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Loss of function (LOF) mutations of voltage sensitive K+ channel proteins hERG (Kv11.1) and KCNQ1 (Kv7.1) account for the majority of instances of congenital Long QT Syndrome (cLQTS) with the dominant molecular phenotype being a mistrafficking one resulting from protein misfolding. We explored the use of Evolutionary Coupling (EC) analysis, which identifies evolutionarily conserved pairwise amino acid interactions that may contribute to protein structural stability, to identify regions of the channels susceptible to misfolding mutations. Comparison with published experimental trafficking data for hERG and KCNQ1 showed that the method strongly predicts “scaffolding” regions of the channel membrane domains and has useful predictive power for trafficking phenotypes of individual variants. We identified a region in and around the cytoplasmic S2-S3 loop of the hERG Voltage Sensor Domain (VSD) as susceptible to destabilising mutation, and this was confirmed using a quantitative LI-COR® based trafficking assay that showed severely attenuated trafficking in eight out of 10 natural hERG VSD variants selected using EC analysis. Our analysis highlights an equivalence in the scaffolding structures of the hERG and KCNQ1 membrane domains. Pathogenic variants of ion channels with an underlying mistrafficking phenotype are likely to be located within similar scaffolding structures that are identifiable by EC analysis.
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1 INTRODUCTION
As a result of massive genomic sequencing efforts (e.g., Taliun et al., 2021; Wang et al., 2021) a large number of natural human gene sequence variants have been identified and compiled in databases such as ClinVar (Landrum et al., 2014; Landrum et al., 2020). A large proportion of variants, especially missense sequence variants arising from single nucleotide mutations, are uncharacterized in terms of their consequences (Landrum et al., 2014; Landrum et al., 2020) and thus their classification in relation to real or potential pathogenicity is undefined. Up to 98% of missense variants across the human genome are unclassified (Frazer, Notin et al., 2021), although for well-studied disease-associated genes the proportions of unclassified variants may be in the 70–90% range (Supplementary Table S1). This underdefined classification of natural variants, especially in disease-associated genes, is a problem in circumstances where clinicians might wish to use information on potential disease causation in individuals or families that carry particular genetic variants (Ackerman, 2015). Efforts are underway either to predict (Adzhubei et al., 2010; Walsh et al., 2014; Ioannidis et al., 2016; Frazer et al., 2021) or experimentally characterize variants of genes with strong disease association [(Vanoye et al., 2018; Glazer et al., 2020; Ng et al., 2020; Oliveira-Mendes et al., 2021) for ion channel disease variants]; however, the sheer number of unclassified variants makes this a daunting task.
One way in which this bottleneck between the acquisition of genetic variant information and its useful classification for clinical value might be overcome is to predict variants expected to be either pathogenic or benign (Adzhubei et al., 2010; Walsh et al., 2014; Ioannidis et al., 2016; Frazer et al., 2021) so that experimental characterization might be focussed on a reduced set of unclassified variants. For genetic disorders in which mistrafficking of variants is a significant cause of pathogenicity, Evolutionary Coupling (EC) analysis (Fuchs et al., 2007; Kamisetty et al., 2013; Hopf et al., 2017; Nicoludis and Gaudet, 2018) should be a useful way of screening for predicted trafficking phenotypes to select variants for experimental testing. This is based on a potential causal chain that involves 1) a mutation in a variant that disrupts one or more structure stabilising interactions, 2) the reduced ability of this variant to adopt the native folded state, 3) the recognition of misfolded protein by the cellular endoplasmic reticulum (ER) quality control, and 4) the retention and degradation of the misfolded protein (mistrafficking). EC analysis identifies a set of pairwise interactions between amino acids in a protein that have resisted disruption through evolutionary time by acquisition, following single site mutations, of compensating mutations that allow recovery of interactions despite the original mutations. The method is based on the extraordinary retention of folded state structure within families of structurally homologous proteins so that pairs of evolutionary coupled residues (i.e., residue positions that have a high probability of varying in tandem) can be defined in the context of a relatively invariant folded state structure (Hopf et al., 2012).
It may seem surprising that single site mutations in a large protein (e.g., up to 1,000 amino acids in the ion channel proteins studied here) can cause a significant shift in the folded to unfolded state equilibrium and thus promote mistrafficking. However, this relationship has been established for some ion channel proteins for which mistrafficking is a significant phenotype underlying pathogenicity (Marinko et al., 2019). For two of the major cardiac voltage sensitive K+ ion channels that function to restore the resting membrane potential at the end of the cardiac action potential, hERG (encoded by the KCNH2 gene) and KCNQ1, single site mutations that result in mistrafficking have been directly associated with reduced folded state stability of channel domains (Huang et al., 2018; Anderson et al., 2020). The implication is that wild type (WT) folding of these, and other membrane proteins (e.g., Schlebach et al., 2015) is thermodynamically balanced near the equilibrium between the folded (F) and unfolded (U) state. Disruption of a stabilizing interaction that results in a loss of 5–6 kJ mol−1 of stabilizing free energy of F relative to U has little effect on the F < - > U equilibrium for a protein with a typical folding free energy of, for example, −20 kJ mol−1 (e.g., proportion of folded state at equilibrium reduced from 99.95% to 99.4% for loss of 6 kJ mol−1 stabilizing free energy) (Huyghues-Despointes et al., 1999). However, for a protein like hERG with an apparent folding free energy, ΔGFU, near −4 kJ mol−1 [estimated from densities of mature and immature glycosylated protein bands on Western blots (Anderson et al., 2014)] loss of 6 kJ mol−1 of stabilizing free energy results in a reduction of the proportion of folded state from ∼ 80% to ∼ 30% with a significant effect on the proportion of correctly trafficked protein. The fact that mistrafficking of many hERG mutants can be reversed by lowering the cell culture temperature (which shifts the folding equilibrium towards the folded state) or by expressing in the presence of a hERG blocking drug that provides binding energy that favours the folded state (Anderson et al., 2014), supports the conclusion that mistrafficking of sequence variants is a consequence of misfolding resulting from loss of stabilising interactions involving the mutated amino acid residue. These considerations indicate that identifying sets of amino acid residues whose pairwise interactions contribute to folded state stability using EC analysis is likely to be useful for characterizing variants in disease states that have a significant mistrafficking phenotype.
Here we utilise published experimental trafficking data for hERG and KCNQ1 to assess the extent to which EC analysis provides a useful predictor of mistrafficking, with the expectation that the value of this analysis will be to select variants for experimental phenotyping (Hancox et al., 2020). We emphasise that our aim is not to predict pathogenicity directly but to identify so-far unclassified variants that may be predicted to mistraffic and to assess their trafficking properties. A breakdown of the numbers of hERG and KCNQ1 variants that remain to be classified is shown in Supplementary Table S1. We also compare the results of EC analysis with ClinVar classifications of variant phenotype and show that EC analysis is useful for helping to understand the structural basis of mistrafficking of ion channel proteins and as a predictor of regions of protein domains likely to be susceptible to misfolding in single site mutants. We then tested this approach by determining the trafficking phenotype of a selection of natural variants in a region of the hERG voltage sensor domain predicted by EC analysis to be susceptible to structure-disrupting mutation.
2 RESULTS
2.1 Location of evolutionary coupled residue pairs within membrane domains
Figures 1, 2 show structures of the KCNQ1 and hERG membrane domains with Evolutionary Coupled (EC) residue pairs mapped (we use “EC” to mean “Evolutionary Coupling” in the term “EC analysis” and to mean “Evolutionary Coupled” in the term “EC pair(s)”, or “EC interactions”). Evolutionary search parameters were chosen to represent sets of EC pairs corresponding to around the top 70 EC pairs in each of the hERG and KCNQ1 membrane domains. The reliability of the EC sets can be assessed in relation to the short range nature of the EC interactions in the context of the structures, and the identification of interactions identified in previous analyses of ion channel proteins. For both hERG and KCNQ1, EC interactions cluster in the bottom (cytoplasmic facing) regions of the Voltage Sensor Domains (VSDs) and the extracellular side of the pore domains. These regions constitute the “scaffold” elements of the channel proteins; i.e., the evolutionarily conserved and structurally stable regions that support the mobile regions involved in channel gating. Since EC analysis relies on the retention of conserved structure in evolutionarily related protein homologues it provides an efficient means of identifying these scaffolding regions. As previously described (Palovcak et al., 2014) the VSDs constitute scaffolds with strong interhelix coupling involving S1-S2 and S2-S3 that allows the S4 helices (limited or absent interhelical EC interactions; Figure 2B) to move in response to changes in membrane potential. EC interactions are largely absent in the lower (cytoplasmic-facing side) of the pore domains indicating that reconfiguration of the lower parts of the S5 and S6 helices associated with channel gating is incompatible with strong structural interactions.
[image: Figure 1]FIGURE 1 | Evolutionarily coupled amino acids in the KCNQ1 channel membrane domain. (A) A single channel subunit from PDB:6V00 (Sun and Mackinnon, 2020) is shown with evolutionarily coupled pairs of amino acids represented by green lines connecting Cα atoms [line weight represents probability of EC pair (Hopf et al., 2019)]. (B) View of the KCNQ1 voltage sensor domain (VSD) illustrating EC interactions that link residues in the S0 helix with residues in helices S1 and S2. (C) Long distance EC interactions between residues within a single subunit (A) that are short range when mapped between the equivalent residues on adjacent subunits, e.g., between VSD and pore domains of adjacent subunits (orange), or between residues in adjacent pore domain subunits (pink). (C) also highlights EC interactions (blue) between residues in the long S4-S5 linker and S6 helix of the same subunit that are found in channel proteins with domain-swapped membrane subunits. SF: Selectivity Filter; PH: Pore Helix. In all views the side of the channel domains facing the cytoplasm is at the bottom of the figure.
[image: Figure 2]FIGURE 2 | Evolutionarily coupled amino acids in the hERG channel membrane domain. A single subunit from PDB:5VA2 (Wang and Mackinnon, 2017) is shown. Sequence involving some missing atom density in extracellular loops is modeled into the structure shown. Evolutionarily coupled pairs of amino acids are represented by green lines connecting Cα atoms (line weight represents probability of EC pair), and these are shown (A) from the side and (B) looking down from the extracellular membrane surface. The latter view illustrates minimal EC interactions between the mobile S4 helix and the “scaffold” parts of the VSD involving S1-S3 (Palovcak et al., 2014). PH: Pore Helix.
Each of the membrane domains shows interactions involving residues at the top of the S1 helix of the VSDs and residues at the extracellular side of the pore domain (top of helix S5 and N- terminal end of the pore helices). In KCNQ1 these interactions are between the VSD and the pore domain of an adjacent subunit due to the domain swapped nature of KCNQ1. These interactions define anchor points between the VSDs and pore domains of voltage sensitive channels as previously described (Lee et al., 2009). If long distance EC interactions in KCNQ1 are mapped between the residues on adjacent subunits the short distance nature of these interactions is apparent (Figure 1C). The EC analysis also highlights numerous interactions involving the S0 helix previously identified as part of the scaffold structure of the KCNQ1 VSD (Huang et al., 2018) (Figure 1B), and suggests the manner in which the turret helix of hERG is physically linked to the top of the transmembrane part of the hERG pore domain (Wang and Mackinnon, 2017; Butler et al., 2020) (Figure 2). Analysis of EC interactions allows a simple distinction between domain-swapped channels (e.g., KCNQ1 and likely all members of the Kv1-Kv9 families of K+ channels) and channels that are not domain-swapped in the membrane domains (e.g., hERG and all members of the Kv10-Kv12 families). This is most apparent in the identification of EC interactions between the long S4-S5 linker and the S6 helix of the same subunit in KCNQ1 (Figure 1C), that are absent in non-domain-swapped channels like hERG (Figure 2). For both KCNQ1 (Figure 1) and hERG (Figure 2) high probability EC interactions were mapped onto structures of single channel states, in this case voltage-sensor-activated states existing in the absence of a membrane potential with an open pore for hERG (Wang and Mackinnon, 2017) and a closed pore for KCNQ1 (Sun and Mackinnon, 2020). The observation that high probability EC interactions map closely to the cryoEM structures indicates that the scaffold regions having high densities of EC interactions are likely to retain their structures independent of channel state, as previously described for ion channel VSDs from analysis of EC interactions (Palovcak et al., 2014).
2.2 Comparison of EC interactions with experimental trafficking data
Mutation of residues within the scaffold regions identified by EC analysis, that disrupt (especially) inter-helix interactions are expected to result in variants susceptible to misfolding and thus mistrafficking, and this is confirmed by assessing the location of amino acids in variants of KCNQ1 and hERG known to mistraffic (Anderson et al., 2014; Huang et al., 2018) as described below. A question is whether EC analysis can be used to assess the likely trafficking phenotype of specific variants, and this is explored in this section.
2.2.1 KCNQ1
Huang et al. (2018) described trafficking phenotypes within a series of KCNQ1 variants involving amino acid residues in the voltage sensor domain, some of which are natural variants compiled in ClinVar (Table 1). This data set is particularly useful since the trafficking efficiency was quantitated (as a percentage of surface expression relative to WT protein) and contains several variants that have moderate to high trafficking efficiency (>40% of WT; the justification for using this value is described in the Methods). We note that some channel variants having trafficking efficiency above a threshold of 40% WT trafficking may still present a risk of pathogenicity but our aim was to assess the use of EC analysis for predicting trafficking properties of variants rather than pathogenicity.
TABLE 1 | Comparison of EC data with experimental trafficking data from Huang et al. (2018).
[image: Table 1]An issue with using EC analysis as a single method for assessing trafficking phenotypes is in choosing an appropriate set of EC pairs, in particular in selecting a depth of evolutionary relatedness that yields a data set likely to contain structure-stabilizing EC pairs at a high probability. The Huang et al. data set contains both mistrafficking (<40% WT) and moderate to high trafficking (>40% WT) variants and so provides a good test of the selection of structural stabilizing EC interactions while reducing “false positives” that might arise from an over-deep selection involving evolutionarily distant homologues. In other words, a good match between a high probability EC data set and experimental trafficking data requires the presence of amino acids found in high probability EC pairs whose variants traffic poorly as well as the absence of EC pairs for amino acids whose variants traffic at least moderately compared to WT. The EVcoupling analysis of both the KCNQ1 and hERG membrane domains was robust in the sense that similar sets of high probability EC interactions were found from Multiple Sequence Alignments (MSA) obtained at different depths of evolutionary selection as shown in Supplementary Table 1 for KCNQ1, and Supplementary Table 2 and Supplementary Figure S1 for hERG.
Table 1 shows a comparison of the trafficking efficiency of KCNQ1 VSD variants from Huang et al. (2018) with a set of EC pairs found reproducibly across a range of analyses obtained at different evolutionary depths. For mistrafficking variants a “match” occurs when the mutated residue is found with high probability in the EC set. For variants that traffic with moderate to high efficiency (>40% WT) a “match” occurs when the mutated residue is absent from the high probability EC set. In this comparison 10 of the 15 mistrafficking variant residue positions (67%) occurred at residues found in the EC set and 20 of the 28 trafficking variant residue positions (71%) were absent from the EC data set. However, several of the mismatches where moderate to efficient trafficking occurs for variants at residues predicted to make structurally-important interactions involve conservative amino acid replacements. We used an amino acid exchangeability matrix (Yampolsky and Stoltzfus, 2005) to assess the likelihood that a mutation will have a small effect on a structure-promoting interaction involving the mutated residue, taking a conservative approach that the exchangeability score should be two-thirds of the maximum possible (a score of 408 out of a maximum of 612) for highly exchangeable residue pairs. This assessment indicates that of the mismatches involving trafficking-competent variants, V106I, V110I, V129I, I132L and V135I are sufficiently conservative that important interactions involving the WT residue are likely maintained. If a conservative measure of exchangeability is incorporated into the comparison of trafficking and EC data, the EC analysis predicts 29 of 33 (88%) trafficking-competent (>40% WT) variants as unlikely to have significantly perturbed folding (i.e., likely to traffic if mistrafficking is a consequence of misfolding). EC analysis identifies amino acid positions likely involved in evolutionarily conserved interactions. Introducing a measure of exchangeability for specified variants allows an assessment of the agreement between EC analysis and trafficking for specific variants so that the numbers of variants used for comparing percentage agreements above (e.g., a match between EC analysis including residue conservation and trafficking for 29 out of 33 variants) is larger than the number of amino acid positions (20 out of 28 variant amino acid positions).
These observations indicate that a relatively simple analysis of evolutionarily coupled residues may be useful for selecting natural channel variants for experimental phenotyping; for example, non-conservative variants in the extracellular side of the pore domain involving the pore helix and the top of the S5 and S6 helices may be predicted to misfold whereas variants involving residues in the bottom half the S5 and S6 helices are predicted to traffic competently (even if variants at these locations may have other defects, e.g., perturbation of gating). Figure 3 shows the trafficking data mapped onto a KCNQ1 VSD together with the expectation from EC analysis. Although we do not attempt an explanation for every mismatch several points can be noted (see Discussion). For example, variants in which a Pro, and possibly a Gly residue, is substituted may result in misfolding, not because these residues make important structural stabilising interactions, but because they allow particular configurations of the polypeptide chain that are lost upon replacement with a non Pro (or non Gly) residue. This might account for the mistrafficking of P197S and G189A variants despite the absence of high-probability EC interactions for these residues. Similar observations were made with hERG for Gly and Pro mutants as described below.
[image: Figure 3]FIGURE 3 | Comparison of experimental trafficking data for KCNQ1 VSD with EC analysis. Trafficking data is from (Huang et al., 2018) and the EC data for comparison is from Table 1. Green and red spheres denote matches between EC data and trafficking data. Green spheres are Cα carbons of residues having variants with moderate to good trafficking (>40% WT) that are absent from the EC data set or, if present, are conservative mutations (Table 1). Red spheres denote variants that mistraffic (<40% WT) and are present in the EC set. Orange (poor trafficking/absent from EC set) and yellow spheres (moderate to good traffickers present in the EC set with lower conservation scores) are mismatches between EC data and trafficking data.
2.2.2 hERG
We compared the hERG membrane domain trafficking data from Anderson et al. (2014) with EC data as described above for KCNQ1. Since the hERG data are not quantitative we considered several ways to compare with the EC data. The Anderson data contain many mistrafficking variants for which trafficking cannot be restored by expression at reduced temperature nor by expression with E-4031, a drug that binds at the interface of channel subunits to stabilise subunit assembly. We categorised these as “Mistrafficking Variants” in Table 2. Likewise, there is a set of variants that traffic similar to the wild type channel. Of the 28 residue positions in the strongly mistrafficked set 23 (82%) are found in the high probability EC set. There are only 10 residue positions in the WT trafficking set and six of these are absent from the high probability EC set as would be expected if an absence of EC interactions equated with high trafficking efficiency. If WT trafficking variants with highly conservative substitutions are considered as described above for KCNQ1 (V644L, M645I and M645L are conservative variants) then 9 of 12 of these variants can be considered consistent with the EC results.
TABLE 2 | Comparison of EC data with experimental hERG trafficking data from Anderson et al. (2014).
[image: Table 2]There is a group of around 25 hERG variants in the Anderson et al. (2014) set that mistraffic but where trafficking can be restored (“rescued”) either by expression at reduced temperature or in the presence of E-4031, or both. While these phenotypes may indicate a less severe trafficking defect we have chosen not to attempt to define a reduced trafficking severity for these when comparing with the EC data since the primary expression phenotype remains a mistrafficking one. This allows us to highlight a region of mismatch between trafficking and EC analysis involving variants in an extracellular loop of the hERG pore domain turret that mistraffic, as indicated by absence of high molecular mass glycosylated bands on Western blots (Anderson et al., 2014), but involve residues that do not appear reproducibly in the EC set. This includes residues in the sequence between G594 and S606, inclusive (G594D, P596H/L, Y597C, S599R, G601C, G604S, and P605L/S; Table 2 and Figure 4). This is one of two loop regions in the hERG membrane domain (the other being the loop between the S2 and S3 helices of the voltage sensor domain; Figure 2) for which we have taken care to establish reliable sets of EC data. Thus, although occasional EC interactions involving turret loop residues are found in some EC calculations, a consistent set of EC interactions from runs involving different sequence selections containing the turret loop, was not obtained (Supplementary Table 2). We conclude that the absence of reproducible EC interactions indicates a limited number of coevolutionary relationships in the hERG turret loop that links the turret helix with the start of the pore helix (Figure 4).
[image: Figure 4]FIGURE 4 | Comparison of experimental trafficking data for the hERG pore domain with EC analysis. Trafficking data is from (Anderson et al., 2014) and EC data for comparison is from Table 2. Green and red spheres are matches between EC and trafficking data. Green spheres are Cα carbons of residues having variants that traffic and are absent from the EC data set or, if present, are conservative mutations (Table 2). Red spheres denote variants that mistraffic and are present in the EC set. Orange (poor traffickers absent from EC set) and yellow spheres (moderate to good traffickers present in the EC set with lower conservation scores) are mismatches between EC data and trafficking data. The sequence of the turret loop highlights the hERG glycosylation site (N598) and a phosphorylation site (S606). Underlined amino acids are residues lacking atom density in the cryoEM structures of hERG; these residues are modeled into the structure shown.
A comparison of EC data with trafficking data for the hERG membrane domain is shown in Figure 4. As described above most residues in the Anderson et al. (2014) trafficking set match with expectations from EC analysis. Notably, the group of trafficking-competent variants in the lower half of the S6 helix are absent from the EC set consistent with the expectation that the regions of the pore domain that undergo significant gating-associated conformational excursions do not make structure-stabilizing interactions that would be identified by EC analysis. This does not rule out that these variants might be dysfunctional due to gating defects. Figure 4 also highlights the mismatch between EC analysis and trafficking data for the extracellular turret loop involving residues around 593 to 606. The absence of EC interactions in the turret is likely to result from the small subset of channels (KCNH family) that contains this structural element but may also indicate low structural stability. For example, the central five residues in the range N598—L602 lack atom density in the cryoEM structure consistent with structural disordering in this loop, and the high Pro, Gly, Ser content (Figure 4) is also consistent with the polypeptide having low structural propensity as described in the Discussion. However, overall, the EC analysis identifies the central core scaffold structure of the hERG pore domain involving the pore helix and extracytoplasmic halves of the S5 and S6 helices (Figure 2) consistent with the large number of mistrafficking variants in this region of the channel (Table 2; Figure 4).
2.3 Selecting hERG variants involving residues at the bottom of the VSD for trafficking analysis
Reproducible sets of EC interactions involving the S2-S3 loop at the bottom of the VSD (Figure 2) were obtained from EC runs covering a range of different sequences around the loop and from analyses at a range of evolutionary depths (Supplementary Table 2; Supplementary Figure S1). We conclude that the EC interactions involving the S2-S3 loop represent true coevolutionary relationships between residues in this part of the VSD, which therefore constitutes a region strongly predicted to be sensitive to structure-destabilising mutations. Based on EC analysis we selected 11 variants, 10 of which are natural hERG variants, involving residues in and around the S2-S3 loop for trafficking analysis. This set represents each residue position that is both involved in reproducible high-probability EC coupling involving loop residues and which also had a variant in ClinVar. These are listed in Table 3 along with the location within the VSD structure, their ClinVar classifications and EVE (Frazer et al., 2021), PolyPhen-2 (Adzhubei et al., 2010) and PROVEAN (Choi and Chan, 2015) predictions. K407A was included as a residue making several EC interactions (Figure 8) although this has not been identified as a natural variant. We also included A614V (Tanaka et al., 1997) and L615F (Napolitano et al., 2005) as controls for variants with well-established mistrafficking phenotypes (Anderson et al., 2006; Anderson et al., 2014).
TABLE 3 | hERG VSD variants selected for trafficking phenotyping based on EC analysis.
[image: Table 3]2.4 Trafficking phenotypes of selected variants in the hERG VSD
The LI-COR® based trafficking assay described previously (Al-Moubarak et al., 2020) allows a direct and quantitative measure of the expression of hERG at the membrane surface in transiently transfected HEK-293 cells. For each of the selected variants listed in Table 3, both ‘In-Cell’ (total channel protein detected in the cell) and ‘On-Cell’ (protein expressed at cell membrane surface) values were measured and compared with WT and empty vector. The 11 variants tested were grouped into three sets for experimental convenience. One or both of the mistrafficking variants A614V and L615F was included as positive controls in each experimental set. Each assay was repeated on four separate occasions with data points for individual repeats shown in the bar charts in Figures 5–7.
[image: Figure 5]FIGURE 5 | The variants I400N, T474I, Y475C and H492L severely perturb trafficking of the hERG channel. (Ai): Diagram depicting the experimental setup for Cell Surface (‘On-Cell’) and Total channel protein detected (Total) (‘In-Cell’) Western assays. (Aii): Diagram of the assay design and key for transfection conditions for the assays displayed in (Bi,Ci). EV = empty vector; WT = Wild-Type. (Bi): ‘On-Cell’ Cell Surface hERG channel expression of the test variants I400N, T474I, Y475C and H492L compared to the WT channel and positive control variants A614V and L615F. Representative ‘On-Cell’ Cell Surface hERG channel expression assay images are shown. The upper panel (green channel) shows the ‘On-Cell’ Cell Surface signal for hERG expression. The middle panel (red channel) represents cells stained with WGA-680 and the bottom panel is the merged image. (Bii) Quantified Cell Surface expression levels of the WT channel, positive controls, and test variants. (Ci) ‘In-Cell’ Total cellular hERG channel protein for the test variants I400N, T474I, Y475C and H492L compared to the WT channel and positive control variants A614V and L615F. Representative ‘In-Cell’ Total hERG channel protein assay images are shown. The upper panel (green channel) shows the ‘In-Cell’ Total hERG channel protein detected. The middle panel (red channel) represents cells stained with WGA-680 and the bottom panel is the merged image. (Cii) Quantified Total channel protein values for the WT channel, positive controls, and test variants. Data are presented as (mean ± SEM) from four independent repeats [individual data points are displayed in (Bii,Cii)]. Statistical analyses were performed using one way analysis of variance (ANOVA) and Bonferroni’s multiple comparison. Asterisks indicate a significant difference from the corresponding WT value (**** = p < 0.0001; *** = p < 0.001; ** = p < 0.005; * = p < 0.05).
Figure 5A illustrates a schematic of the assays, with representative ‘On-Cell’ and ‘In-Cell’ expression shown in Panels B and C, respectively; the arrangements of WT, controls and tested variants in the wells are indicated in the ‘key’ in Aii. Visual inspection of the fluorescence levels in panel B shows marked reductions in cell surface expression compared to WT for two positive controls A614V and L615F and the four tested variants from Table 3 (I400N, T474I, Y475C and H492L). The normalized data for cell surface expression (mean ± SEM) are shown in the bar chart in Figure 5Bii. Compared with WT, both positive controls and the four variants showed greatly attenuated cell surface hERG expression (p < 0.0001 for all 6 variants versus WT). When conducting multiple comparison to pcDNA3.1 (empty vector; EV control), all variants showed no statistical difference (p > 0.05), except for WT, which is p < 0.0001 versus pcDNA3.1. The ‘In-Cell’ assay (Figure 5C) shows high levels of expression for all variants with only I400N, Y475C and H492L showing statistically significant reductions compared to WT (p < 0.05 for I400N and Y475C; p < 0.001 for H492L). These results indicate that reduced variant expression contributes, at most, only a small amount to the striking reductions in cell surface expression seen for these variants.
Figure 6 shows equivalent trafficking results for a second set of variants. Along with the mistrafficking controls A614V and L615F, three of the tested variants H402R, R472P and T473P showed marked attenuation of cell surface expression (p < 0.0001 versus WT), but for K407A there was no significant difference from WT surface expression (p > 0.05 versus WT). When conducting multiple comparison against the empty vector (EV) control (pcDNA3.1), the values for the three test variants (H402R, R472P and T473P) were not significantly different (p > 0.05 compared with pcDNA3.1). In the In-Cell assay, only R472P and T473P showed significant, but modest, reductions in total detected channel protein compared to WT levels [∼77% and 79% of WT respectively (Table 4)].
[image: Figure 6]FIGURE 6 | Variants H402R, R472P, T473P but not K407A severely perturb trafficking of the hERG channel. Trafficking assay for four hERG VSD variants H402R, K407A, R472P, T473P with WT hERG and controls (A614V and L615F). A detailed description of the panels can be found in the legend to Figure 5. Data are presented as (mean ± SEM) from four independent repeats [individual data points are displayed in (Bii,Cii)]. Statistical analyses were performed using one way analysis of variance (ANOVA) and Bonferroni’s multiple comparison. Asterisks indicate a significant difference from the corresponding WT value (**** = p < 0.0001; *** = p < 0.001; ** = p < 0.005).
TABLE 4 | Summary of trafficking results for hERG voltage sensor domain variants and controls.
[image: Table 4]Figure 7 shows the results of trafficking assays for the third set of variants. Like the mistrafficking control L615F, V483F showed greatly attenuated cell surface trafficking (p < 0.0001 compared with WT) to levels that were not significantly different from empty vector (p > 0.05 versus pcDNA3.1). The hERG variant R488C had significantly reduced cell surface expression (p < 0.005 versus WT). Cell surface expression of V476I was not significantly different from WT levels (p > 0.05). All of the variants showed high levels of total channel protein in the ‘In-Cell’ assay with only V483F showing a significant reduction compared with WT expression (p < 0.005) [∼65% of WT level (Table 4)].
[image: Figure 7]FIGURE 7 | Variant V483F, but not V476I and R488C, severely perturbs trafficking of the hERG channel. Trafficking assay for three hERG VSD variants V476I, V483F and R488C with WT hERG and control (L615F). A detailed description of the panels can be found in the legend to Figure 5. Data are presented as (mean ± SEM) from four independent repeats [individual data points are displayed in (Bii,Cii)]. Statistical analyses were performed using one way analysis of variance (ANOVA) and Bonferroni’s multiple comparison. Asterisks indicate a significant difference from the corresponding WT value (**** = p < 0.0001; ** = p < 0.005).
The expression and trafficking data for all variants tested are compiled in Table 4 as percentages relative to WT. In calculating these percentages, the pcDNA3.1 empty vector values (background signal) for both total protein detected in the ‘In-Cell’ assay and cell surface expression was subtracted. As previously described using Western blot analysis of immature and mature glycosylated hERG protein, both positive controls A614V (Anderson et al., 2006) and V615F (Anderson et al., 2014) showed severely attenuated cell surface expression in our assay (less than 10% of WT cell surface expression; Table 4). For each of these controls the In-Cell measurements show that they are synthesized at levels similar to the WT protein, so that the greatly attenuated ‘On-Cell’ expression is a result of the inability of the synthesized protein to traffic to the cell membrane. Similar conclusions can be made for variants I400N, H402R, R472P, T473P, T474I and Y475C which showed cell surface expression less than 15% of WT levels while retaining high total expression levels (at least 75% of WT). The large attenuation of cell surface expression of V483F and H492L was associated with moderate reductions in total protein detected. Variants K407A and V476I showed high levels of total protein and cell surface expression that were not significantly different from WT levels. The cell surface expression of R488C was significantly but moderately reduced compared to WT levels (∼68% of WT) without significant differences in total channel protein detected.
Of the set of natural ‘Long QT’ variants studied here, some trafficking data have been obtained in previous studies and this allows us to compare data obtained with a quantitative assay that directly assesses total protein and cell surface expression with more qualitative analyses obtained using Western blots to detect relative levels of immature and mature glycosylated protein. Phan et al. showed that I400N and H402R variants had reduced membrane surface expression compared to WT protein when expressed in HEK-293 cells at 37°C (Phan et al., 2017). Our data confirm this finding and demonstrate that attenuation of cell surface expression of these variants is severe. Phan et al. (2017) were also able to measure gating kinetics for the K407A mutant expressed in Xenopus oocytes at 17°C indicating significant levels of expression and trafficking in this system, and our data confirm that this mutation has little effect on hERG cell surface expression in mammalian cells at 37°C. Likewise, for T473P (Liu et al., 2013) and T474I (Anderson et al., 2006), each first identified in LQTS patients [(Liu et al., 2013) and (Tanaka et al., 1997) for T473P and T474I, respectively], Western blot analysis of glycosylation status showed attenuated production of mature protein. Our data confirm that cell surface expression of these hERG channel variants is severely attenuated and associated with levels of total protein production that are only slightly reduced compared to WT levels, again demonstrating severe mistrafficking phenotypes. We are not aware of published data describing trafficking in mammalian cells of the other natural variants in our set although the absence of mature (fully glycosylated) hERG Y475C on overexpression in HEK cells has been reported in an abstract (Lin et al., 2011).
The moderate reductions in total protein detected in the ‘In-Cell’ assay for several variants (I400N, R472P, T473P, Y475C, V483F and H492L; Figures 5–7; Table 4) are considerably smaller than those reported in a recent study of KCNQ1 trafficking, where levels of total protein were reduced to below 30% of WT levels for a several variants (Huang et al., 2018). In that study, co-expression with a proteasome inhibitor, MG132, resulted in recovery of total protein expression but had only a limited effect on enhancing surface expression of poorly trafficking variants, indicating that KCNQ1 variants with folding deficiencies that result in attenuated trafficking to the cell surface are more efficiently targeted for proteasomal degradation (Huang et al., 2018). These observations may represent a difference in the processing of hERG and KCNQ1 mistrafficking variants. For example, Western blots of glycosylation status indicate that the immature form of hERG (the 135 molecular mass, partially glycosylated band that is a marker for the non-trafficked form) is detected at a qualitatively similar level to the wild-type channel for a range of LQT2 variants [e.g., Figure 1A of Perry et al. (2016)]. In other words, mistrafficking hERG variants may have longer lifetimes before protein recycling, compared to mistrafficking KCNQ1 variants. However direct comparison of hERG and KCNQ1 mistrafficking under equivalent assay conditions is likely to be required to assess this possibility. Like KCNQ1, proteolytic degradation of poorly folding hERG variants may be responsible for the moderate attenuation of total protein detected in several of the variants reported here although it cannot be ruled out that some variants are synthesised marginally less efficiently than WT hERG. If cell surface protein is expressed as a proportion of total protein detected (rather than as a proportion of WT cell surface protein), to give an estimate of “apparent trafficking efficiency” this indicates that R488C may traffic normally (Supplementary Figure S2; Supplementary Table S4), although the trafficking assay indicates that presentation of this variant at the cell surface is significantly reduced whether the primary defect is due to mistrafficking, reduced protein production or enhanced degradation or a combination of these.
A summary of the location of the hERG variants within the voltage sensor domain, the EC interactions that were used as a basis of selecting these variants and their trafficking phenotypes is shown in Figure 8. This highlights the region in and around the S2-S3 loop at the bottom of the hERG VSD as a folding-sensitive region with non-conservative mutations likely to cause mistrafficking in homotetrameric channels. Surprisingly, K407A traffics normally despite K407 1) being evolutionarily coupled with three residues [I400, N470 (Zhou et al., 1999) and T473; Table 4; Figure 8; Supplementary Figure S3] that are themselves sensitive to mistrafficking in non-conservative variants, and 2) making structurally defined interactions (Armstrong et al., 2016) with these residues (especially N470 and T473) in the hERG structure (Supplementary Figure S3). It was previously shown that the K407A mutation results in a large attenuation of the deactivation kinetics of hERG when expressed in oocytes (Phan et al., 2017). This observation together with the apparent absence of stabilizing interactions involving the K407 is consistent with an interpretation that the K407 side chain may interact with the membrane potential to undergo voltage-dependent reconfiguration associated with gating. For the moderately cell surface expressed variant R488C, the R488 side chain is oriented away from its evolutionary coupled partners (Y475 and N477; Supplementary Figure S3) in the cryoEM structure (Wang and Mackinnon, 2017). However, interactions of the R488 guanidine group with the Y475 and N477 side chains with geometries previously identified for Arg side chain interactions (Armstrong et al., 2016) can be achieved by reorientation of the side chain.
[image: Figure 8]FIGURE 8 | A folding-sensitive region around the cytoplasmic S2-S3 loop of the hERG voltage sensor domain. The backbone structure on the cytoplasmic side of the VSD is shown with the location of tested variants identified with a sphere on the Cα atom. Red and orange spheres are variants with severe or moderate reductions in cell surface expression, respectively and green spheres indicate variants with WT trafficking (Table 4). EC interactions are represented with green lines connecting Cα atoms. The structural contexts of residues K407 and R488 are illustrated in Supplementary Figure S3.
2.5 Discussion
The potential relationship between the identification of evolutionarily coupled residues as indicators of structure-stabilising interactions and the loss of stabilising interactions in missense mutations in mistrafficking-sensitive proteins, is broadly supported by the results presented here. As previously shown for membrane channel proteins EC analysis identifies the “scaffold” elements of structure (Palovcak et al., 2014), and it is these parts of structure that are expected to be sensitive to structure-destabilising missense mutations and thus mistrafficking. EC analysis identifies a region at the bottom of the hERG voltage sensor domain in and around the S2-S3 linker as a potential scaffold element of the channel (Figure 2), supporting movement of the mobile S4 helix in response to changes in the membrane potential. We have assessed the trafficking efficiency of 11 single nucleotide mutations in this region, 10 of which are natural variants and all of which involve residues predicted to be sensitive to structure-destabilising mutation. Of these, eight natural variants have severe mistrafficking phenotypes and one variant (V476I) which traffics with close to WT efficiency is a conservative mutation whose trafficking efficiency is not unexpected. These results confirm the prediction that the region at the bottom of the hERG VSD around the S2-S3 loop is susceptible to mistrafficking in missense variants and likely to contribute to scaffolding of the voltage sensor domain. The S2-S3 loop which is common to the broader family of cyclic nucleotide binding homology domain channels (James and Zagotta, 2018), may also make interactions with cytoplasmic domains of the channel.
Two missense mutants, one a natural variant (R488C) and one (K407A) at a residue lacking natural variants in ClinVar to date, conform less well to the expectation that a non-conservative mutation at a residue making significant EC interactions within a folding-sensitive structural element should have a mistrafficking phenotype. These mismatches are of themselves interesting since they highlight additional considerations that can be made when assessing the potential of evolutionary and physicochemical approaches to variant trafficking (and pathogenicity) prediction as described below.
2.5.1 Assessing missense variants in ion channel proteins using evolutionary couplings
The ability of EC analysis to make discrete predictions about the trafficking phenotype of specific variants is moderate: around 80% predictability when the exchangeability of amino acid substitutions is considered, as indicated by comparison of published trafficking data with EC predictions (Tables 1, 2) and including our trafficking data of variants selected from EC predictions (Table 4; Figure 8). The nature of our comparisons of EC data with experimental trafficking data in which all data (experimental and EC data) is converted to binary descriptors (traffic/mistraffic for experimental data; absent/present in high-probability EC datasets) is a potential limitation of our approach. However, we have not attempted to optimize the predictability beyond incorporating amino acid exchangeability for conservative mutations, and we consider mismatches between EC analysis and trafficking phenotypes to be instructive of structural features of the ion channels. Consideration of mismatches highlights the expectation that substitution of Pro (especially) and Gly residues may result in structural perturbation leading to misfolding and mistrafficking even if these residues lack apparent coupling to other residues. For both KCNQ1 (Table 1) and hERG (Table 2) two out of the five amino acid positions in which mistrafficking variants are absent from the EC sets involve Pro or Gly. For helical membrane proteins these amino acids are important in supporting flexibility in helix-based segments required for folding (Shelar and Bansal, 2016). The analysis also highlights the context-dependence of trafficking-disrupting amino acid variation. For example, variants involving L236 in the KCNQ1 VSD S4 helix either mistraffic (L236R) or traffic with moderate efficiency (L236P) (Huang et al., 2018) (Table 1). Since L236 lies within the mobile S4 helix this residue is not expected to make significant structure stabilising interactions within the VSD as suggested by the absence of EC’s involving this residue in our data sets. In this case trafficking variability may indicate the ability of the translocon to insert a helical element containing a neutral amino acid substitution (L236P) more efficiently into the membrane than a positively charged substitution (L236R) (Hessa et al., 2007). A more detailed analysis of the local environment of a residue within the folded structure is likely to be an important consideration for the predictability of structural perturbation in mutants for globular domains of proteins and we have found, for example, that the matches between EC data sets and trafficking phenotypes for variants in the cytoplasmic N- and C-terminal domains of hERG are less good than for the membrane domains (unpublished results), probably because individual buried residues in a globular domain are less likely to make discrete pairwise interactions with other residues. This contrasts with the membrane domains of eukaryotic membrane proteins where the importance of interactions between adjacent transmembrane helices (Hopf et al., 2012; Nicoludis and Gaudet, 2018) is a factor in the predictability of EC analysis for assessing the effects of missense mutations as described here.
It should be noted that EC analysis might also give rise to some spurious identification of potential interacting residues at amino acid positions that have varied in parallel within a deep evolutionary period represented within the Multiple Sequence Alignment but which have become unassociated in the extant version of the protein. In these cases, apparently coupled residues may no longer make substantial contributions to folding state stability leading to a mismatch between prediction and experimental trafficking phenotype. This might account for the retention of moderate trafficking in R488C since the R488 side chain is not in contact with its evolutionarily coupled partners (Supplementary Figure S3), at least in the available cryoEM structure (PDB: 5VA2) (Wang and Mackinnon, 2017). The WT trafficking of K407A is more surprising since the K407 side chain interacts with favourable geometries with at least two of its evolutionarily coupled partners in the hERG cryoEM structure (Supplementary Figure S3), and the three amino acids to which it is coupled (I400, N470 and T473) are themselves sensitive to destabilising (and mistrafficking) mutations [Table 4; (Zhou et al., 1999) for N470D]. The implication is that these interactions involving K407 do not make a net favourable contribution to the stability of the hERG VSD.
The most prominent mismatch between EC datasets and experimental trafficking data involves residues in the loop in the hERG turret that links the turret helix with the N-terminal end of the pore helix (Table 2; Figure 4). Seven residues within this loop have variants with significant mistrafficking phenotypes as assessed by glycosylation status (Anderson et al., 2014) and three variants P596H, G601S and G604S are classified as “pathogenic” in ClinVar. We were unable to identify a consistent set of EC residue pairs involving residues in this loop (Supplementary Table 2), and this may relate to the fact that the KCNH sub-family of channel proteins which contain an extracellular turret in the pore domain is relatively small and evolutionarily distinct (Li et al., 2015; James and Zagotta, 2018). Accounting for this by analyzing EC sets obtained from shallower evolutionary searches to focus on more closely related hERG homologues is limited by the loss of acceptable probabilities for EC’s obtained from MSAs with fewer sequences. However, it is also possible that the inability to obtain reliable EC interactions for this loop indicates an absence of structure-stabilizing interactions involving these residues. It seems unlikely that residues within the region lacking atom density in cryoEM structures of hERG (N598-L602, inclusive; Figure 4) make structure-stabilizing interactions, and 10 of the 13 residues in the loop (residues 594–606) are amino acids highly represented in datasets of disordered sequence (Deiana and Giansanti, 2010), especially Ser, Gly and Pro. This loop contains the evolutionarily conserved glycosylation site (N598) that is a marker for hERG trafficking and that is found in all members of the KCNH family of Kv channels, and a phosphorylation site (S606) that may also contribute to hERG trafficking (Jiang et al., 2018). Mistrafficking variants in this loop might therefore relate to loss of sequence requirements for specific recognition by cellular trafficking machinery rather than the loss of interactions that stabilise channel structure. Although these possibilities are not easily distinguished at present, further focus on this part of the channel should be useful for a fuller understanding of hERG trafficking and variant pathogenicity; any interpretations should accommodate the observation that G601S mistrafficking is rescuable by hERG pore blockers like E-4031 (Ficker et al., 2002). The recently described EVE analysis for predicting variant pathogenicity (Frazer et al., 2021) also fails to predict pathogenic variants in this loop (P596H and G601S have pathogenic classifications in ClinVar but are predicted benign by EVE, and pathogenic ClinVar variants involving I593 at the start of the loop have uncertain EVE predictions); PolyPhen-2 and PROVEAN also fail to predict P596H and G601S as pathogenic. Although more direct measures of folding highlight the relationship between mistrafficking and folded state stability for mistrafficking hERG PAS domain variants (Anderson et al., 2020) and KCNQ1 VSD variants (Huang et al., 2018), analysis of the hERG turret loop highlights the possibility that mistrafficking of variants may also occur for reasons other than destabilization of folded state structure.
Although we are using EC analysis for assessing likely trafficking phenotypes rather than predicting pathogenicity, the similarities with pathogenicity predictions (Tables 3, 4), including the difficulties associated with predicting variant phenotypes in the hERG turret loop (Figure 4), are not unexpected. Prediction methods based on sequence, evolutionary and structural analysis overlap conceptually with EC analysis and these methods are expected to be most successful in identifying variants likely to cause loss of function (LOF) of marginally stable proteins through misfolding and mistrafficking. For example, application of computational prediction methods (including PolyPhen2, and PROVEAN) to LQTS genes has been shown to be moderately successful for predicting pathogenic KCNQ1 (LQTS type 1) and hERG (KCNH2; LQTS type 2) variants but less so for cardiac Na+ channel variants (SCN5A; LQTS type 3) (Leong et al., 2015) where LQTS (type 3) pathogenicity is predominantly associated with a gain of function (GOF) phenotype, with gating deficiencies (perturbed inactivation) in otherwise folding-competent pathogenic SCN5A variants (Giudicessi et al., 2018). New channel-specific computational tools [e.g., (Heyne et al., 2020; Zhang et al., 2020; Phul et al., 2022)] may improve variant phenotype predictability, although experimental phenotyping is still required to improve confidence for clinical decision making. While EC analysis may be informative in structural analysis of Na+ channels it is not expected to be useful in itself for predicting SCN5A LQTS type 3 variant phenotypes. We anticipate that the most useful application of EC analysis is in identifying likely misfolding-sensitive regions of proteins and the selection of variants for experimental phenotyping as described here for hERG. EC analysis should also be useful for identifying proteins or protein domains in which misfolding may be the dominant phenotype underlying pathogenicity but where this has not been established. In these instances, known pathogenic variants are expected to cluster within the “scaffolding” regions identified using EC analysis. Pathogenic variants that fall outside of these scaffolding regions are more likely to have an underlying gating defect.
2.5.2 Conclusion
Our results confirm the use of Evolutionary Coupling analysis for identifying scaffolding elements of ion channel proteins likely to harbour mistrafficking variants but also demonstrate its value in selecting natural channel variants for experimental phenotyping. The analysis highlights a trafficking-sensitive region in and around the S2-S3 loop of the hERG VSD which we have validated experimentally, and illustrates that trafficking sensitive regions of the hERG and KCNQ1 membrane domains are broadly similar including a likely role for residues preceding the S1 helix (identified as the S0 helix in KCNQ1 (Huang et al., 2018) in structure stabilization. It is likely that all KCNQ1 and hERG paralogues that have mistrafficking as a prominent mechanism underlying pathogenic phenotypes will have a similar distribution of mistrafficking variants in equivalent scaffolding regions to those described here. The quantitative trafficking data obtained here and elsewhere (Kanner et al., 2018; Kozek et al., 2020; Ng et al., 2022) will be useful for assessing the reliability of more detailed predictive methods for variant phenotypes and to establish clearer relationships between trafficking phenotypes and pathogenicity in channel variants. In this regard a more comprehensive analysis of the hERG VSD S2-S3 variants involving trafficking phenotypes and channel gating properties when coexpressed with wild type channels to reflect the heterozygous state encountered clinically, and the potential for rescue of trafficking in mistrafficking variants, will be important.
3 METHODS AND MATERIALS
3.1 EVcouplings data analysis
EC data for regions in the hERG and KCNQ1 membrane domains were obtained from the EVcouplings server (Hopf et al., 2019) although similar analyses were made using data from Gremlin (Kamisetty et al., 2013). To identify reproducible sets of high probability EC data, multiple sequences were submitted encompassing the specific sequence region of interest and runs with a range of different Bitscores were performed to assess the effects of analyzing Multiple Sequence Alignments (MSA) with shallower or deeper evolutionary relationships with the submitted sequence. To account for some drop-off in identification of EC interactions involving residues near the edges of a sequence of interest, submitted sequences were extended by up to ten amino acid residues at the N- and C-termini. Apart from assessing the effects of varying Bitscores, default EVcouplings parameters were used (PseudoLikelihood Maximation and UniRef90 database). Since our aim was to identify potential structure stabilising interactions largely involving interhelix or intraloop residue pairs, only long range EC interactions (i, i + n, where n > 5) were retained in order to remove a large number of i, i + 3 and i, i + 4 couplings that are typical of helical structure. For comparing experimental trafficking data with EC data separate EVcouplings runs were submitted using either the full membrane domain sequence or the sequence of the domain that contains the experimental trafficking data (the VSD sequence for KCNQ1 and the pore domain sequence for hERG; see Figures 3, 4). The sequence ranges for these EVcouplings runs are listed in Supplementary Table S3. EVcouplings runs were repeated initially with Bitscores of 0.4, 0.5 and 0.6 (equivalent to medium to shallow evolutionary searches in EVcouplings designation) to give a range of submissions with different sets of homologues within the MSA’s. EVcouplings output was selected that had ranges of Seq/Len (number of sequences in MSA/length of sequence) between 10 and 60 and only EC pairs with a probability of 0.9 or greater as specified in the EVcouplings output was retained for analysis. Supplementary Table 1 (KCNQ1) and Supplementary Table 2 (hERG) illustrate the reproducibility of EC sets obtainable within a range of submitted sequences and Bitscores. For assessing the reproducibility of EC interactions in and around the hERG VSD S2-S3 loop, EVcouplings outputs from an extended set of sequence ranges was obtained and this analysis is illustrated in Supplementary Figure S1. Structural figures were prepared using PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.
3.2 Trafficking data
Trafficking data for hERG and KCNQ1 variants were obtained from the Supplementary Material accompanying refs (Anderson et al., 2014) and (Huang et al., 2018), respectively. Data for KCNQ1 is tabulated as percentage of wild type trafficking in (Huang et al., 2018); we chose a value of 40% wild type trafficking as a cut-off to make a binary distinction between trafficking deficient and trafficking competent variants. This value was chosen based on the thermodynamic argument outlined in the Introduction that mistrafficking results from a significant shift in the folding equilibrium towards the unfolded state so that a meaningful thermodynamic destabilization should correspond to at least a few kilojoules per mole in terms of a shift in the folding-unfolding equilibrium. The majority of variants in the Huang et al. data set have percentage trafficking efficiencies either much lower or much greater than 40% of wild-type and so the particular value of the cut-off is not critical to our analysis.
Trafficking data for hERG tabulated in (Anderson et al., 2014) are non-quantitative and based on the densities of immature and mature gel bands in Western blots. We classed the set of variants that mistraffic and are not rescued by expression at lowered temperature or in the presence of E-4031 as strongly mistrafficked, and the set that traffic similar to wild type as trafficking variants (Table 2). The set of mistrafficking but rescuable variants are classed as rescuable in Table 2. For comparison with EC data in Figure 4, the trafficking data are divided into mistrafficking (strongly mistrafficked and rescuable) and trafficking.
3.3 Mutagenesis
All mutations were generated using the QuikChange Site-Directed Mutagenesis Kit (200519, Agilent Technologies, Stockport, United Kingdom) as in our previous reports (Zhang et al., 2011; Zhang et al., 2016; Al-Moubarak et al., 2020). Supplementary Table S2 lists all complementary oligonucleotide primers for each mutant containing the mutation sites which were synthesized by Merck (Merck Life Science United Kingdom Limited, Dorset, United Kingdom). These were used in a PCR reaction (95°C for 1 min, 60°C for 1 min, 68°C for 16 min for 18 cycles) together with HA-tagged WT hERG 1a plasmid expression vector as the DNA template. The HA-tagged hERG1a construct (Apaja et al., 2013) was a gift from Professor Alvin Shrier (McGill University, Canada) and contains the reference hERG1a (KCNH2) sequence (NM_000238.3, NCBI) with an extracellular HA tag inserted between the S1 and S2 domains. A DpnI digest of the PCR mix was then performed for 3 h at 37°C. Competent DH5α Escherichia coli (18263012, Life Technologies, Paisley, United Kingdom) were transformed using standard procedures. The mutations were confirmed by sequencing of the entire open reading frame (Eurofins MWG Operon, Ebersberg, Germany).
3.4 Cell culture and transfection
HEK-293 cells (European Collection of Cell Cultures, Porton Down, United Kingdom) were maintained at 37°C, 5% CO2 in Dulbecco’s minimum essential medium with Glutamax-1 (DMEM; Gibco, Paisley, United Kingdom). This was supplemented with 10% fetal bovine serum (Zhang et al., 2011; Zhang et al., 2016). For On/In-Cell Western assays HEK-293 cells were cultured on poly-l-lysine coated (P4707, Merck Life Science United Kingdom Limited, Dorset) 48 well Nunc plates (150687, ThermoFisher Scientific, Paisley, United Kingdom) using only the centre 24 wells (the outside wells contained Phosphate Buffered Saline (PBS)). Near confluent cells were transfected using Lipofectamine 2000 (11668027, ThermoFisher Scientific, Paisley, United Kingdom) on the day following cell plating according to the manufacturer’s instructions, with a total of 1 µg of vector DNA per well. Each transfection condition was performed in triplicate (to provide technical replicates).
3.5 ‘On-Cell’ (cell surface expression) Western assay
This assay was used to quantify HA-hERG channel expression at the plasma membrane (PM) and full experimental details can be found in (Al-Moubarak et al., 2020). In brief, 48 hours after transfection, cells were incubated with primary antibody (mouse monoclonal anti-HA antibody (H9658, Merck Life Science United Kingdom Limited, Dorset)) diluted 1:1,000 at 4°C for 1 h. After washing (at 4°C), cells were fixed in 3.7% formaldehyde (252549, Merck Life Science United Kingdom Limited, Dorset) for 20 min at room temperature (RT). After fixation and washing, cells were incubated with Wheat Germ Agglutinin (WGA) 680 Alexa Fluor (W32465, Life technologies, Paisley, United Kingdom) at 5 μg/ml in Hanks’ Balanced Salt Solution (HBSS) for 10 min. After washing, a secondary antibody (anti-mouse IgG (H + L) (DyLight 800 conjugate) (5257S, Cell Signaling Technology, Leiden); 1:1,000 dilution) was added for 1 h. After three final washes, assay plates were imaged using a LI-COR® Odyssey CLx imaging system.
3.6 ‘In-Cell’ (total hERG protein) Western assay
This assay was used to quantify the total amount of HA-hERG channel detected in fixed and permeabilized cells and full experimental details can be found in (Al-Moubarak et al., 2020). In brief, 48 hours after transfection, cells were fixed in 3.7% formaldehyde for 20 min at RT, followed by staining with WGA-680 using 5 μg/ml diluted in HBSS for 10 min. After fixation, cells were permeabilized using 0.1% Triton X-100 (Triton X100, Merck Life Science United Kingdom Limited, Dorset). After permeabilization, cells were blocked for 30 min before adding the primary anti-hERG antibody (sc-377388, Santa Cruz Biotechnology, Dallas U.S.A; 1:1,000 dilution) for 1 h. After washing, the cells were incubated with secondary antibody (anti-mouse IgG (H + L) (DyLight 800 conjugate) (5257S, Cell Signaling Technology, Leiden); 1:1,000 dilution) for 1 h. After three final washes, assay plates were imaged using a LI-COR® Odyssey CLx imaging system.
3.7 Analysis and normalization of On/In-Cell Cell Western assay data
A normalisation by the sum approach (Degasperi et al., 2014) was adopted. Raw arbitrary fluorescence intensities (700 and 800 channel values) obtained from the LI-COR® Odyssey CLx machine were exported into Excel (Microsoft). On a well-by-well basis the raw intensities for the 800 channel were normalised to that of 700 channel (WGA-680 cell stain) and the mean values for the triplicate technical replicates were calculated. These were normalised to the total summed signal value of the 800 channel for that assay to obtain the normalized arbitrary fluorescence for each experimental condition. The mean ± standard error of the mean (SEM) were calculated from the four independent assay repeats as presented in the bar graphs in Figures 5–7.
To calculate the % of WT for cell surface channel expression and % of WT total channel protein detected values described in the main text and Table 4, we first subtracted the normalized arbitrary fluorescence units of the pcDNA3.1 transfected condition (empty vector transfection - non-specific staining) from all conditions and then normalized to the WT control value for each set. Mean ± SEM was then calculated from the 4 independent assay repeats (as listed in Table 4).
3.8 Data analysis and statistics
Data are presented as mean ± SEM. Statistical analysis was performed on the normalized arbitrary fluorescence from all conditions in that set using ordinary One-Way ANOVA with Bonferroni post-hoc test for multiple comparison as appropriate. Details of the statistical test results are given alongside p values either in the main text or relevant Figure legend.
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