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Ion flow in many voltage-gated K ؉ channels (VGK), including the (human ether-a-go-go-related gene) hERG channel, is regulated by reversible collapse of the selectivity filter. hERG channels, however, exhibit low sequence homology to other VGKs, particularly in the outer pore helix (S5) domain, and we hypothesize that this contributes to the unique activation and inactivation kinetics in hERG K ؉ channels that are so important for cardiac electrical activity. The S5 domain in hERG identified by NMR spectroscopy closely corresponded to the segment predicted by bioinformatics analysis of 676 members of the VGK superfamily. Mutations to approximately every third residue, from Phe 551 to Trp 563 , affected steady state activation, whereas mutations to approximately every third residue on an adjacent face and spanning the entire S5 segment perturbed inactivation, suggesting that the whole span of S5 experiences a rearrangement associated with inactivation. We refined a homology model of the hERG pore domain using constraints from the mutagenesis data with residues affecting inactivation pointing in toward S6. In this model the three residues with maximum impact on activation (W563A, F559A, and F551A) face out toward the voltage sensor. In addition, the residues that when mutated to alanine, or from alanine to valine, that did not express (Ala 561 , His 562 , Ala 565 , Trp 568 , and Ile 571 ), all point toward the pore helix and contribute to close hydrophobic packing in this region of the channel.

There are dozens of different voltage-gated potassium channels (VGK) 4 in the human genome, and subtle differences in the regulation of the different VGKs underlie the diversity of neuronal activity and regional variations in the electrical activity of the heart (1). This diversity of function is reflected in the different clinical syndromes caused by mutations in VGKs [START_REF] Ashcroft | Ion Channels and Disease[END_REF]. For example, mutations in the VGK encoded by hERG (human ether-a-go-go-related gene) [START_REF] Curran | [END_REF]4) or channel block by a wide range of prescribed medications (5) prolong ventricular action potentials and greatly increase the risk of cardiac arrhythmia and sudden death [START_REF] Vandenberg | Trends Pharmacol[END_REF]. Elucidating the pathophysiology of such clinical syndromes requires an application of knowledge of the fundamental mechanisms of how ion channels work (7)(8)(9) coupled to a detailed investigation of the subtleties of the regulation of each of the individual ion channels concerned.

VGKs assemble as tetramers with each subunit containing six transmembrane domains (denoted S1-S6; see Fig. 1). The S5 and S6 domains along with the intervening pore loop from each of the four subunits form the pore domain (1). The pore loop also contains the selectivity filter (10). In many K ϩ channels, including the archetypal bacterial K ϩ channel, KcsA (11,12), the classical VGK, Shaker (13), and hERG K ϩ channel (14,15), reversible collapse of the selectivity filter serves an important role in gating ion flow via so-called C-type inactivation. In KcsA and Shaker, the selectivity filter is supported by a hydrogen bond network (7,10) and cradled by surrounding transmembrane helices (10). However, in the pore domain region, hERG exhibits low sequence homology to other members of the superfamily of VGKs. For example, the residues involved in the hydrogen bond networks around the selectivity filter in KcsA and Shaker are not conserved in hERG, and there is a particularly low sequence homology in the outer pore helix domain (S5) (16). In VGKs, the outer pore domain helix (S5) also serves as an interface with the voltage sensor domains (S1-S4) and thereby contributes to regulating the activation properties of the channel. We therefore hypothesized that the outer pore helix of the hERG K ϩ channel may contribute to the differences in inactivation and activation properties of these channels compared with other members of the VGK family. Accordingly, the aims of this study were to identify the transmembrane extent of the outer pore helix and investigate to what extent mutations in the outer pore helix affected steady state activation and inactivation properties of the channel.

MATERIALS AND METHODS

Bioinformatics-An alignment table containing all available members of the canonical VGK, (ether-a-go-go) EAG, hyperpolarization activated (HCN), and cyclic nucleotide gated (CNG) families was built. The initial alignment was based on a clustal alignment (17) of the human sequences with no gaps for the S5 segments. All available additional canonical VGK, EAG, HCN, and CNG sequences were added and aligned manually to the initial alignments. To remove bias, caused by there being different numbers of sequences for each different subtype within each subfamily, each group of subtype sequences (defined as proteins with Ͼ95% sequence similarity) was reduced to the equivalent of one sequence, i.e. the sum of the proportions of each amino acid type at each position equaled one. Absolutely conserved positions had a single amino acid type given a value of one, whereas less conserved positions had a variety of amino acids each with a value of less than one that was proportional to their frequency. The overall distribution of amino acids at each position within the entire family or subfamily was determined by summing the individual amino acid proportions for each channel subtype and dividing by the number of subtypes.

The degree of conservation of relative hydrophobicity was calculated as described in Riek et al. (18). Similarity matrices were built using the Goldman-Engelman-Steitz (GES) hydrophobicity scale (19) or the ⌬G app hydrophobicity scale (20). At each position, each amino acid was compared with all other amino acids at that position, and the degree of similarity was summed, divided by the number of amino acid pairs, and plotted. Diagrams summarizing the conservation of residues at each position were generated using a custom written software package developed by one of us (R. P. Riek) and implemented on a SGI platform.

Peptide Synthesis-The 43-residue hERG S5 peptide was synthesized on a 0.50-mmol scale using HBTU activation of Boc-amino acids with in situ neutralization chemistry, as previously described (21). Boc-L-amino acids were obtained from Novabiochem (Laufelfingen, Switzerland) or Peptide Institute (Osaka, Japan). HBTU was obtained from Richelieu Biotechnologies (Quebec, Canada). Trifluoroacetic acid, N,N-diisopropylethylamine, and N,N-dimethylformamide, all peptide synthesis grade, were purchased from Auspep (Melbourne, Australia). All other chemicals were of analytical grade from commercial suppliers.

The peptide was assembled manually by stepwise solid phase synthesis using an in situ neutralization protocol for Boc chemistry (22). Starting from Boc-Tyr(2BrZ)-OCH2-Pam resin (0.25 mmol, loading 0.753 mmol/g), 1 mmol of Boc protected amino acids were coupled using HBTU and excess N,N-diisopropylethylamine as activating agent. The side chain protecting groups were: Arg(Tos), Asp(OcHxl), Cys(MeBzl), Glu (OcHxl), His(DNP), Lys(2-ClZ), Ser(Bzl), Thr(Bzl), Trp(CHO), and Tyr(2-BrZ). Following assembly the peptide was cleaved from the resin, and side chains were simultaneously deprotected, by treatment with anhydrous hydrofluoric acid: p-cresol: p-thiocresol (9: 0.5: 0.5, v/v, Ϫ2 °C, 90 min). The crude products were precipitated with cold diethyl ether, then extracted into 50% aqueous acetonitrile containing 0.05% trifluoroacetic acid, and lyophilized.

Purification was achieved by semi-preparative reverse phase high pressure liquid chromatography (Vydac C4 column, 10 ϫ 250 mm) using a linear gradient of 0 -90% acetonitrile in water and 0.1% trifluoroacetic acid over 50 min at a flow rate of 3 ml/min. The purified peptide was used for further studies. Mass spectra were recorded on a QSTAR XL mass spectrometer equipped with a matrix-assisted laser desorption ionization source (Applied Biosystems Inc., Foster City, CA). Mass spectra were obtained over the range m/z 800 -2000 with a step size of 0.2 Da. Data acquisition and processing were done using analyst software.

NMR Spectroscopy-The NMR spectroscopy sample consisted of 1.8 mM (3.2 mg) of S5 peptide dissolved in 350 l of 90/10, H 2 O/D 2 O, v/v containing 107 mM (14.6 mg) of deuterated dodecylphosphocholine (DPC; Cambridge Isotope Laboratories, Andover, MA). The paramagnetic relaxation agent gadolinium-diethylenetriamine pentaacetic acid-bismethylamide (a gift from Dr. Klaus Zangger, University of Graz, Graz, Austria) was introduced to this sample at a concentration of 2.3 mM (0.5 mg).

All of the experiments were performed on a Bruker Avance-600 DRX spectrometer (Karlsruhe, Germany) equipped with a 5-mm triple resonance inverse cryoprobe with sample temperatures of 25, 30, and 35 °C. The two-dimensional experiments performed were total correlation spectroscopy (23) with Malcolm Levitt's composite-pulse decoupling sequence (MLEV) spin-lock of 60 or 90 ms and nuclear Overhauser enhancement spectroscopy (NOESY) (24) with mixing time of 300 ms. All two-dimensional experiments were acquired using time-proportional phase detection (25). A WATERGATE pulse sequence (26) was used to achieve water signal suppression. Two identical NOESY experiments were performed at 35 °C before and after the addition of the paramagnetic relaxation agent to compare signal intensities. All of the spectra were processed on XWINNMR v3.2 software (Bruker) and were analyzed using the program XEASY (27).

Residue assignments were made according to the standard protocol from all total correlation spectroscopy and NOESY experiments. To analyze the effect of the relaxation agent gadolinium-diethylenetriamine pentaacetic acid-bismethylamide, rectangles were drawn around each labeled peak in the NOESY experiments, recorded before and after the addition of gadolinium, and integration of cross-peaks was performed for all rectangles using the same contour plot level.

Molecular Biology-HERG cDNA (kindly supplied by Dr. Gail Robertson, University of Wisconsin) was subcloned into a pBluescript vector containing the 5Ј-untranslated region and 3Ј-untranslated region of the Xenopus laevis ␤-globin gene (a gift from Dr. Robert Vandenberg, University of Sydney). Residues 543-577 were singly mutated to Ala (or from Ala to Val). Conservative mutations were made to residues where Ala/Val substitution was not tolerated or resulted in markedly abnormal function.

Mutagenesis was carried out using the megaprimer PCR method as previously described in detail (28). Mutant constructs were confirmed by bi-directional sequencing. Wild type and mutant channel cDNAs were linearized with BamHI and cRNA transcribed with T7 RNA polymerase using the mMessage mMachine kit (Ambion, Austin, TX).

Electrophysiology-X. laevis oocytes were prepared as previously described (29). All of the experiments were approved by the University of Sydney Animal Ethics Committee. The oocytes were injected with 5-10 ng cRNA and incubated at 18 °C for 24 -72 h prior to electrophysiological recordings. All experiments were carried out at room temperature (21-22 °C). Two-electrode, voltage-clamp experiments were performed using a Geneclamp 500B amplifier (Molecular Devices, Sunnyvale, CA). Glass microelectrodes had tip resistances of 0.3-1.0 M⍀ when filled with 3 M KCl. The bath solution was 96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM HEPES (pH 7.6). Data acquisition and analysis were performed using pCLAMP 9.2 (Molecular Devices) and Excel software (Microscoft, Seattle, WA). All data are shown as means Ϯ S.E. Measurements of steady state activation and inactivation were performed as previously described (28,30). Steady state activation and inactivation data were analyzed using a simple twostate Boltzmann function,

g/g max ϭ ͓1 ϩ exp͑͑⌬G 0 Ϫ z g EF͒/RT͔͒ Ϫ1 (Eq. 1)
where ⌬G 0 is the difference in Gibbs' free energy between states at 0 mV, z g is the effective number of electric charges crossing the transmembrane electric field, F is the Faraday constant, R is the universal gas constant, and T is the absolute temperature. For mutations that cause perturbations in ⌬G 0 for activation or inactivation, we conclude that the residue involved changes its environment during the activation or inactivation process. It is important to note, however, that because these are steady state measurements we cannot determine when or how this change in environment takes place. Perturbations in ⌬G 0 are quantified as follows,

⌬⌬G 0 ϭ ⌬G 0,Mut Ϫ ⌬G 0,WT (Eq. 2)
where ⌬⌬G 0 is the difference in the changes in Gibbs' free energy between the mutant (⌬G 0,Mut ) and WT (⌬G 0,WT ). Typically, cut-off values for significant differences have used a value of Ϯ 1 kCal mol Ϫ1 (31, 32), and we have used this cut-off for perturbations to steady state activation. Mutation-induced shifts in the ⌬G 0 of inactivation, however, tend to be much smaller than for activation because of the less steep voltage dependence of inactivation compared with activation (supplemental Table S2). For this reason, previous investigators (32) have used a smaller cut-off value of ⌬⌬G 0 Ͼ Ϯ0.5 kcal mol Ϫ1 to indicate significant perturbations to steady state inactivation. We have also used this lower cut-off for our inactivation studies.

Structural Modeling-The simulation systems for the channel models were constructed using the VMD suite of software (33). Molecular dynamics simulations were carried out using NAMD code version 2.6 (34) and the CHARMM27 force field (35) with the CMAP correction for the dihedral terms included [START_REF] Mackerell | 3rd[END_REF].

The initial model coordinates for the hERG pore domain were extracted from the open state model supplied by Dr. H. R. Guy (National Institutes of Health) (37). To produce a closed state, the kink in S5 was manually removed, and the residues Ala 653 , Gly 657 , and Ser 660 , located in the neighborhood of Phe 656 , were selected for constriction via the application of harmonic forces. The channel was deemed closed when the Phe 656 side chains from each monomer came into van der Waals' contact. The model of Tseng et al. (37) includes proposed coordinates for the "turret region" between the end of S5 and start of the pore helix, i.e. the S5P linker. Because there are no experimental data on the three-dimensional structure of this region, the backbone atoms from residues 575 to 602 were restrained, so as to prevent turret mobility from interfering with the rest of the channel. This restriction applies to all simulations conducted in this study.

Modifications were introduced to bring this model into conformity with other K ϩ channel crystal structures, aiming to reproduce the location of conserved residues. This required small rotations and translations of the S5 and S6 helices. Clashes introduced during this process were resolved by further side chain rotations. The open and closed state models thus obtained were embedded in a lipid bilayer consisting of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine molecules and solvated with a 100 mM KCl solution. Each system was gradually relaxed over 500 ps of molecular dynamics simulations. First the harmonic restraints on the side chains were relaxed over 250 ps in 50-ps steps while the backbone was fixed. Then the restraints on the backbone atoms were relaxed in a similar manner over 250 ps. Unconstrained simulations (with the exception of the turret region noted above) were then carried out for 2.5 ns to confirm the stability of the models.

RESULTS

Identification of the hERG S5 Segment-Based on the conservation of hydrophobicity in 676 sequences (115 groups) of members of the VGK channel superfamily, we predicted that the likely transmembrane region of the hERG S5 segment would span L550-A570 (Fig. 1C). Unlike the pore helix (10) and S6 domains (38), there are no highly conserved residues in the S5 domain. The most highly conserved residue being an aromatic residue at the 19 th position of the putative transmembrane domain (63.4% tyrosine, 15.5% tryptophan, 9.1% phenylalanine; Trp 568 in hERG; Fig. 1, C andD) and a leucine at the third residue of the putative transmembrane domain in 65.5% of sequences, that is also present in hERG; Leu 552 . A detailed analysis of the distribution of amino acids at each position is shown in supplemental Fig. S1. Splitting the channels into the three major subgroups: the canonical VGK (e.g. Shaker), EAG, and CNG ϩ HCN families, revealed much higher homology for the S5 segment between the EAG and CNG ϩ HCN families than for either of these to the canonical VGK family (Fig. 1, D andE).

To investigate more directly the structure and extent of the S5 domain in hERG, we used NMR spectroscopy to study a
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43-residue synthetic peptide corresponding to Asp 540 -Arg 582 , i.e. a region that extended well beyond the predicted N-and C-terminal limits of S5 (Fig. 1).

The Asp 540 -Arg 582 peptide had limited solubility in aqueous media but could be reconstituted in DPC micelles. The high helical structure of the peptide resulted in considerable spectral overlap in the aliphatic region of the spectrum and prevented determination of its high resolution structure (Fig. 2A). However, combining chemical shift indices and signal attenuation caused by the paramagnetic relaxation reagent Gd 3ϩ , qualitative information was extracted.

The consecutive negative values of the C␣ 1 H chemical shift index confirmed that the peptide adopted a predominantly helical conformation (Fig. 2B). The chemical shift index plots suggest the presence of helical domains in Tyr 545 -Val 549 , Phe 551 -Ala 570 , and Gly 572 -Pro 577 . The central helical element is consistent with that predicted from the bioinformatics analysis discussed above (Fig. 1, C andD). The additional helical segments suggest that the helical segment for S5 may extend beyond the hydrophobic interior of the DPC micelles and into the extramicellar solution. To investigate this possibility, we incubated the DPC-peptide micelles with Gd 3ϩ , a paramagnetic relaxation reagent that suppresses signals from the extramicellar environment (39,40). Gd 3ϩ caused very little suppression of any signals from the central region of the peptide (Phe 551 -Ala 570 ), consistent with the putative location of this segment within the micelles. Conversely, Gd 3ϩ caused marked suppression of almost all of the remaining signals (Fig. 2C). This suggested that the remainder of the peptide was indeed extramicellar. Two notable exceptions to this pattern were the residues equivalent to Tyr 545 and Val 549 that were not suppressed by Gd 3ϩ , suggesting that they point into the micelle. Additionally, the side chain for Ile 571 was not suppressed by Gd 3ϩ , suggesting that it also points into the micelle.

Together, the bioinformatics and NMR data suggest that the S5 domain of hERG is helical, it begins at Phe 551 and extends to Ala 570 . This domain is preceded by a helix that lies parallel to the plasma membrane with Tyr 545 and Val 549 pointing toward the micelle, consistent with the location of the S4-S5 helix seen in the Kv12 crystal structure (Fig. 1B), and at the extracellular end there is a helical segment that extends into the extracellular solution. A cartoon depicting these structural features is shown in Fig. 2D.

Mutations to Residues in S5 Perturb Activation and Inactivation-To investigate the functional role of S5 in hERG, residues from Ser 543 to Pro 577 were individually mutated to alanine or from alanine to valine. Five of the mutant channels were nonfunctional (A561V, H562A, A565V, W568A, and Q576A) and two expressed poorly (F557A and I571A). More conservative mutations were constructed for these residues (A561C, H562N/T, A565C, W568F, Q576N, F557L, and I571L).

Mutants That Affect Steady State Activation Are Restricted to the Inner Two-thirds of the S5 Domain and the S4-S5 Linker-Typical examples of current traces recorded from oocytes expressing WT or W563A mutant hERG channels in response to 4-s depolarization steps in the voltage range Ϫ100 to ϩ40 mV are illustrated in Fig. 3A. W563A resulted in an ϳ30-mV leftward shift in the voltage dependence of channel activation (Fig. 3B) that corresponded to a change in the free energy of activation, ⌬⌬G 0 , of Ϫ3.2 Ϯ 0.15 kcal mol Ϫ1 (n ϭ 3). The changes in ⌬⌬G 0 of activation for functional mutants are summarized in Fig. 3C, and the values for the midpoint and slope factor of the voltage dependence of activation are summarized in supplemental Table S1.

Trp 563 , located in the mid portion of the putative transmembrane domain, is the most C-terminally located residue in the region studied that when mutated resulted in a significant perturbation to steady state activation (Fig. 3C). Mutations to residues Leu 559 , Phe 557 , Thr 556 , and Phe 551 also resulted in significant perturbations to steady state activation. In addition to the residues within the putative transmembrane region, all of the residues in the S4-S5 linker region (Ser 543 -Val 549 ) caused significant perturbations to the voltage dependence of steady state activation (Fig. 3C).

Mutants That Affect Steady State Inactivation Are Distributed throughout the S5 Domain and Extracellular Extension-

Typical examples of current traces recorded from oocytes expressing WT or L564A mutant hERG channels in response to a two-step voltage protocol designed to measure steady state inactivation (30) are illustrated in Fig. 4A. L564A resulted in an ϳ70-mV rightward shift in the voltage dependence of channel availability (Fig. 4B) that corresponded to a change in the free energy of inactivation, ⌬⌬G 0 ϭ 1.5 Ϯ 0.14 kcal mol Ϫ1 (n ϭ 4). Note that larger voltage shifts in the midpoint of steady state inactivation compared with steady state activation curves (e.g. compare Figs. 3B and4B) resulted in smaller values of ⌬⌬G 0 for steady state inactivation (compare Figs. 3C and4C) because of the less steep voltage dependence of inactivation compared with activation (supplemental Table S2). For this reason, previous investigators (32) have used a smaller cut-off value of ⌬⌬G 0 Ͼ Ϯ0.5 kcal mol Ϫ1 to indicate significant perturbations to steady state inactivation. We therefore used this same lower cut-off.

The mutations that resulted in a significant perturbation to steady state inactivation, based on a 0.5 kcal mol Ϫ1 cut-off, are distributed throughout the putative transmembrane domain (Fig. 4C). In addition to the residues within the putative transmembrane region, residues in the extracellular extension (Asn 573 , Glu 575 , and Pro 577 ) and Tyr 545 in the S4-S5 linker 
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Gd 3+ Gd 3+ FIGURE 2. NMR spectroscopy analysis of the S5 peptide in micelles. A, 1 H NMR spectra of S5 peptide in DPC micelles in the presence (gray) and absence (black) of Gd 3ϩ . Gd 3ϩ resulted in significant attenuation of the signal intensity of approximately half the peaks (labeled peaks), whereas the other peaks were slightly or not affected. B, chemical shift index plot for the C␣ 1 H resonances of the S5 peptide in DPC micelles. A stretch of four or more negative values not interrupted by any residues with a chemical shift index value Ͻ 0.1 is indicative of an ␣-helix. The gray bars indicate predicted stretches of ␣-helix. C, percentage suppression of peaks by Gd 3ϩ . The gray bar indicates the stretch of residues (Phe 551 -Ala 570 ) where there is minimal suppression of signals by Gd 3ϩ . D, cartoon depicting the putative structure of the S5 segment including an S4-S5 helix lying parallel to the surface of the micelle with resi dues Tyr 545 and Val 549 pointing into the micelle, a transmembrane segment from Phe 551 to Ala 570 and an extracellular helical segment stretching from Gly 572 to Pro 577 . The sinusoidal lines superimposed on the helices are coded to indicate whether they are on the front of the helix (solid line) or back of the helix (dashed lines). Similarly residue locations on the front of the helix are shown in solid circles, and residues on the back of the helix are shown in dashed open circles. region caused significant perturbations to steady state inactivation (Fig. 4C). The residues within the putative transmembrane domain that affect steady state inactivation line up predomi-nantly on one face of the helix (Fig. 4D). This face is rotated ϳ120°from the face of the helix affecting steady state activation (compare Figs. 4D and3D). 
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FIGURE 3. Effects of Ala substitutions on the voltage dependence of steady state activation. A, typical examples of currents recorded from WT and W563A mutant hERG channels during 4-s isochronal activation protocols (voltage protocol shown at top of panel).

Arrows indicate where peak tail currents were measured for calculation of steady state activation parameters (see B). B, steady state activation curves corresponding to the WT hERG (filled circles) and W563A (open circles) from current traces illustrated in A. C, bar graph plot of ⌬⌬G 0,act against primary amino acid position. The filled bars indicate mutations that caused Ͼ1 kcal mol Ϫ1 shift in ⌬⌬G 0,act (gray shaded area). *, A561V, A565V, I571A, and Q576A expressed very poorly but A561C, A565C, I571L, and Q576N did express, and it is the data for the later mutants that are shown. †, W568A/F and H562A/N/T failed to express or currents were too low to measure parameters for steady state activation. D, mapping of residues causing a perturbation to activation onto the cartoon depiction of the S5 peptide in DPC micelles (see Fig. 2D). Residues on the front of the helix that perturbed activation are shown as solid circles and labeled, and residues on the back of the helix that perturbed activation are shown in hashed shading. FIGURE 4. Effects of Ala substitutions on the voltage dependence of steady state inactivation. A, typical example of current traces recorded from WT and L564A hERG channels during a two-step voltage protocol (shown at top of WT hERG current traces) to measure steady state inactivation. B, conductance-voltage relationships of steady state inactivation for the current traces shown in A. Filled circles, WT hERG; open symbols, L564A hERG channels. C, bar graph plot of ⌬⌬G 0,inact against primary amino acid position. *, A561V, A565V, I571A, and Q576A expressed very poorly, but A561C, A565C, I571L, and Q576N did express, and it is the data for these mutants that are shown. †, H562A,N,T failed to express.

* P577A Q576A,N E575A M574A N573A G572A I571A,L A570V Y569A W568A,F I567A C566A A565V,C L564A W563A H562A,N,T A561V,C I560A L559A A558V F557A T556A C555A M554A L553A L552A F551A L550A V549A A548V A547V G546A Y545A E544A S543A D B A C ¶ † F551 A558 M554 N573 M574 L550 Y569 i571 V 5 4 9 F557 L564 W568 P577
¶ W568A failed to express and W568F gave very small expression but had left shifted steady state inactivation. A cut-off value of ϾϮ0.5 kcal mol Ϫ1 (gray shaded area) was used for significant perturbations, as previously described (32). D, mapping of residues causing a perturbation to inactivation onto the cartoon depiction of the S5 peptide in DPC micelles (see Fig. 2D). Black indicates perturbation of ϾϮ1 kcal mol Ϫ1 , and gray indicates perturbation of ϾϮ0.5 kcal mol Ϫ1 or residues that when mutated to Ala were nonexpressing but when mutated to a more conservative mutation affected steady state inactivation. The filled symbols indicate residues on the front of the helix, and the hashed symbols are on residues on the back of the helix.

Homology Model of the hERG Pore Domain-The results from the mutagenesis data in this study were mapped onto a homology model of the hERG pore region (Fig. 5). Residues that affected steady state inactivation when mutated were found to face S6, a pattern that was used to further refine the model to optimize these contacts. This orientation of S5 also predicted that: first, residues affecting steady state activation faced outwards toward the voltage sensor domain, and second, the nonexpressing mutants, i.e. residues that when mutated to alanine, or from alanine to valine, did not express (Ala 561 , His 562 , Ala 565 , Trp 568 , and Ile 571 ), all pointed toward the pore helix and contribute to close hydrophobic packing in this region of the channel (Fig. 5C). This latter result is consistent with data obtained for Shaker channels (41) where mutations that were nonfunctional faced toward the pore helix.

DISCUSSION

Extent of S5 Domain-NMR spectroscopy analysis of an isolated peptide, spanning the S5 domain of hERG, suggests that the transmembrane domain of S5 corresponds to Phe 551 -Ala 570 . Given recent studies suggesting that specific lipid groups can exert an important influence on ion channel structure (8,42,43), it is important to consider whether the structure deduced from our studies with DPC micelles accurately reflect the structure of the S5 domain in the intact channel in cell membranes. Independent evidence in favor of the central hydrophobic core identified in our micelle studies being the transmembrane domain include first, the bioinformatics analysis of 676 K ϩ channel sequences from 115 sequence groups indicating a conserved hydrophobic core that spans the residues that are equivalent to Leu 550 -Ala 570 (Fig. 1). Second, from the analysis of perturbations to inactivation, the first residue to have a large perturbation to the voltage dependence of steady state inactivation was Leu 550 , and from this position every third or fourth residue also perturbed inactivation (Leu 550 , Leu 553 , Phe 557 , Ile 560 , and Leu 564 ) finishing with Ile 571 that when mutated to alanine did not express and when mutated to the very similar Leu caused a modest shift in inactivation (Fig. 4). In addition, Trp 568 when mutated to alanine did not express and when mutated to phenylalanine expressed only poorly but showed a perturbation to inactivation (data not shown).

The second significant feature of the NMR analysis is the presence of a helical element at the N terminus of the peptide. This probably corresponds to a portion of the helix in the S4-S5 linker region, as is seen in the crystal structures of Kv12 (8). The observations that both Tyr 545 and Val 549 are protected from signal suppression by Gd 3ϩ (Fig. 2C) suggests that the S4-S5 helix must lie parallel to the micelle surface (Fig. 2D), an observation that is also consistent with the location of the S4-S5 linker in the crystal structure (8). Every residue in the S4-S5 helical region (Ser 543 -Val 549 ) perturbed activation, a finding that is consistent with previous studies showing that the S4-S5 linker is important in coupling movement of the voltage sensor to movement of the activation gate at the cytoplasmic end of S6 (44).

Thus both the bioinformatics and electrophysiology results in this study, in conjunction with previous crystallography studies of related K ϩ channels (8,45), support the notion that the structure deduced from the current NMR experiments closely resembles the structure of the S5 domain of the intact channel under native conditions. However, we cannot exclude the possibility that the boundaries between the S4-S5 linker and the transmembrane S5 domain and between the transmembrane S5 domain and the extracellular region may vary by one or two residues.

Effect of S5 Mutations on Steady State Activation-The residues that had the greatest impact on activation, when mutated to alanine, were Trp 563 , Leu 559 , and Phe 551 with Thr 556 and Phe 557 having a moderate impact (Fig. 3). These residues are located in the C-terminal half of the transmembrane segment and roughly cover one face of the predicted S5 helix. Of these residues, only Trp 563 and Leu 559 are 100% conserved in the EAG subfamily, and these residues are moderately conserved in the CNG/HCN family but not conserved in the canonical VGK family (see supplemental Figs. S1 andS2). The reasonably high conservation between CNG/HCN and EAG families suggests that the interaction between the S5 domain and the voltage The model was constrained so that residues that perturb inactivation when mutated to alanine (or more conservative mutations, see Fig. 4), highlighted in red, point toward S6 (A). As a consequence, residues that perturbed activation when mutated to alanine (see Fig. 3), highlighted in blue, point away from the pore (B), and residues where mutations to alanine or from alanine to valine did not express (highlighted in olive) point toward the pore helix (C).

sensor domain may be conserved between these subfamilies. Conversely, the interaction between these two domains is likely to differ between the canonical Kv and EAG families. Alanine and tryptophan (41,46) scanning mutagenesis studies on Shaker are consistent with this hypothesis. Specifically, there appear to be two hotspots on the Shaker S5 segment that are important for interaction with the VSD, a segment in the intracellular half of the S5 domain (41), similar to that observed here for hERG, and an additional hot spot at the extracellular end of S5 in Shaker (41) that is not present in hERG (Fig. 3).

In a previous study of the binding of hERG activators to the intracellular end of S5, it was noted that W563A, L559A, F557A, and F551A either were not expressed or were expressed only poorly (47). Additionally, L559H has been identified as a Long QT syndrome mutation. These data are all consistent with our findings that these residues are important for hERG function. In addition to the residues in the central section of hERG S5, all of the residues in the S4-S5 linker affected steady state activation. This latter result is expected, given the known role that the S4-S5 linker plays in coupling the voltage sensor domain to the activation gate on S6 (8,44,45).

Effect of S5 Mutations on Steady State Inactivation-Residues that affected steady state inactivation were distributed throughout the S5 domain and predominantly lined up on one face of the S5 helix (Leu 550 , Leu 553 , Phe 557 , Ile 560 , and Leu 564 along with Trp 568 and Ile 571 , residues that when mutated to alanine did not express but when mutated to more conservative residues affected steady state inactivation). This suggests that much of S5 may undergo a reorientation relative to other protein domains, most likely S6, during inactivation. It has been suggested that the S6 domain rotates during inactivation and that this rotation facilitates drug binding (48). Our data are consistent with this hypothesis; however, we cannot determine from our data whether it is only S6 that moves or whether both S5 and S6 move during inactivation.

Three of the residues in the intracellular half of S5 that affect steady state inactivation Leu 550 , Leu 553 , and Phe 557 are also the three residues that when mutated have the greatest impact on binding of the hERG activator RPR260243 (47). One of the major effects of RPR260243 is to shift the voltage dependence of inactivation, a finding that is consistent with our data showing that Leu 550 , Leu 553 , and Phe 557 are important for hERG inactivation.

Whether inactivation in hERG channels is coupled to activation is unresolved (49). The discordance between residues that affect steady state activation and inactivation in this study is more consistent with the view that the two processes are not closely coupled. The clearest example of this discordance is that the mutations that had the largest impact on inactivation, L564A, and activation, W563A, are to adjacent residues, yet neither has a significant impact on the other gating process. Conversely, mutations to residues at the bottom end of S5 (Leu 550 -Leu 553 ) and to Phe 557 all resulted in significant perturbations to both steady state activation and inactivation. One interpretation of these data would be that if activation and inactivation are loosely coupled, then it could be via interactions between the voltage sensor and the lower end of S5. This hypothesis however will require further study.

Homology Model of hERG Pore Domain-Because of the importance of drug binding to the pore region of hERG channels, there has been considerable interest in constructing homology models of hERG based on crystal structures of KcsA (50) and KvAP (37). In most of these studies it has been noted that it is very difficult to align S5, e.g. Stansfeld et al. (50) left S5 out of their model because they were not at all confident of any alignments. Inclusion of S5 helices into pore molecular dynamics simulations is important, because the stability of the structure is dependent upon interactions between the pore, S6, and S5 helices that make up each monomer. We chose the model from Guy and co-workers (37) as a starting point for our work because it contains S5. Small modifications to this model enabled us to generate a plausible explanation for all the mutagenesis data. First, we constrained the model so that inactivation sensitive mutants point in toward S6 (Fig. 5A). This also resulted in activation mutants facing outwards, toward the VSD. This latter observation is at odds with the mapping of activation mutants onto a homology model of Shaker (41) where the majority of the activation mutants faced inwards. As noted above, however, there are numerous dissimilarities between the activation properties of hERG and Shaker, and so this difference between our homology model and that of Shaker ( 41) is perhaps not surprising. More importantly, we obtain similar results with Shaker where the residues with nonfunctioning mutants participate in a tightly packed hydrophobic pocket between the top of S5, the pore helix, and the top of S6 ( 41). This agreement is highly relevant, considering that the similarity in fold and high pore helix homology across potassium channels with known structures indicate an importance of this region in structural stability.

The molecular mechanisms controlling C-type inactivation have been best characterized in the bacterial KcsA K ϩ channel (7,11) where a hydrogen bond network involving residues Glu 71 and Asp 80 is critically involved. A second hydrogen bond network involving residues Trp 67 , Trp 68 , and Tyr 78 is also thought to stabilize the selectivity filter in KcsA (10). None of these residues are conserved in hERG, although it is possible that the hERG equivalents to Glu 71 and Asp 80 in KcsA (S620 and N629) could be involved in a hydrogen bond network with a bridging water molecule (7). Alternatively, the presence of tight hydrophobic packing between the top of S5 and the pore helix (Fig. 5C) may compensate for the weaker hydrogen bond network in hERG.

In addition to changes in the selectivity filter, there is evidence to suggest that rotation of the inner and/or outer pore domain helices are important components of hERG inactivation. First, Chen et al. (48) showed that rotation of the inner helix facilitates high affinity drug binding, which is preferentially associated with the inactivated state (51). Second, here we have shown that mutations to every third or fourth residue in the entire S5 domain perturb inactivation, suggesting that the entire S5 domain experiences a change in environment during channel inactivation. In our homology model we have these residues facing S6. However, whether S5 and S6 both move or just S6, as suggested in previous studies (48), remains to be determined.

Structure and Function of hERG S5 Domain

Figure S1: Table of sequence alignments for the VGK channel superfamily

The header indicates that the alignment os for transmembrane region 5 (TMBR5). The alignment contains 676 sequences in 115 groups. Individual sequences were classified in the same group if for the transmembrane regions the sequences were >95% identical. The colour coding indicates the degree of conservation for residues indicaterd in the table and the helical net diagram shown to the right. The percentage conservation is represented as a number out of 1000, e.g. if a residue is present in 56.4% of sequences then it would be shown as 564. The first column shows the sequence number for the reference sequence, in this case hERG (Genbank: Q12089). The second column shows the position number in the alignment starting at the N-terminal end (which in this case is also the intracellular end). The remainder of the top row lists the 20 amino acids following the GES hydrophobicity scale with the most hydrophobic residue (Phe) at the left-most position. The values shown in the table are normalised to the equivalent of 1000 sequences where 1000 indicates that specific amino acid is conseved 100%. For example, the row corresponding to position 28 is residue 568 in the reference sequence. At this position there is a Phe in 9.2% of sequences, Trp in 14.8%, Thr in 0.9%, Tyr in 63.9%, His in 3.4% and Gln in 7.8%. The boxed residue highlights the residue in the reference sequence, in this case Trp. Also, the Tyr is highlighted in orange indicating that the sequence is conserved in 60-69.9% of sequences. The right hand panel shows the same information as that shown in Figure 1C 

FIGURE 1 .

 1 FIGURE 1. Topology of hERG channels and alignment of sequence being analyzed with related ion channels. A, topology of a single hERG subunit, colored as per B. The dotted box highlights the region of the channel (Asp 540 -Arg 582 ) investigated in this study. B, x-ray structure of the pore domain and S4 segment of Kv12 shown from the top and side views. The S4 helix (green), S4-S5 helix (yellow), S5 helix (red), pore helix (purple), and S6 helix (blue) from one subunit are highlighted in space fill representation. The S4 segment from the adjacent subunit is highlighted in gray. C, sequence conservation for 676 members of the VGK superfamily. The helical net diagrams represent each position as a rhomboid with 3.6 residues per turn. The sequence shown is that for hERG, and the color coding indicates the degree of sequence identity at each position. The most frequent residue at each position is shown in the top right corner of each rhomboid. The complete table for all sequences is shown in supplemental Fig. S1 on-line. The conservation of hydrophobicity, according to the Goldman-Engelman-Steitz (red) or dGA (blue) scales, are plotted to the left. D, helical net diagrams showing sequence conservation within (panel i) EAG family, (panel ii) canonical VGK family, and (panel iii) CNG ϩ HCN families. The color scheme is as for C. The sequences shown in each panel are that for (panel i) hERG (GenBank TM accession number Q12809), (panel ii) rat Kv12 (GenBank TM accession number NP_775118), and (panel iii) mouse HCN2 (GenBank TM accession number NP_032252). E, sequence alignment using ClustalW (17) for hERG, the consensus sequence for the canonical VGKs, and the consensus CNG ϩ HCN sequence. The solid lines indicate identity, dashed lines indicate strong homology, and dotted lines indicate moderate homology.

F557FIGURE 5 .

 5 FIGURE 5. Homology model of the hERG pore domain. Views of the homology model shown from the top (closed state) and from the side (closed and open states).The model was constrained so that residues that perturb inactivation when mutated to alanine (or more conservative mutations, see Fig.4), highlighted in red, point toward S6 (A). As a consequence, residues that perturbed activation when mutated to alanine (see Fig.3), highlighted in blue, point away from the pore (B), and residues where mutations to alanine or from alanine to valine did not express (highlighted in olive) point toward the pore helix (C).

  in the main text and in essence shows a visual representation of the information shown in the Table.

Figure S2 :

 S2 Figure S2: Table of sequence alignments for families within the VGK channel superfamilyA. canonical VGK family; reference sequence is rat Kv12 (Genbank: NP_775118) B. CNG+HCN families; reference sequence is mouse HCN2 (Genbank: NP_032252) C. EAG family; reference sequence is hERG (Genbank: Q12809)
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  Data are means ± S.E.M. for (n) experiments. V 0.5 is the voltage for half activation, k is the slope factor. NE: no expression. * Despite repeated injectiojns and preparations of RNA we were only able to obtain one analyzable recording for W568F.

	(6)	-14.9 ± 1.1	6.6 ± 0.2	-1.2 ± 0.1	0.7 ± 0.1
	C566A (3)	-24.9 ± 0.7	6.9 ± 0.2	-2.1 ± 0.1	-0.3 ± 0.2
	I567A (4)	-14.4 ± 1.1	7.5 ± 0.4	-1.2 ± 0.1	0.7 ± 0.2
	W568A	NE			
	W568F (1)*	-25.4	7.0		
	Y569A (4)	-13.7 ± 0.5	6.7 ± 0.1	-1.2 ± 0.05	0.7 ± 0.1
	A570V (4)	-31.1 ± 0.8	7.5 ± 0.04	-2.4 ± 0.1	-0.5 ± 0.1
	I571A	NE			
	I571L (4)	-16.2 ± 0.8	6.9 ± 0.2	-1.4 ± 0.1	0.5 ± 0.1
	G572A (3)	-20.2 ± 0.7	7.2 ± 0.2	-1.6 ± 0.03	0.2 ± 0.1
	N573A (3)	-26.1 ± 0.4	7.4 ± 0.2	-2.1 ± 0.1	-0.2 ± 0.1
	M574A (4)	-17.9 ± 0.4	7.8 ± 0.3	-1.3 ± 0.04	0.6 ± 0.1
	E575A (5)	-19.0 ± 0.6	7.9 ± 0.2	-1.4 ± 0.1	0.5 ± 0.1
	Q576A	NE			
	Q576N (4)	-23.3 ± 0.7	7.0 ± 0.1	-1.9 ± 0.1	0.0 ± 0.1
	P577A (4)	-28.2 ± 1.2	6.8 ± 0.5	-2.4 ± 0.1	-0.5 ± 0.2
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