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            Abstract
Calcium ions (Ca2+) have an important role as secondary messengers in numerous signal transduction processes1,2,3,4, and cells invest much energy in controlling and maintaining a steep gradient between intracellular (âˆ¼0.1-micromolar) and extracellular (âˆ¼2-millimolar) Ca2+ concentrations1. Calmodulin-stimulated calcium pumps, which include the plasma-membrane Ca2+-ATPases (PMCAs), are key regulators of intracellular Ca2+ in eukaryotes5,6,7,8. They contain a unique amino- or carboxy-terminal regulatory domain responsible for autoinhibition, and binding of calcium-loaded calmodulin to this domain releases autoinhibition and activates the pump. However, the structural basis for the activation mechanism is unknown and a key remaining question is how calmodulin-mediated PMCA regulation can cover both basal Ca2+ levels in the nanomolar range as well as micromolar-range Ca2+ transients generated by cell stimulation7. Here we present an integrated study combining the determination of the high-resolution crystal structure of a PMCA regulatory-domain/calmodulin complex with in vivo characterization and biochemical, biophysical and bioinformatics data that provide mechanistic insights into a two-step PMCA activation mechanism mediated by calcium-loaded calmodulin. The structure shows the entire PMCA regulatory domain and reveals an unexpected 2:1 stoichiometry with two calcium-loaded calmodulin molecules binding to different sites on a long helix. A multifaceted characterization of the role of both sites leads to a general structural model for calmodulin-mediated regulation of PMCAs that allows stringent, highly responsive control of intracellular calcium in eukaryotes, making it possible to maintain a stable, basal level at a threshold Ca2+ concentration, where steep activation occurs.
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                    Figure 1: Overall structure of the A.Â thaliana (Cam7)
2â€“Aca8R complex.
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Figure 2: Physiological and biochemical characterization of wild-type Aca8 and mutants.
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Figure 3: Binding of CaM to the putative second CaM-binding site of PMCA splice variants.
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Figure 4: Schematic of the proposed two-step, Ca
2+-mediated CaM-activation mechanism.
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A homology model of ACA8 in surface representation color-coded based on sequence conservation (magenta = conserved / cyan = non-conserved) is shown with its regulatory domain docked against a conserved cleft only accessible in E2 conformation. With increasing Ca2+-concentration, Ca2+-CaM first binds and displaces high-affinity CaMBS1 allowing the pump to function at a basal rate (slow functional cycle) before even higher Ca2+-concentration leads to displacement of CaMBS2 from the catalytic core allowing free movement of the catalytic core as required for full ion pumping activity. Colour code of all components as in Fig. 1A. (MPG 3630 kb)
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