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Abstract


This review explores the interaction of annexins with membranes across a variety of eukaryotic domains of life, highlighting this protein family’s role in cellular processes due to its lipid and calcium-binding properties. By comparing annexins’ functions in diverse organisms, we aim to uncover novel insights into their mechanisms of action, particularly in membrane repair, protein trafficking, and potential channel formation. Despite extensive research on mammalian and plant annexins, there is limited information on annexins in invertebrates, fungi, and protists. This review seeks to bridge this knowledge gap, providing a comprehensive understanding of annexin–membrane interactions and their potential implications for cellular function and disease mechanisms across eukaryotic lineages.
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1. Introduction


Plasma membranes, the defining feature of cellular life, serve as the critical interface between the cell and its environment. These complex structures, composed primarily of lipids, proteins, and carbohydrates, not only provide a physical barrier that delineates the cell but also play a pivotal role in numerous cellular processes. They regulate the transport of substances in and out of the cell, facilitate cell-to-cell communication, and provide a platform for biochemical reactions [1]. Within this intricate membrane landscape, certain protein families have adapted to interact specifically with the lipid components of the membrane, mediating crucial functions of the cell. One such protein family is annexins [2].



Annexins constitute a protein family found in almost every eukaryote investigated to date, including animals, plants, and fungi. Annexins are known for two main properties: the ability to bind negatively charged phospholipids and to complex with calcium ions. In the annexin structure, we can specify the disordered head region and the conserved core region containing a 70 amino acid repeat sequence known as the annexin repeat or fold [2,3,4]. Interestingly, annexin homologs have recently also been discovered in bacteria [5], expanding our understanding of the distribution of these proteins beyond eukaryotes. This discovery suggests that annexins may play a more universal role in cellular processes than previously thought.



The basic functions of annexins revolve around their interaction with membranes and calcium ions [3,6]. They are involved in various processes such as forming structures on lipid membranes that can work as anchoring points [7], which is relevant to changes in cell morphology. Annexins were also shown to be involved in the trafficking and organization of vesicles [8,9], and potentially in calcium ion channel formation [10,11,12,13] and unconventional protein secretion (UPS) [14,15].



The impact of annexins on phenotype and disease states, particularly cancer, is a growing area of research. High annexin A1 expression levels correlate with poor prognosis for survival in various cancers with limited treatment options, including triple-negative breast, pancreatic, colorectal, and prostate cancers [16]. This highlights the importance of annexins in our understanding of cellular processes and their potential as therapeutic targets [17,18,19].



The existing literature on annexin orthologues across the eukaryotic tree of life is vast. For this reason, in this review, we refer primarily to the current state of research on the annexin protein family spanning several eukaryotic taxa. The focus of this study is on membrane interactions—modes of interaction, possible structures formed on or at the membrane, and further functional implications resulting from those interactions.




2. Annexins: The Basics


Annexins were initially referred to as synexins [20], a term derived from the ability of annexin A7 to facilitate the fusion of lipid membranes [21]. As time progressed, various annexins were identified and named differently. For example, annexin A1 was known as lipocortin [22,23], and annexin A2 was referred to as calpactin [24,25]. Eventually, the term ‘annexin’ was introduced to denote the superfamily, and this nomenclature is now established. However, inconsistencies in naming conventions persist in the literature, particularly for abbreviations. To maintain consistency in this review, we will adhere to the official nomenclature previously proposed [4]. The abbreviation ‘Anx’ will be used for ‘annexin’, followed by a letter indicating the origin: ‘A’ for vertebrates, ‘B’ for invertebrates, ‘C’ for fungi, ‘D’ for plants, and ‘E’ for protists.



Annexin structure can be coarsely separated into the N-terminal head and the C-terminal core region [2,4,26] (Figure 1). The N-terminal region, in most cases, is disordered (mostly based on in silico structural predictions). It can determine annexins’ ability to interact with other proteins or lipids, which translates into their regulatory functions. The core region is structurally conserved across all annexins and is built of four to ten repeats (Figure 1; annexin domain), consisting of five α-helices, four of which are parallel to each other and one perpendicular to them. These repeats form a curved rhombic shape with concave and convex sides. The convex side is identified by two characteristic properties of annexins: interaction with Ca2+ and lipids [2,27]. In comparison, the concave side takes part in interaction with the N-terminal and protein complex formation [2,4].



Annexin calcium-dependent membrane-binding properties are characterized by two types of interactions. Primary binding is defined as a calcium-mediated electrostatic interaction with phospholipid polar heads [27]. Secondary binding is based on hydrophobic interactions [27]. The specific mechanism of membrane binding varies among different annexins and is influenced by factors such as membrane lipid composition, the presence of Ca2+ ions, and pH [2,3,28,29]. Annexins can form various structures on the surface of a membrane, ranging from simple aggregates to complex networks, depending on the specific annexin and the conditions of the membrane [7,30,31]. These structures are speculated to contribute to the ability of annexins to regulate membrane dynamics and to participate in various cellular processes.



Following membrane binding, annexins can insert themselves into the membrane. This process is thought to involve a conformational change in annexin structure, allowing for the penetration of the lipid bilayer [2,13,32,33]. The exact mechanism of membrane insertion is still a subject of ongoing research, but is considered to play a crucial role in annexin function and subcellular location.




3. Annexin–Membrane Interactions: Modes and Functions


3.1. Annexins and Membrane Repair


3.1.1. Mammalian Cell Systems


One of the most important membrane-related functions of annexins is membrane integrity and continuity. Among the annexins described in mammalian cells, AnxA1 and AnxA5 are primarily responsible for membrane repair [34,35]. AnxA1, in particular, has been identified as crucial in membrane wound healing. This cytosolic protein, when activated by micromolar Ca2+, binds to membrane phospholipids, thereby promoting membrane aggregation and fusion. It has been demonstrated that the resealing process can be inhibited by an AnxA1 function-blocking antibody, a small peptide competitor, and a dominant-negative AnxA1 mutant protein incapable of Ca2+ binding [35]. Furthermore, it has been observed that AnxA1 becomes concentrated at disruption sites marked by a resealing event. This evidence underscores the significant role for annexin, particularly AnxA1, in membrane repair and wound healing [35].



In addition to the role of AnxA1, AnxA5 has also been shown to promote membrane repair. AnxA5 is a protein that self-assembles into two-dimensional arrays on membranes upon Ca2+ activation. Compared to wild-type mouse perivascular cells, AnxA5-null cells exhibit a severe membrane repair defect. This defect can be rescued by the addition of AnxA5, which binds exclusively to disrupted membrane areas. Interestingly, an AnxA5 mutant that lacks the ability to form 2D arrays is unable to promote membrane repair. This suggests that the formation of 2D arrays by AnxA5 is a critical step in the membrane repair process. It is proposed that, triggered by the local influx of Ca2+, AnxA5 proteins bind to torn membrane edges and form a 2D array, thus promoting membrane resealing. This discovery introduces a previously unrecognized step in the membrane repair process, further highlighting the significant roles of annexins, particularly AnxA1 and AnxA5, in membrane repair and wound healing [34].




3.1.2. Plant Cell Systems


In the context of plants, a study on Arabidopsis AnxD5 has shed light on its role in maintaining pollen cell membrane integrity. AnxD5, the most abundant member of the annexin family in pollen, was observed to have a transient association with the pollen membrane during in vitro hydration. When the pollinated stigma was sprayed with deionized water to simulate rainfall, AnxD5 accumulated at the pollen membrane. This suggests that AnxD5 is involved in restoring pollen membrane integrity under stress conditions. Furthermore, treatments with calcium or magnesium, which caused rupture or shrinkage of the pollen, also induced AnxD5 recruitment to the pollen membrane [36]. These findings support the model that plant annexins, like their metazoan counterparts, are involved in the maintenance of membrane integrity.




3.1.3. Other Cell Systems


There is limited information available on annexins from different kingdoms. In the context of the fungus Cryptococcus neoformans, no alterations resulting from the deletion of AnxC1 could be observed [37]. Conversely, in Dictyostelium, the response to membrane damage was found to be slower following the deletion of annexins AnxC1 and AnxC2 [38].





3.2. Annexins as Calcium Ion Channels


3.2.1. Mammalian Cell Systems


One of the initial proposed roles of annexins was mediating calcium ion transport through the lipid membrane, an observation based on conductance studies on recombinant human AnxA5 containing a mutation of Glu95 to Ser (E95S). These studies were performed using artificial liposomes containing phosphatidylserine (PS). The results of these studies were further substantiated by additional electrophysiological and structural investigations. The mutation E95S resulted in a lower single-channel conductance for calcium and a strongly increased conductance for sodium and potassium, indicating that Glu95 is a crucial constituent of the ion selectivity filter. Despite only minor differences in the crystal structures of mutant and wild-type AnxA5 around the mutation site, the mutant showed structural differences elsewhere, including the presence of a calcium-binding site in domain III unrelated to the mutation. Analysis of the membrane-bound form of AnxA5 by electron microscopy revealed no significant differences between the wild-type and mutant, suggesting that the observed changes in ion conductance were primarily due to the specific mutation rather than overall structural alterations [12].




3.2.2. Plant Cell Systems


Research around calcium ion transport has also been conducted on plant annexins. A few examples of these annexins include ZmAnxD33/35 (annexins 33 and 35 from Zea mays) [39], CaAnxD24 (annexin 24 from Capsicum annuum) [40], MtAnxD1 (annexin 1 from Medicago truncatula) [41], and AtAnxD1 (annexin 1 from Arabidopsis) [42]. These annexins can form calcium-permeable transport channels and regulate cytosolic calcium levels, and ZmAnxD33/35 can allow both extracellular calcium and potassium through when applied to the cytosolic side of a planar lipid bilayer. Interestingly, the conductance created by ZmAnxD33/35 was blocked by the cation channel blocker Gd3+, indicating the creation of a trans-bilayer conductance. This conductance was found to be voltage-regulated and influenced by the presence of malondialdehyde, a substance produced in membranes during stress responses [39]. Moreover, MtAnxD1 showed single-channel behavior, with varying single-channel conductance based on the amount of annexin present [40]. This behavior mirrors that of animal annexins in lipid bilayers, thus highlighting the potential for these proteins in adjusting cellular responses to various stimuli and underscoring the necessity for additional research to fully comprehend their exact functions and roles in plant physiology.




3.2.3. The Debate Around Annexins as True Ca2+ Ion Channels


Despite the data referenced above, the formation of channels by annexins remains a subject of debate [43,44]. The key question is how a peripherally associated membrane protein can facilitate the conduction of Ca2+ (Figure 2; monomer model). Furthermore, there are inconsistencies between the diameter of the central pore and the observed conductance values.



Two main models present the mechanism of Ca2+ transport by annexins. The first model, based on theoretical calculations, suggests that AnxA5 could disrupt the lipid organization in the bilayer at the site of Ca2+-dependent attachment to such an extent that it effectively creates a pore in the membrane, thereby allowing Ca2+ entry [45]. The second model, which is backed by limited experimental data, is based on extensive mutagenesis of the Hydra AnxB12. Combined with spin-labeling experiments, structural analysis of AnxB12 mutants revealed that the protein undergoes a significant conformational change at a mildly acidic pH, accompanied by membrane insertion [28]. Despite the thermodynamic implications of such a structural transformation, a hypothetically membrane-inserted annexin would possess seven transmembrane domains, thus adopting the structure of a more conventional channel [33]. However, we need to stress that there has, as yet, been no direct evidence for transmembrane annexin states in vivo, with a role as Ca2+ ion channels. This is despite extensive investigations using a range of biophysical approaches for the direct detection of membrane insertion. For this reason, support for annexins as true ion channels has waned over the years, with the understanding that their Ca2+-binding properties might cause transient Ca2+ transport events across the membrane, as a secondary effect [43,44].





3.3. Annexins and Protein Trafficking


3.3.1. Mammalian Cell Systems


As previously mentioned, the name annexin originates from its function to connect/bind together proteins or membranes [2,20]. Moreover, characteristic names for each annexin were coined based on the observed interaction [2]; for example, lipocortin (AnxA1) binds steroid-inducible lipase inhibitors [22,23]; calpactin (AnxA2) complexes Ca2+, phospholipids, and actin [25]; and synexin (AnxA7) interacts with chromaffin granules [21].



Annexins are reported to be responsible for tethering other molecules, thereby promoting interactions and serving as regulatory units in cellular processes. For instance, AnxA1 acts as a bridge linking multivesicular bodies to the endoplasmic reticulum (ER) [46,56]. The tyrosine-phosphorylated (pTyr) form of AnxA1 provides a docking site for tyrosine phosphatase 1B, which is located in the ER, enabling the interaction of this enzyme with the activated epidermal growth factor receptor located on the membrane of multivesicular bodies [56]. Additionally, the same annexin via regulation of membrane interaction between the ER and multivesicular bodies is necessary to initiate the transport of cholesterol from the ER to endosomes [46].



Annexin-related trafficking is not limited to membrane–membrane interaction. Both AnxA11 and potentially AnxA7 are involved with lysosomes and RNA granules as they are transported to the distal regions of the axon [57]. Some annexins have been found to be responsible for the trafficking of foreign molecules in cells, such as AnxA2, which was found to organize the transport of synthetic antisense oligonucleotides from early to late endosomes [8]. AnxA1 and AnxA2 have distinct roles in the retrograde trafficking of Shiga toxin to the trans-Golgi network. Specifically, these proteins play a role in the uptake and intracellular transport of the bacterial Shiga toxin and the plant toxin ricin [9].




3.3.2. Plant Cell Systems


The impact of annexins on trafficking and interaction with the membrane was noted in a study where researchers employed Brefeldin A, a compound known for its ability to disrupt endomembrane trafficking, which in turn inhibits pollen germination [58]. AnxD5 was revealed as a putative “linker” between Ca2+ signaling, the actin cytoskeleton, and the membrane. These elements are all essential for pollen development and pollen tube growth. The study further demonstrated that AnxD5 is associated with the phospholipid membrane, and it is stimulated by Ca2+ in vitro. Interestingly, pollen germination and pollen tube growth of plants overexpressing AnxD5 showed increased resistance to Brefeldin A treatment, and this effect was also regulated by calcium ions. This suggests that AnxD5 promotes endomembrane trafficking modulated by calcium, thereby playing a vital role in angiosperm pollen development, germination, and pollen tube growth.




3.3.3. Other Cell Systems


Information about specific functions in organisms other than plants and mammals remains limited. One example is annexin from the slime mold Physarum polycephalum [59]. In a study by T. Shirakawa et al., it was demonstrated that P. polycephalum annexin can bind to two different classes of aminoacyl–tRNA synthetases [59]. The authors speculated that this interaction may impact the protein translation machinery and could also be involved in membrane fusion or other dynamic membrane processes. Impact on trafficking was also observed in Caenorhabditis elegans deletion mutants for AnxB1 (nex-1) [60], including the disruption of apoptotic cell engulfment [60].





3.4. Membrane Traversal


Annexins are a versatile family of proteins that are postulated to regulate a variety of cellular processes. These range from the regulation of protein activity [61] to the control of polysaccharide synthesis [62]. However, one property of annexins related to membranes merits mention—unconventional protein secretion (UPS) [15]. In contrast to conventional secretion, where proteins with a signal peptide are directed to the ER and then to the Golgi apparatus, and are either secreted or transported to other secretory compartments, UPS is the secretion of proteins without a signal peptide or any other feature associated with canonical secretion, with the entire process circumventing the Golgi apparatus. The absence of a specific secretory sequence significantly complicates the detection and investigation of this phenomenon.



Annexins have been reported as UPS substrates. However, the exact mechanism of how annexins are secreted remains unclear and is the subject of ongoing research, mostly on AnxA1. One hypothesis involves transporters as mediators of annexin UPS. AnxA1 was reported to be transported from the cytosol across the plasma membrane into the extracellular space by type II secretion mediated by an ATP-binding cassette (ABC) transporter [63]. These ATP-dependent membrane transporters are known to transport a variety of cargo, including ions, heavy metals, amino acids, and sugars [64]. Furthermore, the bacterial T1SS secretion system, which includes an ABC transporter as part of a larger protein complex, can translocate polypeptides, albeit only in their unfolded state [65,66], suggesting the possibility that ABC transporters may also be responsible for the secretion of leaderless proteins in mammalian cells. However, the evidence supporting this hypothesis is indirect and somewhat limited. For instance, one study found that glucocorticoid-stimulated AnxA1 externalization in pituitary folliculo-stellate cells was inhibited by glyburide, an ABC transporter inhibitor. This lent further support to a role for the ATP-binding cassette A1 (ABCA1) transporter in the secretion of AnxA1 [67]. Another study reported that AnxA1 secretion was inhibited by two ATPase inhibitors, vanadate and pervanadate [68]. However, in this study, glyburide did not inhibit AnxA1 secretion, suggesting that the mechanism for AnxA1 secretion may differ depending on the stimulant and the cell line used.



While these studies lend some support to a role for ABC transporters in AnxA1 secretion, given the average annexin size is well beyond the substrate size range of almost all ABC transporters characterized to date [69,70], there has, as yet, been no hard evidence for the direct involvement of ABCA1 or any other ABC transporter in AnxA1 secretion.



An alternative hypothesis proposes a direct interaction between annexins and a target membrane, leading to either membrane disruption or annexin insertion/traversal into/of the membrane (Figure 2; monomer). This process is akin to the mechanism described in the subsection on ion channels, which ultimately results in transport across the membrane [12,39,41]. In this scenario, the UPS of annexins could come about because of oligomerization and structural changes, allowing for the transport of these proteins across the membrane without the need for a secretory signal peptide. However, it is important to note that this is still a hypothesis, and further research is needed to fully understand the mechanisms involved in the UPS of annexins and their potential interactions with the membrane. This area of study holds significant promise for enhancing our understanding of protein secretion and cellular processes, especially in the context of annexin function in tissue and cellular homeostasis.



Evidence supporting the UPS of annexins in plants is scarce. However, there is a study that indirectly suggests the potential role of annexins in such processes [71]. Fernandez et al. compared two potato cultivars with different resistance levels to the oomycete Phytophthora infestans, and it was found that the resistant cultivar had a higher basal content of apoplastic hydrophobic proteins compared to the susceptible cultivar. Interestingly, annexin p34-like protein was one of the proteins that accumulated in both cultivars in response to P. infestans infection. This suggests that annexin-like proteins could be part of the plant’s defense mechanism against pathogens. They might be involved in the secretion of resistance proteins into the apoplast, a process that could potentially be an example of UPS. However, more direct evidence is needed to confirm the role of annexins in this process.



Another example emerges from the world of protists. Annexins from the intestinal protist parasite Giardia lamblia (syn. intestinalis, duodenalis) were termed alpha-giardins before their status as annexin orthologues was determined [72]. Some members of the 21-strong protein family were previously identified as putative UPS cargo, being found outside of the cell in the absence of any bona fide signal sequence for secretion [73,74,75]. A recent investigation localized these UPS-related alpha-giardins to the cytosol of the cell, as well as in close proximity to the membrane of the parasite’s peripheral endocytic compartments (PECs), membrane-bound endo-lysosomal organelles that were previously speculated to play a role in protein release [14,76,77]. Further evidence from immunoprecipitation-based approaches and the reconstruction of protein interactomes shows that these alpha-giardins build a protein complex at PECs, which includes other UPS substrates. This opens the possibility that alpha-giardins might act as both substrates and mediators of UPS in Giardia, in virtue of their ability to bind and possibly destabilize membranes to aid traversal [14].





4. Regulation of Annexin Function and Membrane Interaction


4.1. The Role of the N-Terminal Head Region


Annexins exhibit an overall conserved signature core structure. In contrast, the N-terminal head region exhibits significant variability and a generally disordered structure. However, it is this feature that plays an important role in determining a given annexin’s function and protein interaction partners and, in its diversity, reflects the versatile role of annexins in cells.



Annexin heads can vary from only a few residues in length, as in AnxA3, AnxD1, or alpha-1-giardin, to over 100 residues, such as in AnxA11, AnxC1, or Ciona intestinalis annexin (UniProtID: Q70KQ6) [4]. A documented example of this is the N-terminus of AnxA7. When it is removed, well-known AnxA7 functions such as calcium-dependent membrane binding, aggregation, and fusion are all abolished or severely diminished [47,78].



The N′-terminal head domain is the main site of interaction with other protein partners (Figure 2; dimer and oligomer models). The S100 proteins, which are dimeric EF-hand calcium-binding proteins, are known to modulate the functions of annexins through their interactions [79]. S100A10, a member of the S100 protein family, forms a tight complex with AnxA2, putatively enhancing its affinity for phospholipid membranes and promoting membrane fusion events [48]. This interaction is crucial for various cellular processes, including exocytosis and endocytosis. Other annexins, such as AnxA6, have also been found to interact with S100 proteins, suggesting a broader role for these interactions in cellular processes [49,51]. Protein–protein interactions encompass the oligomerization of annexins (Figure 2). Specifically, AnxA13, an annexin unique to the human intestine, employs an alternative folding mechanism in its head domain to achieve dimerization. This process significantly influences its ability to bind to membranes [54].



The N-terminal domain of annexins is not only involved in protein–protein interactions but also in post-translational modifications. For example, the phosphorylation of the N-terminal domain of AnxA2 regulates interaction with S100A4 and S100A10 [53]. Given the extensive diversity and ubiquitous presence of the annexin protein family and its head domains across various organisms, we still have a considerable journey ahead in uncovering all aspects of annexin regulation involving the N-terminus.




4.2. Calcium-Dependent Regulation and Notable Exceptions


Generally, calcium ions play a pivotal role in the regulation of annexins. The calcium-binding sites in annexins are located on the convex side of the protein, in the so-called type II calcium-binding motifs [11,80,81]. The binding of calcium ions to specific sites on the annexin molecule changes the side’s overall charge and triggers a conformational change, enabling the annexin to bind to phospholipids present in the cell membrane [11]. This calcium-induced binding is reversible and highly sensitive to changes in calcium concentration [82]. Typically, an annexin monomer contains three to four calcium-binding motifs (consensus KGXGT38(D/E)) [80,81], allowing for the fine-tuning of annexin functions in response to cellular calcium signals [80,81,82,83]. When annexin oligomers are formed, an additional level of response regulation to fluctuations in intracellular calcium levels can be achieved.



While calcium binding is a well-known characteristic of annexins, there are notable exceptions linked to pH. At lower pH, annexins interact with lipids, change their conformation, and insert themselves into the lipid membrane. This has been demonstrated in vitro with AnxA5 and A13b, which undergo a conformational change at mildly acidic pH resembling that observed after calcium binding. This conformational change seems to be an intermediate state for the calcium-independent binding of AnxA5 to phosphatidylserine (PS) liposomes at pH 4 and induces leakage from PS vesicles [84,85]. Interaction with negatively charged phospholipid vesicles at slightly low pH has also been described for AnxA4 [86], which induces leakage from these vesicles, and for AnxA6, suggesting that this insertion is a prerequisite for the formation of calcium channels [13]. A pH-driven calcium-independent insertion into PS-rich monolayers has also been observed in AnxA1 and has been suggested for AnxA5 [10,53]. In addition, studies carried out with AnxB12 from Hydra have revealed that annexins can be inserted into the lipid bilayer at acidic pH [29]. Electron paramagnetic resonance analysis showed that this region refolded and formed a continuous amphipathic α-helix after calcium-independent binding to membranes at mildly acidic pH [28]. These observations suggest the presence of a proton-dependent switch in annexins that harbors the information to induce membrane insertion.



The most notable exceptions are those of annexins that can bind to lipids independently of either Ca2+ or pH. Two plant annexins—AnxD24 (AnxCa32) from Capsicum annuum and AnxD1 from Gossypium hirsutum—have been studied in detail for their ability to bind liposomes in a calcium-independent fashion and at neutral pH, albeit at lower efficiency [87]. This binding is regulated by three conserved surface-exposed residues on the convex side of the proteins, which play a crucial role in membrane binding.




4.3. Oligomerization


Annexins are often organized in oligomers, and their properties can fluctuate based on their oligomeric state. Both oligomerization involving the N-terminal head and oligomerization involving the core could occur, based on limited experimental evidence (Figure 2; dimer and oligomer models).



In the scenario involving the head domain, there are two possible outcomes. The first is the formation of homodimers through interaction with N-terminal domains, as demonstrated in AnxA4 and AnxA5 [88]. The second outcome involves interaction with N-terminal domains and additional interaction with S100 proteins, resulting in tetramers or octamers, as seen in AnxA1 and AnxA2 [31,50,52]. In the case of AnxA2, this protein forms oligomers upon binding to membranes containing negatively charged phospholipids. This seems to be facilitated by lateral protein–protein interactions, as evidenced by the compromised oligomer formation observed in AnxA2 mutants with amino acid substitutions in residues predicted to be involved in these interactions. Despite these mutations, AnxA2 still retains its ability to bind to negatively charged membranes in the presence of Ca2+ [89,90]. This suggests that while lateral protein–protein interactions play a significant role in the formation of AnxA2 clusters at the membrane, they are not the sole determinant of membrane binding.



The second type of interaction between proteins is interaction within the core domain, leading to the formation of trimers. Primarily, it was described in the crystal structures of AnxA5 [30]. Using electron microscopy, AnxA5 was shown to organize in trimers at the membrane [55]. Oligomerization in annexins depends on post-translational modifications, the presence of negatively charged lipids, and calcium concentration [36,55]. These diverse interaction scenarios highlight the complex nature of annexin oligomerization and how this might be yet another level of regulation of annexin function in the cell.





5. Open Questions and Future Research Directions


Annexins, a diverse family of proteins, are present across a vast range of organisms and serve versatile functions. This short review demonstrates their remarkable versatility in action, properties, and interactions and underlines their crucial role in several essential cellular processes.



However, annexin diversity is truly underappreciated and under characterized. The majority of functional characterizations concern mammalian and plant annexins, with very limited investigation of B, C, and E annexin types beyond cursory analysis of their membrane-binding preferences. The mechanisms of annexin regulation are only partially understood, even in the field of mammalian annexins, with virtually no understanding of annexin regulatory mechanisms in other systems. Given that annexins are likely one of the most ancient eukaryotic protein families, with clear bacterial counterparts, it is possible to speculate that their core ability to bind membranes has evolved for adaptive deployment across different and often very diverged eukaryotic taxa. Protist parasitic species such as G. lamblia, Entamoeba histolytica, and Trypanosoma present significantly reduced and/or unique subcellular endomembrane compartments. Therefore, these species, and their free-living relatives, might be key to understanding conserved and perhaps ancestral features of annexin function and regulation, which might be overshadowed in more complex cellular settings. For example, Giardia annexin orthologues, the alpha-giardins, almost all present extremely short N-termini, raising questions on how such short stretches could possibly mediate both homo- and hetero-interaction, complex formation, post-translational modifications, etc., and, perhaps even more intriguingly, how this might be adaptive to a parasitic lifestyle.



In conclusion, the annexin protein family constitutes an excellent candidate for a comprehensive investigation of diversity, functionality, regulation, and protein–membrane interaction, given its almost ubiquitous distribution across eukaryotes and its involvement in essential cellular processes. Thanks to the wealth of genomic sequences derived from both targeted and shotgun genome-sequencing approaches, it is now possible to explore annexin sequence diversity in unprecedented ways. Furthermore, with a wider range of genetically tractable experimental models to explore functional conservation and divergence, the evolutionary cell biology of this ancient and important protein family might finally come of age.
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Figure 1. A graphical representation of a generic annexin structure with four signature domains (D1–D4), focusing on the diversity of N-terminal head domains. The figure highlights the annexins discussed in this review. Sequence information and predicted domain organization were extracted from UniProt. 
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Figure 2. Possible and confirmed interactions, and (putative) functions, of annexins across various biological kingdoms. Infor