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Summary  24 

The exquisite fine tuning of biological electrical signalling is mediated by variations in the rates of 25 

opening and closing of different ion channels1. In addition to open and closed conformations, ion 26 

channels can exist in an inactivated state, which prevents conduction in the presence of a 27 

prolonged activating stimulus2. Human ether-a-go-go related gene (HERG) K+ channels 28 

undergo uniquely rapid and voltage dependent inactivation3-5, which confers upon them a critical 29 

role in protecting against cardiac arrhythmias and sudden death6. Previous structural studies have 30 

captured only the open state of the HERG channel7,8. Here, we have exploited the K+ sensitivity of 31 

HERG inactivation to determine structures of both the conductive state and the elusive 32 

inactivated state of HERG. We show that hERG inactivation is facilitated by two competing 33 

networks of hydrogen bonds behind the selectivity filter that enable rapid and voltage dependent 34 

flipping of the valine carbonyls in the centre of the selectivity filter.  Our data also explains how 35 

changes in extracellular K+ affects the distribution between conductive and inactivated states9,10 36 

and thereby explains why hypokalaemia reduces HERG channel activity thereby increasing the 37 

risk of cardiac arrhythmias11. 38 

 39 

Structures of the conductive and inactivated states of the HERG K+ channel selectivity filter. 40 

Changes in extracellular potassium concentration, [K+]o, shift the voltage-dependence of HERG 41 

inactivation so that at any given voltage, a decrease in K+ favours the inactivated state (Figure 1a). 42 

To capture both the inactivated and conductive states of HERG, we determined structures in the 43 

presence of 3 mM KCl (low-K) and 300 mM KCl (high-K). As hERG is a homotetrameric channel we 44 

analysed the cryo-EM maps using C4 symmetry (Supplementary Figure 1). The global resolution of 45 

the structures were 3.1 Å (low-K) and 3.4 Å (high-K) with the resolution in the selectivity filter region 46 

reaching 2.9 Å (low-K) and 3.1 Å (high-K), respectively (Figure 1b, Supplementary Figure 1).  Our 47 

high-K structure is very similar to previously published structures of HERG, with RMSDs for the 48 

transmembrane regions being 0.61 Å compared to 5va17 and 0.82 Å compared to 7cn18. When the 49 

high and low-K structures are globally aligned there is very little movement in the pore-helix or the 50 

upper regions of the S5 and S6 helices which serve as a scaffold to hold the selectivity filter in place12. 51 

However, clear differences are seen in the vicinity of the selectivity filter (Figure 1c,d).  52 

K+ channels classically contain five putative K+ ion binding sites, S0 - S4 (starting at the extracellular 53 

entrance to the selectivity filter13), defined by adjacent pairs of backbone carbonyls from the 54 
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residues lining the selectivity filter. In HERG, the backbone carbonyls of Gly628-Phe627-Gly626-55 

Val625-Ser624, and the hydroxyl sidechain of Ser624, form the selectivity filter. When we compared 56 

the high-K and low-K structures fitted to the cryo-EM maps (region of selectivity filter shown in 57 

Figure 1c), the most notable differences between the two structures are a change in the Phe627 58 

sidechain rotamer and displacement of the Val625-Gy626-Phe627 backbone atoms (by up to 1Å, 59 

Figure 1d). The carbonyls of Val625, as well as Gly626 and Ser624, are directed towards the central 60 

axis in the high-K structure whereas the Val625 carbonyls flip 170° to point away from the selectivity 61 

filter in the low-K structure (arrow head in Figure 1c). The flipped Val625 carbonyl in the low-K 62 

structure was supported by strong model statistics (Supplementary Table 1), and validated by 63 

molecular dynamics flexible fitting (MDFF14) simulations of HERG embedded in a detergent micelle 64 

(see Supplementary Figure 2d). Interestingly, MDFF simulations of the high-K structure also predict 65 

some proportion of Val625 carbonyl flipping, suggesting that there is reduced stability of the central 66 

selectivity filter in the conductive state (Supplementary Figure 2c). 67 

The cross-sectional area of the selectivity filter for the high-K HERG structure shows that ion binding 68 

sites S2 and S3 are clearly defined but the S1 and S4 sites appear slightly dilated (Figure 1e). When 69 

compared to KcsA, a bacterial K+ channel whose structure has been extensively studied12,15,16, the 70 

HOLE plot17 radius for the high-K HERG structure is most different to the high-K KcsA structure at 71 

the extracellular end (Figure 1e). In the low-K structure, flipping of the Val625 backbone carbonyls 72 

result in dilation of both the S2 and S3 ion binding sites (Figure 1f).  The most striking difference in 73 

the HOLE radius profile for the low-K HERG structure compared to the low-K KcsA structure is the 74 

greater dilatation at Val625 (Figure 1f). The features of the HOLE plots for the low-K HERG structure 75 

were replicated by the MDFF fits to the low-K structures (Supplementary Figure 2f). Interestingly a 76 

partial dilatation at Val625 is also seen in the MDFF fits to the high-K structure suggesting that there 77 

may be intrinsic flexibility in the HERG selectivity filter, even in the presence of K+ ions.  78 

The cryo-EM maps and structures presented in Figure 1c-f were solved with C4 symmetry imposed. 79 

However, because ion coordination sites lie directly along the four-fold axis relating HERG 80 

monomers, the 3D reconstruction contains intrinsic pseudo-symmetry, which leads to symmetry 81 

artifacts in the ion associated densities18,19. Performing the 3D reconstruction of the high-K data 82 

with C1 symmetry (local resolution 3.4 Å at the filter) leads to clear densities for K+ ions in S4, S3 83 

and S2 but not in S0 or S1 (Figure 1g, Supplementary Figure 3), consistent with the lack of well 84 

defined S0/S1 binding sites in the HOLE plots of the high-K HERG structure. In comparison, the low-85 
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K structure (local resolution 3.2 Å at the filter) shows no significant density for K+ ions, with only a 86 

remnant density at S4 (Figure 1h, Supplementary Figure 3). 87 

Our cryo-EM studies highlight two important results. First, neither the high nor low-K cryo-EM maps 88 

contain K+ ions in the upper part of the filter, suggesting that the conducting filter for HERG mostly 89 

involves three active ion binding sites and as such, it may be primed for collapse even in the 90 

presence of K+ ions. Second, the low-K HERG structure is characterised by flipping of the Val625 91 

carbonyl, which would inhibit binding of K+ ions in the lower half of the filter and abrogate 92 

conduction.  93 

Figure 1 

 

 

a. Potassium dependence of steady-state 
inactivation (data points represent mean ± 
SEM for n=4-7 points). b. Cross section of low-
K cryo-EM density map, color coded by local 
resolution (scale in figure), estimated using 
RELION37. c. Cryo-EM maps and model 
overlay for the selectivity filter region for the 
high-K (blue) and low-K (orange) structures. 
Arrowhead highlights flipped Val625 carbonyl 
in low-K structure (also observed in five 
independent flexible fitting MD simulations; 
Supplementary Figure 2d). d. Per-residue 
average deviations in backbone and 
sidechain atoms between the high-K and low-
K models for the selectivity filter region. The 
helical elements (top of S5, S6, pore, and S5P 
helix) deviate by <0.3Å compared to 
deviations of up to 1Å in the selectivity filter. 
HOLE plots for e. high-K and f. low-K 
structures. The dashed circles in the insets 
highlight major differences between HERG 
and KcsA at the extracellular end of filter for 
the high-K structures and in the vicinity of 
Val625 in the low-K structures. Cryo-EM maps 
(contoured to 8s) for a cross section of the 
selectivity filter for g. high-K (blue) and h. 
low-K (orange) structures solved in C1 
symmetry. Coulomb densities along the 
central axis are consistent with K+ ions 
present in S2, S3, S4, and cavity for the high-
K structure but only a very low density in S4 
for the low-K structure. Even in maps with 

contour levels at 2s, there are no ions 
present in S0 and S1 in the high-K Map (see 
Supplementary Figure 3) which indicates that 
ions do not readily bind to these sites. 
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Effect of K+ ions on selectivity filter structure  94 

To explore the mechanisms underlying the reduced K+ occupancy in the conductive state and Val625 95 

carbonyl flipping in the inactivated state, we undertook a set of molecular dynamics (MD) 96 

simulations of the conducting conformation of HERG embedded in a palmitoyloleoyl-97 

phosphatidylcholine lipid bilayer. First, we simulated the system with ions absent or constrained in 98 

single ion or a range of multiple ion configurations.  For simulations with single or multiple ions 99 

present, the carbonyls for the respective ion binding sites tended to point inwards (see 100 

Supplementary Figure 4). The exception, was Val625 (which contributes to co-ordination of K+ ions 101 

in S2/S3), for which there were no single or multiple ion occupancies that include a K+ ion in S2 or 102 

S3 where all four Val625 carbonyls stably pointed towards the axis of symmetry. For example, all 103 

four Val625 carbonyls point inwards only 35% of the time when ions were held in the S2/S4 ion 104 

configuration (Figure 2a). This is consistent with the MDFF simulations for the high-K structure 105 

(Supplementary Figure 2c) but is in marked contrast to what is seen in simulations for other 106 

conductive K+ channel filters. For example, in the extensively studied bacterial K+ channels KcsA and 107 

MthK, ions held in S2 are sufficient to keep Val carbonyls pointing inwards20,21. In the absence of K+ 108 

ions, we observe a wide distribution of backbone carbonyl angles for Val625, Gly626, Phe627 and 109 

Gly628 (Figure 2b). Also, typically only 2 or 3 of the four subunits have carbonyls for each residue 110 

pointing towards the central axis, which is due in part to electrostatic repulsion of the free carbonyls 111 

(Figure 2b). The exception is Ser624, where carbonyls continue to point inwards (Figure 2b), i.e. the 112 

S4 binding site is stable even when no ions are present.  113 

We next investigated the distribution of unconstrained K+ ions in the HERG selectivity filter using 114 

replica exchange with solute tempering (REST2) simulations22; total 16 µs simulation time. Details 115 

of reproducibility and convergence, statistics of ion occupancy, and dependence of the free energy 116 

profile on the number of Val625 carbonyls directed inward are shown in Supplementary Figure 5. 117 

There were frequent movements of ions between sites, as well as ions entering and leaving the filter 118 

with an average of 1.8±0.1 ions present in the filter. The free energy profile based on the average 119 

ion density shows a large free energy barrier separating S3 and S2 (~6 kcal mol-1, Figure 2c). The low 120 

barriers separating S1 and S0 sites from the extracellular space suggests that ions can rapidly leave 121 

S1 and S0 sites. The minima for S1 and S0 ion binding sites are also slightly more elevated (~0.5 kcal 122 

mol-1) than the S2, S3 and S4 sites. This is consistent with the experimental K+ ion densities in the 123 

high-K cryo-EM maps (Figure 1i) and the non-optimal coordination angles of the Phe627 carbonyls 124 

in the MD simulations even when ions are held in S0 or S1 (Supplementary Figure 4d,e). 125 
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Figure 2

 

 
 
Example structures from MD simulations 
and summary of the distribution of 
carbonyl angles (0° indicates pointing 
towards centre of pore) and the 
proportion of time 0, 1, 2, 3, or 4 carbonyls 
were pointing inwards (defined as <70° 
deviation from 0°) for a. ions present in 
S2/S4 and b. empty filter. Data for other 
single and multi-ion configurations are 
shown in Supplementary Figure 4. c. Free 
energy profile for ion binding in the filter 
from REST2 simulations. There is a large 
free energy barrier separating S3 and S2 
with low free energy barriers between S2, 
S1, S0 and the extracellular space. d. Free 
energy profile derived from umbrella 
sampling of rotation of the F-Y angle of 
the Val625-Gly626 linkage when ions are 
held in S0/S2/S4 (blue), or S1/S3/Cav 
(cavity) (red) for HERG (solid line) and KcsA 
(grey shadow: ions in S0/S2/S4 and black 
dashed line: ions in S1/S3). There is little 
difference in the free energy between the 
conducting (Y ~-50°) and inactivated (Y 
~+70°) conformations for HERG 
irrespective of ion occupancy. Conversely, 
in KcsA, the conducting state is ~9 kcal 
mol-1 more stable than the inactivated 
conformation for S0/S2/S4 but only ~2kcal 
mol-1 more stable for S1/S3/cav 

To investigate the propensity of HERG Val625 carbonyls to flip we used umbrella sampling 126 

simulations to interrogate the energetics of rotation around the Val625-Gly626 peptide linkage. 127 

There are two minima in the umbrella sampling; Y ~ -50° when the Val625 carbonyl is in a 128 

conducting conformation, and Y ~ +70° when the Val625 carbonyl is in an inactivated conformation 129 

(Figure 2d).  The free energy profile is sensitive to the ion configuration, as it was in KcsA20. However, 130 

in HERG, the conducting state is not strongly favoured over the inactivated state for any ion 131 

configuration. In particular, whereas KcsA experiences a ~9 kcal mol-1 difference in the free energies 132 

of the inactivated and conductive states when ions are held in S0/S2/S4, HERG experiences a mere 133 

~0.5kcal mol-1 difference (Figure 2d). Furthermore, the free energy barrier to transition from the 134 
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conductive to inactivated state is much smaller for HERG, ~5 kcal mol-1, than for KcsA, ~12 kcal mol-1, 135 

for ions in S0/S2/S4. The dramatic reduction in the free energy barrier for rotation of the Val625 136 

carbonyl, and the associated high energy barrier for K+ flux, is consistent with the rates of 137 

inactivation in HERG being ~2 orders of magnitude faster than in KcsA15. 138 

 139 

Differential interactions between Ser620 and the selectivity filter in conductive and inactivated 140 

states  141 

To understand why the Val625 carbonyl flips rapidly in HERG we explored the nature of the 142 

interactions between the selectivity filter backbone and residues lying behind the selectivity filter. 143 

Due to the asymmetry in the inactivated state (Supplementary Figure 6a-d), we clustered frames 144 

from the MD simulations based on the backbone angles of the selectivity filter residues in each 145 

individual subunit (Supplementary Figure 6e,f). Representative structures of the two major clusters 146 

are shown in Figure 3a. Cluster 1 (41%) has carbonyls of Ser624, Val625, Gly626 and Phe627 pointing 147 

inwards, indicative of a conductive state (Figure 3a, blue). Cluster 2 (30%) has the Val625 carbonyl 148 

pointing outwards and the Phe627 carbonyl deviated from the central axis, indicative of an 149 

inactivated state (Figure 3a, orange). In cluster 1 the side chain of Ser620, at the base of the pore 150 

helix, interacts with the backbone amides of Gly626 and Phe627. Conversely, in cluster 2 the Ser620 151 

sidechain hydrogen bonds with the Val625 carbonyl in the lower part of the selectivity filter or with 152 

Tyr616 carbonyl one helical turn above on the pore helix (Figure 3b). The tight interaction between 153 

the sidechains of Tyr616 and Asn629 (equivalent to Asp80 in KcsA) observed in the conductive state 154 

(as also noted by others7,23) is maintained in the inactivated state and thus likely plays a scaffolding 155 

role to stabilise the filter whilst the Ser620 sidechain switches from interacting with the upper filter 156 

(in the conductive state) and lower filter (in the inactivated state) (Figure 3b).  157 

The rearrangement of the Ser620 sidechain between the conductive and inactivated states is also 158 

accompanied by changes in water distribution. There is an additional free energy minimum in the 159 

lower part of the filter in the inactivated state (arrowhead, Figure 4c), corresponding to a bound 160 

water molecule that predominantly interacts with the Ser620 sidechain. This site is similar in 161 

location to the deepest water molecule in the inactivated KcsA structure although in KcsA that water 162 

binds to and stabilises the pinched glycine amide.  There is also an increase in water bound to the 163 

Phe627 backbone amide in the inactivated state that compensates for the reduced binding to 164 

Ser620 (Figure 4c). It is notable that the total number of water molecules is not different between 165 
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the conductive and inactivated states of HERG (Figure 3c), which is in marked contrast to KcsA, 166 

where the number of water molecules increases from one in the conductive state to three in the 167 

inactivated state and this diffusion-limited transition plays a key role in establishing the slower 168 

inactivation kinetics of KcsA16
. 169 

We also confirmed that mutations to the key residues that show differential interactions between 170 

conductive and inactivated states, Ser620, Phe627, and Val625, all significantly perturb inactivation 171 

gating (Figure 4d), similar to what has been reported previously24,25. F627Y and V625T stabilised the 172 

inactivated state whilst S620T stabilises the conductive state. For the double mutants, S620T 173 

exerted a dominant effect and maintained channels in a conducting state (Figure 3d) with the 174 

energy of interactions, 4.5 - 5.4 kcal mol-1 (see Supplementary Figure 7a), well above the 1 kcal mol-175 

1 threshold considered indicative of a significant interaction26. In agreement with the 176 

electrophysiology data, the S620T mutant also reduced the stability of the inactivated state by ~6 177 

kcal mol-1, as assessed by umbrella sampling simulations (Figure 4e). A threonine sidechain at 620 178 

is not able to form as stable an interaction with the Val625 carbonyl compared to that seen with the 179 

Ser620 side chain (see Supplementary Figure 7b,c).  180 

To understand how the different interactions that the Ser620 side chain is involved in fit into the 181 

inactivation process we analysed two-dimensional free energy maps for the interactions between 182 

Ser620 and the backbone atoms of Phe627, Gly626, and Val625, as well as the backbone C=O of 183 

Tyr616 as a function of the angle of rotation of the Val625 carbonyl (Figure 4f) or as a function of 184 

ion occupancies in Supplementary Figure 8. When the Val625 C=O is in a conductive state (at ~20°), 185 

the Ser620 sidechain predominantly binds to the amides of Gly626 and Phe627 (label A in Figure 4f, 186 

i, ii) and spends a small percentage of time interacting with the backbone C=O of Tyr616 (label B, 187 

Figure 4f, iii). Conversely, when the Val625 C=O is in an inactivated state (at ~200°) the Ser620 188 

sidechain predominantly interacts with the Val625 C=O (label D, Figure 4f, iv) or the Tyr616 C=O 189 

(label C, Figure 4f, iii). When Ser620 is interacting with the Tyr616 backbone C=O (Figure 4f, iii) both 190 

ends of the Gly626-Val625 peptide bond are unbound and therefore free to rotate. Thus the Ser620 191 

sidechain - Tyr616 backbone interaction acts like a catalyst to facilitate transition between the 192 

conductive and inactivated states. Furthermore, the Ser620 – Phe627 interaction selectively 193 

stabilises the conductive state over the inactivated state (relative depth of state A and D, Figure 4f, 194 

iii), however, when this interaction is broken the inactivated state is favoured. Thus, ions leaving 195 

the upper selectivity filter, which promotes the Phe627 carbonyls pointing away from the central 196 

axis, leads to a destabilisation of the Ser620-Phe627 amide interaction (Supplementary Figure 8c,e). 197 
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This results in increased interaction between Ser620 and Tyr616 (Supplementary Figure 8d) which 198 

allows the flipping of the Val625, which is more frequent when ions are present only in the lower 199 

selectivity filter (up to 97% of the time, see Supplementary Figure 4g,h). Thus the distribution of 200 

ions within the filter not only biases the equilibrium between the conductive and inactivated states 201 

but the absence of ions from the upper filter also favours the Ser620-Tyr616 interaction that 202 

facilitates the rapid interconversion of the conductive and inactivated filters. 203 

Figure 3 204 

 205 

a. Example structures from the two major clusters obtained from the MD simulations; conducting 206 
filter (blue) and inactivated filter (orange). b. Distribution of distances between residue pairs 207 
indicated. The tight network of interactions between Ser620, Gly626 and Phe627 seen in the 208 
conductive like structure are replaced by a close interaction between Ser620 and Val625 in the 209 
inactivated-like structure. The Val625 carbonyl can also interact with the Phe627 amide in the 210 
inactivated state. The close interaction between the sidechains of Tyr616 and Asn629 is observed 211 
in both the conductive and inactivated state. c.i. Free energy distribution of number of water 212 
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molecules behind the filter in all simulations. c.ii. Mean number of interactions with water 213 
molecules behind the selectivity filter in conducting (blue) and inactivated (orange) filters. Insets 214 
show the free energy distribution of water molecules behind the filter in conducting filter (blue box) 215 
and inactivated filter (orange box). Arrowhead highlights an extra minima in the inactivated state. 216 
d. Example families of current traces from WT, F627Y, and V625 (upper row) and from S620T and 217 
the double mutants S620T+F627Y and S620T+V625T (lower row). Summary data and calculatiosn of 218 
interaction energies are shown in Supplementary Figure 7a. e. Free energy profile derived from 219 
umbrella sampling of rotation of the Y-angle of the Val625-Gly626 linkage when ions are held in 220 
the S0-S2-S4 configuration for wild type HERG (blue) and S620T (yellow). S620T destabilises the 221 
inactivated state relative to the conducting state (also see Supplementary Figure 7b,c). f. Two-222 
dimensional free energy plots for Ser620 side chain interactions with i. Val625 carbonyl, ii. Gly626 223 
amide, iii. Phe627 amide and iv. Tyr616 carbonyl plotted as a function of rotation of the Val625 224 
carbonyl from REST2 simulations. Labels A,B,C,D indicate Four distinct interactions with A being 225 
most conductive like and D most inactivated. 226 

 227 

Effect of voltage on the HERG selectivity filter 228 

Having established a role for Val625 carbonyl flipping in the rapidity of inactivation we next 229 

examined how changes in voltage might contribute to the rapidity of HERG inactivation. The 230 

potassium dependent slowing of the rates of inactivation in HERG are also voltage dependent 231 

(Figure 4a). A fit of the Woodhull equation for the voltage dependence of a cation binding within a 232 

membrane electric field suggests that the K+ binding site linked to the slowing of inactivation resides 233 

approximately midway across the membrane electric field (Figure 4b), which corresponds to the 234 

region in the vicinity of  S4-S3-S2 (Figure 4c, Supplementary Figure 9). Rather than one ion leaving 235 

from midway through across the membrane electric field it could also be due to two ions leaving 236 

from higher up in the selectivity filter.  237 

Given the importance of Val625 carbonyl flipping for HERG inactivation, we also investigated 238 

whether rotation of these carbonyls may be sensitive to changes in voltage. When a 500 mV 239 

(negative inside) voltage is applied to the system, the conductive state is stabilised by ~2.5 kcal mol-240 

1 and the free energy barrier for transition from the conductive to inactivated state is increased ~2 241 

kcal mol-1 (Figure 4d). This stabilization of the conductive state at hyperpolarised membrane 242 

potentials can be attributed to the stronger carbonyl dipole (longer C=O bond and greater 243 

electronegativity difference compared to the amide N-H) being exposed to the focused electric field 244 

within the narrow selectivity filter pore (insets, Figure 4d). Based on these simulations, we suggest 245 

that a plausible mechanism linking these two components of voltage dependence is that K+ exit from 246 

S2 promotes rotation of the Val-Gly peptide linkage which results in a large free energy barrier to 247 

further K+ flux 248 
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 Figure 4 

 

 

a. Example families of current traces illustrating 
the potassium and voltage dependence of rates 
of inactivation. Rates of inactivation are faster 
at low [K+]o and at more depolarised potentials. 
b. i. The mean rate of inactivation at each 
voltage (n=7-11 recordings for each datapoint, 
error bars not shown for clarity) plotted as aa 
function of [K+]o. The data have been fitted with 
a logistic function (see online methods) and the 
open circles indicate the [K+]o that causes a 50% 
slowing of the K+ sensitive component of 
inactivation. ii. Plot of the IC50 values from 
panel i versus voltage. The solid line represents 
a fit of the Woodhull equation (see online 
methods) where the slope factor, 
zd = 0.49±0.01 (±95% confidence interval), 
indicates that the K+ ion binds midway through 
the membrane electric field. c Plot of the 
fraction of the electric field felt by a K+ ion as is 
passes through the HERG pore from umbrella 
sampling (black data points) or from the 
Poisson Boltzmann (PB) equation for HERG, 
KcsA and MthK (see Supplementary Figure 9 
and online methods for details of calculations). 
The dashed line indicates the level 0.49 of the 
way from the extracellular to intracellular side 
of the membrane electric field. Vertical dotted 
lines indicate locations of S0-S4. d. Free energy 
profile derived from umbrella sampling of 
rotation of the Y-angle of the Val625-Gly626 
linkage when ions are held in the S0/S2/S4 
configuration for wild type HERG in the 
presence of a -500 mV (inside) voltage gradient 
(purple) compared to 0 mV (blue). Insets show 

typical structures of the filter, highlighting the 
orientations of backbone carbonyl and amide 
dipoles that interact with the electric field 
inside the pore. 

Discussion 249 

HERG K+ channels are expressed in the brain, endocrine and smooth muscle tissues, as well as in the 250 

heart6. The combination of the rapidity and voltage dependent inactivation of HERG channels are 251 

critical for regulating cardiac repolarization and the response to ectopic beats5,27, hence the 252 

increased risk of cardiac arrhythmias caused by mutations that affect inactivation gating28,29. HERG 253 

inactivation is also a major contributor to the promiscuity of drug-binding to the channel30, resulting 254 

in the unintended side effects of drug-induced arrhythmias for many prescription drugs31. Selectivity 255 
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filter gating is intimately associated with the orientation of the  selectivity filter backbone carbonyls 256 

which in turn are intimately associated with K+ ion occupancy20,21. The  selectivity filter structure we 257 

captured in the presence of 3 mM KCl lacked any obvious K+ ion density, exhibited dilatation at the 258 

upper filter, marked dilation at Val625 and pinching at the central glycine (Gly626 in HERG); all 259 

features consistent with an inactivated state15,16,23. Surprisingly, the structure we captured in the 260 

presence of 300 mM KCl, lacked K+ ion density in S0 and S1; which is however supported by the free 261 

energy profile for K+ occupancy obtained from REST2 simulations. Of all the K+ channel structures 262 

determined to date, the distribution of ion densities seen in our high-K HERG structure most closely 263 

resembles the ion densities seen in the inactivated selectivity filter of TASK2 channels32; consistent 264 

with our contention that even in the presence of 300 mM K+, the HERG channel is primed for 265 

collapse.  266 

Based on our data we propose a model for the rapidity as well as the voltage and K+ dependence of 267 

HERG inactivation, which is summarised in Figure 5. The conducting conformation is stabilised by 268 

Ser620 side chain interactions with the backbone amides of Phe627 and Gly626, whose carbonyl 269 

groups maintain ions in the upper filter (Figure 5a). Following depolarization, inactivation is initiated 270 

by ions leaving the upper filter10 (Figure 5b) due to the low energy barriers around S0 and S1 and 271 

the high energy barrier between S2 and S3. This in turn promotes reorientation of the Phe627 272 

carbonyls away from the central axis which destabilises interactions of Ser620 with the Phe627 and 273 

Gly626 amides. The Ser620 sidechain can then more readily rotate to bind to the Tyr616 backbone 274 

which leaves the Val-Gly peptide bond unencumbered and free to rotate (Figure 5c). Due to the 275 

larger dipole of the Val625 carbonyl compared to Gly626 amide, the rotation of this peptide linkage 276 

is sensitive to changes in membrane voltage (Figure 5c,d). The inactivated state is then stabilised by 277 

the rotated Val625 carbonyl binding to the freed up Ser620 sidechain or to the Phe627 amide (Figure 278 

5e). Upon hyperpolarization, the process will reverse with ions re-entering the upper filter which 279 

will promote reorientation of the Phe627 carbonyls and shift the equilibrium in favour of the 280 

conductive state. In addition, the stability of Ser624 in HERG means that the S4 ion binding site is 281 

likely to remain occupied under physiological conditions (high intracellular [K+]) and thus primed for 282 

reinitiating the outward conduction required to repolarise the cell. Overall, the equilibrium between 283 

conducting and inactivated HERG states is held in balance as a result of Ser620 possessing the ability 284 

to H-bond alternately to Gly626 and Phe627 in the conducting state and to Val625 in the inactivated 285 

state, with switching between states facilitated by a transient interaction between the Tyr616 286 

backbone C=O and the Ser620 side chain. 287 
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Figure 5 288 

 289 

Cryo-EM maps of the selectivity filter obtained from the high-K structure (panels a-c) and low-K 290 
structure (panels d-e) with superimposed protein structures obtained from snapshots of the MDFF 291 
fits to the high-K (blue) or low-K (orange) cryo-EM maps. Stylised free energy diagrams for the 292 
transition from the conductive (O) to inactivated (I) state, via a transition state (T) are shown below 293 
each panel. Interactions stablising each state are highlighted in each panel. The pink/red horizontal 294 
lines in each panel represents the barrier to ions crossing the S3/S2 boundary which is low when 295 
ions are present in the filter and all carbonyls point inward but high once ions have left the upper 296 
filter and the Val625 carbonyls have flipped. Inactivation is initiated by K+ ions leaving the upper 297 
filter (b). The transition state (c,d) is characterised by the Ser620 sidechain interacting with the 298 
Tyr616 backbone, which leaves the Val-Gly peptide bond free to rotate. The conductive 299 
conformation of the Val-Gly peptide linkage is favoured at hyperpolarised potentials (red 300 
arrowhead, c) whilst the inactivated conformation is favoured at depolarised potentials (blue arrow 301 
head, d). The inactivated state is stablised by the flipped Val625 carbonyl binding to the Ser620 302 
sidechain or Phe627 backbone. The gradient for [K+]o indicates that the conductive state is favoured 303 
at high [K+]o and the inactivated state is favoured at low [K+]o. A movie depicting the transition from 304 
the conductive to inactivated state is shown in Supplementary Movie 1. 305 

HERG channels play a critical role in regulating cardiac excitability6. Here, we have determined, for 306 

the first time, the structure of the HERG channel in an inactivated conformation which has enabled 307 

mechanistic insights into the rapidity and voltage dependent inactivation of HERG channels. Ser620, 308 

located behind the selectivity filter, alternately hydrogen bonds to the upper or lower part of the 309 

selectivity filter to stabilise the conducting and inactivated states respectively. The inactivated state 310 

is characterised by voltage-dependent flipping of the valine carbonyls in the centre of the selectivity 311 

filter.  Furthermore, a transient interaction between Ser620 and Tyr616 reduces the free energy 312 

barrier for flipping of the valine carbonyls, thereby explaining the rapidity of HERG inactivation. Our 313 

data also explains how changes in extracellular K+ affects the distribution between conductive and 314 

inactivated states and thereby explains why hypokalaemia reduces HERG channel activity and 315 

increases the risk of cardiac arrhythmias. Our mechanistic insights into the basis of of inactivation 316 
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should also pave the way for a better understanding of the state dependence as well as promiscuity 317 

of drug binding to HERG channels. 318 

 319 
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Online Methods 395 

 396 

Electrophysiology 397 

WT HERG cDNA was a gift from Gail Robertson (University of Wisconsin). Mutants were generated 398 

by Mutagenex Inc. (Piscataway, NJ). cRNA was synthesised using the mMessage mMachine kit 399 

(Ambion) according to the manufacturers’ protocols. Oocytes from Xenopus laevis frogs (purchased 400 

from Nasco, Fort Atkinson, WI, USA) were prepared as previously described33. The Garvan/St 401 

Vincent’s Animal Ethics Committee approved all experiments. All experiments were undertaken at 402 

room temperature (21-22°C). Perfusion solutions contained (x mM KCl, 100-x mM NaCl, 1.8 mM 403 

CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.5) where x was 1,3,5,10,30 or 100. Glass microelectrodes 404 

had tip resistances of 0.2 – 0.7 MΩ when filled with 3M KCl. Data analysis was performed using 405 

pClamp software (Version 10.6, Molecular Devices) and Excel software (Microsoft Corporation, 406 

Seattle, WA). All data are shown as mean ± S.E.M. 407 

Rates of inactivation and recovery from inactivation were determined exactly as previously 408 

described10. To minimise the impact that the accumulation of K+ in the extracellular space 409 

immediately adjacent to the oocytes can have on measured rates of inactivation10 we (i) used a 410 

rapid perfusion system (~5 mL/minute during recordings) and (ii) only analysed current records 411 

when current traces were < 1 µA. If current traces were too large to analyse we reduced the duration 412 

of the second pulse step to -90 mV to reduce the number of channels that recover from inactivation 413 

and thereby reduced the magnitude of the outward current traces.  414 

Steady-state inactivation was measured from a two-step voltage protocol, as previously described33. 415 

The voltage range for measurement of inactivation extended to -180 mV for mutants with enhanced 416 

inactivation and up to +120 mV for mutants with reduced inactivation. 417 

Calculation of rate constants 418 

Unidirectional forward (kinact) and backward (krec) rate constants are related to the observed rate 419 

(kobs,V) constants by the equation: 420 

kobs,V = kinact(V) + krec(V)          (1)  421 

  = kinact(0).exp(zi.FV/RT) + krec(0).exp(-zr.FV/RT)     (2) 422 

 Where kinact(V) and krec(V) are the forward and reverse rate constants at any voltage; kinact(0) 423 

and krec(0) are the forward and reverse rate constants at 0mV, zi and zr the valence of the charges 424 
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moved by depolarization and repolarization respectively, F, R and T have their usual meaning with 425 

RT/F = 25.4 mV at 22°C.  426 

Calculation of voltage-dependent affinities for the K+ binding site that slows inactivation  427 

The K+ concentration dependence of slowing of inactivation at any given voltage was calculated 428 

using the logistic equation34: 429 

k(V) = (kmax,V – kmin,V) / (1 + [K+]o/K1/2,V) + kmin,V     (3) 430 

where kmax,V the maximum rate of inactivation is equivalent to the extrapolated rate for [K+]o 431 

= 0 mM at voltage V; kmin,V, is the minimum rate of inactivation and K1/2,V is the [K+]o at which the 432 

rate of inactivation is half way between kmax,V and kmin,V.  433 

For binding of a charged species within the membrane electrical field, the electrical distance of the 434 

binding site from the external side of the membrane can be calculated using the Woodhull equation 435 

35: 436 

K1/2,V = K1/2(0) . exp(zd . FV/RT)         (4) 437 

where F, R and T are as defined above, z is the charge on the inhibitory particle and d is the 438 

distance across the memrbae electric field where the particle binds. 439 

 440 

Protein Expression 441 

Cloning and Expression 442 

The cryo-EM construct used for the study of Human KCNH2 (HERG) was based on that used by Wang 443 

and Mackinnon7. In brief cytoplasmic loops 141-380 and 871-1005 were removed 444 

using quikchange PCR methods.  A TEV protease site (ENLYFQG) was inserted between the gene and 445 

a GFP epitope followed by a double strep tag (AWSHPQFEK) with a linker (GGGS)2 (GGSA) between 446 

the first and second repeat. The construct was cloned using EcoR1 and Xba1 into PEG vector36. 447 

The PEG-HERG construct was used to generate baculovirus as described in36.  Cells were 448 

cultured and purifications were performed with changes as described in7 briefly, HEK 293 GnTI were 449 

induced with baculovirus when reaching a density of 2.5-3.5 x 106 cells/ml.  After 24hours from 450 

induction the temperature was lowered to 30°C and a final concentration of 10 mM sodium butyrate 451 

was added for a further 24 hours where cells were harvested.  452 

Purification 453 
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Cells were lysed in 30 mM KCl and 20 mM Hepes pH 7.4 and spun down at 40,000 rpm for 90 454 

mins.  The insoluble fraction was collected and resuspended in 300 mM KCl, 20 mM Hepes pH 455 

7.4, 1% DDM n-Dodecyl-b-D-maltoside (DDM), 0.2% Cholesteryl hemisuccinate (CHS) and 5mM DTT, 456 

samples were incubated at 4°C for one hour under gently agitation.  The soluble fraction was 457 

collected and loaded onto strep-tactin superflow high capacity resin (IBA) and allowed to bind at a 458 

flow rate of 1 ml/min at 4 degrees.  Resin was washed (300 mM KCl, 20 mM Hepes pH 7.4, 0.1% 459 

DDM, 0.02% Cholesteryl hemisuccinate (CHS), 5 mM DTT and 0.1 mg/ml phospholipids POPC, POPE 460 

and POPA in a ratio of 5:5:1) with 5 column volumes or until UV absorption returned to 461 

baseline.  The sample was eluted with an addition of 5 mM Desthiobiotin to the wash buffer and 462 

cleaved with TEV protease overnight at 4°C under gentle agitation. The Tetramer peak was 463 

collecting using a superose 6 using either 300 mM KCl or 4 mM KCl and 296 mM NaCl, 20 464 

mM Hepes pH 7.4, 10 mM DTT, 0.025% DDM, 0.005% CHS and 0.025 mg/ml of phospholipids POPC, 465 

POPE and POPA in a ratio of 5:5:1.  Protein was concentrated to 7.5 mg/ml.  466 

 467 

Cryo-Electron Spectroscopy 468 

Sample preparation  469 

Quantifoil® 200 Cu mesh R1.2/1.3 holey Cu-carbon grids were plasma cleaned for 60 s in low 470 

pressure gas (0.5 mbar, 80% argon 20% oxygen mixture) using a Diener plasma cleaner. Protein 471 

sample (3.5 µl; 7.5 mg/ml) was applied to the carbon coated side of the grid. The grid was blotted 472 

for 3.5 s with blot force 2 and vitrified in liquid ethane using a Vitrobot Mark IV (FEI) equilibrated to 473 

20 °C and 100% humidity.  474 

 Electron microscopy  475 

Grids were imaged on a Titan Krios operating at 300 keV equipped with a Gatan K2 detector. Images 476 

were collected in electron counting mode (1.07 Å/pixel) with 1 e-/A2 per frame with a total dose of 477 

50 e-/A2 and nominal defocus range from -0.5 to -2.5 µm. 7,692 and 10,235 50-frame movies were 478 

collected for 300 mM K+ and 3 mM K+ dataset respectively.  479 

Data processing  480 

Data processing was performed using RELION-3.1. Motion correction was done using RELION37  and 481 

defocus values were estimated using CTFFIND438. For the 300 mM K+ dataset, after manual 482 

inspection of micrographs and power spectra 5,362 micrographs were used for processing. Auto-483 
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picking was first performed using a Laplacian of Gaussian filter. 76,763 particles were extracted 484 

from 500 micrographs. After two rounds of 2D classification, six classes were selected as template 485 

for templated-based auto-picking of the whole dataset. 884,778 particles were extracted from 486 

5,362 micrographs with a box size of 300 pixels and downsampled to 64 pixels. The extracted 487 

particles were subjected to five rounds of 2D classification and 295,169 particles were selected and 488 

reextracted without binning. An initial model was generated without imposing symmetry. The 489 

extracted particles were subjected to one round of 3D classification with 6 classes and C4 symmetry 490 

imposed. 233,576 particles were selected for 3D auto-refinement with C4 symmetry 491 

imposed. Bayesian polishing and CTF refinement were repeated two times. Pixel size was calibrated 492 

against the published structure (EMD-8650) by maximizing the cross-correlation between the two 493 

maps. Calibrated pixel size of the final map used for model building was 1.05 Å/pixel.  494 

For the 3 mM K+ dataset, after manual inspection of micrographs and power spectra 495 

5,239 micrographs were used for processing. Auto-picking was first performed using a Laplacian of 496 

Gaussian filter. 69,796 particles were extracted from 500 micrographs. After two rounds of 2D 497 

classification, six classes were selected as template for templated-based auto-picking of the whole 498 

dataset. 1,060,077 particles were extracted from 5,362 micrographs with a box size of 300 pixels 499 

and downsampled to 64 pixels. The extracted particles were subjected to five rounds of 2D 500 

classification and 380,100 particles were selected and reextracted without binning. An initial model 501 

was generated without imposing symmetry. The extracted particles were subjected to one round of 502 

3D classification with 6 classes and C4 symmetry imposed. 358,026 particles were selected for 3D 503 

auto-refinement with C4 symmetry imposed. Bayesian polishing and CTF refinement were repeated 504 

two times. For maps without symmetry imposed, refinement in C1 was performed with symmetry 505 

relaxation by C4 in RELION. Half-maps were used as input for post-processing using 506 

DeepEMhancer39. 507 

Model building and refinement 508 

The cryo-EM maps were sharpened using PHENIX40 auto-sharpen. Model building was performed in 509 

ISOLDE41 and further refined in Coot42. The HERG structure (PDB: 5VA1) was used as starting model. 510 

Real-space refinement was performed with PHENIX40. MolProbity43 was used to validate the 511 

geometries of the refined models. 512 

 513 

 514 



   
 

   
 

21 

Molecular Dynamics 515 

All systems were built and with CHARMM and simulated with NAMD2.13 and NAMD2.1444. The 516 

CHARMM36 lipid45 and CHARMM22 protein force fields46 with CMAP corrections47 were used with 517 

modified K+-carbonyl interaction parameters (depth 0.102 kcal/mol and position 3.64 Å of 518 

minimum) to better match experimental free energies of ion solvation in liquid amides48. The NPT 519 

ensemble was imposed by using a Langevin piston49,50 to maintain a pressure of 1 atm, and a Nosé-520 

Hoover thermostat51,52 to maintain a temperature of 303 K. Bonds to hydrogen atoms were 521 

maintained with the RATTLE algorithm53 and electrostatic interactions calculated with Particle Mesh 522 

Ewald54 with a grid spacing of 1.5 Å and 6th order B-spline mesh interpolation with a neighbor list 523 

distance of 15 Å and a real space cutoff of 12 Å with energy switch distance of 10 Å. 524 

Molecular Dynamics Flexible Fitting to Cryo-EM in Micelles  525 

To best mimic the experimental system for Molecular dynamics flexible fitting (MDFF)14 simulations, 526 

detergent micelles were built around proteins using PDB:5VA1. The optimal size of the micelle was 527 

determined by simulating 6 different sizes of a simple pure detergent micelle (n-Dodecyl-B-528 

Maltoside Detergent (DDM). The number detergent molecules in contact with the protein plateaus 529 

at 400-450 molecules, Supplementary Figure 2a, proving that this is sufficient number of micelle 530 

molecules for embedding HERG55. A micelle of 404 molecules, chosen because the larger lipids were 531 

added, consisting of detergent (DDM (300)), lipid (POPE (20), POPC (20), POPA (4)) and cholesterol 532 

derivative (cholesteryl hemisuccinate (60)) was constructed and HERG in conductive and inactivated 533 

states were embedded and surrounded with explicit TIP3P water molecules56 (110 851 molecules) 534 

and 300 mM and 3 mM of KCl, respectively for the conductive and inactivated structure (615 and 7 535 

K+ ions and 551 and 6 Cl− ions, respectively). 536 

MDFF14 was used to refine the cryo-EM structures in the presence of a potential energy function 537 

based on the cryo-EM density map Φ(𝒓), given by 𝑈!"(𝑹) = ∑𝜔#𝑉!"(𝒓#), where 𝜔 is the weight 538 

for each atom 𝑗 at 𝒓#, and 539 

𝑉!"(𝒓) = ,𝜉 .1 − ϕ(r) − ϕ$%&ϕ'() − ϕ$%&3 	𝑖𝑓	Φ(𝒓) ≥ ϕ$%&
𝜉																																							𝑖𝑓	Φ(𝒓) < ϕ$%&  540 

with threshold, Φ*+, , to remove noise and scaling factor 𝜉 . Five independent simulations were 541 

performed for each map, where 𝜉	was progressively increased from 0 to 5 kcal/mol over the first 50 542 

ns followed by 50 ns of constant	𝜉=5 kcal/mol. The RMSD of the backbone and the selectivity filter 543 
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plateaued after 10 ns and 40 ns, respectively, Supplementary Figure 2c,d.  50 final structures were 544 

generated by energy minimising with 1000 steps of steepest decent every ns with 𝜉	=10 kcal/mol 545 

starting after 50 ns simulation. Distances between atoms were measured from the 250 final MDFF 546 

structures whereas water occupancy behind the selectivity filter was investigated from the whole 547 

MDFF trajectory. 548 

Molecular Dynamics of of HERG in Lipid Membranes 549 

MD simulations were performed starting with the high-K+ HERG structure. The pore (residue 545 to 550 

667) was embedded in a lipid bilayer consisting of palmitoyloleoyl- phosphatidylcholine (POPC) 551 

lipids (238 molecules). It was surrounded with explicit TIP3P water molecules56 (18,771 molecules) 552 

and 150 mM of KCl (49 K+ ions and 53 Cl− ions). An additional structure with S620T was generated 553 

using CHARMM. During initial equilibration, all heavy atoms in the protein, as well as ions in the 554 

selectivity filter, were constrained with harmonic constraints with force constants of 10 kcal/mol/Å2. 555 

These were slowly released on the protein during 5 ns simulations. Libraries of 10 independent 556 

simulations each of 50 ns were performed for WT channel with different ion configurations in the 557 

selectivity filter. Multi-ion configurations in sites S0/S2/S4, S2/S4 and S1/S3 as well as single ion 558 

configurations in sites S0-S4 were constrained with 5 kcal/mol in their sites with flat bottomed 559 

potentials (k=10 kcal/mol/Å2 and thickness 3.5 Å). Means and distributions were calculating after 560 

excluding the forst 10 ns as equilibration. Errors bars were calculated as the standard error of mean 561 

for the 10 different simulations. 562 

The angle of the selectivity filter carbonyls were calculated as the angle between the projection on 563 

the xy-plane of the vector between the carbonyl C and the carbonyl O and the projection on the xy-564 

plane of the vector between the carbonyl C and the centre of mass of the selectivity filter. A carbonyl 565 

was regarded as pointing in when the angle was within ±70 °. 566 

Cluster analysis was performed with k-means algorithm57 in MATLAB using k=10 clusters and 567 

clustering on the backbone F and Y angles of the selectivity filter (residue 624 to 628). Initial cluster 568 

centroids were generated using the k-means++ algorithm. Each point in space was then allocated 569 

to its nearest cluster and the cluster centroid recalculated. This was done iteratively until 570 

selfconsistent. Each subunit was clustered separately to allow for asymmetries. 571 

Replica Exchange with Solute Tempering 572 

To study the behavior of the filter at 300K temperature, replica exchange with solute tempering 573 

(REST2) simulations22 starting with the conductive structure were performed. 3 K+ ions were trapped 574 
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in the selectivity filter/cavity region using a cylinder of 30 Å height and 15 Å width with flat-bottom 575 

half-harmonic constraints of 10 kcal/mol/Å2. 16 replicas with effective temperatures for ion 576 

interactions from 300 K to 900 K were used, where only the interactions involving the 3 trapped 577 

ions were scaled. Two independent systems, with ions starting in S0/S2/ S4, or with S1/S3/cavity, 578 

were simulated for 500 ns each. The first 14 ns were removed from each simulation before 579 

calculating the final free energy profile as Δ𝐺(𝑧) = −𝑘-𝑇 ln 𝜌(𝑧) + 𝐶. Where ρ is the probability 580 

distribution as a function of reaction coordinate 𝑧 , being the position of an ion along the 𝑧 581 

coordinate with respect to the COM of the backbone atoms of the selectivity filter with constant 𝐶 582 

chosen to set the free energy to zero in the extracellular solution. This effective free energy profile 583 

based on ion density reveals the apparent locations and depths of the binding sites, as well as the 584 

apparent barriers for ion movement between sites, but is distinct from the barriers that would be 585 

seen in a multi-ion permeation mechanism. It is thus used as a guide to understanding the 586 

propensities for ion binding and movement.  Cluster analysis was performed according to the 587 

number of Val625 carbonyls that were pointing towards the channel axis (within ±70 °). Five 588 

clusters, with 0, 1, 2, 3 and 4 carbonyls pointing in, were used.  589 

Umbrella Sampling simulations to determine the fraction of electric field 590 

Umbrella sampling simulations58 of K+ going through the pore of the conductive structure were 591 

performed to investigate the voltage dependence of inactivation. Simulations were run with 0 and 592 

500 mV membrane potentials. The ion was placed in regular positions (windows) along the reaction 593 

coordinate connecting the intracellular side, at z=-40 Å (relative to the centre of mass of the heavy 594 

atoms of the backbone in the selectivity filter residues 624 to 628) and the extracellular side, at z=25 595 

Å. The ion was held with a force constant of 9.5 kcal/mol/Å2 in windows 0.5 Å apart within the 596 

selectivity filter (-8.5 Å≤ 𝑧 ≤8.5 Å) and 2.57 kcal/mol/Å2 in windows 1 Å apart elsewhere. To ensure 597 

sampling throughout the filter (due to high barriers between sites, and in particular between S3 and 598 

S2),  additional windows were added with a force constant of 37.8 kcal/mol/Å2 at z=-7.8, -6.6, -4.1, 599 

-3.6, -1.9, -0.8, 2.1, 2.4, 5.1 Å to the simulations without a membrane potential. For simulations with 600 

a membrane potential, the windows between S3 and S1 (-2.5 Å≤ 𝑧 ≤3.3 Å) were replaced with 601 

windows 0.2 Å apart with a force constant of 37.8 kcal/mol/Å2. Furthermore, to ensure that the ion 602 

stayed in the pore laterally, a flat-bottom cylindrical constraint with a radius of 5 Å and a force 603 

constant of 10 kcal/mol/Å2 was used. The criterion for convergence for the umbrella sampling 604 

simulations was a free energy change of less than 1 kcal/mol. This was achieved after 18 ns for the 605 

simulation without any membrane potential and after 19 ns for the simulation with V=500 mV 606 
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(Supplementary Figure 9d) with all data prior to equilibration discarded for final calculations. The 607 

weight histogram analysis method (WHAM)59 was used to reassemble and unbias the free energy 608 

profile (Supplementary Figure 9c) . Error bars were calculated as the standard error of means by 609 

dividing the data into 1 ns blocks. The fraction of the field felt by the ion was then determined with 610 

𝑓∗(𝑧) = (Δ𝐺(𝑧, 𝑉) − Δ𝐺(𝑧, 0))/𝑞𝑉  and normalised such that 𝑓(𝑧) = −(𝑓∗(𝑧) − 𝑓∗H𝑧 = 25	ÅL).  611 

Error bars were determined by propagation of error as 𝛿𝑓(𝑧) = NδΔ𝐺(𝑧, 𝑉)/ + δΔ𝐺(𝑧, 0)//𝑞𝑉  612 

The fraction of the field felt by the K+ ion as it passes though the hERG, KcsA and MthK pores was 613 

determined from the electrostatic potential estimated by solving the linearised Poisson-Boltzmann 614 

equation using the PBEQ module in CHARMM60. The A grid of 601 x 601 x 601 points with cell spacing 615 

1.0 Å was used and focused to 301 x 301 x 301 points with cell spacing 0.5 Å  with periodic boundary 616 

conditions in the X and Y directions. The membrane and water dielectric constants were assigned 617 

(em=2 and ew=80) while the dielectric constants for the protein and the channel pore (5 <e c < 80 and 618 

2 < ep < 5), as well as the height of the cylinder defining the channel pore (30 < hc < 45 Å), were 619 

varied to find the best agreement with MD simulations of HERG. The pore cylinder was assigned a 620 

radius of 5 Å to avoid overlap with the protein. Dielectric assignments were performed using a re-621 

entrant probe method. The concentration of KCl solution in bulk was set to 150 mM, but to zero 622 

inside the cylinder to avoid artificial Debye screening in the pore. Comparison between different 623 

parameters can be seen in Supplementary figure 9b. The use of e c = 5, 10,  ep =5 and hc = 45 Å gives 624 

good agreement with the results from umbrella sampling simulations. The use of lower dielectric 625 

constants for the protein and more water like environments in the cylinder (dielectric constants 626 

closer to 80) gives a too low fraction of the field in the lower pore. Therefore, the final PBEQ 627 

calculations for HERG, KcsA and MthK were done with e c = 10,  ep = 5 and hc = 45 Å. 628 

Umbrella Sampling simulations of the Val625 carbonyl 629 

Umbrella sampling simulations58 of the rotation of the Val625 carbonyl was performed by 630 

constraining the Val625 backbone Y angle (N625-C625-Ca625-N626). The backbone Y angle controls the 631 

Val625-Gly626 linkage and thus the orientation of the Val625 carbonyl oxygen (with Y~-50° leading 632 

to the carbonyl oxygen pointing in and Y~+70° leading to the carbonyl oxygen pointing out). This 633 

backbone dynamics has previously been shown in both KcsA and MthK20,21. Initial windows were 634 

created using steered MD with a harmonic force constant of 0.03 kcal/mol/°2 moving at a rate of 635 

0.2 ns/°. The complete 360 ° Y rotation was divided into 72 windows separated by 5°. The backbone 636 

dihedral was constrained with a force constant of 0.03 kcal/mol/°2 in the centre of each window. 637 
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During the production run, multi-ions configurations in sites S0/S2/S4, S2/S4, S2/S3 and S1/S3 were 638 

constrained with 5 kcal/mol in their sites with flat-bottom potentials (k=10 kcal/mol/Å2 and width 639 

3.5 Å). Simulations were performed for the WT channel with ions in S0/S2/S4, S1/S3, S2/S4 and with 640 

ions in S0/S2/S4 with a -500 mV membrane potential. Additional simulations with HERG with S620T 641 

mutation and ions in S0/S2/S4 were performed. Each system was simulated for 20 ns per window. 642 

A convergence criterion of a free energy change of less than 1 kcal/mol was used and this was 643 

achieved after 9 ns, 11 ns, 10 ns, 12 ns, 7 ns and 11 ns for WT with ions in S0/S2/S4, S1/S3, S2/S4 644 

and S2/S3 and with ions in S0/S2/S4 with a -500 mV membrane potential and for S620T, respectively 645 

(Supplementary Figure 7a). All data prior to equilibration was discarded for final calculations. 646 

WHAM59 with periodic boundary conditions was used to resemble and unbiased the free energy 647 

profile. Error bars were calculated as standard error of mean by dividing the data into 1 ns long 648 

blocks. 649 
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