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Solution NMR Structure of apo-calmodulin in complex with the IQ motif of Human Cardiac Sodium Channel Na V 1.5
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The function of the human voltage-gated sodium channel Na V 1.5 is regulated in part by intracellular calcium signals. The ubiquitous calcium sensor protein calmodulin (CaM) is an important part of the complex calcium-sensing apparatus in Na V 1.5. CaM interacts with an IQ motif in the large intracellular C-terminal domain of the channel. Using co-expression and copurification, we have been able to isolate a CaM-IQ motif complex and to determine its highresolution structure in absence of calcium using multi-dimensional solution NMR. Under these conditions, the Na V 1.5 IQ motif interacts with the C-terminal domain (C-lobe) of CaM, with the N-terminal domain remaining free in solution. The structure reveals that the C-lobe adopts a semiopen conformation with the IQ motif bound in a narrow hydrophobic groove. Sequence similarities between voltage-gated sodium channels and voltage-gated calcium channels suggest that the structure of the CaM-Na V 1.5 IQ motif complex can serve as a general model for the interaction between CaM and ion channels IQ motifs under conditions of low calcium. The structure also provides insight into the biochemical basis for disease-associated mutations that map to the IQ motif in Na V 1.5.

Introduction

The cardiac voltage-gated sodium channel Na V 1.5 is an essential element of regulation of the beating of the heart, as it is involved in the initial phase of the action potential. Upon activation, Na V 1.5 opens and allows sodium ions to pass through the cell membrane according to their electrochemical gradient. Nav1.5 will then close and stop sodium ion flow. This channel is mainly activated by change in membrane potential, but recent studies showed that intracellular calcium also plays an important role in its gating mechanism. The structure of Na V 1.5 is composed of one alpha chain divided in four homologous domains (D I , D II , D III , D IV ) with distinct N and C-termini. The domains, each containing six transmembrane helices, are linked by intracellular loops. The loop between domains D III and D IV has a very important role in the channel function as it is involved in the phenomenon of fastinactivation of the channel. [START_REF] Yu | Overview of the voltage-gated sodium channel family[END_REF] The N-and C-terminal domains are also intracellular. Several mutations located in these domains are associated with diseases such as long QT syndrome, Brugada syndrome and atrial or ventricular fibrillations. 2 -7 Although membrane potential variations are the primary stimulus for Na V 1.5 activation, calcium ions are also able to modulate channel gating. Recent studies from our lab and others8 -13 have shown that calcium sensitivity involves three domains of Na V 1.5: the D III -D IV linker and two regions in the C-terminal domain-an IQ motif and an EF-hand domain (CTD-EF). The IQ motif is a key element in the calcium sensing apparatus of Na V 1.5 as it serves as a molecular switch that couples the actions of the Ca 2+ sensing modules calmodulin (CaM) and CTD-EF. 8 , 12 IQ motifs are well-characterized CaM binding motifs that are associated with localization of CaM to sites of action in the cell. CaM, a member of the EF-hand family of calcium-binding proteins, is a ubiquitous protein that serves as a primary calcium signal transducer, and it is involved in a multitude of biological processes. CaM is composed of two homologous structural domains (commonly referred to as lobes). The N-lobe (residues 1-76) and C-lobe (residues 80-148) are tethered together by a short linker, and each contains a pair of helixloop-helix EF-hands (Ca 2+ binding motifs). CaM has been shown to interact with the Na V 1.5 IQ motif in the absence and presence of calcium,8 , 10 and it serves as an extrinsic calcium sensor for Na V 1.5 that complements the intrinsic CTD-EF calcium sensor.

In this manuscript we present the NMR solution structure of human calmodulin in complex with IQ motif of human Na V 1.5 in the absence of calcium. While several structures of calmodulin in complex with ion channel IQ motifs exist in the presence of calcium, to our knowledge this is the first structure of such a complex in the apo-state.

Results

Structure of the calmodulin-Na V 1.5 IQ motif complex

The three-dimensional solution structure of human apo-calmodulin in complex with the human voltage-gated sodium channel Na V 1.5 IQ motif (residues Glu1901-Ser1927) was determined using multi-dimensional heteronuclear NMR spectroscopy. Nearly complete 1 H, 13 C, and 15 N resonance assignments were obtained using a series of standard double and triple resonance experiments as described in Methods. This resulted in >98% of all protons assigned. The majority of the missing assignments were in the third calcium binding loop of CaM as a result of significant line broadening.

The combination of specific patterns of medium range NOEs, a Chemical Shift Index (CSI) analysis,14 and { 1 H}- 15 N heteronuclear NOEs (Figures 1 ,S1) indicate that CaM residues Gln3-Lys147 and IQ motif residues Glu1901-Lys1922 form stable structures with regular secondary structure. The N-and C-termini (Asp2 and Lys148) of CaM and of the IQ motif (Gly -2, Ser -1, His1923-Leu1927) are disordered. Residues located in the CaM calcium binding loops (Lys21, Asp22, Gly23, Asp24, Asp56, Ala57, Asp58, Asn60, Lys94, Asp95 and Ile130) and those located in the linker (Asp78, Thr79 and Asp80) between N-and Clobes give rise to lower NOE values that are indicative of above average flexibility (Figure 1). Qualitative analysis of the pattern of medium range NOEs combined with the chemical shift index (CSI) revealed the presence of the expected eight α helices and 2 cross-strand βtype interactions between paired calcium binding loops in CaM and one α helix in the IQ motif (Figure S1). Helical structure in the Na V 1.5 IQ motif is consistent with observations made for many CaM binding peptides isolated from target proteins, for example as seen in the structures of Ca 2+ -CaM bound to IQ motif peptides from Ca V 1.1 (PDB ID: 2VAY),15 Ca V 1.2 (PDB IDs: 2F3Y 2BE6),16 , 17 Ca v 2.1 (PDB ID: 3BXK),18 Ca v 2.2 (PDB ID: 3DVE), [START_REF] Kim | Structures of CaV2 Ca2+/CaM-IQ domain complexes reveal binding modes that underlie calcium-dependent inactivation and facilitation[END_REF] and Ca V 2.3 (PDB IDs : 3DVK,3BXL),18 , 19 as well as peptides from calmodulin kinase II (PDB ID : 3GP2) and myosin light chain kinase (PDB ID : 2BBM)20. Helical conformation is observed even with larger fragments and intact target proteins such as the edema factor from Bacillus anthracis (PDB ID: 1XFV) [START_REF] Shen | Calcium-independent calmodulin binding and two-metal-ion catalytic mechanism of anthrax edema factor[END_REF] and Death Associated Protein kinase 1(PDB ID: 2X0G), [START_REF] De Diego | Molecular basis of the death-associated protein kinase-calcium/calmodulin regulator complex[END_REF] and in the apo-CaM complex with myosin (PDB ID: 2IX7). [START_REF] Houdusse | Crystal structure of apocalmodulin bound to the first two IQ motifs of myosin V reveals essential recognition features[END_REF] The three-dimensional structure of the complex of human CaM with the Na V 1.5 IQ motif was calculated using a two-step protocol consisting of the generation of initial structures using CYANA24 followed by rMD refinement using AMBER,25 as described previously. 12 , 26 , 27 The 3054 NOE based distance restraints generated (Table 1), including 175 intermolecular NOE restraints between CaM and IQ motif, are well distributed along the sequence of CaM and IQ motif, except for the third calcium binding loop of calmodulin (for which several residues are exchange broadened) and the C-terminus of the IQ motif, which is highly dynamic (Figure 1). 248 restraints for psi and phi angles from TALOS were included, and CYANA provided stereo-specific assignments for 5 pairs of Leu and Val methyl groups and 18 pairs of Cβ,γ protons. The final ensemble of 20 conformers was selected based on lowest restraint violation. The input and refinement statistics are shown in Table 1. The final ensemble has no violations of NOE restraints > 0.2 A and no angle violations > 5 degrees. The large number of restraints (>18 per residue) produces a high precision ensemble with an RMSD of 0.50 Å for the backbone and 0.97 Å for all heavy atoms for CaM N-lobe (Leu4-Lys75), values of 0.53 Å for the backbone and 1.06 Å for heavy atoms for the C-lobe (Glu82-Met145 excluding the unstructured loop Asp131-Gly134), and values of 0.58 Å for the backbone and 1.09 Å for all heavy atoms in the IQ motif (Glu1902-Arg1919). Secondary structure analysis using PROCHECK-NMR28 revealed a high quality structure with, for example, 98.9% of backbone torsion angles occupying favored regions of the Ramachandran plot and a Molprobity29 score of 0.89 (100 percentile) for the lowest restraint energy structure (Table 1).

The overall structure of CaM is in accord with previously published structures of CaM in complex with various binding partners (Figure 2a,b). There are two EF-hand domains (Ala1-Arg74, Glu82-Lys148) each formed by four α-helices (N-Lobe: α1 Glu6-Phe19, α2 Thr29-Ser38, α3 Glu45-Val55, α4 Phe65-Lys75; C-lobe: α5 Glu82-Phe92, α6 Ala102-Asn111, α7 Asp118-Asp129, α8 Tyr138-Thr146) and one cross-stranded β-type interaction between the calcium binding loops in each lobe (N-lobe: β1 Thr26-Thr28, β2 Thr62-Asp64; C-lobe: β3 Ile100-Ser101, β4 Gln135-Val136). The IQ motif is a relatively long and straight α helix (Glu1901-Ser1920) (Figure 2). The { 1 H}- 15 N heteronuclear NOEs show that the four calcium binding loops between the pairs of helices within each EF-hand motif have above average flexibility, which is reflected by lower precision in the structure (Figure 2a,b). Importantly, the linker between N-and C-lobes (residues Lys75-Ser81) has low { 1 H}-15 N NOEs, indicating a higher than average conformational flexibility, which implies that the two lobes retain their independent motion even in the complex (Figure 2a,b).

Interaction between CaM and IQ motif

As seen in Figure 2c, the IQ motif interacts only with the C-lobe of calmodulin: all 175 intermolecular NOEs detected involve residues of the C-lobe. The key residues at the interface include CaM residues Phe92 (25 intermolecular NOEs), Leu112 [START_REF] Shen | Calcium-independent calmodulin binding and two-metal-ion catalytic mechanism of anthrax edema factor[END_REF], Met124 (17), Ile85 [START_REF] Wishart | The 13C chemical-shift index: a simple method for the identification of protein secondary structure using 13C chemical-shift data[END_REF], Ala88 [START_REF] Potet | Functional Interactions between Distinct Sodium Channel Cytoplasmic Domains through the Action of Calmodulin[END_REF], and Leu116 [START_REF] Chagot | Solution NMR structure of the C-terminal EF-hand domain of human cardiac sodium channel NaV1.5[END_REF] in CaM and IQ motif residues Ile1908 (33), Phe1912 [START_REF] Bahler | Calmodulin signaling via the IQ motif[END_REF], Ala1905 [START_REF] Lee | Structure of the S100A6 complex with a fragment from the C-terminal domain of Siah-1 interacting protein: a novel mode for S100 protein target recognition[END_REF], Glu1901 [START_REF] Kim | Structures of CaV2 Ca2+/CaM-IQ domain complexes reveal binding modes that underlie calcium-dependent inactivation and facilitation[END_REF], and Glu1902 [START_REF] Chagot | Solution NMR structure of the C-terminal EF-hand domain of human cardiac sodium channel NaV1.5[END_REF]. Figure 2d summarizes the contacts observed between residues from CaM and the IQ motif. These data highlight the involvement of hydrophobic residues at the binding interface. The average total buried surface area is 2063 Å 2 , and approximately half (1013 Å 2 ) arises from hydrophobic residues. A substantial contribution (758 Å 2 ) is also provided by contact between charged residues (Asp, Glu, Arg, Lys, His).

IQ motifs are defined by the consensus sequence (I/L/V)Q(X) 3 R(X) 4 (R/K), with X being any amino-acid.30 , 31 The Na V 1.5 IQ motif does not perfectly match the consensus because it contains one extra residue (IQRAFRRHLLQR, i.e. IQ(X) 3 R(X) 5 R). As found in other CaM-IQ motif complexes, the Ile1908 side chain of the IQ motif is deeply buried (solvent exposed surface area (SSA) of 0.0 Å 2 ) in a hydrophobic pocket of CaM created by Ala88, Phe89, Phe92, Met109 and Met124 (Figure 2e). Gln1909 is also buried (SSA of 1.8 Å 2 ); its side chain interacts with the loop between α7 and α8 of CaM by making hydrogen bonds with the side chain of Glu114. Arg1913 in the middle of the IQ and Arg1919 at the Cterminus of the IQ motif helix are not buried (SSA of 36.3 Å 2 and 45.2 Å 2 respectively). Their side-chains interact via hydrogen bonds with acidic residues Glu120, Glu123 and Glu127 from CaM α7.

In other CaM-IQ motif complexes, hydrophobic residues besides the IQ motif consensus residues serve as additional anchors in the interaction with CaM.16 -18 In our complex, only two hydrophobic residues (Ile1908 and Phe1912) are deeply buried in hydrophobic pockets, one of which is the consensus Ile1908. The other is Phe1912, which has a SSA of only 1.05 Å 2 and is nestled in a CaM pocket formed by Met124, Phe141 and Met145 (Figure 2e).

In-silico alanine scanning mutagenesis

The structure of the complex was analyzed using Rosetta to calculate the contributions to the free energy of binding of residues from CaM and the IQ motif. An alanine scanning approach was utilized in which each contact residue is substituted by an alanine and the binding energy is re-evaluated. To optimize the results, the calculation was performed on each conformer of the final representative ensemble. The results for the IQ motif are summarized in Table 2. Hot spots were assigned for residues predicted to have a ΔΔG greater than 2 kcal.mol -1 . The greatest contributors to the stability of the complex are predicted to be mutations of residues Ile1908, Gln1909, Arg1910, Phe1912, Arg1913, Arg1914 and Arg1919 (Figure 2e). These correspond remarkably well to the IQ motif consensus residues and the structural anchoring residues. This conclusion is fully consistent with the observation of hydrophobic residues Ile1908 and Phe1912 having the most intermolecular NOEs and being deeply buried in hydrophobic pockets and with the arginine residues being involved in electrostatic interactions with CaM. It is interesting that none of the greatest contributors were from CaM. While the exact origin of this effect is uncertain, it presumably reflects the larger number of CaM residues involved in creating the convoluted binding interface for the IQ motif.

Comparison with other CaM/IQ complexes

Numerous structures of peptide complexes of Ca 2+ -loaded CaM have been determined either by NMR or x-ray crystallography,15 -19 , 32 , 33 and several among them are for CaM in complex with IQ motifs of voltage gated calcium (Ca v ) channels.15 -19 However, few are of complexes in the absence of calcium (e.g. Ref. [START_REF] Houdusse | Crystal structure of apocalmodulin bound to the first two IQ motifs of myosin V reveals essential recognition features[END_REF]) and none for an ion channel IQ motif. In the complexes with apo-CaM, the IQ motifs are found to occupy positions similar to our structure (Figure 3). Moreover, their relative orientations are identical, with the N-terminus of the IQ motif in close proximity to the N-terminal EF-hand of the CaM C-lobe and the Cterminus of the IQ motif facing the C-terminal EF-hand of the C-lobe.

A Dali34 search for structural neighbors of C-lobe of apo-CaM bound to Na V 1.5 IQ motif reveals myosin-A tail domain interacting protein (MTIP) bound to myosin-A and calmodulin in complex with myosin as closest neighbors. Overlays with MTIP (PDB ID: 2QAC), [START_REF] Bosch | The closed MTIP-myosin A-tail complex from the malaria parasite invasion machinery[END_REF] CaM/myosin-VI (PDB ID: 3GN4)36 and with CaM/myosin-V IQ motifs 1 and 2 (PDB ID: 2IX7)23 gave root mean square deviation (RMSD) values of 1.6 Å over 65 residues, 1.4 Å over 67 residues, 1.5 Å over 63 residues, and 1.4 Å over 64 residues, respectively (Figure 3). In our complex, CaM is found to adopt the same orientation as found in the myosin-A structure and in the structure of apo-CaM bound to myosin IQ motif. Some differences are also evident, for example, between our structure and the complex with myosin-V IQ1 (Figure 3a), in which helix α7 is slightly shifted due to an aromatic residue present in myosin-V IQ1. Also, calcium-binding loops L3 and L4 occupy different conformations. Loop 4 in particular is seen to adopt several different conformations in different structures. In our study, the NMR resonances of residues in this loop were not observable, presumably due to an intermediate rate of exchange between conformations on the NMR time scale. Perturbations of L3 and L4 upon binding of the homologous Na V 1.2 IQ motif to apo-CaM have been reported. [START_REF] Theoharis | The neuronal voltage-dependent sodium channel type II IQ motif lowers the calcium affinity of the C-domain of calmodulin[END_REF] These observations are all consistent with the well known flexibility of calcium binding loops in EF-hand proteins in the absence of calcium.

As anticipated, the structure of the N-lobe of CaM, which is not engaged in binding to the Na V 1.5 IQ motif, is similar to the structure of the N-lobe in free apo-calmodulin (determined by NMR (PDB ID: 1CFD)38 or x-ray crystallography (PDB ID: 1QX5)). [START_REF] Schumacher | Crystal structures of apocalmodulin and an apocalmodulin/ SK potassium channel gating domain complex[END_REF] The RMSD over 72 N-lobe residues is of 0.93 Å for the NMR structure and 1.13 Å over 72 residues for the crystal structure (Figure 3e,f).

DISCUSSION

Evidence has accumulated showing that intracellular calcium modulates inactivation gating of ion channels including Na v 1.5. [START_REF] Saimi | Calmodulin as an ion channel subunit[END_REF] The molecular basis for this regulation is complex and involves the Na V 1.5 D III -D IV linker, C-terminal domain EF-hand (CTD-EF), and the downstream IQ motif as well as calmodulin.8 , 9 , 41 , 42 Knowledge of the mechanism for Ca 2+ -dependent modulation of Na V 1.5 is of high importance because it will provide insight into the origin of certain Brugada syndrome and Long QT syndrome diseases. The structure reported here represents an extension of our effort to define the action of the Ca 2+ sensing apparatus of Na V 1.5, following upon the determination of the structure of the unique CTD-EF. 12

Semi-open conformation

Calmodulin is a highly flexible molecule that has substantial variation in the relative orientation of its two lobes and very significant conformational flexibility within the lobes, which fluctuate between "closed" and "open" states. Calcium serves to shift this equilibrium towards the "open" state. 43 , 44 The "closed" state is a relatively common compact four helix-bundle conformation; the hydrophobic residues of calmodulin are buried in the hydrophobic core of each bundle. In the "open" state, there is an opening of the interhelical angle between the helices within each EF-hand of each domain, which results in the creation of a substantial hydrophobic accessible surface (Figure 4a,b). This surface provides the interaction site for the many CaM binding partners. When both lobes bind to a single target molecule, there is a significant reduction in interdomain flexibility,45 in some cases leading to the so-called "wrap around" binding mode with very substantial compaction and very tight binding to the target.

Substantially less is known about the interactions of apo-CaM with target proteins. The first atomic resolution structure revealing interactions between apo-CaM and a physiological binding partner came in the form of the structure of two CaM molecules bound to myosin V. [START_REF] Houdusse | Crystal structure of apocalmodulin bound to the first two IQ motifs of myosin V reveals essential recognition features[END_REF] In the present study, we determined the first structure of apo-CaM in complex with an IQ motif from one of the many ion channels that are known to interact with CaM. The concept of apo-CaM binding to targets in a "semi-open" conformation was first described by Houdusse et al. in a model of CaM bound to myosin. 23 , 46 This conformational state is intermediate between the "open" and "closed" conformations, although not at the geometric average between the two.47 Rather, the domain is only slightly open, allowing the target to bind in a narrow exposed hydrophobic pocket (groove) (Figure 4b, right). In this study, we show that apo-CaM binds to human Na V 1.5 channel IQ-motif exclusively through the Clobe in a "semi-open" conformation. Complete analysis of the N-lobe reveals a structure that is fully consistent with the corresponding N-lobe of the free protein. The main difference between our structure and the apo-CaM/myosin-V and apo-CaM/myosin-VI complexes is the absence of contact between the N-lobe of CaM and Na V 1.5 IQ motif. We note that our structure has been determined in solution. It is conceivable that a very weak interaction between CaM N-lobe and myosin could have been stabilized by packing interactions in the crystal.

Structural conservation in the IQ motif

Much of the IQ motif sequence is conserved in Na V channels, and the conservation even extends to Ca V channels. Figure 5 shows the sequence alignment of the IQ motifs of Na V and Ca V channels and the corresponding the Na V 1.5 IQ motif secondary structure. As seen, Glu1901, Glu1902, Ala1905, Ile1908, Gln1909, Phe1912 and Arg1913 residues are the most conserved residues in the Na V family. Notably, these are also the residues providing the most intermolecular NOEs (123 of 175 NOEs) and correspondingly, the majority of the interaction interface in the complex. These findings suggest that the CaM-Na V 1.5 IQ motif structure can serve as an accurate template for modeling the interaction of apo-CaM with other Na V channels.

Residue conservation with Ca V channels is not quite as extensive. In particular, Glu1902 is not conserved, and Glu1901 and Arg1910 are of similar length but opposite charge. Glu1901 and Glu1902 exhibit a substantial number of intermolecular NOEs with hydrophobic residues Val91, Phe92 and Leu112 through the non-charged part of their side chains. In fact, the Glu1901, Glu1902 and Arg1910 side chains point away from CaM in the structure, suggesting that their charge does not directly contribute to the interaction interface and that loss or reversal of charge will not drastically reduce affinity. Importantly, the critical Ile1908, Phe1912 and Arg1913 residues in the Na V 1.5 IQ motif are conserved in Ca V channels (Ile, Phe/Tyr and Arg, respectively). Moreover, apo-CaM has been shown to bind Ca V 1.2 through its C-lobe. [START_REF] Lian | Apo calmodulin binding to the L-type voltage-gated calcium channel Cav1.2 IQ peptide[END_REF] Based on these many similarities, we propose that the apo-CaM-Na V 1.5 IQ motif structure provides a viable template for modeling the interaction of apo-CaM with Ca V channels.

Insights into the biochemical basis of disease-associated mutations

Mutations within the Na V 1.5 IQ motif map to single nucleotide polymorphisms associated with cardiac arrhythmia syndromes. In particular, the Ala1924Thr mutation gives rise to a Brugada syndrome,49 and a recently discovered Ser1904Leu mutation has been associated with a Long QT syndrome.50 It was previously predicted that the residue Ala1924 was a key element in the interaction of CaM with the IQ motif, and shown that the Ala-Thr mutant channel failed to exhibit the significant calcium-dependent shift in steady-state availability observed in wild-type Na v 1.5.8 Surprisingly, the structure, heteronuclear NOEs and in-silico alanine-scanning calculations reported here reveal that Ala1924 is in a dynamic region (Figure 1) and is not directly involved in the interaction with apo-CaM (Figure 2d). These results suggest that the mechanistic basis for the dysfunction of this mutant does not involve direct interaction with apo-CaM, despite our previous report of an ~10-fold reduction in the affinity of CaM for an Ala1924Thr mutant IQ peptide.8 While the origin of this discrepancy is unknown, the effect of this mutation on the interactions of Ca 2+ -CaM with the IQ motif must also be factored into the analysis, in particular because Ca 2+ -CaM appears to engage the IQ motif in a drastically different manner than apo-CaM, wrapping both lobes around the IQ motif. Moreover, the critical role for the IQ motif in stimulating the binding of calcium ions to the C-terminal domain EF-hand (CTD-EF) needs to also be considered.8 , 12 The uncertainty arising from inconsistencies in the limited available data underscores the importance of comprehensive investigation of both biochemical and electrophysiological properties to be able to make an accurate analysis of the mechanistic basis for mutated channels. Such a detailed study is beyond the scope of this manuscript and will be published separately as part of a larger study of mutations in the Na V 1.5 C-terminus.

The Long QT syndrome Ser1904Leu mutation within the IQ motif has been shown to perturb channel inactivation and promote reopening of the channel.50 As Ser1904 is located at the interface between CaM and the Na V 1.5 IQ motif, the leucine mutation likely affects their affinity. Sequence alignment (Figure 5) reveals that the position corresponding to Na V 1.5 Ser1904 is always occupied by a relatively small side-chain residue (glycine, alanine, serine, cysteine). Our structure predicts that the Ser-Leu mutation would create a steric clash that would perturb the interaction between CaM and the IQ motif (Figure 6). To obtain further insight into the potential defect associated with this mutation, we used Rosetta software to predict the ΔΔG associated with a switch from serine to leucine in our structure. The analysis showed that the addition of a large hydrophobic residue at residue 1904 was highly destabilizing, with an average ΔΔG value of +6.3 ±3.5 kcal.mol -1 . Together, these findings lead us to speculate that the mutation causes a reduced ability to recruit CaM to the CTD or more facile release of CaM.

Inactivation gating of the channel is mediated by the D III -D IV linker. It has been shown that an interaction between D III -D IV linker and CTD is needed to stabilize Na V 1.5 inactivation gate.51 Notably, functional interaction requires the presence of CaM,10 so the interaction between D III -D IV linker and CTD may be direct or mediated by CaM. These results support the idea that the Ser1094Leu leads to reduced interaction between D III -D IV linker and CTD, facilitating reopening of the channel. Recent studies have shown that CaM binds directly to the D III -D IV liner.11 , 13 In particular, Tyr1494 from the D III -D IV linker is purported to interact with other parts of the channel pore region and lock the gate, but when the C-lobe of CaM binds to the linker, it is unable to lock the gate and cannot promote channel inactivation.13 Binding of CaM to the inactivation gate suggests that destabilization of the CaM-IQ motif interaction by the Ser1094Leu mutation could increase the availability of CaM to interact with the D III -D IV linker and prevent inactivation gate formation, thereby increasing reopening propensity. Clearly, elucidation of the mechanistic basis for the functional defects of Ser1904Leu Na V 1.5 channels will require considerable further analysis. The IQ motif is a keystone in the regulation of Na V 1.5 by intracellular calcium signals. This short sequence, located in the C-terminal intracellular region of the channel, functions as a molecular switch.8 It couples the intrinsic CTD-EF domain and extrinsic CaM calcium sensors actions.8 , 12 In this report, we show how CaM is physically linked to IQ motif in the absence of calcium. We believe this is the molecular basis for how CaM is localized to the channel to be ready to participate in the sensing of intracellular Ca 2+ signals by the channel. The absence of any significant interaction with the CaM N-lobe is highly intriguing as this means there is a fully functional calcium sensor available in the immediate vicinity of the remainder of the Na V 1.5 calcium sensing apparatus. A general model with independent function of the two lobes of CaM has been hypothesized,52 similar to a previous proposal for the homologous and structurally similar EF-hand protein centrin. [START_REF] Sheehan | Structure of the N-terminal calcium sensor domain of centrin reveals the biochemical basis for domain-specific function[END_REF] The mechanism of action of CaM in the complex Na V 1.5 Ca 2+ sensing apparatus seems to provide yet another example of the remarkable adaptability and functional diversity of CaM.

While remaining a considerable challenge, the elucidation of the structural basis of this mechanism holds significant promise for understanding the functional basis for specific cardiac arrhythmia syndromes mapped to the Na V 1.5 channel.

Materials and Methods

Expression and purification

Human calmodulin (CaM) was subcloned between NcoI and BamHI restriction sites of a pET15b vector (ampicillin resistant, Novagen). The human Na V 1.5 IQ motif (E1901-L1927) was subcloned between BamHI and XhoI restrictions sites of a pET27 derivative in-house pBG102 plasmid (kanamycin resistant, Dr. L. Mizoue, Center for Structural Biology, Vanderbilt University). To facilitate purification and solubility, this vector codes for a SUMO-His 6 tag and a flexible linker containing a 3C protease cleavage site. The IQ motif construct is expressed as a 31-residue polypeptide that contains Gly-Pro-Gly-Ser fused to its N terminus after cleavage of the His 6 tag.

Escherichia coli BL21 (DE3) cells (Novagen) were cotransformed with both plasmids (pET15b coding for CaM and pBG102 coding for IQ motif expressions). Colonies containing both plasmids were selected after overnight growth on the Petri dish containing kanamycin and ampicillin antibiotics. Cells were grown at 37 °C up to 0.6 OD 600 , then isopropyl 1-thio-beta-D-galactopyranoside (1mM) was added and the culture induced at 20 °C overnight. Production of unlabelled and 13 C, 15 N-enriched proteins were carried out by growth on lysogeny broth or minimal medium, respectively. The minimal medium was supplemented with 15 NH Cl (0.5 g.L -1 ) and glucose or 13 C 6 -glucose (2.0 g.L -1 as the sole nitrogen and carbon sources. Cell pellets were resuspended in 50 mM Tris at pH 7.5 and mM NaCl and lysed using sonication. The solution was centrifuged at 20,000 g for 20 min. Supernatant was filtered and loaded onto a Ni-affinity chromatography column (Amersham Pharmacia Biosciences) pre-equilibrated with 50 mM Tris at pH 7.5 and 300 mM NaCl. Non-specifically bound proteins and excess CaM were removed by washing the column with 50 mM Tris at pH 7.5 and 300 mM NaCl, and the bound protein complex (CaM/His 6 -SUMO-IQ) was eluted using a 0 -500 mM imidazole gradient in 50 mM Tris, pH 7.5, 300 mM NaCl. Fractions containing CaM/ His 6 -SUMO-IQ complex were pooled, and rhinovirus His 6 -tagged 3C protease was added. This solution was dialyzed at 4 °C overnight against 50 mM Tris at pH 7.5, 300 mM NaCl. The solution was then loaded onto a Ni-affinity chromatography column to separate CaM/IQ complex from the His 6 -SUMO-tag and His 6tagged protease. The fractions containing CaM/IQ motif complex were concentrated in 3K-Centricon devices to ~0.5 ml and run over an S75 gel-filtration column (Amersham Pharmacia Biosciences).

NMR sample preparation

CaM/IQ complex was dialyzed into 100 mM KCl, 1 mM EDTA, and 0.01% NaN 3 and the pH adjusted to 6.3. CaM/IQ motif concentration was determined by A 276 , using the published extinction coefficient for CaM of 3,006 M -1 cm -1 . The concentration of the complex was 1.0 mM for structure determination and 0.1 mM for dynamic studies. To minimize ionic strength effects on sensitivity, 300 μL of protein solution was loaded into a mm NMR tube, and this tube was inserted into a 5 mm NMR tube containing 150 μL D 2 O. 54

NMR spectroscopy

NMR data were recorded at 25 °C on Bruker DRX600 and DRX800 spectrometers equipped with cryoprobes. Backbone resonance assignments were obtained by the combined use of 2D 15 N-1 H HSQC and 3D HNCACB, CBCA(CO)NH and HNCO experiments (reviewed in ref [START_REF] Cavanagh | Protein NMR Spectroscopy: Principles and Practice[END_REF]. Aliphatic side chain resonance assignments were obtained from 3D (H)CC(CO)NH, H(CCCO)NH, HCCH-TOCSY, HCCH-COSY and HBHANH experiments. 1 H chemical shift assignments of aromatic side chains were based on 2D heteronuclear (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE and 2D homonuclear COSY, TOCSY and NOESY experiments. The chemical shifts have been deposited in BMRB databank under accession code 17264. To assign NOE-based distance restraints, a 2D 1 H homonuclear NOESY experiment was recorded on an unlabeled sample, and 3D 15 N NOESY-HSQC and 13 C NOESY-HSQC were recorded on the uniformly 13 C, 15 N-enriched sample. The mixing time used in all NOESY experiments was set to 120 ms, and the experiments were recorded on the DRX800.

A steady-state { 1 H}- 15 N heteronuclear NOE relaxation experiment was recorded at 800 MHz as described previously56 using a 3 s delay for 1 H saturation. Saturated and nonsaturated spectra were collected in an interleaved manner and the NOE values were extracted as the ratio of peak intensities with and without proton saturation for 170 wellresolved resonances.

Data were processed and analyzed with Topspin 2.0b (Bruker) and Sparky57 software, respectively.

Structure Calculations

The first stage of calculation used CYANA 2.1.24 Starting from a set of manually assigned NOEs, the standard CYANA protocol of 7 iterative cycles of calculations was performed with NOE assignment by the embedded CANDID58 routine combined with torsion angle dynamics structure calculation. In each cycle, 100 structures starting from random torsion angle values were calculated with 15,000 steps of torsion angle dynamics-driven simulated annealing. 3054 NOE-based distance and 248 backbone angle restraints were used for the final calculations. The angle restraints were obtained from 13 Cα, 13 Cβ, 13 C' and 15 N chemical shifts using TALOS59 with an assigned minimum range of ± 30°. No hydrogen bond restraints were used for structure calculation. The second stage consisted of the refinement of the 50 lowest CYANA target function conformers by restrained molecular dynamics (rMD) simulations in AMBER25 10 using the generalized Born solvent model. The starting CYANA structures were quickly regularized by a 1 ps energy minimization in the AMBER force field and then 20 ps of rMD were performed with the following protocol: the system was heated for 5 ps at 600 K with tight coupling for heating and equilibration (TAUTP = 0.4); 15 ps of cooling to 0 K with 13 ps of slow cooling (loose coupling, TAUTP = 4.0-1.0) followed by 1 ps of faster cooling (TAUTP = 1.0) and a final 1 ps of very fast cooling (TAUTP = 0.1-0.05). The restraints were slowly ramped from 10% to 100% of their final values over the first 3 ps. Force constants for distances and angles restraints were set to 32 kcal.mol -1 .Å -2 and 50 kcal.mol -1 .radians -2 respectively. The representative ensemble corresponds to the 20 conformers with the lowest restraint and AMBER energy terms.

Computational Analysis

Multiple sequence alignments were performed with T-Coffee60 through the phylogeny web server.61 Graphical analyses of the structures and figure preparation were carried out with the programs MOLMOL62 and PyMOL.63 Chemical Shift Index (CSI) was calculated with PREDITOR software64 based on Hα, Cα, Cβ and C' chemical shifts. The geometric quality, stereochemistry and structure quality of CaM/IQ motif complex structural ensemble was assessed using PROCHECK-NMR software28 and Molprobity server.29 Electrostatic surface potentials were calculated with the Adaptive Poisson-Boltzmann Solver (APBS) software.65 Amino-acid hydropathy was based on Hopp/Woods and Kyte/Doolittle scales. 66 , 67 Surface accessibility was calculated using a 1.4 Å probe radius with the NACCESS software. 68 In-silico alanine scanning, single point mutation (S1904L) and ΔΔG calculations were performed using Rosetta2.3.69 , 70

Accession numbers

1 H, 13 C, and 15 N chemical shift assignments are deposited in the BioMagResBank71 under BMRB ID: 17264. The coordinates of the final ensemble of 20 structures and the NMR restraints used for structure determination are deposited in the Protein Data Bank72 under PDB ID: 2l53. Coloring is based on a hydrophobicity scale ranging from white to red for hydrophilic to hydrophobic residues, respectively. Conservation of residues in the IQ motif of Na V and Ca V channels. Na V and Ca V sequence alignments using the sequences (from top to bottom): Na 

V 1.5 (SWISSPROT Q14524), Na V 1.1 (P35498), Na V 1.2 (Q99250), Na V 1.3 (Q9NY46), Na V 1.4 (P35499), Na V 1.6 (Q9UQD0), Na V 1.7 (Q15858), Na V 1.8 (Q9Y5Y9), Na V 1.

Figure 1 .

 1 Figure 1. Distribution of proton NOEs and correlation with heteronuclear NOEs for the complex of human CaM with the Na V 1.5 IQ motif. Histogram of 15 N NOE (top) and all protein NOEs restraints (bottom). Intraresidue NOEs are in white, sequential in light gray, medium-range in dark gray, and long-range in black. Calmodulin and IQ motif regions are labeled.

Figure 2 .

 2 Figure 2. Three-dimensional solution structure of the complex of human CaM with the Na V 1.5 IQ motif. (a,b) Representation of the final ensemble of 20 conformers representing the solution structure depicted with all backbone atoms and superimposed on the N-lobe of CaM (a) and the C-lobe of CaM (b). α helices and the IQ motif are labeled. (c) Ribbon representation of the single representative conformer with α helices and β strands labeled. (d) Schematic drawing of the interactions between apo-CaM and the IQ motif. IQ motif residues exhibiting inter-molecular NOE with CaM residues (boxed) are indicated. Hydrophobic residues are colored yellow, acidic in red, basic in blue and polar in green. (e) Representation of the residues at the binding interface in the complex. CaM residues are labeled with transparent white fonts and IQ motif residues are labeled in black font. Hydrophobic residues are colored yellow, acidic in red, basic in blue and polar in green.

Figure 3 .

 3 Figure 3. Comparison of the CaM-human Na V 1.5 IQ motif complex with structures of apo-CaM and other IQ motif complexes. (a) CaM/ IQ motif 1 of myosin V (PDB code 2IX7), (b) CaM/ IQ motif 2 of myosin V (2IX7), (c) myosin A/myosin A tail interacting protein (2QAC), (d) CaM/myosin VI (3GN4), (e) apo-CAM (1CFD, NMR), and (f) apo-CaM (1QX5, x-ray). In each comparison the CaM/Na V 1.5 IQ complex is white. For clarity, only the α helices and IQ motif of the CaM/Na V 1.5 IQ motif complex in the first overlay are labeled. In panels a, b, c and d, only the C-lobe of CaM is shown. In panels e and f, only the N-lobe of CaM is shown.

Figure 4 .

 4 Figure 4. Comparison of helix organization (a) and exposure of hydrophobic surface (b) in the CaM C-lobe structure in different conformational states. From left to right: apo-CaM (PDB code 1DMO), Ca 2+ -loaded CaM (1CLL) and the apo-CaM complex with the Na V 1.5 IQ motif.Coloring is based on a hydrophobicity scale ranging from white to red for hydrophilic to hydrophobic residues, respectively.

Figure 5 .

 5 Figure 5.

  9 (Q9UI33), Cav1.1 (Q13698), Cav1.2 (Q13936), Ca V 2.1 (O00555), and Cav2.2 (Q00975). Residues are colored based on extent of sequence identity. The Na V 1.5 IQ motif structure is represented on the top of the alignment. The zigzag line represents α helix, straight lines non-helical regions, and dashed lines residues not present in the IQ motif construct. Stars highlight residues predicted to be important for CaM/Na V 1.5 IQ motif interaction. An open circle highlights Ser1904.

Figure 6 .

 6 Figure 6.Potential steric clash in the interface between CaM and the Na V 1.5 IQ motif in the Ser1904Leu mutation associated with a Long QT syndrome. Packing of Ser1904 in the complex of Na V 1.5 IQ motif with CaM (left) and Ser1904Leu mutant (right). Ser1904 is packed in a CaM hydrophobic pocket formed by Ala88, Val91 and Phe92. Substitution of serine for leucine in the structure leads to a substantial steric clash with the leucine sidechain protruding into Val91 sidechain and the CaM backbone. Secondary structures and the key residues in the packing interaction are labeled.

TABLE 1

 1 Statistics for the apo-CaM/Nav1.5 IQ structural ensemble

	Restraints used for structure calculation	
	Distance restraints		
	Total		3054
	CaM	Intraresidue	665
		Sequential	680
		Medium range	642
		Long range	552
	IQ motif	Intraresidue	113
		Sequential	122
		Medium range	105
		Long range	0
	Inter molecular		175
	Dihedral angle restraints		
	CaM		210
	IQ motif		38
	Constraint violations, mean ± S.D.		
	Distance violations		
	0.1 Å < d < 0.2 Å		2.3 ± 1.3
	d > 0.2 Å		0
	Average maximum distance violations (Å)	0.13 ± 0.02
	Torsion angle violations		
	θ < 5.0°0.35 ± 0.67
	θ > 5.0°0
	Average maximum torsion angle violations (degree)	0.87 ± 1.63
	AMBER energies a , mean ± S.D. (kcal.mol -1 )	
	Restraint	3.6 ± 0.6	
	Van der Waals	-1419 ± 18	
	Total molecular	-7599 ± 18	

Precision, root mean square deviation from the mean (Å)

  

	All heavy atoms	1.09 ± 0.12
	Ramachandran statistics b (%)	
	Most favoured	92.6
	Additionally allowed	6.3
	Generously allowed	0.6
	Disallowed	0.5
	Molprobity c scores (percentiles) for the lowest restraint energy structure
	Molprobity score	0.89 (100 th ),
	all-atom clash score	0 (100 th )
	a See Ref. 25.	
	b PROCHECK nomenclature 28	
	c Molprobity server 29	
	N-lobe CaM (residues Leu4-Lys75)	
	Backbone	0.50 ± 0.12
	All heavy atoms	0.97 ± 0.11
	C-lobe CaM (residues Glu82-Ile130, Gln135-Met145)	
	Backbone	0.53 ± 0.09
	All heavy atoms	1.06 ± 0.11
	IQ motif (residues Glu1902-Arg1919)	
	Backbone	0.39 ± 0.13
	All heavy atoms	1.03 ± 0.16
	Complex (residues Glu82-Ile130, Gln135-Met145, Glu1902-Arg1919)
	Backbone	0.58 ± 0.11

Table 2

 2 Complete data of the in-silico alanine scanning of Navi.5 IQ motif. ΔΔG value are in kcal.mol-1 .

		Average Stdev	0.8 0.6	0.8 0.3	0.2 0.9	0.4 0.3	1.4 0.3	
	20		0.2	0.7	0	0.3	1.8	
	18 19		1 0.2	0.8 0.6	2.3 -0.2	0.3 0.3	1.2 1.2	
	16 17		0.1 1.3	0.2 0.8	1.3 -0.5	0.7 0.2	1.9 1.3	
	15		0.6	0.9	2	0.7	2.1	
	14		1.5	1.5	0.6	0.3	1.6	
	13		0.1	0.2	1.1	0.6	1.2	
	12		0.2	0.6	0.1	0.2	1.3	
	9 10 11		2 1 0.8	0.9 0.8 0.8	0 -0.4 -0.5	0.2 0.3 0.3	1.5 1.9 1.4	
	Structures number 1 2 3 4 5 6 7 8	IQ residues number	-4 0.7 0.8 0.4 1.1 1.8 0.3 0.8 1	-3 0.8 0.8 0.8 0.9 1.4 0.8 0.8 0.8	-2 -0.6 -0.4 -0.3 -0.5 0.1 -0.4 -0.2 -0.3	-1 0.3 0.2 0.3 0.2 1.2 0.3 0.2 0.6	1901 1.1 1.3 1.2 1.2 1.2 1.5 1.4 1.2	1902 1.6 2.5 2.8 1.3 1.8 1.3 1.8

J Mol Biol. Author manuscript; available in PMC 2012February 11. 

Acknowledgments

We thank Marie-Eve Chagot for expert technical assistance and Dr. Steven M. Damo for critical reading of the manuscript. This work was supported by an operating grant (R01 GM56307) from the National Institutes of Health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

The abbreviations used are: