane. Note the space left at the center by the projecting domain II tips of the three trimer subunits, seen on the right panel by depth cuing with white fog. (C) Membrane binding analysis of C. reinhardtii WT and fusion helix mutants of HAP2 by liposome co-flotation assays on iodixanol gradients (Optiprep TM ). Top (T) and bottom (B) fractions of the gradients were analyzed by WB for the presence of the HAP2 ectodomain. The right panels show the quantification of HAP2e detected in the gradient fractions. The values represent the average of three independent experiments ± SD, analyzed by Student's t test. Level of significance are: P<0.05, *; P<0.01, **; not significant, NS.

Figure 5

 5 Figure 5 Comparison of the C. reinhardtii HAP2 fusion surface with viral counterparts. The HAP2 fusion loops (left panel) form a platform projecting hydrophobic residues. As similar platform is formed by the fusion peptide of the class I influenza virus hemagglutinin (PDB code 2KXA). (second panel). The fusion loop of the RVFV (PDB code 6EGU) or the flavivirus fusion protein (PDB code 1OK8) (right panels) is significantly less extensive.

  

  

  

  

  

  

Table 1 . Data collection and refinement statistics.
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STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Félix A. Rey (felix.rey@pasteur.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Insect cell culture:

Drosophila S2 cells were maintained in flasks at 28°C in HyClone medium (GE Healthcare Life Sciences) supplemented with 50 units/mL of penicillin, 50 units/mL of streptomycin and 7 µg/mL of puromycin for selection of stable transfectans. Large-scale cultures for protein production were grown in spinner flasks at 100 rpm. No information on the sex of these cells is available.

Mammalian cell culture:

Expi293F cells were grown at 37°C in Expi293 expression medium (Thermo Fisher) with rotary agitation at 135 rpm. No information on the sex of this cell line is available.

METHOD DETAILS Expression construct for the single chain variable fragment (scFv) of monoclonal antibody A20

Monoclonal antibodies targeting C. reinhardtii HAP2 were generated as described previously [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. For sequencing of the antibody variable regions total RNA was prepared from A20 hybridoma cells and cDNA was synthesized using separate constant region primers for heavy and light chain. Variable regions of heavy and light chain genes were subsequently amplified using gene-specific primers and subcloned into a plasmid for insect cell expression of scFvs described previously [START_REF] Gilmartin | High-level secretion of recombinant monomeric murine and human single-chain Fv antibodies from Drosophila S2 cells[END_REF].

Protein expression and Purification

Drosophila S2 stable cell lines expressing soluble C-terminally truncated Chlamydomonas reinhardtii HAP2 ectodomain (residues 23-592), were generated to obtain high yields of recombinant proteins for crystallization experiments [START_REF] Fedry | The Ancient Gamete Fusogen HAP2 Is a Eukaryotic Class II Fusion Protein[END_REF]. The expression construct included an enterokinase cleavage site (sequence DDDDK) immediately downstream HAP2 G592. at the C-terminal end of the ectodomain, followed by a double strep-tag for purification. The expression of the protein is under the control of metallothionein promoter, which is induced by adding 4 µM CdCl2 to the cell culture medium when the cell

Design and expression of HAP2 fusion loops mutants

Recombinant HAP2 ectodomain and fusion loops mutants for liposome co-flotation experiments were obtained by transient transfection of mammalian cells, by using the pcDNA3.1(+) plasmid with the gene coding for the HAP2 ectodomain (residues 23-592) followed by a double strep-tag at the C-terminal end of the ectodomain. Mutants at positions 173, 177, 192, 193, 197, 200 and 201 were generated by standard PCR methods. Expi293 cells were transfected with WT or mutant constructs using polyethylenimine (PEI, 1 mg/ml) in a DNA:PEI ratio 1:4. Cell culture supernatants were harvested at 5 days post-transfection and protein was purified by affinity chromatography as mentioned above. As for the protein produced in S2 cells, the purified proteins were buffer exchanged to 10 mM bicine pH 9.3 and concentrated to 1 mg/ml, to minimize hexamer formation.

The yields of HAP2 WT expressed in mammalian cells was 200 µg of pure protein per 30 ml of cell culture. The yields of all HAP2 fusion loop mutants tested was in the range of 1 to 2 times the yield of the WT protein.

Liposome Co-flotation Experiments

Liposomes composed of DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), DOPC(1,2-dioleoyl-sn-glycero-3-phosphocholine), cholesterol and sphingomyelin in a molar ratio1/1/3/1, were prepared by the freeze-thaw and extrusion method. 1µM protein was mixed with1 mM freshly prepared liposomes and incubated for 1h at 25oC in 100 mL PBS. Samples were adjusted to a final concentration of 40% Optiprep TM (in PBS), loaded in centrifuge tubes and overlaid with 4.5 mL 20% Optiprep TM and 0.3 mL PBS. Centrifugations were performed overnight at 4oC and 192000 x g on SW55ti rotor. Top and bottom fractions of the gradient were analyzed by immunoblotting using anti-Strep tag antibody.

Illustrations: Cartoon representations were made with PyMol [START_REF] Schrodinger | The PyMOL Molecular Graphics System[END_REF]. The HAP2 amino acid sequence alignments displayed were made by MUSCLE [START_REF] Edgar | MUSCLE: a multiple sequence alignment method with reduced time and space complexity[END_REF]) and rendered with ESPript 3.0 [START_REF] Robert | Deciphering key features in protein structures with the new ENDscript server[END_REF]. The organisms represented in Figure 2 have the following abreviations: Chlamydomonas reinhardtii (Cr), Gonium pectoral (Gp), 

Volvox carterii (forms

QUANTIFICATION AND STATISTICAL ANALYSIS

Densitometry analysis of western blots from liposome co-flotation assays was performed with ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] and expressed as percentage of HAP2e in top and bottom fractions of iodixanol gradients. Results are shown as mean ± SD of three independent experiments (n=3). Differences in liposome binding between HAP2e WT and mutants were analyzed by a Student's t-test (P<0.05, *; P<0.01, **).