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Calcium plays an important role in regulating hundreds of biological processes due to its primary role as one of the most ubiquitous second messengers. As a result, the levels of calcium are tightly regulated as are the peak and trough calcium concentrations during a calcium signal. Calcium levels are controlled via a variety of feedback mechanisms and exchangers/transporters. Here the role of calcium in the feedback regulation of ion channel function is reviewed, with an emphasis on the molecular mechanisms governing calcium-dependent function. In particular, the role of calcium in the regulation of voltage-gated sodium, calcium, and potassium channels are reviewed as well as its effects on the ryanodine receptor.

INTRODUCTION

Calcium takes part in hundreds of biological processes in its role as one of the most ubiquitous second messengers. [START_REF] Berridge | Elementary and global aspects of calcium signalling[END_REF] Intracellular calcium concentrations are tightly regulated to a very low level of approximately ~100 nM; 2 the general mechanism by which calcium alters cellular biology involves a transient spike in calcium concentration, reaching over 10 μM and possibly much higher in certain local environments. [START_REF] Martonosi | The network of calcium regulation in muscle[END_REF] This represents a 100-fold change in calcium concentration. As a rough approximation, this means that a calcium binding protein at 1 μM concentation with an affinity (K d ) of 1 μM will go from less than 10% saturated to over 85% saturated due to this change in calcium concentration. Note that these numbers are highly dependent on the concentration of the calcium-binding protein in question as well as the concentration of other cellular targets and proteins competing for calcium.

The EF-hand is the most common signal transduction element for translating this abrupt rise in calcium concentration into a biochemical signal. Over 1000 have been identified in animal genomes from their unique sequence signatures. [START_REF] Henikoff | Gene families: The taxonomy of protein paralogs and chimeras[END_REF] Structurally, the EF-hand is a helix-loop-helix motif first identified in parvalbumin. [START_REF] Kretsinger | Carp muscle calcium-binding protein. II. Structure determination and general description[END_REF] The "EF" refers to the two helices in the motif. It is called a hand because, if thumb and index finger are used to form an L shape and the other three fingers curled inward so the fingertips touch the palm, the two extended fingers approximately represent the helices of the motif and the curled fingers together with the palm approximately represent the calcium binding loop. The angle between thumb and index finger, representing the interhelical angle, can be variable; calcium binding can cause changes in this interhelical angle, resulting in widespread conformational changes which can then transduce the calcium signal into a biochemical event by altering the binding surface presented by the protein.

The consensus loop of the EF-hand is comprised of twelve residues (Fig. 1A) that surround the bound calcium (II) ion, coordinating the ion with oxygen atoms arranged in a pentagonal bipyramidal geometry, [START_REF] Drake | Molecular tuning of an EF-hand-like calcium binding loop. Contributions of the coordinating side chain at loop position 3[END_REF][START_REF] Yang | Structural analysis, identification, and design of calciumbinding sites in proteins[END_REF] as shown in Figure 1B. The side chains of residues at positions 1, 3, and 5 each provide one oxygen ligand, thus Asn, Asp, Gln, or Glu are most frequently found at these positions. The main chain oxygen of residue 7 provides a fourth ligand. In order to attain appropriate positioning of residues 5 and 7, the residue in position 6 must occupy an unusual backbone conformation favorable only for glycine, resulting in strong conservation of Gly in this position. The Glu residue at position 12 is strictly conserved because it provides two coordination sites for a critical bidentate ligand. Residue 9 is also involved in coordinating the calcium ion by hydrogen bonding the water molecule that chelates the ion, completing the coordination sphere.

It is important to understand that calcium affinity is tuned not only by the calcium binding loop but also by many other elements of the EF-hand structural domain. [START_REF] Bunick | Designing sequence to control protein function in an EF-hand protein[END_REF][START_REF] Nelson | The EF-hand domain: A globally cooperative structural unit[END_REF] This is observed, for example, in the difference between calbindin D 9k and the ubiquitous calcium sensor calmodulin (CaM). Both contain EF-hands (one pair in calbindin, two pairs in calmodulin) with reasonable sequence homology, but the former has an affinity in the nM range, while the latter has calcium affinity in the μM range.

One part of the equation, then, is the transduction of a calcium signal into a biochemical signal. The other part of the equation, obviously, is the generation of a calcium signal. The mechanisms for regulating intracellular calcium concentrations in excitable cells involve, in part, feedback mechanisms where calcium acts directly or indirectly on ion channels. The purpose of this review is to briefly survey these ion channel feedback mechanisms in order to gain some appreciation of the variations and commonalities in calcium-dependent regulation of these channels. Other mechanisms by which calcium levels (both cellularly and systemically) are regulated, such as those involving ion exchangers or G-protein coupled receptors, are important but beyond the scope of this paper and have been reviewed elsewhere. [START_REF] Parekh | Store-operated calcium channels[END_REF][START_REF] Tfelt-Hansen | The calcium-sensing receptor in normal physiology and pathophysiology: A review[END_REF][START_REF] Van Der Heyden | Molecular aspects of adrenergic modulation of cardiac L-type Ca2+ channels[END_REF][START_REF] Iwamoto | Forefront of Na+/Ca2+ exchanger studies: Molecular pharmacology of Na+/Ca2+ exchange inhibitors[END_REF][START_REF] Komuro | Forefront of Na+/Ca2+ exchanger studies: Role of Na+/Ca2+ exchangerlessons from knockout mice[END_REF][START_REF] Uehara | Forefront of Na+/Ca2+ exchanger studies: Physiology and molecular biology of monovalent cation sensitivities in Na+/Ca2+ exchangers[END_REF][START_REF] Hinata | Forefront of Na+/Ca2+ exchanger studies: Stoichiometry of cardiac Na+/ Ca2+ exchanger; 3:1 or 4:1?[END_REF][START_REF] Matsuoka | Forefront of Na+/Ca2+ exchanger studies: Regulation kinetics of Na+/Ca2+ exchangers[END_REF] Calcium appears to regulate the function of nearly every channel involved in excitation. In brief, during an action potential, voltage-gated sodium channels open following an initial depolarization event, leading to rapid depolarization. These sodium channels are regulated in two ways by calcium. In cardiac and skeletal myocytes and in neural cells, dihydropyridine sensitive L-type calcium channels (LTCC) on the cell surface open concurrently, resulting in an inward rush of calcium ions. In mammalian ventricular myocytes, T-tubules transmit the depolarization to the interior of the cell, where more LTCC's also open. This results in further calcium release into the cytoplasm. [START_REF] Sperelakis | Cell physiology sourcebook: A molecular approach[END_REF] The LTCC's interact with the ryanodinesensitive calcium release channel (ryanodine receptors, RyR), which are found on the sarcoplasmic reticulum (SR). Activation of LTCC's leads to activation of RyR's, releasing calcium stored in the SR into the cytoplasm. Both of these calcium-conducting membrane proteins are tightly regulated by calcium, resulting variably in positive or negative feedback regulation of calcium release, depending on calcium concentration. In other cell types, the action potential activates P/Q-type calcium channels, resulting in other downstream events such as neurotransmitter release or enzyme secretion. These channels are also regulated by calcium. Throughout the action potential, but especially towards the middle and late stages, potassium channels open, resulting in repolarization of the cell membrane. Certain members of the potassium channel family are regulated by calcium. The contributions of various currents to the overall cardiac action potential are shown in Figure 2. [START_REF] Tamargo | Pharmacology of cardiac potassium channels[END_REF] 

VOLTAGE-GATED SODIUM CHANNELS

Voltage-gated sodium channels are the essential element in action potential initiation and propagation in excitable tissue (e.g., muscle, nervous tissue). These channels consist of a large α subunit, constituting the pore of conduction, associated with smaller β subunits. These channels are mainly gated by alterations in membrane voltage, and it has only recently come to the fore that calcium is able to regulate voltage-gated sodium channels. In humans, there are nine α subunit isoforms, named Na V 1.1 to Na V 1.9. All possess the same structural organization: four homologous domains of six transmembrane segments each formed from a single polypeptide chain. This is the prototypic primary sequence of voltagegated sodium and calcium channels.

A common calmodulin binding motif, known as the IQ motif, so named for the typical isoleucine-glutamine pair found in such motifs, is strongly conserved in the human sodium channel family, [START_REF] Herzog | Calmodulin binds to the C terminus of sodium channels Nav1.4 and Nav1. 6 and differentially modulates their functional properties[END_REF] and a number of groups have published data on the role of calmodulin in the regulation of sodium channel function. The initial report related to the IQ motif was published by Tan and colleagues in 2002. [START_REF] Tan | A calcium sensor in the sodium channel modulates cardiac excitability[END_REF] The main data presented were electrophysiological results showing the effect of exogenous Ca 2+ -calmodulin added to the pipette solution on human cardiac voltage-gated sodium channel, enhancing its entry into a slow inactivated state (in the literature, this channel is referred to as Na V 1.5, hH1 and SCN5A.). The study also presented data indicating that an IQ motif peptide is able to shift the migration of CaM produced by polyacrylamide gel electrophoresis in the presence of calcium, but not in the absence of calcium.

It is likely that calmodulin is actually able to bind the IQ motif in the absence of calcium even though this was not detected in the initial report. The IQ motif is commonly understood to bind calmodulin in a calcium-independent manner, and a number of follow up reports have established that the IQ motif does indeed bind to both apo and calcium-loaded calmodulin. [START_REF] Mori | Regulatory interaction of sodium channel IQmotif with calmodulin C-terminal lobe[END_REF][START_REF] Kim | Calmodulin mediates Ca2+ sensitivity of sodium channels[END_REF][START_REF] Shah | Calcium-dependent regulation of the voltage-gated sodium channel hH1: Intrinsic and extrinsic sensors use a common molecular switch[END_REF] Mori et al. reported lobe specific binding of calmodulin to the IQ motif, in both the presence and absence of calcium. Specifically, the group found that an IQ peptide alters the circular dichroism (CD) spectrum of only the C-lobe of calmodulin in the absence of calcium, but alters the CD spectrum of both lobes in the presence of calcium. Kim et al. found that a bacterially expressed fragment of the hH1 C-terminus, which included the IQ motif, eluted from a gel filtration column as a complex with calmodulin in a calciumindependent manner. [START_REF] Kim | Calmodulin mediates Ca2+ sensitivity of sodium channels[END_REF] However, it is important to note that other groups have been unable to recapitulate some of these results. Deschenes et al. [START_REF] Deschenes | Isoform-specific modulation of voltage-gated Na(+) channels by calmodulin[END_REF] were unable to detect a calmodulin-dependent effect on hH1, although it did have a significant effect on hSkM1, the skeletal muscle isoform of the channel. This group also reported that inhibition of CaM-dependent kinase II (CaMK) affected hH1 channel function slowing the current decay, the rate of entry into inactivation and shifting its voltage dependence. Interestingly, close examination of the data uncovers an effect not noticed by the authors-namely that calcium has a direct effect on channel function. A second group detected interactions between calmodulin and some but not all human sodium channel isoforms (Na V 1.1, .2, .3, .4, .6 and .7). [START_REF] Herzog | Calmodulin binds to the C terminus of sodium channels Nav1.4 and Nav1. 6 and differentially modulates their functional properties[END_REF] It has been speculated that the interaction with hH1 (Na V 1.5) was missed due to lower affinity. [START_REF] Abriel | Regulation of the voltage-gated cardiac sodium channel Nav1. 5 by interacting proteins[END_REF] It has also recently been discovered that an EF-hand calcium binding motif is present in hH1, the cardiac isoform of the voltage-gated sodium channel Na V 1.5. [START_REF] Wingo | An EF-hand in the sodium channel couples intracellular calcium to cardiac excitability[END_REF] This EF-hand is strongly conserved in the human sodium channel family. While this finding has been disputed, [START_REF] Kim | Calmodulin mediates Ca2+ sensitivity of sodium channels[END_REF] newer studies indicate that calcium does indeed bind to the hH1 C-terminus and plays an important role in concert with calmodulin to regulate channel function. [START_REF] Shah | Calcium-dependent regulation of the voltage-gated sodium channel hH1: Intrinsic and extrinsic sensors use a common molecular switch[END_REF] This study extended an initial report, based on electrophysiological and spectroscopic data, that calcium regulates the cardiac voltage-gated sodium channel hH1 (Na V 1.5). Combining all available evidence, the following model for the mechanism of calcium-dependent regulation of hH1 was proposed (Fig. 3). NMR and fluorescence titration data suggest that calmodulin is bound to the hH1 IQ motif via its C-lobe at basal calcium levels with nM affinity. Upon an increase in calcium levels, the binding of calcium to CaM causes the conformation of CaM to change, weakening and altering the CaM/IQ interaction, also demonstrated by NMR and fluorescence titration data. One or both lobes of calcium-loaded calmodulin are then more readily able to dissociate. The partial or complete dissociation of CaM frees the IQ motif to bind to the EF-hand domain, as NMR data shows will happen in the absence of calmodulin. This causes a concomitant calcium-dependent change in the conformation of the EF-hand domain, helping drive the equilibrium toward IQ interaction with the EF-hand domain and freeing up CaM. The EF-hand domain interacting with the IQ has μM calcium affinity and binds calcium.

It is likely that the debate will continue over the role of direct calcium binding and regulation versus the role of calmodulin mediated calcium-dependent regulation of voltagegated sodium channel function. There appears to be a strong consensus, however, that calcium does indeed regulate sodium channel function through at least one of these mechanisms, and that new insights into these processes may lead to more fundamental breakthroughs in the overall mechanisms governing channel availability and inactivation.

CALCIUM CHANNELS Voltage-gated calcium channels

The voltage-gated calcium channel family consists of three groups named Ca V 1, Ca V 2 and Ca V 3. In a manner analogous to sodium channel topology, functional channels consist of a large α subunit, which forms the pore, associated with different regulatory subunits (α2/δ, β, γ). Most of the studies looking at calcium-dependent regulation of voltage-gated calcium channels have been performed on Ca V 1.2 (L-type) and Ca V 2.1 (P/Q-type) channels.

Ca V 1.

(L type)

Ca V 1 channels generate the so-called L-type calcium current and are sensitive to inhibition by the drug dihydropyridine. Ca V 1.2 (also known as LTCC), is an interesting case study in the regulation of ion channels by calcium because it exhibits strong calcium-dependent behavior. The channel undergoes inactivation with a fairly slow (~1000 ms) rate constant in the presence of barium, a divalent ion commonly used to mimic calcium, but inactivation speeds up five-fold (~200 ms) in the presence of calcium. [START_REF] Kim | Identification of the components controlling inactivation of voltage-gated Ca2+ channels[END_REF] It has been long recognized that the channel contains an EF-hand in the proximal part of the C-terminus. [START_REF] Babitch | Channel hands[END_REF] This region was initially proposed [START_REF] De Leon | Essential Ca(2+)-binding motif for Ca(2+)-sensitive inactivation of L-type Ca2+ channels[END_REF] to mediate calcium-dependent inactivation of this channel, but subsequent studies have ruled this out. [START_REF] Peterson | Critical determinants of Ca(2+)dependent inactivation within an EF-hand motif of L-type Ca(2+) channels[END_REF][START_REF] Zhou | Feedback inhibition of Ca2+ channels by Ca2+ depends on a short sequence of the C terminus that does not include the Ca2+-binding function of a motif with similarity to Ca2+-binding domains[END_REF] Sequence analysis suggests that this EF-hand may not even bind calcium with any significant affinity; there is a proline at position 2, and position 5 is a lysine instead of an acidic residue. [START_REF] Zhou | Feedback inhibition of Ca2+ channels by Ca2+ depends on a short sequence of the C terminus that does not include the Ca2+-binding function of a motif with similarity to Ca2+-binding domains[END_REF] In light of these and other revelations, the calcium-dependent behavior of the channel is now attributed to a calmodulin-mediated mechanism. It has been discovered that a number of noncontiguous sites in the C-terminus provide binding sites for calmodulin, including a canonical IQ-type motif. [START_REF] Erickson | FRET two-hybrid mapping reveals function and location of L-type Ca2+ channel CaM preassociation[END_REF][START_REF] Pitt | Molecular basis of calmodulin tethering and Ca2+-dependent inactivation of L-type Ca2+ channels[END_REF][START_REF] Xiong | Sites on calmodulin that interact with the C-terminal tail of Cav1. 2 channel[END_REF] These sites appear to form a ternary complex with calmodulin at basal calcium levels, followed by rearrangement of the complex during a calcium signal. [START_REF] Mouton | Interactions of calmodulin with two peptides derived from the cterminal cytoplasmic domain of the Ca(v)1. 2 Ca2+ channel provide evidence for a molecular switch involved in Ca2+-induced inactivation[END_REF] Recently, two research teams succeeded in elucidating the structure of the complex between the calmodulin and the IQ motif by X-ray crystallography. These structures revealed that the binding between the calmodulin and the IQ motif is in a parallel orientation and mainly mediated by hydrophobic interactions. (In both structures, the four Ca 2+ binding sites of the CaM are saturated). [START_REF] Van Petegem | Insights into voltage-gated calcium channel regulation from the structure of the CaV1. 2 IQ domain-Ca2+/calmodulin complex[END_REF][START_REF] Fallon | Structure of calmodulin bound to the hydrophobic IQ domain of the cardiac Ca(v)1. 2 calcium channel[END_REF] As discussed in the section on voltage-gated sodium channels, IQ motifs are known to bind apo (calcium-free) calmodulin, and it is commonly held that a major role for IQ motifs is to recruit calmodulin at basal calcium levels, which then serves as the calcium sensor for local calcium-dependent events.

A number of proposals have been made for the mechanism of calcium-dependent behavior in this channel and the role of the IQ motif in this mechanism. The most recent, proposed by Pitt and colleagues, [START_REF] Kim | Identification of the components controlling inactivation of voltage-gated Ca2+ channels[END_REF] integrates data related to calcium-dependent binding of calmodulin sites in the LTCC C-terminus with new mutational data and newly uncovered interactions between the C-terminus and the I-II linker "inactivation particle". The authors propose that the EF-hand region serves a structural role in calcium-dependent channel behavior. According to their proposal, the complex of calmodulin and the calmodulin-binding-region in the C-terminus interacts constitutively with the EF-hand. The EF-hand, in turn, interacts with the I-II linker in a way that inhibits I-II mediated channel inactivation. Under basal calcium conditions, this results in slowing of I-II mediated inactivation. During conditions of elevated calcium, however, conformational changes in calmodulin release the EF-hand and allow the I-II linker to inactivate the channel more quickly. The proposed model elegantly ties voltage-dependent inactivation and calcium-dependent inactivation into a single mechanism, providing a mechanistic model for calcium-dependent effects on both of these supposedly independent types of inactivation. The proposed mechanism of action is summarized in Figure 4.

This model bears some resemblance to the one proposed by Shah et al. [START_REF] Shah | Calcium-dependent regulation of the voltage-gated sodium channel hH1: Intrinsic and extrinsic sensors use a common molecular switch[END_REF] for the cardiac voltage-gated sodium channel Na V 1.5. Both pair an IQ motif with an intrinsic EF-hand in the C-terminus. However, the overall mechanism of calcium-dependent regulation is quite different. The major difference is that the proposed mechanism for Ca V 1.2 relies on the EFhand domain to transduce a calcium-binding signal that occurs at CaM, whereas the proposal for Na V 1.5 suggests that the IQ-motif is the site of interaction between the CTD (C-terminal domain) and the cytoplasmic loop. Additionally, it appears that the interaction of CaM with the Ca 2+ -channel is mediated by a number of noncontiguous stretches of residues in the C-terminus, whereas the IQ motif is necessary and sufficient for the interaction of CaM with the Na + -channel C-terminus. Another key difference is that the intrinsic calcium binding site does not play a role in calcium-dependent properties of Ca V 1.2, but is critical in mediating calcium-dependent changes in the voltage-dependent steady state availability of hH1. [START_REF] Shah | Calcium-dependent regulation of the voltage-gated sodium channel hH1: Intrinsic and extrinsic sensors use a common molecular switch[END_REF][START_REF] Wingo | An EF-hand in the sodium channel couples intracellular calcium to cardiac excitability[END_REF] Finally, the evidence in hH1 favors a model where CaM dissociates or binds elsewhere on the channel, whereas the proposed mechanism in Ca V 1.2 requires CaM to remain associated with the C-terminus.

The findings related to and the model proposed for the mechanism of calcium-dependent regulation of Ca V 1.2 are important not just for understanding this particular system, but shed light onto the inactivation process in general. Further characterization, including the intramolecular targets of the I-II linker and the site of its interaction with the EF-hand may provide important clues toward the development of new drugs targeting calcium channels.

Ca 2+ -CaM-dependent protein kinase II (CaMK) is able to modify the activity of voltagegated calcium channels as well as voltage-gated sodium channels. The activation of CaMK induces a modal gating shift that favors prolonged LTCC openings. [START_REF] Dzhura | Calmodulin kinase determines calciumdependent facilitation of L-type calcium channels[END_REF] Based on findings that CaMK can bind to the Ca V 1.2 C-terminal domain in a region that involves IQ and calmodulin-binding (CB) domains, Dzhura et al. hypothesize that activated CaMKII prevents Ca 2+ -CaM binding to CB and IQ, reducing inactivation, and enhances the interaction of these domains with a 'facilitation site'. This hypothetical site is speculated to be formed by the β subunit. [START_REF] Dzhura | C terminus L-type Ca2+ channel calmodulin-binding domains are 'auto-agonist' ligands in rabbit ventricular myocytes[END_REF] A recent study proposes that following intracellular entry of Ca 2+ , Ca 2+ -CaM binds to CaMK. This interaction targets CaMK to certain intracellular domains of Ca V 1.2. After autophosphorylation of CaMK due to cell's depolarization, CaMK exposes a Ca V 1.2 binding site in the C-terminal domain. Then, CaMK phosphorylates the Nand/or C-teminal domain of Ca V 1.2 to regulate the channel activity. 41 Ca V 2.1 (P/Q type) Ca V 2.1 also provides a good case study in the regulation of ion channels by calcium. This channel is mainly located in the brain; its activity is modulated in two ways by calmodulin.

CaM has two different effects on the channel, as it promotes both Ca 2+ -dependent facilitation (CDF) and Ca 2+ -dependent inhibition (CDI) of this channel. [START_REF] Demaria | Calmodulin bifurcates the local Ca2+ signal that modulates P/Q-type Ca2+ channels[END_REF][START_REF] Halling | Regulation of voltage-gated Ca2+ channels by calmodulin[END_REF] These two effects are mediated by the interaction of CaM with two CaM-binding sites in the C terminal domain of the channel, an IQ motif and a CaM-binding domain. Ca V 2.1 possesses lobespecific regulation by CaM-Ca 2+ binding to one or the other lobe of CaM differentially regulates the channel. Ca 2+ binding to the C-lobe of Ca V 2.1-associated CaM results in CDF, whereas Ca 2+ binding to the N-lobe of CaM results in CDI. DeMaria et al [START_REF] Demaria | Calmodulin bifurcates the local Ca2+ signal that modulates P/Q-type Ca2+ channels[END_REF] proposed that the ability of CaM to serve a bifunctional role in voltage-gated calcium channels regulation reflects the different Ca 2+ affinities of the two lobes.

An EF-hand like domain has also been found in the C terminal domain of Ca V 2.1 and, in contrast to Ca V 1.2, seems to be involved in CDF. Alternative splicing of the EF-hand and the Ca V 2.1 C-terminal region controls the form of Ca 2+ -dependent facilitation in the channel, and individual cells are thought to express only one of these alternative mRNA transcripts. [START_REF] Chaudhuri | Alternative splicing as a molecular switch for Ca2+/calmodulin-dependent facilitation of P/Q-type Ca2+ channels[END_REF] 

Ryanodine-sensitive calcium release channels

The ryanodine-sensitive calcium release channels (ryanodine receptors, RyR) are found on the SR membrane at locations physically proximate to the T-tubule. [START_REF] Bers | Macromolecular complexes regulating cardiac ryanodine receptor function[END_REF][START_REF] Franzini-Armstrong | Shape, size, and distribution of Ca(2+) release units and couplons in skeletal and cardiac muscles[END_REF] Ryanodine receptors are massive (~5000 amino acid) proteins with four to twelve transmembrane helices [START_REF] Takeshima | Primary structure and expression from complementary DNA of skeletal muscle ryanodine receptor[END_REF][START_REF] Zorzato | Molecular cloning of cDNA encoding human and rabbit forms of the Ca2+ release channel (ryanodine receptor) of skeletal muscle sarcoplasmic reticulum[END_REF] that form tetrameric structures that are able to conduct calcium (stored in the SR lumen under resting conditions) when activated by calcium flowing through LTCC [START_REF] Bers | Macromolecular complexes regulating cardiac ryanodine receptor function[END_REF] or by interaction with LTCC. Its opening increases Ca 2+ concentration in the cytoplasm, which leads to the well-characterized process called excitation-contraction coupling. Most of the bulk of the protein is on the cytoplasmic face of the SR membrane, forming 27 nm × 27 nm × 14 nm "feet," which can be visualized by electron microscopy [START_REF] Samso | Apocalmodulin and Ca2+-calmodulin bind to neighboring locations on the ryanodine receptor[END_REF][START_REF] Sharma | Cryoelectron microscopy and image analysis of the cardiac ryanodine receptor[END_REF][START_REF] Wagenknecht | Three-dimensional reconstruction of ryanodine receptors[END_REF][START_REF] Samso | Internal structure and visualization of transmembrane domains of the RyR1 calcium release channel by cryo-EM[END_REF] in close association with LTCC (more so in skeletal than in cardiac muscle) as shown in Figure 5.

L-type calcium channels found in the transverse (T) tubule system of mammalian ventricular myocytes stimulate calcium release from the sarcoplasmic reticulum (SR) of muscle cells. [START_REF] Marx | Coupled gating between cardiac calcium release channels (ryanodine receptors)[END_REF] The T-tubule system, formed by invaginations of the cell membrane, conducts depolarization occuring on the surface of the cell deep into the interior. Depolarization activates the voltage-gated L-type calcium channels, resulting in calcium flow from the T-tubule system into the cytoplasm. In the heart, this calcium flow in turn activates ryanodine receptors [START_REF] Meissner | Molecular regulation of cardiac ryanodine receptor ion channel[END_REF] whereas in the skeletal muscle, the RyR channels are activated by a direct interaction with the LTCC channels. [START_REF] Cheng | Interaction between the dihydropyridine receptor Ca2+ channel beta-subunit and ryanodine receptor type 1 strengthens excitation-contraction coupling[END_REF] Three isoforms of RyR are found in mammals. [START_REF] Bers | Macromolecular complexes regulating cardiac ryanodine receptor function[END_REF] RyR1 is found predominantly in skeletal muscle and RyR2 in cardiac muscle. RyR3 has more widespread distribution but is also found in muscle. These channels are activated by ATP and low μM cytoplasmic calcium (calcium-induced calcium release), but inhibited by calmodulin and mM range cytoplasmic calcium. [START_REF] Martonosi | The network of calcium regulation in muscle[END_REF] At low Ca 2+ concentration (<1 μM), calmodulin activates RyR1 and RyR3 channels and inhibits RyR2 channels but at high Ca 2+ concentration (>1 μM), calmodulin inhibits all three RyR isoforms. [START_REF] Yamaguchi | Calmodulin regulation and identification of calmodulin binding region of type-3 ryanodine receptor calcium release channel[END_REF] Another aspect of the channel's overall response to calcium is that measurement of the response to calcium but itself results in a bell-shaped curve, with maximal response to calcium occurring in the range of 1 to 10 μm which decreases as calcium concentration increases or decreases. [START_REF] Bezprozvanny | Bell-Shaped Calcium-Response Curves of Ins(1,4,5)P3-Gated and Calcium-Gated Channels from Endoplasmic-Reticulum of Cerebellum[END_REF] These receptors contain two low-calcium-affinity EF-hands, only one of which is thought to bind calcium. [START_REF] Bezprozvanny | Bell-Shaped Calcium-Response Curves of Ins(1,4,5)P3-Gated and Calcium-Gated Channels from Endoplasmic-Reticulum of Cerebellum[END_REF] Because the affinity is low, it is assumed that this EF-hand is involved somehow in channel inactivation, but little is known about the mechanisms by which calcium-dependent activation and inactivation occur.

Not much is known about the calmodulin dependent processes regulating the protein either. Calmodulin binding sites have been characterized by high resolution electron microscopy, which have elucidated a pocket on the massive cytoplasmic "foot" where calmodulin binds [START_REF] Samso | Apocalmodulin and Ca2+-calmodulin bind to neighboring locations on the ryanodine receptor[END_REF] (Fig. 5). Apo-calmodulin is able to bind to the RyR, and the conformational changes accompanying the calcium-loading of calmodulin are thought to cause the calmodulin binding site to shift by a few amino acids; the change in position of calmodulin is observable by high resolution EM. Calmodulin is known to have different effects on the different isoforms of the RyR, but in all cases inhibits calcium release at higher calcium concentrations. A significant amount of work remains to be done to understand the calciumdependent mechanisms that regulate these channels, a task that is especially important given their role in the generation of muscular calcium spikes.

Ca 2+ -CaM-dependent protein kinase II (CaMK) has also been shown to play a role in RyR2 channel activation. A phosphorylation site in rabbit RyR2 (serine-2809) was discovered, and it was assumed that phosphorylation at this site principally mediated CaMK dependent effects. However, another site (serine-2815) has now been identified and the evidence suggests that this site is responsible for CaMK dependent RyR2 activation and Ca 2+ release. [START_REF] Bers | Macromolecular complexes regulating cardiac ryanodine receptor function[END_REF][START_REF] Hamada | Molecular dissection, tissue localization and Ca2+ binding of the ryanodine receptor of Caenorhabditis elegans[END_REF][START_REF] Witcher | Unique phosphorylation site on the cardiac ryanodine receptor regulates calcium channel activity[END_REF] The concentration of free calcium in SR has also been suggested to modulate channel activity, [START_REF] Terentyev | Luminal Ca2+ controls termination and refractory behavior of Ca2+-induced Ca2+ release in cardiac myocytes[END_REF] resulting in so called luminal regulation, but the mechanisms by which this occur remain unclear. Another channel with similar localization is the inositol 1,4,5-triphosphate receptor, are located in the endoplasmic reticulum and Golgi apparatus. With RyR, they are the other channel responsible for the release of intracellular stored calcium and so are involved in diverse physiological functions. In mammal, three isoforms of inositol 1,4,5triphosphate receptors exist. The activation of the receptor needs both inositol 1,4,5triphosphate and calcium but it may be modulated by calmodulin, adenosine triphosphate and other compounds. The characteristics of this receptor have been reviewed elsewhere (see Bultynck et al. [START_REF] Bultynck | Pharmacology of inositol trisphosphate receptors[END_REF] ). As Ryr, inositol 1,4,5-triphosphate receptor responds to calcium in a bellshaped manner. [START_REF] Bezprozvanny | Bell-Shaped Calcium-Response Curves of Ins(1,4,5)P3-Gated and Calcium-Gated Channels from Endoplasmic-Reticulum of Cerebellum[END_REF] 

POTASSIUM CHANNELS

A wide variety of potassium channels exist, acting to repolarize the cell membrane by conducting potassium ions, which are maintained at a concentration gradient with a very negative Nernst potential. Some of these channels act during various phases of the action potential to modulate membrane potential changes caused by the flux of other ions. Mechanistically, these channels open slowly compared to sodium channels, with the result that they begin to act just as sodium channels inactivate.

KV channels

The voltage-gated potassium channel family forms the largest group of potassium channels with twelve families named K V 1 to K V 12. In constrast to sodium and calcium channels, voltage-gated potassium channels are tetramers of four α subunits, each α subunit containing six transmembranes helices. The functional diversity of these families increases through homo-or hetero-associations of α subunits or association with auxiliary cytoplasmic β subunits. The fourth transmembrane helix is involved in voltage-gating, and the fifth and sixth from each subunit form the ion conduction pore.

The ether a go-go channels are members of the K V 10 family and are mainly involved in cell cycle control. They are activated by membrane depolarization but were found to be inhibited by low intracellular Ca 2+.60,61 The Ca 2+ sensitivity of the channels is due to calmodulin; a calmodulin-binding site has been localized in the C-terminal domain (CTD) of the channel. [START_REF] Terentyev | Luminal Ca2+ controls termination and refractory behavior of Ca2+-induced Ca2+ release in cardiac myocytes[END_REF] Though the channels are tetrameric, only one molecule of calmodulin is required for inhibition of channel function. Two other CaM binding sites have been recently detected. One is located in the C terminus of the channel in the vicinity of the first site discovered. The other is located in the N terminus. [START_REF] Bultynck | Pharmacology of inositol trisphosphate receptors[END_REF] Calmodulin binds all sites in a Ca 2+ -dependent manner, and experiments with mutant CaM have demonstrated that binding at all sites is primarily dependent on the C-lobe of CaM. The molecular mechanism by which CaM acts is unclear at this point, though structural information about the complex between CaM and the channel would likely be useful in elucidating the series of events. [START_REF] Bultynck | Pharmacology of inositol trisphosphate receptors[END_REF] It has been also reported that CaM was able to bind several channels in the K V 7 family in both the absence and presence of Ca 2+ . Calmodulin can binds to the C terminus of these channels at two distinct sites, termed IQ 1 and IQ 2 . Only the binding on IQ 2 seems to be Ca 2+ -dependent. [START_REF] Stansfeld | Elevation of intracellular calcium by muscarinic receptor activation induces a block of voltage-activated rat ether-a-go-go channels in a stably transfected cell line[END_REF][START_REF] Schonherr | Inhibition of human ether a go-go potassium channels by Ca(2+)/calmodulin[END_REF][START_REF] Ziechner | Inhibition of human ether a go-go potassium channels by Ca2+/calmodulin binding to the cytosolic N-and C-termini[END_REF][START_REF] Wen | Calmodulin is an auxiliary subunit of KCNQ2/3 potassium channels[END_REF] Functionally, CaM appears to inhibit channel function at elevated Ca 2+ concentrations. For example, in heteromeric K V 7.2/K V 7.3 channels, increases in Ca 2+ led to a decline in the channel current, which was recovered when Ca 2+ was lowered. [START_REF] Schonherr | Inhibition of human ether a go-go potassium channels by Ca(2+)/calmodulin[END_REF] CaM may also play a structural role in K V 7 function. A recent study shows that CaM participates in the assembly of K V 7.1, an isoform involved in cardiac action potential repolarization. [START_REF] Wen | Calmodulin is an auxiliary subunit of KCNQ2/3 potassium channels[END_REF] This is in addition to its functional effects on the channel; the chelation of Ca 2+ below physiological concentrations or the incorporation of a mutant CaM unable to bind Ca 2+ induces prominent channel inactivation during the depolarizing pulses and reduces current amplitude of K v 7.1. [START_REF] Wen | Calmodulin is an auxiliary subunit of KCNQ2/3 potassium channels[END_REF] Calcium-dependent regulation of voltage-gated potassium channels is mediated by a number of proteins aside from CaM. K V 4 channels, also involved in cardiac action potential repolarization, are modulated by a family of Ca 2+ sensor proteins termed K v channelinteracting proteins (KChIP's). The coexpression of KChIP with K V 4 leads to an increase in the current intensity. [START_REF] Gamper | Calmodulin mediates Ca2+-dependent modulation of M-type K+ channels[END_REF] These proteins interact with K V 4 channels via the N and C terminal regions of the channel, [START_REF] Yus-Najera | The identification and characterization of a noncontinuous calmodulin-binding site in noninactivating voltage-dependent KCNQ potassium channels[END_REF] resulting in an increase in current density, a reduction in the inactivation rates and an acceleration of recovery from inactivation. Studies have shown that the effects of KChIP on current density and inactivation kinetics occur independently of Ca 2+ , whereas the effects on the rate of recovery from inactivation are Ca 2+ -dependent. [START_REF] Ghosh | KCNQ1 Assembly and Function Is Blocked by Long-QT Syndrome Mutations That Disrupt Interaction With Calmodulin[END_REF] Also regulating K V 4 is CaMK; the effects on channel inactivation are similar to those produced by KchIP. [START_REF] An | Modulation of A-type potassium channels by a family of calcium sensors[END_REF] Sergeant et al found that mutation of serine-550 in the C terminal domain of K V 4.3 eliminated the effects of CaMK, suggesting that the channel is a direct target of CaMK. They proposed that elevation of cytosolic Ca 2+ activates CaMK, causing the inactivation rate of K V 4.3 to slow. [START_REF] An | Modulation of A-type potassium channels by a family of calcium sensors[END_REF] The K V 1.4 channel is also regulated by CaMK. The inactivation gating of this Shakerrelated fast-inactivating K V channel is controlled by CaMK and protein phosphatase B2. The balance between phosphorylated and dephosphorylated K V 1.4 channels is regulated by changes in intracellular Ca 2+ concentration, rendering K V 1.4 inactivation gating Ca 2+sensitive. [START_REF] Callsen | Contribution of N-and Cterminal channel domains to Kv4. 2 domains to KChIP interaction [corrected[END_REF] Phosphorylation of the N terminal domain reduces its rate of inactivation, increases its recovery from inactivation, and shifts the potential of voltage dependant steadystate inactivation to more positive potentials.

Jow et al. uncovered Ca 2+ -dependent regulation of the inactivation of voltage-gated K V 1.1 associated with the β subunit K V β1.1. Ca 2+ switchs the kinetics of K V 1.1/K V β1.1 inactivation from fast to slow. Alteration of the N terminal domain of K V β1.1 abolishes Ca 2+ -dependent modulation, although no Ca 2+ -binding site have been detected in this region. No role for CaM has been suggested. The authors hypothesize that the slowed inactivation of voltage-gated K V 1.1/K V β1.1 channels by Ca 2+ could serve as a negative feedback mechanism to increase potassium conductance and may contribute to the regulation of repolarization and afterhyperpolarization during the action potentials in neurons. [START_REF] Patel | Elucidating KChIP effects on Kv4. 3 inactivation and recovery kinetics with a minimal KChIP2 isoform[END_REF] 

Additional potassium channels

One class of potassium channels act late in the cardiac action potential to repolarize the cell membrane to end the current action potential and prepare the cell for the next one. Among these channels are the inward rectifiers, which activate and then inactivate extremely rapidly during initial depolarization, resulting in little conduction of potassium ion. During the course of the action potential, however, these channels recover from inactivation and are able to activate again if the membrane potential is more positive than -30 mV. [START_REF] Tamargo | Pharmacology of cardiac potassium channels[END_REF] During this second activation, the channels will remain open longer if the membrane potential is between 0 mV and -30 mV. [START_REF] Tamargo | Pharmacology of cardiac potassium channels[END_REF] This results in increased potassium current and acceleration of repolarization.

The calcium-activated potassium channels (K Ca ) form a second group. In contrast to K V channels, these channels open in response to calcium, acting late in the action potential to contribute potassium currents towards repolarization of the cell in response to elevated intracellular calcium. Three different subtypes of K Ca were initially identified on the basis of conductance: big conductance (BK Ca ), intermediate conductance (IK Ca ), and small conductance (SK Ca ). [START_REF] Sergeant | Regulation of Kv4. 3 currents by Ca2+/calmodulin-dependent protein kinase II[END_REF] IK Ca and SK Ca channels have since been recognized to be closely related to each other.

BK Ca channels

These channels are expressed in smooth muscle [START_REF] Roeper | Frequency-dependent inactivation of mammalian A-type K+ channel KV1. 4 regulated by Ca2+/calmodulin-dependent protein kinase[END_REF] and nerve cells. [START_REF] Jow | Functional coupling of intracellular calcium and inactivation of voltage-gated Kv1.1/Kvbeta1. 1 A-type K+ channels[END_REF][START_REF] Stocker | Ca(2+)-activated K+ channels: molecular determinants and function of the SK family[END_REF] Recently, they have also been implicated in functions as diverse as innate immunity in neutrophil leukocytes [START_REF] Brayden | Regulation of arterial tone by activation of calcium-dependent potassium channels[END_REF] and protection against ischemia in cardiac myocyes. [START_REF] Moczydlowski | BK channel news: full coverage on the calcium bowl[END_REF] The channels are tetramers of α subunits that are associated with a regulatory β subunit. The α subunit appears to have a canonical six-transmembrane topology, with a number of positively charged residues in the S4 segment. Interestingly, hydropathy plots indicate that there may be another transmembrane helix preceding the S1 segment of the channel (termed S0), as well as four hydrophobic segments distal to S6 (termed S7-S10) involved in forming a large intracellular domain. [START_REF] Robitaille | Functional colocalization of calcium and calcium-gated potassium channels in control of transmitter release[END_REF] This intracellular region contains several different important functional domains: a tetramerization domain, several leucine zipper domains, multiple phosphorylation sites, two "regulator of conductance for potassium" domains (referred to as RCK domains) located around the S7 and S8 segments [START_REF] Ahluwalia | The large-conductance Ca2+-activated K+ channel is essential for innate immunity[END_REF][START_REF] Xu | Cytoprotective role of Ca2+-activated K+ channels in the cardiac inner mitochondrial membrane[END_REF] and a "calcium-bowl" located between the S9 and S10 segments. [START_REF] Meera | Large conductance voltage-and calcium-dependent K+ channel, a distinct member of voltage-dependent ion channels with seven N-terminal transmembrane segments (SO-S6), an extracellular N terminus, and an intracellular (S9-S10) C terminus[END_REF][START_REF] Jiang | Structure of the RCK domain from the E. coli K+ channel and demonstration of its presence in the human BK channel[END_REF] BK Ca channels are able to respond to both voltage signals and calcium signals. [START_REF] Roosild | Cytoplasmic gatekeepers of K+-channel flux: a structural perspective[END_REF] The S4 helix likely mediates voltage-gating, given what is known generally about sixtransmembrane voltage-gated channels. It is currently believed that calcium sensitivity is mediated by the C-terminal domain, based on cross-species domain swapping experiments, which demonstrated that transfer of the distal hydrophobic segments can transfer calcium dependent properties across species. [START_REF] Schreiber | A novel calcium-sensing domain in the BK channel[END_REF] At present there remains quite a bit of controversy over the number, affinity, and location of calcium binding sites in BK Ca . What is clear is that there are no canonical calcium binding sites anywhere in the protein. Several putative ion-binding sites have been identified in the channel, including two Ca 2+ binding sites proposed to be located in the RCK domains. [START_REF] Wei | Eight potassium channel families revealed by the C-elegans genome project[END_REF][START_REF] Cox | The BKCa channel's Ca2+-binding sites, multiple sites, multiple ions[END_REF] It has also been demonstrated by alanine-scanning mutagenesis that an acid-rich region in the S9-S10 loop is important for calcium binding. [START_REF] Wei | Calcium sensitivity of BK-type KCa channels determined by a separable domain[END_REF] As mentioned above, this region has been termed the "calcium-bowl" and is thought by some to serve as one of the calcium binding sites in the protein. Standing in contrast to all of this data is the finding by another group that most of the voltage-and calcium-dependent properties of the channel are retained even when the last four hydrophobic helices S7-S10 are truncated. [START_REF] Bao | Elimination of the BKCa channel's high-affinity Ca2+ sensitivity[END_REF] With regards to calcium-dependent regulation by an extrinsic calcium sensor, studies examining the role of calmodulin in Ca 2+ dependent activation of BK Ca channels have concluded that it is not involved. [START_REF] Xia | Multiple regulatory sites in large-conductance calcium-activated potassium channels[END_REF][START_REF] Bao | Mapping the BKCa channel's "Ca2+ bowl": sidechains essential for Ca2+ sensing[END_REF] However, sequence analysis using the CaM Target Database [START_REF] Piskorowski | Calcium activation of BK(Ca) potassium channels lacking the calcium bowl and RCK domains[END_REF] suggests a calmodulin binding site may exist in the C-terminal region of some isoforms.

SK Ca and IK Ca channels

SK Ca channels are expressed throughout the body in muscle and nerve cells. [START_REF] Ikemoto | Delayed activation of large-conductance Ca2+-activated K channels in hippocampal neurons of the rat[END_REF][START_REF] Kihira | Effects of calmodulin antagonists on calciumactivated potassium channels in pregnant rat myometrium[END_REF] In humans, this family is comprised of four members encoded by the genes SK1, SK2, SK3 and IK1. [START_REF] Kihira | Effects of calmodulin antagonists on calciumactivated potassium channels in pregnant rat myometrium[END_REF] Note that the intermediate conductance channel is included in this gene family; although it has a larger single-channel conductance and different drug sensitivity than the other members of the family, sequence homology indicates that this channel functions in a similar manner and is closely related to SK Ca channels. The initial separation of these channels into specific groups stemmed from the fact that SK isoforms were sensitive to the bee venom toxin apamin, whereas the IK isoforms were not. SK Ca channels are the only known target of apamin. [START_REF] Kihira | Effects of calmodulin antagonists on calciumactivated potassium channels in pregnant rat myometrium[END_REF] Each of the SK Ca channels has the canonical transmembrane topology of potassium channels, namely, six transmembrane helices and tetramerization to form a functional channel. In contrast to the S4 segments in voltage-gated potassium channels (K V ), which carry positively charged residues important for voltage-dependent gating, the S4 segments of SK Ca channels are populated with primarily neutral resides at comparable positions. Presumably, this explains the voltage-independent behavior of these channels. [START_REF] Sergeant | Regulation of Kv4. 3 currents by Ca2+/calmodulin-dependent protein kinase II[END_REF] The focus of research on the three SK isoforms of this channel has been mainly restricted to their function in neural contexts, [START_REF] Yap | Calmodulin target database[END_REF][START_REF] Vergara | Calcium-activated potassium channels[END_REF][START_REF] Bond | SK channels in excitability, pacemaking and synaptic integration[END_REF][START_REF] Dunn | Discrimination between subtypes of apamin-sensitive Ca(2+)-activated K+ channels by gallamine and a novel bisquaternary quinolinium cyclophane, UCL 1530[END_REF][START_REF] Galanakis | Synthesis and structure-activity relationships of dequalinium analogues as K+ channel blockers. Investigations on the role of the charged heterocycle[END_REF][100][101] but it has been demonstrated that the SK2 isoform is expressed in the atria and ventricles of both human and mouse heart. 102 Apamin blockade resulted in substantially longer lasting plateau and repolarization phases of the cardiac action potential. This and other observations revealed both the presence of SK2 in cardiac myocytes and that the role of SK2 in this context is to accelerate repolarization of the cell following calcium-mediated excitation-contraction coupling.

Unlike BK Ca channels, quite a bit is known about the structural mechanism of calciumdependent sensitivity and gating in SK Ca channels. The proximal C-terminal domain of the channel binds calmodulin via a novel motif that does not conform to known Ca 2+independent CaM binding motifs (such as the IQ motif) or the traditional Ca 2+ -dependent motifs (reviewed in refs. 92 and 103). This region binds calmodulin in such a way that the C-terminal lobe of calmodulin appears to mediate a Ca 2+ -independent interaction with the channel, while the N-terminal lobe mediates Ca 2+ -dependent changes to these interactions. 104 Mechanistic insights have been obtained from a combination of biochemical data [104][105][106] and crystal structures of the SK Ca Ca 2+ -binding domain in complex with both apo 107 and Ca 2+ -loaded calmodulin. 108 Only the N-lobe EF-hand calcium-binding sites of calmodulin are occupied by calcium in the "Ca 2+ -loaded" structure.

The consensus view is that binding of calcium to the N-lobe of calmodulin orders large parts of the SK Ca C-terminus. At the same time, the conformation of the binding surface between the calmodulin C-lobe and the SK Ca C-terminus alters significantly, reorienting the helical residues in the interaction region (residues 430-440) by greater than 90°. 107 The comparison of the apo-structure with the Ca 2+ -loaded structure suggests that this rotation may directly result in gating of the channel. Since these changes occur in the proximal C-terminus, they directly affect the covalently attached inner helix gate of the channel. The authors conclude a rotation of this magnitude will likely cause significant conformational change in the gate, resulting in channel opening. This proposed mechanism is summarized in Figure 6.

DISCUSSION

As is clear from the examples described here, evolution has strongly selected for systems which self-limit calcium signals. The existence of calcium-dependent feedback mechanisms in sodium, potassium, and calcium signal generation underlines the importance of tightly regulated intracellular calcium levels. In aggregate, the calcium-dependent behavior of these channels is likely to tune the peak and trough calcium concentrations during an action potential. This effect is both direct, by modulation of calcium current, and indirect, by providing calcium-dependent repolarization mechanisms. These processes may also provide some protection against pathological processes such as ischemia in which both extracellular 109,110 and intracellular 111 calcium concentrations rise significantly.

Not explored here, but also likely to play a role in the regulation of ion channels, is Ca 2+dependent changes in the expression of channels. For example, Varga et al have demonstrated that CaMK does not affect K V 4.2 channel biophysics but does directly modulate neuronal excitability by increasing cell-surface expression of A-type K + channels. 112 It is clear that calmodulin plays a significant role in many of these regulatory processes. One commonality that has emerged from this review is the importance of recruiting calmodulin at basal calcium concentrations via the IQ motif (Na + channels and Ca V 1.2) or other motifs (SK Ca channels and ryanodine-sensitive calcium release channel). This localizes a molecule of calmodulin to the area where it will take action, providing for faster kinetics in the response to calcium as well as stabilizing CaM in the "off" position. Additionally, it has been shown that the IQ motif interaction alters the Ca 2+ on and off-rates from calmodulin, 113,114 further ensuring a more rapid kinetic on-response during a calcium signal and off-response to the basal state once a calcium signal is complete.

Intrinsic calcium binding sites regulate many of these channels as well, serving structural (Ca V 1.2) or functional (Na V 1.5) roles. Further study of these systems should lead to new understanding of how these regulatory systems evolved and why these sites were conserved. Important discoveries may also come from better understanding of these channels. For example, it is likely that BK Ca channels are regulated by a novel calcium binding protein and/or contain a novel intrinsic calcium binding motif. Characterization of this motif may uncover similar motifs in other proteins not currently recognized as calcium binding factors. A better molecular understanding of the mechanisms behind calcium-dependent control of these channels may also lead to new strategies for anti-arrhythmic and anti-epileptic therapy. Model for the action of calcium in the hH1 C-terminus. At basal levels of calcium in the cell, calmodulin (yellow dumbbell) is localized to the IQ motif (light blue cylinder), bound via the C-lobe (top left). As calcium levels rise, calmodulin binds calcium (top right), which weakens and alters the CaM/IQ interaction. The consequent release of one or both CaM domains enables the IQ motif to interact with the EF-hand core (bottom panels), raising its calcium affinity by three orders of magnitude which in turn leads to calcium binding in that site. 

Figure 1 .

 1 Figure 1. EF-hand calcium binding loop coordinates the calcium (II) ion with pentagonal bipyramidal geometry. (A) Consensus EF-hand calcium binding loop sequence. Residues 1, 3, 5, 7 and 12, contribute oxygens for calcium coordination; see text for details. Position 6 Gly is strongly conserved for steric/conformational reasons. Position 9, participates in coordination by hydrogen bonding with a water molecule needed to complete the coordination sphere. (B) Pentagonal bipyramidal geometry of calcium coordination in an EF-hand. All of the peripheral large spheres represent oxygen atoms participating in coordination.

Figure 2 .

 2 Figure 2. The contributions of various ionic currents to an action potential. (A) demonstrates the changes in transmembrane potential that occur during an action potential. (B) indicates the currents of sodium (INa), calcium (ICaL), and potassium (IK…) that occur during the course of the action potential. (C) diagrams in a very general way the channel openings, closings, and inactivations that occur during an action potential, where the cylinder represents a single myocyte. (A and B) adapted with permission from Tamargo 19 .

Figure 3 .

 3 Figure 3.

Figure 4 .

 4 Figure 4. The proposed mechanism of calcium-dependent inactivation in CaV1.2. Top left figure shows the channel in the open state. Dotted lines from the EF-domain to the I-II region and to the IQ/A/C region indicate binding interactions. In the absence of calcium, these interactions must be interrupted for I-II mediated inactivation. In the presence of calcium, conformational changes allow the I-II to inactivate while preserving the I-II/EF interaction, speeding the process fivefold. Figure based on reference 28.

Figure 5 .

 5 Figure 5. Three-dimensional reconstruction of the structure of the ryanodine receptor (RyR) tetramer by high-resolution electron microscopy. (A) shows a side view and emphasizes the proximity of RyR to L-type calcium channels in the T-tubule system. (B) shows a view from the cytoplasmic perspective, and (C) shows a view from the SR lumen perspective. The location of calmodulin binding on a single subunit of the tetramer is indicated. Figure adapted with permission from reference 45.

Figure 6 .

 6 Figure 6. Proposed mechanism for calcium dependent activation of SKCa channels. Closed channels, at left, constitutively bind the C-lobe of calmodulin. Calcium binding causes a >90° rotation in the 430-440 segment of the SKCa C-terminus, altering the conformation of S6 and gating the channel to the open position. Calcium binding also causes a significant ordering of other parts of the C-terminus as well; the crystal structure of Ca-CaM with the SKCa-CTD is a domain swapped dimer with both lobes of CaM binding different parts of the SKCa-CTD.
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