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Abstract:

 Calcium-permeable channels underpin elevations of free calcium that encode specific signals in stress adaptation, development and immunity. Identifying the genes encoding these channels remains a central goal of plant signalling research. Evidence now suggests that members of the plant annexin family function as unconventional calcium-permeable channels, with roles in development and stress signalling. Arabidopsis annexin 1 mediates a plasma membrane calcium-permeable conductance in roots that is activated by reactive oxygen species. Recombinant annexin 1 forms a very similar conductance in planar lipid bilayers, indicating that this protein could facilitate the in vivo conductance directly. The annexin 1 mutant is impaired in salinity-induced calcium signalling. Protein–protein interactions, post-translational modification and dynamic association with membranes could all influence annexin-mediated calcium signalling and are reviewed here. The prospect of annexins playing roles in calcium signalling events in symbiosis and immunity are considered.
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1. Introduction

Calcium influx to the cytosol (from the apoplast or from organellar stores) is central to elevation of cytosolic free Ca2+ ([Ca2+]cyt) as a second messenger in developmental, stress and immune signalling [1]. Elevation of free Ca2+ within some organelles could also have a signalling role. Gradually, the Ca2+-permeable channels involved in the stimulus-specific, transient free Ca2+ elevations or oscillations are being identified (reviewed by [2,3]). At the vacuole of Arabidopsis thaliana and rice, TPC1 (Two Pore Channel 1) would be capable of releasing Ca2+ to the cytosol [4], although modelling studies suggest that it would not be a component of guard cell Ca2+ signalling for aperture control [5]. At the plasma membrane, members of the Glutamate Receptor-Like (GLR) family of ion channel sub-units mediate Ca2+ influx into pollen tubes and root cells [6,7]. In pollen tubes, they co-reside with members of the Cyclic Nucleotide-Gated Channel (CNGC) family [8]. AtCNGC2 is the best studied of the family and lies downstream of specific receptors for defence responses [9,10]. All of these channels are “conventional” in that each gene encodes an integral, trans-membrane spanning subunit with a pore-forming loop that is targeted to a specific membrane and is most likely united with other subunits to form a functional channel.

Recent studies have shown that some Ca2+ influx pathways may not be formed by conventional channels. There is scope for passive Ca2+ transport mediated by annexins [11,12]. These small amphipathic proteins are distributed throughout cells (reviewed by [13]) and can be transported within the plant via the phloem [14]. Expression can be regulated by Ca2+ [15]. There is now strong evidence for plant annexins’ forming Ca2+-permeable transport pathways across bilayers in vitro. Results from an annexin loss of function mutant are consistent with an in vivo Ca2+ transport function and further studies are now needed to establish how annexins could directly mediate Ca2+ transport in native membranes. It is possible that annexins could be recruited directly to membranes, independently of vesicle delivery, to operate in stimulus-specific signalling. This short review will introduce this family of Ca2+-binding proteins and address what is known about their role in Ca2+ signalling in plants.



2. Ubiquitous Annexins

Genome studies have revealed that higher plants harbour multi-gene annexin families; eight in Arabidopsis, ten in rice, and twenty-three in soybean [16,17]. Excellent reviews by Clark et al. [16] and Jami et al. [18] address their phylogeny and evolution. These small (32 to 42 kDa) proteins are expressed throughout the higher plant body, with expression varying with development and environmental conditions, including light, water availability, temperature, salinity, acid rain, gravity, metal stress, mechanical stress, presence of microbes and nutrient deprivation [13,19,20,21,22,23,24,25,26]. Transcriptional regulators are now being identified, such as MYB98 and UPB1 in Arabidopsis thaliana [27,28]. Analyses of expression and protein abundance have revealed widespread distribution of annexins through the plant, with greater abundance at growth points such as root hair apices (reviewed by [13,16]). Distribution through the plant via the phloem also appears likely [14]. Unlike conventional transport proteins, an annexin can ostensibly exist in the cytosol or extracellular matrix, in addition to being membrane associated or inserted. The clearest example is Arabidopsis annexin 1 (AtANN1; At1g35720). In addition to a predominant presence in the cytosol, proteomic, immunolocalisation, radiolabelling and GFP studies have identified AtANN1 at the plasma membrane (as an integral protein), ER, vacuole, mitochondria, chloroplast, in phloem exudate and cell wall [14,29,30]. How an annexin becomes extracellular is unknown but the AtANN1 sequence is consistent with its being a non-classical secreted protein [31] and it also harbours a diacidic motif that should target it to the plasma membrane [13]. By analogy with animal annexins, export could also be via exocytosis or ABC transporters (reviewed by [13]). Extracellular animal annexin function can be through receptor binding [32] but this remains to be explored for plant annexins.

The mechanistic basis of membrane association is far better understood but still lags behind that of animal annexins. Plant annexins contain up to four “annexin repeats” that would facilitate reversible Ca2+-dependent binding to negatively charged phospholipid head groups [33,34]. Half maximal binding requires nanomolar to millimolar Ca2+ (reviewed by [13]). Membrane binding may also involve the N-terminus. Ca2+-independent binding to lipids is possible at neutral and acidic pH [31,35,36]. In common with animal annexins, plant annexins can fully or partially insert into membranes, with clear examples coming from wheat and Arabidopsis [35,37]. Some animal annexins support Ca2+ channel-like behaviour in vitro by inserting into or associating with the bilayer, with transport activity regulated by ATP, GTP, peroxide, pH and voltage (reviewed by [13,38]. Given the structural similarity of plant annexins to their animal counterparts, including the conservation of salt bridges implicated in channel selectivity and regulation [13,31,38], it is reasonable to hypothesise that plant annexins capable of membrane association or insertion could act as Ca2+-permeable channels in vivo and so have a role in Ca2+ signalling.



3. Ca2+ Transport by Plant Annexins

The first indication that plant annexins could form Ca2+-permeable transport pathways came from the incorporation of (recombinant) Capsicum annuum CaANN24 into vesicles containing a Ca2+ indicator dye [33]. Since then, purified native Zea mays annexins ZmANN33/35 were found to increase [Ca2+]cyt when added to the extracellular membrane face of Arabidopsis root protoplasts as a bioassay [31]. This indicated that extracellular annexins could somehow modulate [Ca2+]cyt but whether this was by directly forming a Ca2+ influx pathway or through activation of other channels was not determined [31]. More tellingly, ZmANN33/35 formed a Ca2+- and K+-permeable conductance when added to the equivalent of the cytosolic face of a planar lipid bilayer, designed to act as a plasma membrane mimetic [31]. This conductance was blocked by the cation channel blocker Gd3+ present at the equivalent extracellular face of the bilayer, indicating that a trans-bilayer conductance had been formed by the annexins [31]. Incubating the annexins with their cognate antibody prevented the formation of the conductance. The incorporation of malondialdehyde (MDA) into the planar lipid bilayer to mimic lipid peroxidation caused a profound change in the way the ZmANN33/35 conductance was regulated by voltage. MDA forms in membranes during stress responses known to involve reactive oxygen species (ROS) and [Ca2+]cyt elevation [39]. In control conditions the annexin-mediated conductance increased in a linear fashion as voltage became more negative (hyperpolarised). In contrast, MDA restricted annexin Ca2+ transport activity to more hyperpolarised voltages and this could in turn have implications for a resultant [Ca2+]cyt signal in vivo [31,39]. The mechanism for this change in voltage sensitivity is also unknown but the channel-forming animal annexin A5 can bind to MDA and is implicated in Ca2+ influx across the plasma membrane in response to hydrogen peroxide [40,41]. Perhaps binding of one or both of the Zea annexins to MDA effected voltage regulation.

Work on ZmANN33/35 in bilayers established that the conductance was selective for K+ over Ca2+ [31]. Single channel behaviour (discrete, step changes in current translocated across the bilayer) has rarely been observed but a single channel conductance of 17 pS was recorded in MDA-containing bilayers [38]. Recombinant Medicago truncatula Annexin 1 (MtANN1) has recently been shown to support single channel activity in planar lipid bilayers [42]. When transporting K+, three different single channel conductances were observed; 16pS, 135 pS and 329 pS depending on the amount of annexin present. This is similar to channel behaviour shown by animal annexins in bilayers, where amount of protein is linked to level of oligomerization, association with the bilayer and channel characteristics such as conductance and voltage dependence [13,29,38,42,43]. Testing for Ca2+ transport by MtANN1 is now feasible.

Further progress has been made on the transport activity and function of the predominantly abundant annexin of Arabidopsis, AtANN1. Recombinant AtANN1 was first reported to form a K+ conductance in planar lipid bilayers by Gorecka et al. [36], with activity promoted by acidic pH. Exposure to Ca2+ was found to prevent transport activity unless the planar lipid bilayer was itself exposed to copper and ascorbate to generate hydroxyl radicals [11]. In these experiments, AtANN1 was present at the cytosolic face of a plasma membrane mimetic bilayer and hydroxyl radicals (OH●) were generated at the extracellular face. OH● are the most potent and short-lived of the ROS. Why Ca2+ was inhibitory to AtANN1 transport function and how OH● overcame this now need to be elucidated. In common with ZmANN33/35, Gd3+ at the “extracellular” bilayer face blocked the AtANN1-mediated conductance thus indicating that a trans-bilayer transport pathway had been formed and conductance formation was prevented by incubation with anti-AtANN1 antibody [11]. Analysis of ionic selectivity has revealed that although only modestly permeable to Ca2+, the OH●-activated AtANN1 conductance discriminates between K+ and Na+ very well; the Ca2+:K+ selectivity ratio is 0.64, Ca2+:Na+ is 11 and the K+:Na+ is 18 [11,12].

Plant annexins have been found to have in vitro ATPase and GTPase activity (reviewed by [13,44]. AtANN1 has been identified in vitro as an ATP-binding protein [45]. This has led to the proposal that it may be involved in [Ca2+]cyt elevations caused by extracellular ATP [13,46]. Both extracellular ATP and ADP cause transient elevation of [Ca2+]cyt in plant cells and help regulate growth, stress and immune responses [47,48,49]. However, plant genomes do not contain the equivalent genes encoding animal ATP/ADP receptors [49]. The capacity of AtANN1 to be extracellular, bind ATP and form a Ca2+ transport route makes it a candidate for the plant’s functional equivalent of those receptors [13,46]. Although there are still no reports on AtANN1, recently the Na+ transport activity of recombinant MtANN1 in planar lipid bilayers was reported to be promoted by ATP (data not shown in [42]).

While bilayer studies have clearly shown the capacity of annexins to translocate Ca2+ and K+, few studies have addressed in vivo transport function. As, in common with animal annexins, plant annexins are firmly implicated in exocytosis [50], analysis of loss of function mutants may not yield clear-cut results. The absence of a conductance could be due to a failure in annexin-mediated exocytotic delivery of a channel subunit to a membrane rather than a failure in annexin-mediated ion transport itself. In fairness, there are caveats also to the interpretation of conventional channel mutants; for example, loss of transport function could be due to a pleiotropic effect of the mutation. The safeguard is to examine the protein’s transport activity in vitro, without the confounding effects of a cellular expression system, whether native or heterologous. Does the in vitro transport match that of the membrane?



4. In Vivo Activity and Functions of AtANN1

The root epidermal and root hair apical plasma membrane of Arabidopsis contain a hyperpolarisation-activated Ca2+-permeable channel conductance that is activated by extracellular hydroxyl radicals (OH●) and is involved in growth [11,51,52]. Using patch clamp electrophysiology, an Atann1 knockout mutant was found to lack this Ca2+ conductance in both epidermal and root hair apical plasma membrane, with activity restored by complementation. The transport characteristics of the OH●-activated Ca2+ conductance generated by recombinant AtANN1 in planar lipid bilayers agree well with that of the native membrane, strongly supporting AtANN1’s direct formation of this transport pathway. Root epidermal protoplasts from the mutant were significantly impaired in their ability to elevate [Ca2+]cyt in response to extracellular OH●, consistent with a Ca2+ transport function for AtANN1 [11]. Mutant roots and root hairs were significantly shorter than wild type, consistent with impaired Ca2+ uptake [11].

Recent work has shown that AtANN1 is involved in root [Ca2+]cyt elevation in response to hydrogen peroxide, using aequorin as a [Ca2+]cyt reporter [53]. H2O2 evokes a markedly different [Ca2+]cyt response to extracellular OH● both in whole roots and root epidermal protoplasts, indicating that different ROS can generate specific [Ca2+]cyt signals. In addition to having a role in H2O2-induced Ca2+ influx, AtANN1 was implicated in mediating Ca2+ release from intracellular stores when plasma membrane influx was blocked by Gd3+. Although this may not be physiologically relevant, it helps make some sense of AtANN1’s reported associations with endomembranes and shows that it can respond to perturbation of [Ca2+]cyt homeostasis. With no block of influx by Gd3+, loss of AtANN1 function perturbed and diminished the H2O2-induced [Ca2+]cyt signal leading to impaired transcription of Glutathione-S-Transferase1 Tau 1 (GST1; [53]). This upregulation of AtGST1 by H2O2 was shown previously to be dependent on Ca2+ influx [54]. The mode of AtANN1’s action in this system is unknown but H2O2 causes AtANN1 to dimerise in vitro [55].

As an OH●-activated plasma membrane Ca2+ conductance, AtANN1 is expected to operate downstream of plasma membrane NADPH oxidases, the activity of which can ultimately source extracellular OH● [52,56]. Specifically, AtANN1 is likely to operate with the NADPH oxidase encoded by AtRBOHC (Respiratory Burst Oxidase Homologue C), which operates in root growth and salinity stress signalling [52,57]. The ROS sourced by AtRBOHC stabilise transcript for the plasma membrane Na+/H+ antiporter, SOS1 that is fundamental to resisting salinity stress and this stabilisation also requires Ca2+ influx [57]. The Atann1 loss of function mutant fails to activate the root epidermal plasma membrane Ca2+ influx conductance in response to salinity stress (Figure 1) [12].

Figure 1. Functional NADPH oxidase/annexin unit in calcium signalling. Studies with Arabidopsis suggest that annexin 1 (AtANN1) can function downstream of a plasma membrane NADPH oxidase in salinity stress. In roots, Na+ entry across the plasma membrane (PM) causes elevation of cytosolic free Ca2+ which could activate NADPH oxidase through the latter’s EF hands (helix-loop-helix structural domains usually involved in Ca2+ binding). This would result in extracellular ROS production that would activate AtANN1-mediated Ca2+ influx to promote SOS1 transcription and secondary root formation [11,12,58].
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Moreover, AtANN1 underpins the salinity induced [Ca2+]cyt elevation in root epidermal protoplasts that requires oxidation, consistent with its acting as an ROS-activated Ca2+ influx conductance [12]. In this respect, the low Na+ permeability of recombinant AtANN1 in planar lipid bilayers makes biological sense because it could act downstream of AtRBOHC to amplify the [Ca2+]cyt signal without exposing the root to further Na+ influx. There is a profound NaCl-induced recruitment of AtANN1 to membranes [57] and while some of this may be for Ca2+ signalling, it may be an attempt by the plant to inhibit Na+ ingress and K+ loss. Loss of AtANN1 function results in significantly increased Na+ influx and K+ efflux from roots [12]. How AtANN1 functions as a negative regulator of these transport reactions and the identities of these important transport proteins now need to be determined. Downstream of the impaired [Ca2+]cyt signal in the Atann1 mutant was a failure to increase AtSOS1 transcription and a significant reduction in the production of secondary roots in response to salinity stress [12].





5. Regulation of Annexin Positioning

Positioning within the cell or extracellularly will most certainly prove to be of fundamental importance to annexin function in Ca2+ signalling, whether acting as a transport pathway or not. For animal annexins, contact with membranes is regulated by various factors including pH, voltage, [Ca2+]cyt, membrane curvature and specificity of binding to phospholipid headgroups (reviewed by [13]). Cold, salinity and mechanical stress cause repositioning of plant annexins, often to membranes [35,57,59,60] while infection by Phytophthora causes secretion of a potato annexin [21].

Recently, AtANN1 has been detected in a detergent resistant plasma membrane “nanodomain” involved in mesophyll ABA signalling [61]. Its role there is unknown and while it could directly contribute to ABA-induced [Ca2+]cyt signalling as a transporter, work on animal annexins has shown involvement in formation of such domains [62]. MtANN2 has also been recovered from a detergent resistant plasma membrane domain, where it resided with an NADPH oxidase [63]. Detergent-resistant domains hold NADPH oxidases at the apex of pollen tubes [64] and this may also be the case for root hairs. The co-localisation of NADPH oxidases with annexins as ROS-activated Ca2+ transporters would afford tight spatial specificity of [Ca2+]cyt elevation in polar growth of pollen tubes and root hairs. Lipid composition of the extracellular face of the plasma membrane could recruit extracellular annexins to act in [Ca2+]cyt signalling. During plant cell death, phosphatidylserine everts to the extracellular leaflet of the plasma membrane [65,66]. The ability of extracellular ZmANN33/35 to elevate [Ca2+]cyt has been hypothesised to be involved in cell death, which would be consistent with the ability of annexins to bind phosphatidylserine [31].



6. Interacting Proteins

Interaction with other proteins has been reviewed by [13] but the bearing of such interactions on Ca2+-mediated signalling remains to be determined. Annexin-annexin interaction could influence a signalling function. Peroxide as a key component of ROS signalling, causes in vitro oligomerisation of ZmANN33/35 [44] and dimerisation of AtANN1 [55]. AtANN1 can interact with AtANN4, possibly to function in drought stress, but the impact of this on AtANN1’s role in [Ca2+]cyt signalling remains to be tested [67]. Recently, sea cotton (Gossypium barbadense) annexins 5 and 6 have been shown to form homodimers and heterodimers [68]. GbANN6 was found at the plasma membrane and nucleolus when heterologously expressed and was also found to bind F-actin. Tomato and mimosa annexins also bind actin while annexin expression is now clearly involved in cotton fibre elongation [68,69]. Expression of GbANN6 in Arabidopsis increased root cell length, which was positively correlated with amount and position of F-actin [68]. These results have led to the proposal of GbANN6’s acting as a scaffolding protein [68]. It will be interesting to see whether annexin-actin interaction has any bearing on actin regulation of the plasma membrane hyperpolarisation-activated Ca2+ channels involved in pollen viability and growth [69,70].

Interaction with C2 domain-containing proteins via an K/H/RGD motif has been proposed, which would implicate annexins in regulation of such signalling components as phospholipases [13,16,18,71]. In vitro, Capsicum annexin p35 inhibited porcine pancreatic phospholipase (PLA) A2 [72]. A tomato annexin was recently found to interact with a Universal Stress Protein in drought responses [73]. Finally, data from Huang et al. [68] eliminated several CDPKs, CIPKs and a wall-associated kinase as interacting partners for GbANN6. Such studies will be of significant value in elucidating the cellular functions of annexins.



7. Post-Translational Modifications

Function in signalling may also be regulated by post-translational modification. Conservation of two cysteine residues affords both S-nitrosylation and S-glutathionylation of AtANN1, with S-glutathionylation triggered by ABA [74,75]. This modification would impede Ca2+-mediated membrane association [75] and perhaps help terminate a Ca2+ signal. Participation of annexins in NO-regulated Ca2+ signalling now needs to be tested for.

Phosphorylation of plant annexins has been reported, with that of a Brassica napus annexin evident at the N terminal of the second annexin repeat [76]. Rice annexins interact with a MAPKK and Ste20-related protein kinase [77] while Gossypium hirsutum GhANN1 is phosphorylated by a plasma membrane-associated kinase [78]. AtANN1 can undergo phosphorylation by SnRK2s in ABA signalling [79] and, in common with annexins of other species, its transcript is upregulated by ABA [13,17,57,75]. Exactly how AtANN1’s phosphorylation fits into drought or salinity-induced signalling is unknown but it would be useful to re-examine the transport characteristics of recombinant AtANN1 with phosphorylation as a variable. Phosphorylation enhances AtANN1’s very weak in vitro peroxidase activity [55] but this activity could be due to contaminating proteins [16]. Exogenous H2O2 strongly suppresses AtANN1 transcription in roots, most probably through the UPBEAT1 (AtUPB1) transcription factor [28,53]. However, H2O2 upregulates peroxidase activity [80] and so it appears that AtANN1’s main function in response to this ROS is as a component of Ca2+ transport rather than to de-toxify ROS [53].



8. Conclusions

With the capacity of annexins to modulate Ca2+ transport and cytosolic Ca2+ tested, the range of annexin involvement in calcium signalling now needs to be explored. The association of annexins with intracellular membranes means that research should not be limited just to cytosolic calcium, but needs to be extended to mitochondria, chloroplasts and the nucleus. There is a clear need to answer the longstanding question of whether annexins such as MtANN1 function in symbiotic nuclear calcium signalling [81,82,83,84]. Similarly, the role of annexins in immunity requires further attention. More tools are now available with which to test for annexin function in Ca2+ signalling and it is hoped that more plant researchers will take up this challenge.
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